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EXECUTIVE SUMMARY 

The Engineered Alternatives Task Force (EATF) was established by the United States 
Department of Energy (DOE} Waste Isolation Pilot Plant (WIPP) Project Office (WPO) in 
September, 1989 (Hunt, A., 1990), to evaluate the relative effectiveness and feasibility of 
implementation of selected design enhancements (referred to as "engineered alternatives") for 
the Waste Isolation Pilot Plant The purpose of this report is to summarize the methodologies 
and results of evaluation of the effectiveness of selected engineered alternatives relative to the 
existing repository design, and to discuss the feasibility of implementing these alternatives with 
respect to availability of technology, cost, schedule, and regulatory concerns. 

Analyses of the long-term performance of the WI PP disposal system performed by Sandia 
National Laboratories (SNL) (referred to as "performance assessment") have identified two 
potential problems with demonstrating compliance with the applicable regu?!ti 40 CFR 
Part 191 (EPA, 1985} that governs the disposal of transuranic radioactive w . The first 
potential problem relates to gas generation. Lappin, et al. (1989) discusses the ssibility that 
up to 1,500 moles of gas can be generated per drum (or drum equivalent) of waste from 
anoxic corrosion, microbial degradation, and radiolysis, at rate:t may be as high as 2.55 
moles/drum/year. Although processes exist to dissipate excess pressure, these processes 
are currently believed to be slow relative to the current esti tes of gas generation rates, 
resulting in gas pressures in storage rooms that may temporarily exceed lithostatic pressure. 
The consequences of exceeding lithostatic pre~ are currently being evaluated by SNL 
(Lappin et al., 1989). Unless these evaluations nstrate that either excess pressures will 
not occur, or that excess pressures will not deg de the performance of the disposal system, 
some type of waste form or ~ modification may be required to either eliminate gas 
generation or reduce the rate of r~ generation. . 

A second pote~nt"al roblem in demonstrating compliance with 40 CFR Part 191 relates to the 
consequences ed from future inadvertent human intrusion events. Preliminary 
evaluations of Hance with the containment requirement of 40 CFR Part 191 performed 
by SNL suggest t some of the current waste forms (under current interpretations of human 
intrusion provisions) may eventually be found to be unacceptable for disposal at the WIPP 
(Marietta et al., 1989). This may be due to uncertainties in key performance parameters of 
the waste forms. Key parameters that control the release of radionuclides during human 
intrusion scenarios are permeability of the waste storage rooms and radionuclide solubilities. 
Permeability of the storage rooms can be effectively reduced by the use of a grout backfill 
and/or shredding and cementation of the waste. Solubilities can be reduced by the use of 
grout backfill or the addition of lime to raise the pH of any brine that may come in contact with 
the waste. 

The primary goal of the EATF is to develop and evaluate engineered alternatives that can 
mitigate the effects of, or eliminate, potential problems associated with the performance of the 
WIPP repository. The efforts of the EATF can be subdivided into two activities: 

• Design analysis of the relative effectiveness of engineered alternatives 

WP:EATF.1991 :R-1775-EXEC ES-i 
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• Evaluation of the feasibility of implementing engineered alternatives. 

The ongoing performance assessment studies by SNL involve the development and use of 
large complex probabilistic computer models. These models predict the cumulative release 
of radionuclides to the environment over 10,000 years, with as much accuracy as the current 
technology allows. In contrast, the EATF alternative design analyses, which have been 
performed in parallel with the performance assessment analyses, utilize models that calculate 
relative improvements offered by alternative designs. Because performance is calculated 
relative to the baseline design, less complex models can be used that do not incorporate all 
of the detail of the rigorous performance assessment models. With this approach, the EA TF 
can quickly evaluate and screen a large number of alternative designs in a relatively short 
time, that would not be feasible with complex probabilistic models. Alternative designs which 
have been identified as beneficial by the EA TF will then be evaluated by SNL using the 
performance assessment methodology. ~ 

The design analysis of engineered alternatives involves the prediction of lthe relative 
improvements in performance offered by alternative designs as compared to the baseline 
design. These include designs that eliminate any adverse ~equences of excess gas 
pressure in the storage room, and reduce the releases of radion · es during human intrusion 
scenarios, should that be necessary. The evaluation of the feasibility of implementation 
involves the assessment of engineered alternatives with respect to technical, regulatory, cost, 
and project schedule criteria. ().. 

As a first step in accomplishing the objectives of It;; ~TF, a panel of experts, the Engineered 
Alternatives Multldiscipfinary P~EAMP), was assembled. The EAMP identified and 
qualitatively ranked the effective d feasibility of potential alternatives that address issues 
related to gas generation and h an intrusion (Appendix A). Based on the ranking by the 
EAMP, the EATFt:mmended initial waste forms and backfill modifications for inclusion in 
the WIPP Experi Test Program (DOE, 1990b). 

The EATF has al selected various combinations of alternatives based on nine of the fifteen 
waste forms and three backfill modifications recommended for the WIPP Experimental Test 
Program (DOE, 1990b), and analyzed their relative effectiveness for enhancing the 
performance of the repository by using a design analysis model. In addition to the design 
analysis of engineered alternatives, the EATF has evaluated the feasibility of Implementing 
these alternatives on the basis of availability of technology, regulatory issues, cost, and 
schedule, and also made an appraisal of optimal locations for waste processing facilities based 
on a comparative risk assessment of engineered alternatives. 

DESCRIPTION OF ENGINEERED ALTERNATIVES 

Analyses of the baseline design and 14 alternative designs were performed for undisturbed 
conditions, and three human intrusion events described later. The baseline design and 
engineered alternatives that were analyzed are listed in Table ES-1 and described as follows: 
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:e TABLE ES-1 
:'9 

~ ENGINEERED ALTERNATIVES EVALUATED BY THE EATF RELATIVE TO THE BASELINE CASE 
.... 
~ SOLID SOLID WASTE WASTE FACILITY 

~ ALTERNATIVE# SLUDGES ORGANICS INORGANICS BACKFILL CONTAINER MANAGEMENT DESIGN 
.... 
~ BASELINE As received As received ~ received Salt As received As designed As designed m x 
~ ALTERNATIVE 1 As received Shred/Cement red/Cement Salt As received As designed As designed 

ALTERNATIVE 2 Cement Shred/Cement Shred/Cement Salt As received As designed As designed 

ALTERNATIVE 3 Cement Shred/Cement Shred/Cement Cement grout As received As designed As designed 

ALTERNATIVE 4 Cement lnclnJCement Shred/Cement Salt As received As designed As designed 

ALTERNATIVE 5 Cement lnclnJCement ShredlC~ Cement grout As received As designed As designed 

ALTERNATIVE 6 Vitrify lncinNitrify Melt metals* Salt As received As designed As designed 

ALTERNATIVE 7 Vitrify lnclnNitrlfy Melt metals* Cement grout As received As designed As designed 

m ALTERNATIVE 8 Vitrify lnclnNitrify Melt metals** Salt Non-ferrous As designed As designed 
I 

!!! 
ALTERNATIVE 9 Vitrify lncinNitrlfy Melt metals** Non-ferrous As designed As designed ~tgrout 
ALTERNATIVE 10 As received As received: Decontaminate ne Non-ferrous.I Minimize space New dimensions: 

Less Metals Metals*** Rectangular around waste 10'x31'x188' 

ALTERNATIVE 11 As received Supercompact Supercompact Salt As received Single layer: New dimensions: 
2000 drums 6'X33'X300' I 8 

ALTERNATIVE 12 As received Supercompact Supercompact Cement 9\"\ As received Single layer: New dimensions: I ~ 
2000 drums 6'X33'X300' I ,, 

I 
,, 

ALTERNATIVE 13 Vitrify lncinNitrify Melt metals** None Non-ferrous.I Minimize space New dimensions: ~ 
Rectangular around waste 10'x31'x188' 6 

0 _ .... 
ALTERNATIVE 14 As received Supercompact Supercompact Salt aggregate As received Compartmentalize Salt dikes: ::IJ 

Grout waste, 2000 Waste Separation !l;! 

==\ 
drums per room Ci) 

5 z 
Metals are melted into TAU waste ingots. .!'> .. Metals are melted with glass/glass frit; radionuclides partition into the slag, and metals are eliminated from > the WIPP inventory. ,, 

*** Metals are decontaminated by vibratory finishing and eliminated from the WIPP inventory. :u 
;= 
.... 
~ 
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Baseline Design: Sludges, solid organics, and solid inorganics are disposed of in 
their "as-received" (current treatment at the generator sites) state with a crushed 
salt backfill. 

Alternative 1 : Sludges are in their as-received state; solid organics and solid 
inorganics are shredded and cemented, and a crushed salt backfill is used. 

Alternative 2: Same as Alternative 1 except the sludges are cemented. 

Alternative 3: Sludges are cemented; solid organics and solid inorganics are 
shredded and cemented. A grout backfill is used. 

Alternative 4: Sludges are cemented; solid organics are incinerated and the resulting 
ash cemented; and solid inorganics are shredded and cemented. A crushed salt 

backfill is used. 1 
Alternative 5: Same as Alternative 4 but with grout backfill. 

Alternative 6: Sludges are vitrified; solid organics~ incinerated and vitrified; 
glasses are melted; and metals are separated out, J'fuelted, and disposed of as 
ingots. A salt backfill is used. 

Altemalive 7: Same as Allemative 6 ~a grout backflll. 

Alternative 8: Same 11.rnative 6 except it is assumed that metals are melted 
and the radionuclides tion into a slag phase. The molten metal is drawn off 
from the melter and as ingots which are disposed of as low-level waste. 
Metals are thus removed from the inventory as low-level waste, but the 
co~n associated with the metals takes the form of a glass slag that is 
dispo d at the WIPP. Steel drums are replaced with some non-corroding 
materi in Alternatives 8 and 9 so that both anoxic corrosion and microbial gas 
generation processes have been essentially eliminated. 

Alternative 9: Same as Alternative 8 but with grout backfill. 

Alternative 10: The waste container material is changed to a noncorroding material, 
and the shape is changed to rectangular; sludges are in their "as-received" state; 
solid organics are in "as-received" state less metals; metals are decontaminated from 
solid inorganics apd removed; the room dimensions are changed to 10'x31 'x188' to 
eliminate backfill. 

Alternative 11 : Sludges are in their as-received state; solid organics and solid 
inorganics are supercompacted. The waste is placed in a monolayer. The room 
dimensions are altered to 6'x33'x300'. A salt backfill is used. 

Alternative 12: Same as alternative 11 but with grout backfill. 
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Alternative 13: Same as alternative 8 except it is assumed that a rectangular waste 
container is used, and the room dimensions are altered to 1 O'x31'x188' to eliminate 
backfill. 

Alternative 14: Sludges are in their as-received state; the solid organics and the 
solid inorganics are supercompacted. Three seven-packs are placed in 
"compartments" which are separated from each other by a salt aggregate grout 
composite. The compartmentalization reduces uncertainties related to the flow of 
brine through the waste stack, and also sets an upper "engineered limit" on the 
inventory of radionuclides that can be released during any human intrusion event. 

These 14 combinations of alternative waste fonns and facility designs incorporate nine of the 
preliminary alternative waste fonns recommended by the EATF for incorporation into the SNL 
bin-scale testing program (DOE, 1990b). Alternatives 1, 2, and 3 involve shredding and 
cementing of solid organics and solid inorganics, which affects gas generationft but does 
not reduce the total gas generation potential. Alternatives 4, 5, 6, 7, 8, 9, 13 involve 
thennal treatment (incineration or vitrification) of solid organics to eliminate t e source of 
microbial gas generation. Alternatives 8, 9, and 13 do not have solid organics or metals 
present in the inventory, and thus eliminate both of the sourEf gas generation, namely 
from microbial processes and anoxic corrosion. Alternative 1 0 · inates the metals from the 
inventory, and hence the source of gas generation by anoxic rrosion. Alternatives 11, 12, 
and 14, involve supercompaction of the solid o]}rgics and solid inorganics, but do not reduce 
the total gas generation potential. 

Engineered alternatives are classified accordin to the degree of waste processing and its 
effect on gas generation potenti~ number of moles of gas that can be generated) and 
gas generation rate as (Bertramfo•ery and Swift, 1990): 

Level l~matives -

Level l~ernatives -

"As received" (unprocessed) waste 

Waste is processed to reduce gas generation rates with no 
effect on potential 

Level Ill Alternatives - Waste is processed ·to eliminate potential for gas generation. 

Examples of engineered alternatives are: waste management or facility design alternatives 
(Level I); cementation of the waste which may reduce the rate of gas generation, but will not 
have any effect on total gas generation potential (Level II); and incineration or vitrification of 
the solid organic waste, which is expected to eliminate the potential for biological gas 
generation (Level Ill). The Level II and Ill classifications provide the framework for evaluating 
the feasibility of waste treatment alternatives relative to untreated waste (Lappin, 1990). 
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DESIGN ANALYSES OF ENGINEERED ALTERNATIVES 

Design Analysis Model 

The Design Analysis Model is a deterministic model which simulates the processes expected 
to occur following waste emplacement in the WIPP facility. The main program is used to 
analyze the relative effectiveness of various modifications to the waste forms and facility when 
compared to the current waste forms and WIPP baseline design. 

The Design Analysis Model includes the modeling of the following processes under the 
isothermal conditions expected in the repository: 

• Creep closure of the surrounding host rock 

• Gas generation, consumption, and dispersion 

• Brine inflow, consumption, and dispersion 

•· Panel seal leakage 

• Consolidation of the shaft/seal system and advection of gas and brine through 
the shaft seals . /'l. 

• Diffusion and advection of gases int:'th~ host formation, and the underlying and 
overlying anhydrite ~ 

• Gas compressibility r ' 
• wa5'8lompaction and resulting mechanical resistance to closure 

• Dev~ment of a porous disturbed rock zone surrounding a storage room 

• Radionuclide releases caused by three types of inadvertent human intrusion 
scenarios into the repository. 

The two main performance parameters that are used to compare the relative merits of each 
engineered alternative are: (1) the peak index pressure reached in the storage rooms during 
undisturbed conditions (no human intrusion), and (2) a measure of the cumulative release of 
radionuclldes caused by human intrusion events. 

For undisturbed conditions, the program estimates fluid pressure (brine and/or gas) within a 
typical waste storage room environment as a function of time. Coupling of creep closure, 
brine inflow and gas generation is incorporated into the model to simulate these interrelated 
processes over a 10,000-year period following the decommissioning of the repository. 
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For human intrusion events, three scenarios are considered (Marietta et al., 1989): 

• A borehole that penetrates a waste-filled room and continues into or through a 
pressurized brine pocket assumed to exist in the underlying Castile Formation (E1 
scenario) 

• A borehole that penetrates the repository and stops (E2 scenario) 

• Two boreholes that penetrate storage rooms in the same panel. One of these 
boreholes also penetrates a pressurized Castile brine pocket (E1 E2 scenario). 

The studies by Marietta et al. (1989) have determined that the three scenarios listed above 
constitute a reasonable set of possibilities, based on investigation of more than thirty possible 
scenarios. 

For the analysis of human intrusion events, a "Measure of Effectiveness" is calr4ed for each 
alternative design based on the cumulative release of twelve radionuclides -(LJ;Ppin et al., 
1989) into an overlying water-bearing strata (the Culebra Dolomite) over a 10,000-year period, 
plus the activity associated with the direct release of contaminaErill cuttings to the surface. 
A "Measure of Relative Effectiveness" (MRE} is then calculated each alternative by dividing 
the measure of effectiveness for that alternative by the me re of effectiveness for the 
baseline design. Thus, an MRE greater than o~indicates a decrease in performance and 
an MRE less that one indicates an increase in rformance. These measures provide a 
convenient means of comparing the improvemen ered by alternative designs relative to the 
baseline design, but do not represent absolute easures of repository performance. 

Analyses Performed r< 
Specific analylset t were performed for analyzing various effects on room pressurization for 
undisturbed con 1tio s include: _ .. __ , __ -------·-·····~···~----~,.,~ ·-······ ~--·· ,,_ ·- - . ·- " 

• P 1ction of room pressurization for the baseline design 

• Effects of supercompaction of waste, based on a single layer of 2000 drums and 
a triple layer of 6000 drums per room of supercompacted waste 

• Effects of venting the repository for 100 years 

• Effects of varying the rate and duration of microbial gas generation 

• Effects of varying hydraulic properties of anhydrite beds 

• Effects of varying initial brine inflow rate 

• Predicted peak index gas pressures for the baseline design and 14 alternative 
combinations of waste forms. 
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Analyses of human intrusion events include the calculation of M REs for 14 alternative 
combinations of waste forms (listed above) including shredded and cemented, incinerated, and 
vitrified waste. 

Results of Design Analyses 

Predicted peak index pressures are used as a guide to rank the relative effectiveness of 
alternative designs in reducing concerns related to excess gas pressure for the undisturbed 
(no human intrusion) scenario. These peak index pressures are not necessarily the actual 
pressures that will exist in the storage rooms. 

Results of design analysis modeling for the undisturbed scenario suggest the following: 

• Gas pressures in storage rooms will exceed lithostatic pressure f2 baseline 
design using SNL assumptions (Lappin et al., 1989) for gas gen_.Tion rates. 

• Supercompaction of waste results in higher peak index gas pressures than the 
baseline (uncompacted) waste, based on a m~ayer of 2000 drums of 
supercompacted waste per room. r 

• Venting the storage rooms will only be effective in reducing peak index gas 
pressures if the vent remains open f~he entire gas generating period. Venting 
for 100 years results in higher peak~x gas pressures than the baseline (non
vented) design. 

• Predicted peak indet:2.ssures are sensitive to the rate and duration of microbial 
gas generation. riv 

• P~ peak index pressures are only sensitive to the initial brine inflow rate 
if t e exceeds a critical value. This critical value is higher than current 
esti ates of actual brine inflow. 

• Factors that affect peak index pressures are the mass of organic materials 
present in the room and the void volume available for produced gases. 

• Alternatives 1, 2, 3, 10, 11, 12, and 14, also generate pressures in excess of 
lithostatic due to the presence of organic materials. Thus, these alternatives 
appear to be ineffective in reducing peak index pressures, but they may have 
application in reducing the consequences if human intrusion occurs. 

e Alternatives 4 through 7 involve thermal treatment of organic materials but do not 
remove metals completely. These alternatives do not exceed lithostatic pressure 
even though metals are present. This is because once the organic materials are 
destroyed by thermal treatment, the gas generation from anoxic corrosion is 
limited by the assumed coupling between anoxic corrosion and brine inflow (i.e., 
the pressure due to the gas generated by anoxic corrosion reduces the brine 
inflow, and as a result retards the process of anoxic corrosion). 
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• Alternatives 8, 9, and 13 that involve both thermal treatment of organic materials 
and removal of metals, do not exceed lithostatic pressure. 

Results of design analysis modeling for the three human intrusion scenarios suggest the 
following improvements relative to the baseline design: 

~~~"kf'per.roiiRiii&~Of 'one.attler::Ptmagnltlid8th me MRE are pr9dlcted 
for the Castile Brine (E1) seenario for shredded and cemented or supercompacted 
waste forms and two orders of magnitude for incinerated or vitrHfed waste forms. 
Critical parameters for this scenario are waste/backfill permeability, borehole radius 
and permeability, and radionuclide solubilities. 

• ·lmpmvements of one to two orders of magnitude in the MRE are predicted for 
the. repo .. · . sit<>,rY,br~ (E2) scenario for shredded and cemented, s~ompacted, 
a •: •"1f&iWated·"anct vitrified wast& tonns; pmvided that gm used as a 
backfill. Critical parameters for this scenario are waste/backfill permeability, 
volume of contaminated brine trapped in the repository after repressurization, and 
radionuclide solubilities. r,: 

• Improvements of two to four orders of magnitude~ the MRE can be gained for 
the dual borehole (E1 E2) see rio using shredded and cemented, 
supercompacted, incinerated; r melted metal waste forms, provided that 
grout is used as a backfill. Critical eters for this scenario are waste/backfill 
permeability and radionuclide solu 11ities. 

The results presented here are a_ates and are subject to change as ongoing laboratory 
experiments, in situ testing with r=. other site characterization, and modeling activities yield 
additional data ~h may alter the current understanding of the complex processes that will 
occur in the WI ~ pository. 

FEASIBILITY 0 IMPLEMENTING ENGINEERED ALTERNATIVES 

The EA TF has evaluated the feasibility of implementing selected waste treatment alternatives, 
and to a more limited extent, has evaluated backfill materials and other alternatives such as 
waste management and WIPP facility design modifications. 

WASTE TREATMENT ALTERNATIVES 

The EATF has considered the status of development of waste treatment technologies, and the 
cost, regulatory, schedule, safety/risk issues, and potential locations for waste treatment 
facilities. 

WP:EATF.1991 :R-1775-EXEC ES-ix 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Status of Development 

The status of development of waste treatment technologies is summarized as follows: 

• Vitrification 

• Incineration 

• Cementation 

• Compaction, 
Shredding, Melting 
Metals 

• Removal and 
Decontamination 
of metals 

• Addition of pH 
Buffers to Waste 

• Change Waste 
Co~r Material 

Cost of Facilities V 

- Viable technology; additional development required before 
full scale transuranic (TRU) waste vitrification systems can 
be put into operation 

- Well developed for hazardous and low level waste 
treatment; not fully adapted to TRU waste incineration 

- Well developed technology; uncertainty regarding long
term effects of the WIPP environment on cementious 
materials 

- Commonly used technologies in industry (4radioactive 
applications) and for low level waste 

Viable technology- Potentia (achieve the effectiveness 
of a Level Ill alternative wit~~ Level II alternative 

- Operational .kderatlon with no process development 
~uired. Requires selection of effective buffers that will r ·~· interact or react with other waste components 

- Requires evaluation of suitable materials that do not 
generate gas from anoxic corrosion or biological degradation 

The cost and time required to implement Level II waste treatment facilities is less than for 
Level Ill facilities. The cost and size of treatment facilities have been estimated on the basis 
of "work-off periods.• The EA TF has defined this as the time projected to process all TRU 
waste generated by the year 2013, based on the volumes of waste estimated in DOE (1988c). 
Shorter work-off periods increase the facility costs while longer periods reduce the costs. It 
is important to note that the costs presented in this report are rough cost estimates, and are 
computed from existing or planned DOE TRU waste treatment facility information that have 
been appropriately scaled to process all retrievably stored waste in 5, 10, or 20 years. The 
EATF computed operating cost estimates as a percent of capital cost (on an annualized basis). 
The EA TF has concluded that there is a need for minimum size facilities which will operate 
in batch mode. Operating cost estimates for waste processing facilities are presented in 
categories as a means of communicating that estimates are rough and not based on bottom
up estimates (i.e., costs of equipment, material, and services have not been collected in 
minute detail). 
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Schedules 

Waste treatment implementation schedules also tend to be grouped by level of waste treatment 
required. For instance, Level II facilities require approximately 5-7 years to permit, construct 
and start up, whereas Level Ill facilities require about 8-11 years to implement. The size of 
the facility required for each level of treatment also influences the schedule. 

Health and Safety Risks 

The total risk associated with various waste treatments includes evaluation of risks from 
treating, handling, transporting, and emplacing waste in the WIPP. Within each category, 
risks components include occupational fatalities and injuries, 5 to 20 year occupational and 
public cancers, and 5000-year occupational and public cancers. Level II treatments would 
result in a slight increase in risk relative to the baseline design, and this increase would be 
independent of the number of facilities. In contrast, for Level Ill treatments, !:ominance 
of transportation risks favors treatment of wastes at multiple facilities before tra sporting the 
wastes to WIPP. This is because the Level Ill treatment of waste bef re shipment 
substantially reduces the transportation risks, and this reduction more than compensates for 
the increase in occupational risks associated with Level Ill treatr=. Long-term or late (5000-
yr) risks due to human intrusion of the repository are by far t smallest component of total 
risk. 

Facilftx LocaUons p. 
The EATF has evaluated potent~·a waste treatment facility locations (e.g., at the WIPP, at 
individual waste generator/stora ites, or at centralized facilities). Information has been 
collected for several factors whi d to be considered for facility location. These factors 
are: 

• Wa~haracterization for processing, transportation, and disposal 
• Wa~olumes and existing location 
• Existing and planned facilities 
• Transportation issues 
• Risk assessment 
• Schedule 
• Cost 
• Institutional and regulatory constraints. 

A logic diagram developed by the EA TF has been used to consider factors that influence a 
decision between centralized and multiple facilities. The EA TF has concluded that additional 
information such as the type of waste treatment required (based on the performance 
assessment studies), extent of waste characterization required, and more institutional 
information, is necessary for a firm decision. The EATF has investigated the pros and cons 
of a centralized facility versus facilities at multiple locations. The following factors have been 
found to be influential in selecting between multiple and centralized facilities: 
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• Cost - If cost is the deciding factor, a single integrated facility would be 
preferable, because economies of scale can be achieved with a single integrated 
facility. 

• Waste characterization ° If the states receiving the waste mandate extensive 
characterization as per RCRA requirements, then waste characterization is likely 
to be expensive. Therefore, waste would be processed at each site before 
transportation. If transportation only requires limited characterization (i.e., 
characterization for acceptance of payload), planned and existing capacity at the 
major storage/generator sites should be adequate. 

• Schedule - The time required for construction of smaller, multiple processing 
facilities is expected to be shorter than the time required to construct a large 
single integrated facility having the same total capacity. Therefo=re · schedular 
considerations are the primary deciding factor, then multiple proc ing sites are 
favored. 

• Risk assessment - Risks associated with Levr: treatments are roughly 
comparable between multiple and centralized faci · · s, and are slightly greater 
than the baseline design. The risks from Level Ill treatments are dependent on 
the number of facilities, and show a range of slight increase to a slight decrease 
in risk as the number of facilities ar{k],_creased from one to seven, respectively. 

BACKFILL ALTERNATIVES r 
Crushed salt derived from minia.e WIPP waste disposal areas was considered as the 
baseline case for backfilling pu~rse~: The addition of absorbents, or pH buffers (to raise the 
pH of repository brine) is an operational rather than a technological consideration. Selection 
of these additiv~e· require further analyses. Grout is also a candidate for use as a backfill, 
but will require ation of longevity under conditions found in WIPP. The cost of facilities 
at the WIPP site prepare the salt additives, or grout, would be small compared to the cost 
of implementing waste treatment and other alternatives. Such a facility would not be on the 
overall WIPP schedule critical path, and regulatory impact is expected to be minimal. 

OTHER ALTERNATIVES 

Alternatives involving waste management, facility design, waste container shape and material, 

,,~ 

I if!! 

~: 

''~ 

and passive institutional controls are collectively referred to as "other alternatives." ' ,~ 

As is the case with backfill, the cost, schedule, and regulatory impact of incorporating other 
alternatives are expected to be minimal. Two potential exceptions are waste container shape 
and passive institutional controls. Changing waste container shape and material will require 
testing for certification purposes for Type A Packaging Tests (DOT, 1989). The passive 
institutional controls program initiated by Sandia National Laboratories, (Bertram-Howery and 
Swift, 1990) has not matured to the point that schedule, regulatory, and cost impacts can be 
discussed with any degree of confidence. 
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Waste management and facility design will require documentation such as National 
Environmental Policy Act (NEPA) documentation along with associated cost and schedule 
requirements. These cost and schedule impacts are not expected to be of the same 
magnitude as those for waste processing. It may be stated that technology exists for 
incorporation of all "other" alternatives with the possible exception of passive institutional 
controls, for which requirements do not exist at this time. The mining of different repository 
configurations, minimizing space between waste containers, and repackaging waste into 
containers of different materials (and shapes) are all feasible from the technological and 
regulatory standpoints. 

OVERALL CONCLUSIONS OF THE EA TF 

The EA TF has concluded that if performance assessment studies by SNL identify a problem 
in demonstrating compliance using the current waste forms and the baseline configuration of 
WIPP, a number of engineered alternatives could be implemented to improv~t repository 
performance. The combinations of engineered alternatives evaluated by th TF include 
alternatives that have varying degrees of effectiveness for addressing possible g s generation 
and future inadvertent human intrusion scenarios. These combinations also differ from one 
another with respect to the availability of technology, cost, regul~constraints, and schedule. 
Therefore, the exact choice of an engineered alternative can y be determined after the 
extent of the problem and the degree of effectiveness requil'i have been identified by the 
performance assessment studies. 

Table ES-2 describes the 14 combinations 4matlves evaluated by the EATF, and 
summarizes the overall findings of the EATF regarding the effectiveness of these combinations 
in addressing gas generation ~-s and human intrusion scenarios. The feasibility of 
implementing different alternativ ith respect to availability of technology, cost, regulatory 
constraints, schedule, and healt and safety risks is also summarized in Table ES-2. 

The capability o~h alternative for addressing gas generation has been summarized in 
terms of the eff of an alternative on the peak index pressure, and its effect on the gas 
generation rates y either microbiavradiolytic processes or by anoxic corrosion. If the peak 
index pressures due to an alternative (as estimated by the Design Analysis Model) do not 
exceed the lithostatic pressure, then the alternative is considered to be effective, and assigned 
a blank circle in Table ES-2. On the contrary, if the peak index pressure exceeds the 
lithostatlc pressure, the alternative is considered to be ineffective, and is assigned a dark cil'iCle 
in Table ES-2. 

For example, from the results of the Design Analysis Model, the peak index pressures due 
to Alternative 2 exceed the lithostatlc pressure and therefore this alternative is assigned a 
dark cil'iCle in Table ES-2. Similarly, Alternative 4 which does not exceed the lithostatic 
pressure, is assigned a blank circle for its effectiveness for addressing peak index pressure. 

The effect of an alternative on the gas generation rates has been summarized in Table ES-2 
based on the knowledge of processes involved in these alternatives. An alternative is 
considered to be effective for addressing gas generation rate from a given mechanism, if it is 
expected to reduce the generation rates to near zero (i.e., it practically eliminates the potential 
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for gas generation from that mechanism). This is denoted by a blank circle in Table ES-2. 
Similarty, if an alternative reduces the gas generation rate but does not completely eliminate 
it, it is considered to be partially effective (denoted by a shaded circle in Table ES-2). An 
alternative which is not expected to have any effect on the generation rates is termed 
ineffective, and assigned a dark circle in Table ES-2. 

As an example, Alternative 6 which incinerates and vitrifies the solid organics, and vitrifies 
the sludges, practically eliminates gas generation from microbiaVradiolytic processes, and 
reduces generates rates from this mechanism to zero. Therefore it is assigned a blank circle 
in Table ES-2 for addressing gas generation rates from microbiaVradiolytic processes. 
However, the melting of metals into ingots (as done in Alternative 6) does not eliminate metals 
from the inventory, but helps to reduce the rate of gas generation from anoxic corrosion. This 
is denoted by a shaded circle in Table ES-2. Similar1y, supercompaction of the waste has no 
effect on the gas generation rate, and is therefore assigned a dark circle in Table ES-2. 

The discrepancy between predicted peak index pressures and predicted ~ on gas 
generation rates is a function of the simplifying assumptions inherent in model evelopment. 
The Design Analysis Model includes various assumptions about gas generati rates from 
waste forms, creep closure rates, brine inflow, coupling of brin~i low and anoxic corrosion, 
and room response to gas pressure. These assumptions ar: ased on data about WIPP 
available at the time of model development, with almost all o the data obtained from SNL 
pubHcations. Although these assumptions are reasonable at this point in time, they may 
change as ongoing experimental and modelingrvities continue to provide additional data. 
If and when such revised assumptions are n ry, the Design Analysis Model can be 
updated to incorporate the new assumptions. 

Table ES-2 also summarizes th~iveness of the 14 alternatives in addressing the three 
hypothetical hurhan intrusion sc a ·os. The summary is based on the results obtained by 
the Design Analysis Model fort MAE of an alternative for these scenarios. As explained 
earlier, the MAt1 an alternative needs to be less than 1 to signify an improvement in 
performance rel tiv to the baseline design. Thereafter, the performance progressively 
improves as the E approaches zero. Although any value of MAE less than 1 signifies 
an improvement, the EATF has used a conservative upper limit of 0.5 for rating an alternative 
partially effective (denoted by a shaded circle). If the MAE is greater than 0.5 for a given 
scenario, the alternative is considered to be ineffective for addressing that particular scenario, 
and is assigned a dark circle in Table ES-2. Similarly, an MAE of less than 0.05 has been 
used to classify an alternative to be most effective (denoted by a blank circle in Table ES-2). 

As an example, Alternative 7 is effective for all three intrusion scenarios, and is assigned a 
blank circle under each column. In contrast, AltematiVe 1 which is partially effective for 
scenario E1, effective for E1 E2, and is ineffective for E2, is assigned a shaded circle, a blank 
circle, and a dark circle under the respective columns. As with predictions of effectiveness 
for addressing gas generation, the reader should be cautioned that the results of the Design 
Analysis Model for human intrusion scenarios are also influenced by the assumptions inherent 
in model development. 
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In addition to summarizing the effectiveness of alternatives, Table ES-2 also presents the 
feasibility of implementing each alternative, in terms of the availability of technology, cost, 
likely schedules for implementation, regulatory requirements, and the health and safety risk 
relative to the baseline. The availability of technology is summarized in terms of the level 
of development of technology for the treatment processes. In case of processes like 
vitrification where additional development is required for application to TRU waste, the 
availabi6ty of technology has been rated as moderate. The capital costs listed for each 
alternative reflect the range of costs estimated by the EA TF for one to seven processing 
facilities. The regulatory issues associated with implementing each alternative are presented 
in terms of the likely permitting requirements, and the schedules for each alternative are 
presented in terms of the number of years likely to implement the alternative. 

The information presented in Table ES-2 provides the reader with a matrix that can be used 
as quick reference for comparing the pros and cons of the various alternatives. It can be 
obseived from Table ES-2 that in general, Level Ill alternatives (e.g., 8, 9, ~are more 
effective than Level II alternatives (e.g., 1, 2, 3), in addressing both gas generatio and human 
intrusion. It should be noted, however, that the improved effectiveness is not ob ined without 
paying a price. Level Ill alternatives tend to be more expensiE]v, ke longer to implement, 
and require facilities that are harder to permit than Level II alt atives. Consequently, the 
greater effectiveness of an alternative does not necessarily m e it preferable over others, 
because the selection of an alternative with the optimal effecti eness will depend upon the 
extent of any problem identified by performance 1'9ssment studies. 

Once a problem is identified by performance ~ment, the data developed by the EA TF 
will help to identify a list of candidate alternatives that would be sufficient to alter the 
performance parameters of con~ in order to achieve the required performance. The 
objective would be to focus the c of alternatives to a small group of candidate engineered 
alternatives for further evaluation For example, if it is determined that merely lowering the 
gas generation ~ will demonstrate compliance, then from Table ES-2, either one of 
Alternatives 1, 2, r , would be sufficient, and there would not be any need of any Level Ill 
alternatives. If, the other hand, it is determined that it is necessary to eliminate gas 
generation of any kind, then the group of candidate alternatives would be limited to 
Alternatives 8, 9, and 13. Similarly, based on the results of performance assessment, 
candidate alternatives can be chosen from Table ES-2 to address the human intrusion 
scenarios if the current design is predicted to result in noncompliance with any of the three 
intrusion scenarios. 

Once a group of alternatives has been identified that have the mm1mum effectiveness 
necessary to address the extent of the problem, Table ES-2 can be used to compare the 
feasibility of implementing them. The second part of Table ES-2 summarizes the feasibility 
of implementing each alternative design, in terms of availability of technology, cost, likely 
schedules for implementation, and regulatory requirements. The availability of technology is 
summarized in terms of the level of development of technology for the treatment processes. 
In case of processes like vitrification, where additional development is required for application 
to TRU waste, the availability of technology has been rated as moderate. The capital costs 
listed for each alternative design reflects the range of costs estimated by the EATF for one 
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to seven processing facilities. The regulatory issues associated with implementing each design 
are also presented in Table ES-2 in terms of the likely permitting requirements. 

The process of narrowing the choice to one alternative from a set of effective alternatives will 
be primarily decided by the perceived importance of the factors listed under feasibility in 
Table ES-2. If cost is deemed to be the deciding factor, and the number of facilities is fixed 
in advance, the logical choice would be to select the least expensive alternative. In contrast, 
if the decision is constrained by schedule of implementation, then the alternative with the 
shortest schedular span needs to be chosen. Thus, once a list of effective alternatives are 
identified by the first part of Table ES-2, the final decision regarding the choice of a particular 
alternative can be made only after careful consideration of the different feasibility issues and 
their relative importance. 

D 
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1.0 INTRODUCTION 

The Engineered Alternatives Task Force (EATF} was formed by the Department of Energy 
(DOE) WIPP Project Office (WPO) to evaluate the feasibility and relative effectiveness of 
selected enhancements to the Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico 
(Hunt, A., 1990). These enhancements (referred to as engineered alternatives) include 
modifications to existing waste forms and/or the WIPP facility, and other design variations such 
as passive marker systems. Recommendations of the EA TF will be forwarded by DOE to 
Sandia National Laboratories (SNL) for input into their experimental and Performance 
Assessment (PA) programs, as appropriate. Subsequent sections of this report describe the 
methodology used by the EATF to evaluate the relative effectiveness, the results of this 
evaluation, and the feasibility of implementing various engineered alternatives. An overview 
of the WIPP project in reference to the EATF effort, and the framework of the EATF, are 
described in this section. 

1.1 WIPP CONCEPTUAL MODEL AND FACILITY OPERATIONAL OVERVIEW 

The Waste Isolation Pilot Plant is located in southeastern New Mexico as show~ Figure 1-1. 
It is a proposed underground repository designed and constructed for the stora~J~nd disposal 
of transuranic (TAU) radioactive wastes. TAU wastes are gene~at from DOE defense-related 
activities, including weapons production, and research and elopment. Cun:ently, these 
wastes are generated and/or stored at ten major DOE sites ac s the country (DOE, 1988c). 

The majority of TAU waste is material that is ~o aminated with alpha emitting radionuclides 
(e.g., plutonium-239) with half lives greater tha enty years (DOE, 1988c). TAU wastes 
are classified as either Contact-Handled (C Remote-Handled (RH) (DOE, 1988c), 
depending on the dose rate at the surface of t waste container. CH-TAU waste containers 
have an external dose rate le;gsn 200 mrem/hr. The majority of the waste planned for 
storage at the WIPP (DOE, 1 is CH-TAU waste ( ... 98 volume percent). The WIPP 
repository and the waste to be to d at WIPP are described below. 

1.1.1 The WIPP 

Detailed descri · s of the geology and hydrology of the WIPP site has been published in 
numerous publis d documents (DOE, 1990a; Lappin, 1988; Lappin et al., 1989). As shown 
in Figure 1-2, the WIPP repository is located 2, 155 feet below the surface in a bedded salt 
(halite) formation of Permian age, known as the Salado Formation. The basis for the selection 
of the WIPP site and an analysis of its environmental impacts were initially presented in the 
WIPP Final Environmental Impact Statement (DOE, 1980), and supplemented according to 
current understanding in the Final Supplemental Environmental Impact Statement (DOE, 
1990a). Figure 1-3 shows a three-dimensional layout of the repository in relation to the 
support facilities above the ground. The WIPP rooms and panels are being excavated in the 
salt beds of the Salado Formation. A panel consists of seven rooms and associated access 
drifts as shown in Figure 1-3. Figure 1-4 shows the stratigraphy at the repository horizon. 

After disposal of the waste in the WIPP storage rooms, closure of the repository occurs due 
the creep (plastic flow) of the surrounding salt formation. This creep is in response to the 
pressure gradient that exists between the far-field pressure away from the repository (referred 
to as the lithostatic pressure, or the pressure at the depth of the repository due to overlying 
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Figure 1-1. WIPP Location in Southeastern New Mexico (Rechard, 1989). 
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Figure 1-2. Level of WIPP Repository Located in the Salado Fonnation (Rechard, 1989). 
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Proposed WIPP Repository Showing Both TAU Disposal Areas and Experimental 
Areas (Nowak et al., 1990). 
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Anhydrite underlain by clay seam (anhydrite "a") 

Anhydrite underlain by clay seam (anhydrite "b") 
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Figure 1-4 Stratigraphy at the Repository Horizon 
(Modified from Lappin et al., 1989). 
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rock), and the pressure in the repository (which is initially at atmospheric pressure). In a 
freshly excavated room, this creep is of the order of a few inches per year. 
Under expected conditions, complete closure of the repository occurs due to creep, and the 
waste is safely and permanently isolated from the surrounding environment. 

1.1.2 Waste Description 

Transuranic waste to be disposed of at the WIPP consists of newly generated and/or 
retrievably stored waste in drums or boxes at major DOE facilities across the United States. 
Examples of processes that generate the waste are plutonium recovery operations, glove box 
operations, and the operation of on-site analytical and research and development laboratories. 
The waste destined for the WIPP site is either solid or solidified material, and can be grouped 
under three major waste forms: 

• Sludges 
• Solid Organic (Combustible) Waste 
• Solid Inorganic (Glass/Metal) Waste /(" 

Sludges are predominantly inorganic solidified wastes with some form of sblidifying or 
stabilizing agent, usually a cement-based material. A small percentage of sludges designated 
as "organic sludges" may contain organic solvents in greater t=trace (> 1 weight percent) 
quantities (DOE, 1989e). Solid organic waste consists of nic materials (sometimes 
referred to as "combustible" waste) such as paper, plastic, ssues, plywood, etc. Solid 
inorganic waste consists of metals, glass, and a small percentage of other non-combustible 
material. All of the types of waste are in ache~· lly stable and non-reactive form (NuPac, 
1989), and have been safely stored and handled e waste generator and storage sites for 
over four decades. The wastes generated at th aifferent sites are generally comparable due 
to the similar processes in opera~· at the different sites. Consequently, they can all be 
grouped under the three waste listed above (DOE, 1990c), with a few exceptions as 
noted in Table A-4 in Appendix 

The waste is geie lly packaged in plastic bags (polyethylene and/or polyvinyl chloride) that 
are placed insid h waste containers (55-gallon steel drums or larger metal boxes) (DOE, 
1989e). These iff nt layers of confinement serve as barriers for radioactive materials in 
the waste. The ste containers are fitted with carbon composite filters to prevent the build
up of gas pressure in the containers, while retaining any particulates inside the containers 
(NuPac, 1989). 

Waste characterization (the constituents and properties) of TAU waste is primarily based on 
process knowledge and records information, with supporting information from past and current 
sampling programs in place at the DOE sites. The available waste characterization information 
has been comprehensively summarized in a number of documents (e.g., DOE, 1989e; DOE, 
1990c). 

1.2 GOVERNING REGULATIONS 

A number of regulations govern the transportation packaging, waste acceptance, storage, and 
disposal of TAU wastes at the WIPP site. These are summarized in Table 1-1, and 
addressed in this section. An overview of all the regulations is presented here, since any 
modifications recommended by the EATF must comply with these regulations. 
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TABLE 1-1 

REGULATIONS GOVERNING TAU WASTE DISPOSAL AT WIPP 

REGULATION 

10 CFR Part 71 

40 CFR Part 264 

40 CFR 265 

40 CFR Part 268 

40 CFR Part 191 Subpart A 

40 CFR Part 191 Subpart B 

WIPP WAC 

<11Nuclear Regulatory Commission 

ISSUE 

~ransportation 
Standards for Owners and 
Operators of Hazardous Waste 
Treatment, Storage and Disposal 
Fae~ 

lnteri~tus Standards for 
Owners and Operators of 
Hazardous Waste Treatment, 
Storage, and Disposal Facilities 

Land Dispos~rictions 

Management and Storage of TAU 
Waste Prior to Disposal 

Disposal of TAU Waste 

Waste Acceptance at~ 

REGULATORY AGENCY 

NRC(1l 

NM-EID(2l 

NM-EID(2l 

EPA-OSW(3l 

EPA-QRp(4l 

EPA-QRp(4l 

WACCC(s) 

<2>New Mexico Environmental Improvement Division 
<3>Environmental Protection Agency Office of Solid Waste 
<•>Environmental Protection Agency Office of Radiation Programs 
<
5>Waste Acceptance Criteria Certification Committee -\ 
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1.2.1 Regulations Governing Transportation Packaging and Waste Acceptance 

The transportation packaging of radioactive waste is regulated under 10 CFR Part 71 (NRC, 
1983). The shipping package to be used for the transportation of CH-TRU waste to the WIPP 
site is the Transuranic Package Transporter (TRUPACT-11) package. The TRUPACT-11 is a 
double-contained, Type B package that can transport up to 14 drums, or two metal boxes 
called Standard Waste Boxes (SWBs), per shipment. A Safety Analysis Report (SAR) for the 
TRUPACT-11 package and its payload was submitted to the U.S. Nuclear Regulatory 
Commission (NRC) in 1989 (NuPac, 1989). Based on the analysis presented in the SAR, the 
NRC issued a Certificate of Compliance (C of C) for the TRUPACT-11 package in August 1989. 
The C of C certifies that the TRUPACT-11 package meets the requirements of 10 CFR Part 71. 
Transportation restrictions on the TRUPACT-11 package and its payload are defined in the 
C of C. All waste to be disposed of at WIPP are also required to satisfy the WIPP Waste 
Acceptance Criteria (WAC), which imposes restrictions on various characteristics (DOE, 1989f). 

1.2.2 Regulations Governing the Land Disposal of Mixed Waste 

The land disposal of hazardous waste is regulated under 40 CFR Part 268 (~ 1989). A 
large portion of the CH-TRU waste to be disposed of at the WIPP site is ~~~d waste -
defined as waste that is both radioactive and hazardous as defined by 40 CFR Part 261. 
Hazardous constituents in CH-TRU waste include solvents suc=1, 1, 1-Trichloroethane, and 
metals such as lead (DOE, 1990c). In order to comply with CFR Part 268, the DOE 
needed to demonstrate that after placement of the untreated tes in the WIPP repository, 
there will be no migration of hazardous constituents beyond the unit boundary. A No-Migration 
Variance Petition (NMVP) (DOE, 1990c) for ~WIPP site was submitted to the U.S. 
Environmental Protection Agency (EPA) to obtain riance from the land disposal restrictions 
(40 CFR Part 268) (EPA, 1989). The EPA gra ad a conditional variance in November 1990 
for a maximum period of ten yeB for the purposes of testing and experimentation (EPA, 
1990). 

WIPP must also comply with th Resource Conservation and Recovery Act (RCRA) interim 
standards codifi~· 40 CFR Part 265, and eventually obtain a RCRA permit under 40 CFR 
264 and 270. A C A Part B permit application is currently under review by the New Mexico 
Environmental I p ement Division (NM-EID). 

1.2.3 Regulations Governing the Performance of Nuclear Waste Repositories 

The required long-term performance of a nuclear waste repository is governed by 40 CFR Part 
191 Subpart B (EPA, 1985}. An evaluation of compliance with this regulation is referred to 
as a performance assessment (PA). PA for the WIPP site is being conducted by Sandia 
National Laboratories for the U.S. Department of Energy. The methodology being used, and 
the progress made to date, appear in Lappin et al., (1989), Marietta et al., (1989), and in 
Bertram-Howery and Swift (1990). 40 CFR Part 191 Subpart B requires that the cumulative 
release of specific radionuclides present in the waste should not exceed a specified amount 
over a 10,000-year period. A range of events and processes have to be considered in 
evaluating release from the repository. These include human intrusion scenarios that involve 
the possibility (and probability) of future inadvertent exploratory drilling activities into the 
repository for a period of 10,000 years after decommissioning. Probabilistic models are 
generally used in predicting the performance of a disposal system over long time periods. The 
PA studies being conducted by SNL include lab-scale and full-scale experiments, and the 
acquisition of field information, to provide supporting data and input to the PA model (Brush, 
1990; Molecke, 1990a; Molecke, 1990b). The PA studies are projected to be completed in 
1994 (DOE, 1990d). 
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1.3 THE ENGINEERED ALTERNATIVES TASK FORCE (EATF) 

Preliminary analyses (DOE, 1990a) indicated that, given the current baseline design of the 
WIPP repository and the present waste forms at the sites, PA may not be able to demonstrate 
compliance with 40 CFR Part 191. In response to this concern, the DOE WPO formed the 
EATF in September 1989, to evaluate the feasibility of implementation and predict the 
effectiveness of various engineering modifications to the current waste forms and the WIPP 
facility design that would improve the long-term performance of the WIPP disposal system 
(Hunt, A., 1990). In order to maximize the benefits of the EATF evaluations and provide 
timely integration of EATF activities with the SNL performance assessment, these programs 
are being conducted in parallel. Program integration between PA and the EATF is described 
in the Program Plan for Engineered Alternatives (Hunt, A., 1990). 

The purpose of the alternatives (or modifications) evaluated by the EATF is to mitigate the 
effects of, or eliminate, potential problems that might prevent WIPP from demonstrating 
compliance with the applicable regulations. An example of such a potential~ro lem is gas 
generation from the waste (e.g., corrosion of ferrous-based materials) tha ay result in 
overpressurization of the repository after closure. If overpressurization results i fracturing of 
the host rock, the fractures might become pathways for the migration of conta inated brine 
beyond the disposal unit boundary, and thus lead to noncomilia ce with 40 CFR Part 268. 
Similarly, future inadvertent human intrusion into the repository ( .. , for drilling purposes) could 
potentially result in the release of radionuclides through drill cu gs in amounts exceeding the 
totals allowed by 40 CFR Part 191, and thereby lead to none mpliance. An example of an 
engineered alternative to help mitigate the prob~e of gas generation from corrosion would be 
to eliminate corroding metals from the waste replace current steel drums with waste 
containers that do not generate gas. The m ology used to evaluate the engineered 
alternatives that address potential problems su as gas generation and human intrusion, are 
described in the following subse~s. 

1.3.1 EATF Methodology r ' 
The EA TF activfii can be subdivided under two headings: 

• ~analysis of the effectiveness of engineered alternatives 

• Evaluation of the feasibility of implementing engineered alternatives. 

Analyses of the long-term performance of the WI PP disposal system performed by SNL have 
identified two potential problems with demonstrating compliance with applicable regulations. 

The first potential problem relates to gas generation. Lappin et al. (1989) discusses the 
possibility that up to 1,500 moles of gas can be generated per drum of waste from a 
combination of anoxic corrosion, microbial degradation, and radiolysis, at rates as high as 
2.55 moles/drum/year. Anoxic corrosion rates of up to 1.7 moles of hydrogen per drum per 
year, and microbial gas generation rates of 0.85 moles per drum per year, are mentioned in 
the literature (Lappin et al., 1989). However, these gas generation rates can vary over 
large ranges. The current SNL estimate of 0.85 moles per drum per year of microbial gas 
generation is based on the arithmetic mean of 0.3 and 1.4 moles per drum per year; the 
range estimated from an earlier study (Molecke, 1979). Experiments planned in support of 
the performance assessment studies are expected to yield information on more realistic gas 
generation rates (Brush, 1990; Molecke, 1990a; Molecke, 1990b; Molecke and Lappin, 1990). 
As shown later in Section 4.0, existing processes to dissipate excess gas pressure are slow 
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relative to the current estimates of gas generation rates, resulting in gas pressures in storage 
rooms that may temporarily exceed lithostatic pressure. 

The consequences of exceeding lithostatic pressure are currently being evaluated by SNL 
(DOE, 1990d}. If these evaluations fail to show that either excess pressures will not occur, 
or that excess pressures will not degrade the performance of the disposal system to the point 
that 40 CFR Part 191 Subpart B compliance is unachievable, then some type of waste form 
or facility modification may be required to either eliminate gas generation or reduce the rates 
of gas generation. 

A second potential problem with demonstrating regulatory compliance relates to the 
consequences predicted from future inadvertent human intrusion events. Some of the 
preliminary evaluations of compliance with the containment requirement of 40 CFR Part 191 
performed by SNL suggest that some of the current waste forms may not be acceptable for 
disposal at the WIPP (Marietta et al., 1989}. This may be due to either: (1) conservative 
assumptions regarding intrusion events, (2} the current large uncertainties in key performance 
parameters, or (3) actual problems with the waste. Key parameters that cont~e release 
of waste elements during human intrusion scenarios are permeability of the ste storage 
rooms and radionuclide solubilities. 

The first step in the evaluation of the alternatives was thei' tification of performance 
parameters that are critical to the long-term performance of the · osal system. These were 
determined based on existing PA analyses and the current u erstanding of the repository 
system (Marietta et al., 1989). The ten important performance parameters are the following: 

• Radiolytic Gas Generation /\ 
• Biological Gas Generation r 
• Permeability of the e and Backfill 
• Corrosion Gas Gen~·on 

• Waste Porosity 
• Waste Shear Stren h 
• Waste Leachability 
• Rattn elide Solubility in Brine 
• Bri e flow (seepage) 
• Hu n Intrusion Probability. 

1 .3.2 Engineered Alternatives Multidisciplinary Panel 

Desirable engineered alternatives would be those that mitigate to some degree, any potential 
adverse effects on the repository performance. A list of engineered alternatives that address 
potential problems related to gas generation and human intrusion was compiled, evaluated, and 
ranked by a multidisciplinary panel of experts (the Engineered Alternatives Multidisciplinary 
Panel, EAM P} convened from several fields and disciplines. The panel activities are detailed 
in a separate report in Appendix A. 

The EAMP evaluated engineered alternatives to current waste forms, waste management, 
backfill materials, facility design, passive marker systems, and several other disposal system 
features. 
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Qualitative rankings were assigned to each alternative based initially on three feasibility 
considerations: 

• Regulatory compliance and permitting 
• Availability of technology 
• Schedule of implementation. 

Following initial feasibility screening, each alternative was ranked according to effectiveness 
in mitigating undesirable effects associated with each of the ten performance parameters 
described before. 

However in the final analysis, the EAMP ranking process was based on the five performance 
parameters which have been determined by SNL (Anderson, 1990) to be most critical. The 
condensed set of performance parameters consists of the following: 

• Radiolytic Gas Generation 

• Biological Gas Generation 

• Corrosion Gas Generation 

• Permeability of the Waste Stack ~ 
(Waste Stack consists of waste and backfill betwfn drums) 

• Radionuclide Solubility in Brine. 

To assess the cumulative effects of a particular /'J.. ative, the feasibility considerations were 
evaluated with respect to each of the five perfot::e parameters, this being done for each 
of the three major waste forms: e 

• Sludges 
• Solid Organic (com ustible) Waste 
• Solnorganic (glass/metal) Waste. 

Within each of t~hree major waste form categories, the alternatives were ranked for the 
five performance parameters based on their effectiveness and feasibility (Appendix A). In 
this way, the ranking considered the important factors contributing to the applicability of the 
alternatives: major waste form category, effectiveness relative to the five performance 
parameters, and the overall feasibility of each alternative. Based on the ranking by the EAMP, 
the EATF recommended initial waste forms and backfill modifications for inclusion in the WIPP 
Experimental Test Program (DOE, 1990b). 

1.3.3 Selection of Engineered Alternatives I 
I 

The EA TF has selected various alternatives based on nine of the fifteen waste forms and I 
three backfill alternatives recommended for the WIPP Experimental Test Program, and I 
analyzed their relative effectiveness for enhancing the performance of the repository as I 
compared to the current waste forms, by using a design analysis model. The alternatives I 
that have been selected provide a broad range of solutions, if needed, for enhancing the I 
performance of the repository. The basis for the EATF terminology for describing engineered I _ 
alternatives is discussed in the following sections. I 

I 
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1.3.3.1 Single Alternatives 

The individual options recommended for evaluation by the EAMP (Appendix A}, are defined 
by the EATF as "single alternatives". These alternatives include, but are not limited to, waste 
processing such as incineration (followed by cementation of ash/residue}, supercompaction, and 
shredding (followed by cementation}. An example of a single alternative and a description of 
the consequences of its application is the modification of the backfill by adding a sorbent such 
as bentonite; this potentially reduces the amount of free brine in the repository. Reduction of 
free brine inhibits the transport of radionuclides, and reduces gas generation by mechanisms 
such as anoxic corrosion of metals and biological degradation of organic materials. The 
complete list of single alternatives considered by the EAMP is presented in Table A-1 in 
Appendix A. It should be noted that the term "engineered alternative" as used by the EAMP 
in Table A-1, actually refers to a single alternative as described here. 

1.3.3.2 Combination Alternatives 

The EATF has defined a "combination alternative" to be the combination o~ or more 
"single alternatives" recommended for evaluation by the EAMP (Appendix A}. I ther words, 
single alternatives are the individual components that make up a combinatio alternative. 
Many single alternatives are limited in improving repository performance, and can only be 
applied for one type of waste form. For example, incineration fo~I 0d by solidification, is only 
applicable to solid organic waste forms. In contrast, the ropriate choice of single 
alternatives can make a combination alternative applicable to a types of waste forms. This 
also significantly improves the overall effectiveness as compare to the effectiveness of using 
only one single alternative. An example of a co.rr;pation alternative is: sludges are vitrified, 
solid organics and solid inorganics are inciner and vitrified, and emplaced waste is 
backfilled with grout. 

In later sections, the EATF has o~ategorized single alternatives according to their purpose. 
For example, the EA TF uses the "waste treatment alternatives" and "backfill alternatives" 
to refer to the single alternatives at deal with the waste treatment component and the backfill 
component of a co bination alternative, respectively. 

1.3.3.3 the EATF 

All of the engineered alternatives evaluated by the EATF fall in the category of "combination 
alternatives". These alternatives and the current baseline design evaluated by the EATF, are 
presented in Table 1-2 and described below: 

Baseline Design: Sludges, solid organics, and solid inorganics, are disposed of in 
their "as-received" (current treatment at the generator sites} state with a crushed 
salt backfill. 

Alternative 1 : Sludges are in their "as-received" state; solid organics and solid 
inorganics are shredded and cemented, and a crushed salt backfill is used. 

Alternative 2: Same as Alternative 1, except that the sludges are cemented. 

Alternative 3: Sludges are cemented; solid organics and solid inorganics are 
shredded and cemented. A grout backfill is used. 
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ENGINEERED ALTERNATIVES EVALUATED BY THE EATF RELATIVE TO THE BASELINE CASE 

SOLID SOLID WASTE WASTE FACILITY 
ALTERNATIVE# SLUDGES ORGANICS INORGANICS BACKFILL CONTAINER MANAGEMENT DESIGN 

BASELINE As received As received As received Salt As received As designed As designed 

ALTERNATIVE 1 As received Shred/C:s::J Shred/Cement Salt As received As designed As designed 

ALTERNATIVE 2 Cement Shred/Ce me Shred/Cement Salt As received As designed As designed 

ALTERNATIVE 3 Cement Shred/Cement Shred/Cement Cement grout As received As designed As designed 

ALTERNATIVE 4 Cement lncin./Cement Shred/Cement Salt As received As designed As designed 

ALTERNATIVE 5 Cement lncin./Cement ~ment Cement grout As received As designed As designed 

ALTERNATIVE 6 Vitrify lncin.Nitrify Is* Salt As received As designed As designed 

ALTERNATIVE 7 Vitrify lncin.Nitrify Melt metals* Cement grout As received As designed As designed 

ALTERNATIVE 8 Vitrify lncin.Nitrify Melt metals** Salt Non-ferrous As designed As designed 

ALTERNATIVE 9 Vitrify lncin.Nitrify Melt metals~ement grout Non-ferrous As designed As designed 

ALTERNATIVE 10 As received As received: Decontaminate None Non-ferrous/ Minimize space New dimensions: 
Less Metals Metals*** Rectangular around waste 10'x31 'x188' 

ALTERNATIVE 11 As received Supercompact Supercompact Salt As received Single layer: New dimensions: 
2000 drums 6'x33'x300' 

ALTERNATIVE 12 As received Supercompact Supercompact Ce~t As received Single layer: New dimensions: 
2000 drums 6'x33'x300' 

ALTERNATIVE 13 Vitrify lncin.Nitrify Melt metals** None Non-ferrous/ Minimize space New dimensions: 
Rectangular around waste 1 O'x31'x188' 

ALTERNATIVE 14 As received Supercompact Supercompact Salt aggregate As received Compartmentalize Salt dikes: 
Grout waste, 2000 Waste Separation 

drums per room 

Metals are melted into TRU waste ingots. .. Metals are melted with glass/glass frit; radionuclides partition into the slag, and metals are eliminated from 
the WIPP inventory. 
Metals are decontaminated by vibratory finishing and eliminated from the WIPP inventory. 
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Alternative 4: Sludges are cemented; solid organics are incinerated and the resulting 
ash cemented; and solid inorganics are shredded and cemented. A crushed salt backfill 
is used. 

Alternative 5: Same as Alternative 4 but with grout backfill. 

Alternative 6: Sludges are vitrified; solid organics are incinerated and vitrified; solid 
inorganics are melted, with the metals separated out, melted, and disposed of as ingots. 
A salt backfill is used. 

Alternative 7: Same as Alternative 6 but with grout backfill. 

Alternative 8: Same as Alternative 6, except that it is assumed that on melting the 
metals, the radionuclides partition into a slag phase. The molten metal is drawn off from 
the melter and cast as ingots which are then disposed of as low-level waste. Metals 
are thus removed from the inventory but the contamination associated with the metal 
takes the form of a glass slag that is disposed of at the WIPP. stg;drums are 
replaced with some non-corroding material in Alternatives 8 and 9 so tha both anoxic 
corrosion and microbial gas generation processes are essentially eliminat . 

Alternative 9: Same as Alternative 8 but with grout bac~ 

Alternative 1 O: The waste container material is changed tra noncorroding material, and 
the shape is changed to rectangular; slu~es are in their "as-received" state; solid 
organics are in their "as-received" state le metals; metals are decontaminated from 
solid inorganics and removed; the room · nsions are changed to 1 O'x31 'x188' to 
eliminate backfill. 

Alternative 11: Sludges~in their "as-received" state; solid organics and solid 
inorganics are supercom ct . The waste is placed in a monolayer. The room 
dimensions are altered to 'x33'x300'. A salt backfill is used. 

Alternative 2: Same as Alternative 11 but with grout backfill. 

Alternative 3: Same as Alternative 8, except it is assumed that a rectangular waste 
container is used, and the room dimensions are altered to 10'x31x188' to eliminate 
backfill. 

Alternative 14: Sludges are in their "as-received" state; the solid organics and the solid 
inorganics are supercompacted. Three seven-packs of drums are placed in 
"compartments" which are separated from each other by a salt aggregate grout 
composite. The compartmentalization reduces uncertainties related to the flow of brine 
through the waste stack, and also sets an upper "engineered limit" on the inventory of 
radionuclides that can be released during any human intrusion event. 

It should be noted that any change of room dimensions (such as in Alternatives 10, 11, 12, 
and 13) may result in redesigning the equipment for RH-TAU waste emplacement, because 
the existing room dimensions were based on the size of the equipment. 
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1.3.4 Classification of Engineered Alternatives 

The engineered alternatives are classified according to the degree of waste processing and 
their effect on gas generation potential {total number of moles of gas that can be generated) 
and gas generation rate as: 

• Level I Alternatives: "As received" {unprocessed) waste 

• Level II Alternatives: Waste is processed to reduce gas generation rate with no 
effect on potential 

• Level Ill Alternatives: Waste is processed to eliminate potential for gas 
generation. 

Level I alternative examples include passive markers, facility design modifications, alternate 
waste containers, and backfill options. Level II alternatives include cemented sludges, and 
shredded and cemented solid organics and inorganics. Cementation of the 9ja e will limit 
access of brine to the waste and will also raise the pH of any brine present in room. High 
pH conditions should reduce anoxic corrosion and microbial gas generation rate , but will not 
reduce the total number of moles of gas that may eventually be generated by the processes. 
Level Ill alternatives eliminate gas generation potential completesly. An example of a Level Ill 
alternative is: incineration and cementation of solid organics is eliminates microbial gas 
generation potential). The reader should note that the class cation is based upon single 
alternatives. Therefore, a combination alternative {such as A ernatives 1 to 14) is actually 
made up of single alternatives that belong to diff ent classification levels. 

1.3.5 Alternatives 

Criteria used to compare the ~rnatives were peak index pressures for undisturbed 
performance and a "Measure of ative Effectiveness" for human intrusion. This "Measure 
of Relative Effectiveness" is b on the predicted 10,000-year cumulative release of 
radionuclides to the Culebra Dolomite {Figures 1-2 and 1-3) for Alternatives 1 to 14 compared 
to the baseline a· n. These peak index pressures and cumulative release estimates are for 
comparative pu s only, and not meant to be absolute values. The results of the 
engineered alte e evaluations and the design analyses will be provided as input into 
Performance Assessment Probabilistic modeling by PA will yield absolute release estimates 
to evaluate compliance with 40 CFR Part 191. 

In addition to the design analysis of engineered alternatives, the EATF has also evaluated the 
feasibility of implementing engineered alternatives on the basis of technical, cost, regulatory, 
and schedule criteria, and made assessments of various factors {including risk) that need to 
be considered for potential locations of waste processing facilities {i.e., comparisons of 
processing at centralized facilities versus individual storage/generator sites). 

The overall framework of the evaluation process of engineered alternatives is presented in 
Figure 1-5. 

1.4 LIMITATIONS OF THE EATF EVALUATION OF ENGINEERED ALTERNATIVES 

It should be noted that the EATF evaluation of engineered alternatives is based on currently 
available information. Thus, the design analysis of engineered alternatives reflects the current 
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understanding of the processes that will occur in the repository, and the evaluation of feasibility 
is based on the current interpretation of applicable regulations. The reader should be aware 
that the EATF evaluations are limited by the information available today, and therefore do not 
include the uncertainties that remain unresolved at the time of this report. Some of these 
uncertainties, and their potential effects are outlined below: 

• The potential list of performance parameters that may require engineered alternatives 
is currently limited to only gas generation and human intrusion issues. Therefore, 
only these issues were considered in the selection of possible alternatives, and in 
the development of the Design Analysis Model. If other performance issues are 
identified later, the list of candidate alternatives may require modification, additional 
code development may be needed for the Design Analysis Model, and the feasibility 
of new alternatives needs to be investigated. 

• The requirements of the repository, in terms of any performance improvements 
needed through engineered alternatives, have not been identified at j:,h ime of this 
report. These requirements will be identified from the PA studies. erefore it is 
not possible for the EATF to recommend the best (optimal) alternative, because the 
extent of any improvement that may be needed is not known at this point in time. 
This limits the EA TF to recommending a group o~ernatives that collectively 
address any potential problem, rather than selecting e "best" alternative. Since 
the PA and EATF efforts are being conducted in pa llel, the choice of an optimal 
alternative can be formalized only after the potential problems associated with the 
baseline design are quantified by perfor'f.nce assessment. The issue is discussed 
in detail in Section 9.2. r 

• The design analysis of engineered alternatives is based on various assumptions 
regarding the differen~· parameters such as gas generation rate, creep closure 
rate, brine inflow rate ysical properties of modified waste forms, etc. These 
assumptions are ba on the current information available in SNL studies and 
elsewhere. As experimental programs (DOE, 1990c) and planned analyses by SNL 
(DOE,Ct.d) continue to provide new data, some of the EATF assumptions might 
chang , d may lead to a need for updating the model in the future. Detailed 
discus · n of this issue can be found in Section 4.0. 

• The feasibility of implementing engineered alternatives is based on different 
assumptions for various criteria such as cost, schedule, regulatory considerations, 
and health and safety risk. Therefore, although items such as cost estimates 
developed by the EATF provide a means of rough comparison between alternatives, 
they should not be interpreted as absolute and precise values. The various 
assumptions are discussed in detail in Sections 6, 7, and 8. 

• The extent of waste characterization required could very well dictate whether it would 
be necessary to treat the waste, irrespective of the results of performance 
assessment. For example, if extensive RCRA sampling and analysis is required by 
the State of New Mexico for interstate shipment of waste due to inadequate process 
knowledge, and if the cost of RCRA sampling is high in comparison to treating the 
waste, then this might force a decision in favor of treatment even if performance 
assessment does not identify any problems with the current waste forms. 
Unfortunately, the extent of characterization required is currently not well-defined. 
The issue is discussed in detail later in Section 6.0. 
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Thus, given the uncertainties involved, the analysis presented in this report is based on the 
best available information as of today. The uncertainties are discussed in further detail in 
appropriate sections of the report. 

The subsequent sections of this report present the analysis of the effectiveness of engineered 
alternatives using the design analysis model, and the feasibility of implementation of 
engineered alternatives. Sections 2.0 through 4.0 deal with the activities related to design 
analysis and modeling. Sections 5.0 through 8.0 discuss the feasibility of implementing 
engineered alternatives. Section 9.0 provides a decision methodology that can be used to 
select an optimal engineered alternative, if one is needed. 

D 
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2.0 OVERVIEW OF THE DESIGN ANALYSIS MODEL 

This section explains the different processes that are expected to occur in the repository after 
waste emplacement, and also discusses the modeling approach and the various assumptions 
that have been used in the Design Analysis Model. The criteria used in the Design Analysis 
Model to evaluate the effectiveness of an engineered alternative for gas generation and human 
intrusion are also presented in this section. 

2.1 GENERAL DESCRIPTION OF THE PROCESSES SIMULATED BY THE DESIGN 
ANALYSIS MODEL 

The Design Analysis Model simulates processes occurring in the repository (rooms, panels, 
access drifts, and shaft seals) for the 10,000 year regulatory period defined in 40 CFR Part 
191 (EPA, 1985). The behavior of the repository can be divided into the following phases: 

• 

• 

• 

Repository under Atmospheric Pressure - Activities during this phase include 
waste/backfill emplacement followed by sealing of the panels. DI' this time 
atmospheric pressure is maintained within the repository. 

Repository Pressurization from Atmospheric to Peak Pressure - his phase is 
characterized by waste compaction under creefalosure, brine inflow, gas 
generation, pressure build-up, and the proces s associated with increasing 
gas pressure and presence of brine. 

Repository after Peak Pressure -~·s phase is characterized by the long-term 
processes that continue once pe ressures are reached in the repository, 
interrupted only by a human intru n event For some alternatives this phase 
may not be reached if, for instanc , the pressure in the repository asymptotically 
approaches lithos~pressure. 

The processes simulated by therr>e\ign Analysis Model are discussed below. 

The excavation nderground openings at the WIPP horizon results in a disturbance of the 
equilibrium state of the Salado Formation. This deviation from equilibrium causes creep 
closure resulting in the formation of a disturbed-rock zone (DRZ). Creep closure is the 
viscoplastic response towards equilibrium by the rock under a deviatoric stress. Closure rates 
have been measured at thirty locations throughout WIPP and are of the order of a few inches 
per year in a newly excavated room (Nowak et al., 1988). 

The DRZ is defined as the zone of rock in which mechanical properties and hydrologic 
properties have changed in response to the excavation. The term "near-field" is used to 
describe the zone of rock within the DRZ, and the term "far-field" is used to describe the 
rock outside the DRZ in which intrinsic parameters such as porosity and permeability are 
undisturbed from pre-excavation values. The development of a DRZ has been confirmed by 
geophysical surveys and gas-flow tests in addition to borehole observations. These three 
approaches have defined a DRZ extending laterally throughout the excavation and varying in 
depth from 1 to 5 meters, depending on the size and age of the opening. Visual observations 
of Marker Bed 139 (MB139) underlying the repository (see Figure 1-4) indicate that fractures 
in this unit are both preexisting and excavation induced. The anhydrites "a" and "b" overlying 
the repository (Figure 1-4) are probably also fractured. The "disturbed" zone exists beneath 
and above the repository, while the "intact" zone is undisturbed, and exists beyond the area 
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stressed by the excavations. The halite between the anhydrites above and below the floor of 
the repository is fractured. 

A panel consisting of seven rooms and associated access drifts will be filled with the waste 
containers (either drums or boxes). In most of the engineered alternatives that were 
evaluated, a backfill material (e.g. salt) is used to fill the space around and between the 
waste containers. The waste and backfill material is referred to as "waste/backfill composite" 
or "composite". The purpose of adding the backfill is to minimize void volume in the room and 
also reduce the permeability of the composite. This reduction in permeability results in lower 
release of radionuclides in the case of human intrusion into the repository. A clearance is left 
between the backfill on top of the waste stack and the roof of a panel as an operational work 
space for backfilling. 

During excavations and waste emplacement, atmospheric pressure is maintained within the 
repository. Since this pressure is substantially lower than the lithostatic pressure in the 
surrounding rocks, a depressurization of the Salado Formation around the repository will occur. 
This will be manifested by a gradual decrease in pressure from the far-field p~re ressure in 
the intact Salado to atmospheric pressure in a panel. Naturally occurring ga 1trogen and 
methane) is present in brine from the Salado Formation, and has been observ to exsolve 
from the brine due to depressurization. 

Underground experience at WIPP on the presence and movem~of brine within the Salado 
Formation has yielded a new understanding of brine moveme in salt. For example, the 
presence and movement of brine in the Salado Formation djacent to the underground 
workings is evidenced by small "weeps" (brine ~n rustations) that commonly develop on the 
walls of an excavation shortly after it is mined. se "weeps" are a result of the differential 
in pressure between the surrounding halite and t ospheric pressure within the rooms and 
will cease to occur over time. In general, the rine inflow rate is less than the evaporation 
potential caused by mine ventE"I · , resulting in humid, but brine free conditions in the 
repository. 

In-situ brine flow experiments a used to measure the permeability of the Salado Formation. 
The brine flow ra.a·nto sealed boreholes are in the range of 5 x 10-a to 1 x 10·1 liters/s as 
steady states ar a proached. These rates have been used to calculate far-field Salado 
permeabilities th t II within the range of 10·21 to 10·20 m2

, using a poroelastic Darcy flow 
model (Lappin et al., 1989). On the basis of preliminary data, the far-field permeability of the 
anhydrites appears to be one to three orders of magnitude higher than that of the intact host 
salt. 

Emplacement of the waste within a panel is followed by sealing of the access drifts and the 
floor shafts with a multicomponent seal system. The goal of the sealing system is to limit 
ground water from the overlying units from flowing down the shafts as well as limiting brine 
and/or gas from flowing up the shafts. This objective is accomplished by a combination of 
short-term and long-term seals as described below. 

2.1.2 Repository Pressurization from Atmospheric to Peak Pressure 

As long as the effective stress in the rooms is below lithostatic, the Salado will continue to 
creep due to deviatoric stresses, thereby reducing the room dimensions. As a result, the 
clearance above the waste composite will be eliminated and the void space within the 
waste/backfill composite will be reduced. 

The creep that continues to compact the waste/backfill composite will be resisted by the 
combination of two different mechanisms. The first of these is the ability of the particular 

WP:EATF.1991:R-1n5-2 2-2 

~I 

•• 



••' 

,10.'fl' 

''" 

'lidlll 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

waste/backfill composite to resist compaction, manifested by its mechanical stress of 
compaction. The other is the effect of gas pressure within the void spaces. The increasing 
gas pressure provides a second component of internal stress resisting creep. As creep 
ceases, the development of the DRZ ceases and may actually begin to reverse caused by 
healing of the fractures. 

The brine will continue to seep into the panels due to a pressure differential between the 
panels and the Salado formation. Corrosion of drums and metals in the waste under anoxic 
conditions will consume large quantities of water in the brine, producing hydrogen. Microbial 
activity by a potentially broad range of microbes, which may be aerobic, anaerobic, halophilic, 
or halotolerant, is assumed to consume cellulosic materials and perhaps other organic 
materials in the waste as well. This activity will produce carbon dioxide and methane and may 
also produce nitrogen and hydrogen sulfide. The hydrogen sulfide will probably be removed 
by reacting with the metals or their corrosion products to form sulfide minerals. Radiolysis of 
brines, cellulosic materials, plastics, and rubbers, will consume water and produce limited 
amounts of carbon monoxide, carbon dioxide, hydrogen, and oxygen. Carbon dioxide may be 
removed from the gas phase by reacting with cementitious materials present as part of the 
waste or backfill to form carbonate minerals (calcite, dolomite, magnesit~ec.). The 
combination of gas generation due to the mechanisms described above, and t decrease in 
void volume due to creep closure, will result in pressurization of the panel. 

Increased gas generation will increase the partial pressures ofit!t gases and their solubility 
in brine. This will cause additional gas to dissolve in the bri hat may be present in the 
room. The increased concentration of gases in the brine will b the driving force for diffusion 
of gases into the intact Salado. 

In addition to diffusion, advection into the Sala~rmation takes place as the gas pressure 
increases within the panel. This process invo he migration of gases under a pressure 
gradient from the room into the halite and an ydrites that make up the Salado formation. 
The ability of the Salado to adv~es will depend on: (1) the intrinsic permeability of each 
bed; (2) the relative brine and turations of these beds; (3) any capillary or threshold
pressure effects involved in gas isp acement of brine already present; and (4) the amount of 
localized depressurization which exists due to the operational phase. Ongoing work suggests 
the threshold-pl! within the intact Salado halites may be as high as 8 M Pa. Therefore 
the sum total threshold pressure and the in-situ pore pressure may prevent gas 
advection into t alite. However, if some fractures exist within the DRZ, connecting the 
panel to the anhydrite beds, gases will be dissipated due to the higher permeability (therefore 
lower threshold pressure) and lower pore pressure of the anhydrites. Advective processes 
would allow some gas to escape from the panels, thus lowering the pressure in the disposal 
rooms. 

The short-term seals consisting of concrete plugs and possibly clay materials are designed 
to function for approximately 100 years after decommissioning. The long-term seals are made 
of crushed salt that is chemically and mechanically compatible with the host rock formation. 
Creep closure of the surrounding intact host rock consolidates and densities the crushed salt 
to a condition comparable to intact salt. 

2.1.3 Repository after Peak Pressure 

Gas generation due to microbial degradation of solid organic components of the waste such 
as paper, cloth, wood etc. would be terminated. Any brine remaining in the panel would have. 
been consumed by anoxic corrosion of the metals. No further brine inflow would take place 
because the pressures in the panel exceed the far-field pressure of the Salado Formation. 
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Since the water present in the brine would be consumed, reactions of carbon dioxide with 
cementitious materials would also cease since these reactions require water. 

The mechanical resistance to closure prevents further creep during the late phase resulting 
in a cessation of waste/backfill compaction. This mechanical resistance is made up of two 
components: (1) the stress of compaction and (2) the interstitial fluid pressure. When the 
sum total of these components becomes greater than the lithostatic pressure, the deviatoric 
stress is eliminated and creep ceases. At. this point, the void volume becomes fixed at a 
constant value. 

Gas advection will continue as long as the pressure within the panel is such that a driving 
force into the Salado is maintained. Once the pressure in the repository is lithostatic, the 
driving force is terminated and the system reaches a steady state condition. 

2.2 DESIGN ANALYSIS (COUPLED PROCESSES) MODEL 

The components of the Design Analysis Model (the ROOM-SCALE model anTt SHAFT
SEAL model) are defined according to the physical barriers that will exist f wing waste 
emplacement at WIPP. These barriers and modeling regions (Figure 2-1) are: 

• The host rock and panel seals surrounding the roa s and drifts. The seven 
rooms and the equivalent volume of five and o -half rooms existing in the 
access drifts within a panel (12.5 room equivalen , are modeled on a collective 
basis to most accurately approximate the conditi ns within a storage panel at 
each time step. The modeling is !o e using the ROOM-SCALE component of 
the Design Analysis Model as de · ed in Appendix B. 

• The shaft and panel seals. The rmeabilities of the seals are obtained as a 
function of time uE· the SHAFT-SEAL component of the Design Analysis 
Model as describe · Appendix C. 

The Design Analysis Model cons ders the processes that are essential to predicting changes 
in performance ree!ng from the application of alternative repository designs and waste forms. 
The conceptualiz tio of the repository including the physical orientation and the associated 
values for the Sa formation is shown in Figure 2-2. The simulation by the Design Analysis 
Model of the pro esses described earlier is summarized below. 

• 

• 

Creep Closure of the Surrounding Host Rock (Appendix B. Section B.4) - The 
Chabannes (1982) equation has been combined with a nonlinear regression 
equation based on several years of measured closure rates at 30 locations in 
WIPP, to predict creep closure rates of the host rock as a function of time. 
This equation expresses creep closure rates at each time step as a function 
of the room height, the room width, and the difference between lithostatic stress 
(14.8 MPa), and the internal stress in the panel. The internal stress is the sum 
of the mechanical resistance stress of compacting the waste/backfill composite 
and the fluid pressure inside the panel. 

Gas Generation and Consumption - There are four processes related to gas 
generation and consumption; anoxic corrosion, microbial gas generation, 
radiolysis, and dissolution of gases in brine. These are described below: 
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Anoxic Corrosion (Appendix B. Section B.13) 

The dominant corrosion reaction is assumed to be the reaction of iron, 
usually in the form of mild steel, with water to generate amakanite and 
hydrogen according to the reaction: 

Fe + 2H20 = Fe(OH)2 + H2 

This reaction generates one mole of hydrogen for every two moles of 
water consumed. 

At each time step, brine in a storage room (if available) is assumed to 
react with iron or steel to generate hydrogen at a maximum rate of 1. 7 
moles of hydrogen/drum/yr (Lappin et al., 1989). This hydrogen 
generation rate requires the availability of 5 x 10·5 m3 of water/drum/yr. 
If the brine (water) availability is less than the amount required for 
maximum hydrogen generation, the rate is scaled down based on the 
amount of water available for corrosion. This corrosion p~o ss is thus 
self-limiting since the hydrogen that is generated con utes to the 
pressurization of the room, which in tum inhibits brine infl . 

Microbial and Radio ic Gas Generation endix B Section B.12 -
The total potential for microbial gas gen ion, along with the rate of 
generation, have been modeled based n the data of Lappin et al. 
(1989). Based on the infonnation p vided therein, the following 
assumptions have been i~orated for modeling purposes: 

• Since microbial a and radiolysis utilize the same organic 
substrates, the g generation rate of 0.85 moles/drum/year 
(~t al., 1989) is assumed to represent both microbial and 
radir-'f gas generation. 

• Microbial activity is not assumed to be limited by the availability 

D of water. 

The microbial gas generation assumptions used in modeling the baseline 
case are explained in detail in Appendix B, Section B.12, and can be 
summarized as follows: 

• 

• 

• 

WP:EATF.1991:R-177&-2 

During the first 100 years after decommissioning of the repository, 
oxygen is completely consumed (aerobic microbial activity) with 
an equivalent molar production of carbon dioxide. Anaerobic 
microbial activity is assumed to commence only after this period 
of 100 years. 

Anaerobic microbial activity is assumed to ensue after 100 years 
at the rate of 0.85 moles/drum/year with a gas generation potential 
of 606 moles/drum (Lappin et al., 1989). 

Thus, anaerobic microbial activity begins 100 years after the start 
of the simulation, and lasts for a period of 713 years. The gases 
generated are assumed to be methane, carbon dioxide, and 
nitrogen in the ratio of 15:20:12. 
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Dissolution of Gases in Brine - The moles of hydrogen, oxygen, and 
carbon dioxide dissolved in the brine present in a panel are evaluated 
at each time step (Appendix B, Sections B.9 and B.10). The moles of 
gas dissolved are calculated from phase equilibria relations using Henry's 
Law constants in brine (Reid et al., 1987). The Henry's Law constants 
and gas solubilities are evaluated from experimental correlations. The 
dissolution of nitrogen and methane is not considered since the brine 
already contains significant amounts of these gases (DOE, 1983). 

• Brine Inflow (Appendix B. Section B.3) 

• 

• 

An initial brine inflow rate of 0.43 cubic meters/room/year (Nowak et al., 
1988) is assumed. This is based on a constant room pressure of 1 
atmosphere. 

The rate of brine inflow is assumed to linearly decrease~uid (brine 
and gas) pressure in the room increases, and approac zero when 
the pressure in the room reaches lithostatic pressure 14.8 MPa). 
Lithostatic rather than hydrostatic is used since measul" ents have 
been made of pore pressures which exceed hydrostatic (Lappin et al, 

· 1989). This approach couples brine in~I to creep closure and gas 
generation, because all of these proces affect fluid pressure in the 
room. 

CO rine/Cement Interactions A dix B Section B.14 and A endix E -
Carbon dioxide generated by mic or radiolytic processes will partition into 
any brine present in the room. This dissolved C02 will then react with 
portlandite to prod~lcite plus water according to the reaction shown below. 
Portlandite is a d · ant phase in Portland cement and is available in the 
cementitious mate als present in the waste. 

~ D The pH of any brine in the room is assumed to be buffered by portlandite 
that is present in the cement waste. C02 will react with portlandite to 
yield calcite and water according to the reaction: 

The reaction rate is assumed to be proportional to the volume of free 
brine in the room, and the reaction stops when either all of the portlandite 
or the brine/water in the room is consumed. 

Water that is generated by the above reaction is added to the total 
number of moles of water in the room. 

Diffusion of Gases into the Host Formation Sections B.2 and 
B.11) - Since undisturbed Salado brines at lithostatic pres re have significant 
amounts of dissolved N2 and CH4 (DOE, 1983), it is assume that diffusion of 
these gases is negligible because of lack of concentration gra ients necessary 
to drive diffusive transport. Similar data were not available for H2 and C02, and 
therefore these gases have been considered for their diffusion into the host rock. 
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Advection of Gases into the Host Formation, Across Seals, and into the 
Overlying and Underlying Anhydrite Beds (Appendix B, Section B.6) - The host 
formation, panel and shaft seals, and the intact anhydrite beds are modeled as 
parallel routes for the advection of gases out of the panel. The following 
assumtions and information is being used for modeling purposes: 

Permeability of the intact halit is 3 x 1 0·21 m2 and as such it is assumed 
to be an unlikely sink for gas dissapation {Lappin et al., 1989). 

Permeability of the intact anhydrite beds are estimated to be 2 to 3 
orders of magnitude greater than the halite (10·19

) and as such are 
assumed to be the most probable pathway for gas advection (Lappin 
et al., 1989). 

Other assumptions include: 

The halite between each room and the anhydrites is fract~r such that 
there is hydrological communication between the rooms a he disturbed 
anhydrite. 

The anhydrite beds above and below t~epository are extensively 
fractured due to excavation of the drifts panels, and therefore all 
panels and rooms within each panel are m equilibrium with respect to 
gas pressure. 

The disturbed anhydrites aA.e and below the repository are assumed 
to be saturated with brine ~e time of WIPP decommissioning. 

The intacteydrites, and the halite layers above and below the 
repository ide the DRZ), are assumed to be saturated with brine 
at pore pr ssures of 10.36 MPa (70% of lithostatic) and 14.8 MPa 
(lithostatic), respectively. -D When the panel fluid pressure exceeds the assumed intact anhydrite 
pore pressure, the brine in the disturbed anhydrite is assumed to be 
driven into the undisturbed anhydrite. 

When the panel fluid pressure exceeds the assumed intact halite pore 
pressure, additional brine is driven from the disturbed anhydrite into the 
intact halite layer above and below the repository. 

The flow of brine from the disturbed anhydrites to the intact anhydrites 
and Salado layers, is assumed to be governed by Darcy's equation of 
flow through porous media. 

The volume from which the brine is expelled is assumed to provide an 
additional void volume for panel gases to occupy. 

A program simulating two-phase flow is used to derive a parametric equation 
for the advection rate into the intact anhydrites when the panel fluid pressure 
exceeds 11.3 MPa (brine pore pressure of 10.36 MPa plus a threshold pressure 
of- 0.94 MPa (Davies, 1989)). Concurrently with gas advection into the 
anhydrites, the advection of panel gases into the four shaft seals (conductance 
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varying with time) is also simulated (Appendix B, Section B. 7). A viscosity 
correlation which is valid at both-low and high pressures is used to estimate the 
viscosity of the gas mixture for use in the advection calculations. 

Gas Compressibilitv (Appendix B. Section B.16) - The Lee-Kessler Equation of 
State (Reid et al., 1987) is used to estimate the compressibility of the gas 
mixture in a panel at each time step. The fluid pressure is updated based on 
the resulting value of compressibility. The fluid pressure is then used to 
estimate molar advection rates of gases, volume of brine inflow, creep closure 
rates, and gas solubilities in brine during the next time step. 

Waste/Backfill Composite Compaction and Resulting Mechanical Resistance to 
Closure (Appendix B. Section B.15) - Stress/density relationships have been 
obtained for each waste form and backfill material from literature and 
experimental data. For each engineered alternative, an average density (based 
upon the mass fraction and density of each component) is calculated at various 
stress levels of compaction. The density of the waste/backfi$1 posite is 
evaluated at each time step. The stress of compaction corres ding to this 
density is evaluated using the stress/density relationships of the co site. This 
stress of compaction is then used as input to the Chabannes uation (see 
discussion on creep closure above) as the mechatic I component of resistance 
to creep closure. 

Development of a Zone of Enhanced Porositv Su ounding the Panel (Appendix 
B. Section B.17) - The creep of th~ost rock creates an additional void volume 
within a zone of enhanced porosity "ch the panel gases will occupy. The rate 
and extent of creep closure will go the magnitude of this void volume. This 
void volume is calculated at each me step as the product of the porosity of the 
Intact Salado (O.~(Marietta et al., 1989, Table 3-9) and the difference 
between the initial r·.~I volume and the panel volume at the current time step. 

- It is assumed that the zone of enhance porosity does not contain brine. 

- Qlt is assumed that all the pores in this zone are interconnected. 

Fu re Human Intrusion Into the Repository (Appendix B. Section B.18) - Three 
human intrusion events (Figure 2-3) were evaluated to determine the relative 
effectiveness of each engineered alternative in reducing radionuclide releases. 
The three scenarios, the modeling procedure for each scenario, and the 
assumptions behind them are described as follows: 

The E1 scenario (Marietta et al., 1989) (Figure 2-3a) assumes a borehole 
penetration through a waste-filled panel and continuing into or through 
a pressurized brine pocket existing in the underlying Castile Formation 
(Figure 1-2). In actuality the E1 scenario begins with the E2 scenario, but 
the amounts of brine located within the room are extremely small 
compared to the brine transported from the Castile through the waste, 
and therefore the E1 scenario neglects any effects from the E2 scenario. 
This event was modeled using a parametric equation relating flow rate 
through the waste/backfill composite to the hydraulic conductivity of the 
composite. This equation was developed by statistically regressing data 
resulting from a series of computer runs using the flow and transport 
code SWIFT Ill (Reeves et al., 1986). 
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Salado E1 

Castile 
Brine Pocket ,, 

(b) 

E2 

Castile 

D 
Cu ebra Release to Culebra 

(c) 

1•.{ ',· 

Salado E1E2 

Castile 
Brine Pocket -f :· 

Figure 2-3. Human Intrusion Scenarios 
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The modeling associated with the E1 scenario is done on a room basis 
since only the area surrounding the actual borehole allows the brine to 
come in contact with the waste. In order to verify this, the SWIFT Ill was 
used to determine the velocities of the fluid flow through the waste/backfill 
composite. A bounding brine velocity was chosen such that in 5000 
years a fluid particle would not be able to move a distance equal to the 
height of the room. This velocity defined a radius of influence used to 
calculate an effective wash-through volume. This volume was simulated 
as an ellipsoid with the major axis along the borehole and the other axes 
into the room. If the conductivity of the waste/backfill composite was 
such that the effective radius was greater than the width of the room, the 
width of the room was chosen for one of the axes since the halite was 
considered to be impermeable. The other axis was allowed to continue 
to the edge of the room, but in no case did the effective radius exceed 
half of the length of one room. The assumption of an infinite reservoir 
of brine in the Castile allows a constant pressure of 16 MPa to be 
prescribed for the brine pocket. 

The E2 scenario (Marietta et al., 1989) (Figure 2-3b) assu~a borehole 
just penetrating into the repository, not passing through. n~i~ scenario 
is modeled using an analytical solution to t~hr dial flow equation through 
a porous media, simulating the borehole d the panel as concentric 
circles. The halite is considered to be an permeable boundary that is 
located at a sufficient distance to allow th volume of the cylinder to be 
the volume of a panel. ;ai lifying assumptions regarding the flow of 
gas and brine are made. I ctuality, the gas phase would be located 
towai'ds the top of the and the brine phase would be located 
towards the bottom of the anel. In fact the amount of brine predicted 
by the mod~ be present in the panel at 5000 years would not be 
enough to e borehole to reach the Culebra. The gas being less 
viscous an t wards the top of the panel, would tend to escape 
preferential to the brine, thereby reducing the room pressure. 

D For the purposes of comparing alternatives, the assumption of a 
hypothetical "fluid" comprised of the appropriate volumetric proportions 
of gas and brine with the properties of brine is used. This fluid is 
assumed to saturate the room and be transported to the Culebra through 
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the borehole. The amount of radionuclides within the brine portion of the 
fluid that is released are then compared for each alternative. 

The E1 E2 scenario (Marietta et al., 1989) (Figure 2-3c) assumes a 
combination of the first two scenarios; two boreholes penetrate the 
repository in the same panel. One borehole provides a pathway for 
brine flow from the Castile Formation brine pocket directly into the panel. 
This borehole is capped above the repository such that no brine can 
move vertically to the Culebra. The other borehole (occurring later in 
time) provides a pathway from the repository to the Culebra Dolomite. 
This pathway consists of a flow path through the panel from the E1 
borehole to the E2 borehole. No credit is taken for any processes which 
may occur or change during the interim between the first and second 
boreholes. This scheme results in a pressurized flow path directly 
through the waste/backfill composite. 
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The flow rate through the waste is obtained from the analytical solution 
to the one-dimensional flow equation through porous media, assuming 
the two boreholes are separated by the length of one room (300 ft., 
91.44 m). Any effects of the pressure in the room being greater than 
the pressure of the Castile brine pocket, are neglected due to the 
assumption of an infinite brine pocket. The reader may note that the 
E2 scenario is a part of the E1 E2 scenario. This happens when the 
second borehole breaches the repository potentially releasing any gases 
and brine initially located there. This is neglected because the amount 
of brine originally located in the panel would be extremely small in 
comparison to the volume produced from the Castile brine pocket. 

The following assumptions have been applied to all human intrusion scenarios: 

• The intrusion occurs 5000 years after decommissioning. 

• 

• 

• 

• 

The diameter of the borehole is 0.14 meter based upon an average 
borehole area obtained from Marietta et al. (1989, Tabl;tO). 

The hydraulic conductivity of the waste/backfill composite is he weighted 
geometric mean of the waste forms and backfill properties explained in 
detail in Section 3.5.3). € 
The borehole conductivity is 1 x 10-3 met second (clean sand/gravel) 
obtained from Freeze and Cherry (1979, able 2-2). 

Waste element solubilities ~ been assumed to be 1 x 1 o-a moVliter 
from Marietta et al. (1989, /ifble 3-10). 

The activity of each radioree at the time of intrusion is computed using the solutions 
to differential equations t present mass balances for each radionuclide {Appendix 
B, Section B.20). Based pon the radionuclide solubilities in brine and the volume of 
brine released, the cumulative activity of each radionuclide released to the Culebra was 
determini:The objective of these human intrusion simulations is to calculate a 
number i is similar in functional form to the EPA Summed Normalized Release 
{EPA, 19 ; the difference being that the Design Analysis Model calculates the 
cumulative release of radionuclides into the Culebra. Alternately, the EPA Summed 
Normalized Release specifies calculation of the cumulative activity of each radionuclide 
across the regulatory boundary, and in addition, employs scenario probability weighting 
to each release {EPA, 1985). 

The Design Analysis Model does not consider probabilities of occurrence of scenarios; 
the scenario is assumed to occur and the effectiveness measure is evaluated. The 
value generated by the Design Analysis Model is the singular raw score for the 
effectiveness of each alternative design. ~alculation of the measure of relative 
effectiveness is performed by dividing the effectiveness measure for the alternative by 
the effectiveness measure for the baseline case {Section 2.4). The baseline case uses 
"as received" waste with crushed salt backfill. "As received" waste is defined as 
follows: 

• 

WP:EATF.1991:R-1ns-2 

Sludges with some cement added as solidifying agents {i.e., current 
processes at the Rocky Flats Plant {RFP) for Content Code 111 ), but 
not a concreted monolith (DOE, 1989e). 
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Solid organics and inorganics are in unshredded form, wrapped in 
multiple layers of plastic inside a 90-mil rigid liner in a steel drum [i.e., 
current packaging at RFP and most other sites, (DOE, 1989e)]. 

The improvement resulting from a waste form modification or a repository design 
alteration is determined by comparison with the baseline case. For the baseline case, 
the assumptions are as follows: 

• 

• 

• 

• 

Each room is assumed to be filled to capacity (considered to be 6,000 
drums) with "as received" waste and backfilled with crushed salt. 

The initial room dimensions used in the calculations are 13 feet (3.96 
m) high by 300 feet (91.44 m) long by 33 feet (10.06 m) wide (Lappin 
et al., 1989). 

A two-feet high clearance is assumed to be left above the waste/backfill 
composite in all rooms and drifts in the panel. 

The panel capacity (including the seven storage ro~ and the 
surrounding access drifts as in Figure 2-1) is a~~~ed to be 
approximately 12.5 times the capacity of ~individual room. 

• The panel and shaft seals are assumed re in place. 

CRITERIA FOR EVALUATION OF EFF CTIVENESS OF ALTERNATIVES FOR 
ADDRESSING GAS GENERATION 

Selected alternatives (described earlier in Tabl 1-2) were quantitatively evaluated using the 
Design Analysis Model for their fratveness for addressing gas generation. The criteria of 
evaluation included Peak lnde ressure, Excess Gas Energy, and Additional Volume 
Required. These three pararnet rs re interrelated based upon the amount of gas pressure 
within a panel. 

The Peak lnde~ssure is the maximum pressure in a room predicted by the Design 
Analysis Model. ~~s is based upon the gas generation properties of the' final waste form 
resulting from a particular alternative, and also upon the resulting void volume in the room. 
The Peak Index Pressure for a particular alternative is compared with the lithostatic pressure 
to evaluate the effectiveness of that alternative with respect to gas generation. This is also 
expressed as a percentage of lithostatic pressure for purposes of comparison. 

The Excess Gas Energy is based upon the amount of stored energy which is represented 
by the gas which is in excess of lithostatic pressure. This is equal to the pressure in excess 
of lithostatlc multiplied by the void volume which it occupies. 

For alternatives in which the Peak Index Pressure does not exceed lithostatic, the Excess 
Gas Energy is zero. The closer this number is to zero, the better the alternative is in relation 
to minimizing the amount of excess energy in the system due to gas pressure. 

The Additional Volume Required is a measure of the amount of additional volume that would 
be required for the pressure in a panel to return to lithostatic pressure. A further description 
of this parameter may be found in Section 4.0. -
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2.4 CRITERIA FOR EVALUATION OF EFFECTIVENESS OF ALTERNATIVES FOR 
ADDRESSING HUMAN INTRUSION SCENARIOS 

A parameter called the "Measure of Relative Effectiveness" was defined for each alternative 
in order to quantitatively compare the different alternatives in relation to human intrusion by 
using the Design Analysis Model. This factor is a measure of the improvement in the 
performance of the alternative design, compared to the baseline design. The criterion used 
to measure this improvement is the estimated cumulative release of radionuclides to the 
Culebra Dolomite in the event of human intrusion. The ratio of the cumulative release of 
radionuclides for an engineered alternative to the release under baseline conditions is the 
"Measure of Relative Effectiveness" for that particular alternative. In other words: 

Measure of Relative Effectiveness = 

Cumulative Release of 
Radionuclides 
Using the Alternative Design 

Cumulative Release of 1 
Radionuclides 
Using the Baseline Design 

For the baseline case, the Measure of Relative Effectiveness ~. The lower the value of 
this factor, the more effective the alternative is in improving rfository performance relative 
to the baseline case. 

In summary, the Design Analysis Model has bAeveloped by the EATF to simulate the 
behavior of the repository after waste emplace!(e"rrt; The model analyzes 14 alternatives 
relative to the baseline design with respect to their effectiveness for addressing possible gas 
generation and human intrusion ~~s. The results of effectiveness evaluation of the 14 
alternatives are discussed later ir-=>~tion 4.0. 

D 
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3.0 PHYSICAL AND CHEMICAL PROPERTIES OF THE 
WASTE/BACKFILL COMPOSITE 

3.1 INTRODUCTION 

Quantitative estimates of physical and chemical properties for the combination of waste and 
backfill are required for the Design Analysis Model to determine the relative effectiveness of an 
engineered alternative. In this section, the term "properties" refers to the physical and chemical 
properties of a homogeneous composite material consisting of waste and backfill (hereafter 
referred to as "waste/backfill composite" or "composite"}. The properties of a particular 
engineered alternative are in most cases unique to that alternative; in some cases, similarities 
occur from one alternative to another. Properties of the composite such as de3:si , porosity, 
hydraulic conductivity, and effective waste volume are quantified as a function compaction 
stress level. The effective waste volume is defined as the volume of the waste/bac II composite 
minus the volume of the backfill along the sides of the waste stack. This parameter is used in 
the Design Analysis Model to calculate radionuclide releases to t~rface due to removal of drill 
cuttings (Appendix B, Section B.22). In addition, gas generatio otentials are provided to the 
Design Analysis Model. 

The following sections briefly list the properties devAed (Section 3.2}, discuss the assumptions 
made in developing properties for the baseline ~nd for the different alternatives described 
earlier in Section 1.3 (Section 3.~urces of data (Section 3.4), and finally, the quantification 
of the properties (Section 3.5 anT·~· · 

Some of the im~rtant properties are coupled; an example is hydraulic conductivity and 
permeability. ~ing a fixed value for permeability, a mathematical relationship exists to 
determine hydra~nductivity. Density and porosity are similarly related. 

3.2 COMPOSITE PHYSICAL AND CHEMICAL PROPERTIES 

The development of physical and chemical properties for each alternative assumes the 
waste/backfill composite to be a homogeneous mixture. Five physical and chemical properties 
of the waste/backfill composite are required as input to the Design Analysis Model: 

• Density 
• Porosity 
• Hydraulic conductivity 
• Gas generation potential 
• Effective waste volume . 

Although the variability in radionuclide solubility (Rai et al., 1983; Felmy et al., 1989) has been 
investigated, it is not currently considered as an independent parameter in this evaluation due to 
the lack of available experimental data. 
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3.3 WASTE FORM DISTRIBUTION 

The effectiveness of Alternatives 1 to 14 (Table 1-2) is evaluated relative to the baseline case. 
The baseline case is defined as "as received" waste emplaced in the current repository room 
design and backfilling with crushed salt. "As received" waste composition is assumed to comply 
with the Butcher (1989) classification of the waste destined for the WIPP, which can be 
generalized into the three major waste form categories. 

The three major waste forms comprise most of the TAU waste inventory. On a volumetric basis, 
the proportions of the three major waste forms for the baseline case are assumed [based on DOE 
(1988c)] to be: 

• 40% Solid Organics (combustible) 
• 40% Solid lnorganics (glass/metal) 
• 20% Sludges. 

These proportions were developed from the inventory description~utcher (1989) by grouping 
waste types with similar physical properties. This proportional dif"b_ution for the baseline case 
is maintained for comparison of each alternative studied, ensuring no calculational bias. 
Specifying this ratio reduces the number of sensi~ runs necessary to establish the relative 
effectiveness of the alternatives. In addition to th~portional distribution of waste forms, the 
initial volume of waste contained in a repository room is assumed constant. Discussion with 
Westinghouse Engineering (Ga1'1~i , 1 90), and review of Lappin et al., (1989), indicate variation 
in the assumed quantity of wast be placed in WIPP repository rooms and drifts. In this 
analysis, the current repository r m design is assumed to contain 6000 55-gallon drums of TAU 
waste. (1 

The initial conditiW for the baseline case waste distribution parameters are listed in Table 3-1. 
These values, along with the density of each component as a function of stress (from creep 
closure), are used in computing the composite physical and chemical properties. 

3.4 DATA DEVELOPMENT FOR ALTERNATIVES 

The raw data necessary for computation of waste/backfill composite properties were obtained 

l·~·' 

from several sources. These sources include: ' ~\ 

• Information such as mass reduction and volume reduction factors from processing 
facilities located at Los Alamos National Laboratories (LANL), Idaho National 
Engineering Laboratory (INEL), Rocky Flats Plant (RFP), Pacific Northwest 
Laboratory (PNL), and Savannah River Site (SRS) 

• SNL (e.g., Molecke, 1979; Butcher, 1990a; Butcher 1990b; Butcher et al., 1990; 
Stinebaugh, 1979). 
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TABLE 3-1 

INITIAL CONDITIONS FOR THE BASELINE CASE 

NUMBER OF 55-GALLON 
WASTE FORM DRUMS/ROOM1 

Solid Organics (combustible) 2400 

Solid lnorganics (glass/metal) 2400 

Sludges 1200 

Total Drums 6000 

Backfill Material 

Crushed Salt 

AVERAGE DRUM 
WEIGHT (kg)2 

77 

102 

'f 

Void Space 
Between Drums4 

(m3} 

402 

1 Number o ms is computed from the distribution of waste forms (pg. 3-2} and the total 
number o drums per room (pg. 3-2). 

2 Average drum weights are obtained from Butcher (1989). 
3 Volume of backfill is obtained by computing total initial room volume and subtracting the 

volume of 6000 55-gallon drums, the ventilation space, and the assumed volume resulting 
from inefficiencies in backfilling (see 4 below). 

4 Void space between drums is the assumed inefficiency in backfilling. For the baseline 
case it is assumed that half of the volume available for backfilling within the waste stack 
is not occupied by salt. In other words, backfilling between the drums is only 50% 
efficient. It should be noted that at 100% backfilling efficiency, some void volume will still 
be present as a result of the porosity of naturally packed salt. 
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The following sections describe various waste treatments, and include data sources used for 
obtaining the properties of waste forms resulting from these treatments. The waste treatments 
described here are all single alternatives, and have been used as components of Alternatives 1 
to 14 which were listed earlier in Table 1-2. 

3.4.1 Incineration 

Incineration of the combustible components of TRU waste leads to an overall reduction in waste 
volume. Since the EAMP evaluated incineration on the basis of the Process Experimental Pilot 
Plant {PREPP) process, {Appendix A), the volume reduction factors reported in Table 3-2 are also 
based on the PREPP process {Halford, 1990). It should be noted that the process will not be 
operational, but the EATF has used the data from the process for the sake of consistency with 
the EAMP evaluations. The process involves shredding, incineration and cemen~ n of solid 
organic and solid inorganic waste forms {in the PREPP process both waste and dru s would be 
processed). Application of the PREPP process would result in volume reductions r both solid 
organic and solid inorganic waste forms. C 
The mass reduction factor in Table 3-2 applies only to solid orgarfc waste. As the solid organic 
waste is incinerated, organics are oxidized to form combustion product gases consisting primarily 
of carbon dioxide and water which are removed frcA,the waste stream. Solid inorganic waste, 
when incinerated, yields no appreciable mass red;:rron. 

3.4.2 Cementation a 
Cementitious materials in either Jou; {self-leveling mixtures) or concrete {mixtures containing 
aggregate which ('°'f P") formulations are used in five applications: 

• ce!..lntec:1 sludges 
• Shredded and cemented solid organics {combustible) 
• Shredded and cemented solid inorganics {glass/metal) 
• Incinerated and cemented solid organics 
• Grout backfill. 

An example of sludge processing is mixing the sludge with cement {dry powder), the former 
acting as an absorbent material {Petersen et al., 1987). Cementation of sludges is defined in this 
report as resulting in a monolithic form which is assumed to possess physical properties similar 
to those of an ordinary Portland cement {OPC) monolith. Cementation of incineration residue or 
shredded waste is significantly different in that the addition of ash and/or shredded metal can alter 
some of the properties, such as density. For the purpose of this report, a mixture of ash, OPC, 
and shredded metal waste is assumed to have the same hydraulic conductivity as a mixture of 
OPC and ash. Physical properties for a salt aggregate grout backfill have been estimated on the 
basis of recommendations by the Expert Panel on Applications of Cement Materials for Use at 
the WIPP {Appendix G). For the purpose of this report, the physical properties of grout backfill 

WP:EATF.1991 :R-1ns.a 3-4 

' fl 

I 'Pl 

1;,til 



,, 

2 

DOE/WIPP 91-007 REVISION 2, APRIL 1991 

TABLE 3-2 

INCINERATED WASTE CHARACTERISTICS 

PARAMETER 

Volume Reduction 
Factors1 

Mass Reduction 
Factor2 

WASTE FORM 

Solid organics (combustible) 
Solid inorganics (glass/metal) 

Sold organics (combustibler 

RATIO 

3:1 

2:1 1 
20:1 

Volume Reduction Factors e based on the PREPP process (Halford, 1990) which 
would entail shredding, in 1 rating and cementing solid organics and solid inorganics. 
In the PREPP process, th aste and containers would have been processed. The 
EAMP's qualitative asses ment of incineration was also based on PREPP methodology. 
Mass Re~on Factor applies only to the incineration of solid organics. The mass 
reductio fa or is based on Waste Experimental Reduction Facility (WERF) data 
(Hunt, L. 0). 

NOTE: Waste forms classified as "solid organics" or "solid inorganics" may contain 
significant amounts of other materials. For example, solid inorganic waste forms 
such as laboratory glassware may contain amounts of solid organics such as plastic 
bags containing the glass. Thus, in order to completely destroy all organic material, 
the "solid inorganics" are processed through the incinerator. 
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are the same as those reported for Type 10 grout by Coons et al. (1987). Properties of single 
alternatives that involve cementation are listed in Table 3-3. 

3.4.3 Vitrification 

The term "vitrification" is used to refer to any process that results in a vitrified (glass) waste form 
as described below: 

• 

• 

• 

"Vitrification of sludges" refers to melting the sludge; e.g., addition of energy using 
a microwave (Petersen et al., 1987) or an induction melter. 

"Incineration and vitrification process" refers to incineration of solid organics and 
ash melting or fusing of residue into a glass matrix. ~ 

Melting metals -- under proper conditions radionuclides can be parti~oned into a 
slag. Partitioning involves reactive conditionsio oxidizing radionuclides. 
Radionuclide oxides then separate from molten me · to the slag phase that can 
be subsequently vitrified. (Heshmatpour et al. 19 ). 

The Materials Characterization Center at PNL an~e Savannah River Site have developed 
experimental borosilicate glasses for the disposafdl'high level nuclear waste (Barkatt et al., 
1984). The EATF used the general information concerning borosilicate glasses to develop 
properties of vitrified waste forms.!density of glass used as a fusing agent is assumed to be 
that for Type 7740 Borosilicate as (Mclellan and Shand, 1984). The density of vitrified 
sludges is assumed from RFP mic~ wave melting studies (Petersen et al., 1987). These densities 
are given in Table(ij. 

3.4.4 Shredding l,/ 

Processing waste by shredding is applicable to solid organic (combustible) and solid inorganic 
(glass/metal) waste forms only. The shredding procedure assumed for alternative evaluations 
consists of making repeated passes through multiple shredders. This process is assumed to 
achieve a volume reduction ratio of 1.2 to 1 (Looper, 1990). Waste material is the primary target 
of the shredding operation, although a fraction of the waste containers may also require this 
processing technique. Shredded waste materials and containers exhibit: 

• Improved compaction capability 
• Lower effective hydraulic conductivity (especially after compaction) 
.. Improved thermal treatment effectiveness. 
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TABLE 3-3 

PROPERTIES OF CEMENTED WASTE FORMS AND BACKFILL 

SINGLE 
ALTERNATIVE 

Cemented Sludges(1
> 

Shredded and Cemented: 
Solid Organics 
Solid lnorganics 

Incinerated and Cemented 
Solid Organics(2

> 

Grout Backfill12> 

Salt Aggregate 
Grout Backfm<3> 

HYDRAULIC 
CONDUCTIVITY 

(m/s) 

4.0 x 10·10 

1.3 x 10-12 

1.3 x 10·12 

6.0 x 10-14 

1.3 x 10-" r 
A-In x 10-" 

DENSITY 
(kg/m3

) 

1410 

f 
1980 

1880 

2100 

(
1
> This hydraulic conductivity is one 

et al. 1989. 
r of magnitude less than "as received" sludge reported in Lappin 

(2) Hydraulic conductivity: Coons et 

"' Hydraulic co~ is assumed to be one order of magnitude greater than host sail 

TABLE 3-4 

VITRIFICATION PROCESS MATERIAL DENSITIES 

MATERIAL 

Type 7740 Borosilicate Glass 
{Mclellan and Shand, 1984) 

Vitrified Simulated 
Sludge Density 
{Petersen et al., 1987) 
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3.4.5 Supercompaction 

Processing waste by supercompaction is applicable to solid organic (combustibles) and solid 
inorganic (metaVglass) waste forms. Physical properties for supercompacted wastes are 
developed on the basis of information reported from RFP and INEL. Volume reduction factors 
of 3:1 for both solid organics and solid inorganics due to supercompaction, were obtained by 
comparing drum weights before and after processing, and then converting to volumetric units 
using density data. The processed drum weights for supercompacted TAU waste are reported 
in Halverson (1988). Density data are obtained from supercompaction tests conducted by the 
INEL (Larsen and Aldrich, 1986). 

3.4.6 Decontamination 

Decontamination of metals can be accomplished by thermal methods (refer to S~n 3.4.3) or 
mechanical methods. The EA TF has assumed the mechanical method of vibrat~~·~·nishing as 
the treatment method for decontaminating metallic waste (see Tab~e -2, Alternative 10). Metals 
can be sufficiently decontaminated by vibratory finishing, to be f c ssified as low-level waste 
(Allen and Hazelton, 1985) and thus removed from the WIPP inv ntory. The resulting TAU 
waste form is a contaminated rinsing solution used in the vibratory finisher. The contaminated 
liquid is assumed to be stabilized by cementation/~hysical properties for this waste form are 
assumed to be the same as those presented for ~ backfill properties listed in Table 3-3. 

3.5 PHYSICAUCHEMICAL PRO CALCULATION METHODOLOGY 

Initial calculations supply input val es for a spreadsheet designed to compute physical/chemical 
properties on a pr:r-m or panel basis. · Therefore, generating the effective properties resulting 
from a given co bi tion alternative is reduced to specifying the basic input values for that 
alternative in the eadsheet; data files are then generated in the spreadsheet. The default 
values in the spreadsheet are those corresponding to the baseline case. 

Spreadsheet input parameters are listed below: 

• The distribution of waste components in an average room. This distribution is 
dependent on the number of drums of each waste form component (solid organics, 
sludges, and solid inorganics) present. 

• The average weight per drum of each waste form. 

• Volume reduction factors are unique to the particular alternative, and to the 
unprocessed waste form. They allow computation of the equivalent drum count 
which is the number of unprocessed drums required to produce a processed drum 
for the particular alternative. Equivalent drum counts for Alternatives 1 to 14 are 
presented in Table 3-5. 
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TABLE 3-5 

UNPROCESSED DRUM EQUIVALENTS PER ROOM* 

UNPROCESSED DRUM PROCESSED 
ALTERNATIVES EQUIVALENTS PER ROOM DRUMS PER ROOM 
-
BASELINE 6,000 NA 

ALTERNATIVE 1 6,803 6,000 

ALTERNATIVE 2 6,803 6,000 

ALTERNATIVE 3 6,803 6,000 

ALTERNATIVE 4 11,250 ::i ALTERNATIVE 5 11,250 

ALTERNATIVE 6 22,580 6,0 

ALTERNATIVE 7 22,580 6,000 

ALTERNATIVE 8 56,155 6,000 

ALTERNATIVE 9 56,155 6,000 

ALTERNATIVE 10 8,~ 6,000 

ALTERNATIVE 11 4,2 2,000 

ALTERNATIVE 12 

r< 
4,284 2,000 

ALTERNATIVE 13 56,155 6,000 

ALTERNATIVE 14 4,275 1,995 
"' 

"" - 0 
•unprocessed drum equivalents computed on a compartment basis {three 7-packs). 

WP:EATF.1991:R-177~ (Tables) 3-9 



DOE/WIPP 91-007 REVISION 2, APRIL 1991 

• The total volume of backfill, volume of backfill within the waste stack, and void 
volume within the waste stack. The void volume within the waste stack is an 
estimation of the void space within the waste stack resulting from inefficiency in 
the backfilling process. The void volume is used to estimate an initial waste stack 
density. The total volume of backfill is utilized in the computation of waste/backfill 
composite density. The volume of backfill within the waste stack is used in the 
computation of hydraulic conductivity of the waste/backfill composite. 

• The density variations of each component as a function of closure stress, from O 
MPa to lithostatic pressure (approximately 14.8 MPa) in 1.35 MPa increments. 
The component density values are used in the computation of waste/backfill 
composite density, porosity, and hydraulic conductivity of the room contents. 

The effects of an alternative on the waste/backfill composite properties are co~ed with a 
computer spreadsheet. To compute physical and chemical properties of a single ~~rr~ative, only 
those input values which deviate from the baseline case need to bt.:ified in the spreadsheet. 
Tt:ie remaining input variables are therefore unaltered from the ba e · e case. Some alternatives 
require no computation of various properties (i.e., OPC grout back I is considered incompressible 
and therefore has constant density and hydraulic conductivity). The hydraulic conductivity of OPC 
grout backfill would be considered a fixed inpu~ue for all scenarios. Typically, a single 
alternative will affect properties of one or two wast ponents, and/or the backfill material. The 
physical properties of the waste/backfill composit for a particular alternative are computed in a 
spreadsheet; other parameters mfO!so need to be entered into the spreadsheet (i.e., drum 
weight and/or distribution of wast~r~~s). This spreadsheet computational methodology is used 
to evaluate the properties of each single alternative. 

Combination altaives are evaluated by simultaneously incorporating input properties 
developed for twd:dr more single alternatives into the spreadsheet. For example, drum weights 
of various waste forms may be taken directly from single alternative input, whereas distribution 
of various waste forms must be computed (and used as input) for each unique combination of 
alternatives. 

3.6 QUANTIFICATION OF PHYSICAL AND CHEMICAL PROPERTIES 

The physical and chemical properties used in the Design Analysis Model are evaluated over the 
range of closure stress expected in the repository. The properties of primary importance are: 

• 
• 
• 
• 

Density 
Porosity 
Hydraulic conductivity 
Gas generation potential 
Effective waste volume. 
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The waste/backfill composite in the WIPP repository is assumed to contain four components; 
backfill material (e.g., crushed salt, grout, etc.), and three major categories of waste (solid 
organics, solid inorganics, and sludges) processed as described in Table 1-2. The physical and 
chemical properties of each component will be dependent on the particular single alternative or 
combination alternative being considered. The methodologies and assumptions used to 
characterize these properties are detailed in the following sections. 

Although material compressibility is not a Design Analysis Model input property, it is a useful 
parameter upon which to base simplifying assumptions. Material compressibility is used to 
estimate effects of creep closure on the physical properties of waste/backfill composite. Waste 
and backfill materials in the WIPP repository will be subjected to triaxial compressive forces. 
Compressibility of these materials will affect all physical properties. The extent to which different 
materials consolidate is dependent on the strength of the material. Treated wast*su h as grout 
or glass have compressive strengths in excess of lithostatic pressure (14.8 MP appin et al., 
1989), and are assumed to be incompressible under the stresses expected in the epository. 

It is important to note that effects of time on the physical pErties of the waste/backfill 
composite are not considered in this analysis. Long-term (10,00 ars) effects such as fatigue 
and degradation are not well quantified and are therefore con dered inappropriate for these 
generalized calculations (these effects are morei"tably considered in the SNL Performance 
Assessment of the WIPP facility). Therefore the ity, porosity, and hydraulic conductivity of 
OPC grout used as backfill or sorbent material are ssumed to remain constant during the 10,000 
year operating life of the WIPP. (2 

3.6.1 Density r ' 
Density of the Eackfill composite at any given stress level can be computed from the 
density of the i ht" ual components at that same stress level. The mass of each waste 
component is ob med from the mass distribution of the three major waste forms (Butcher, 1989), 
based on the sampling of RFP TRU wastes stored at INEL (Clements and Kudera, 1985). The 
quantity of backfill is estimated from current repository room design specifications (Lappin et al., 
1989). Total mass for each alternative is assumed constant over the 10,000 year period for the 
computation of waste/backfill composite densities. This assumption simplifies the density 
calculations. It is understood that waste/backfill composite mass fluxes resulting from gas 
production/dissipation, and brine transport will vary the waste/backfill composite mass (e.g., by 
chemical degradation, physical erosion, and subsequent mass transfer into and out of the waste 
stack), though the extent to which these processes will occur is not well defined. Initial 
component volumes are known from the baseline design criteria, thus initial waste/backfill 
composite density is readily quantified. 

The waste/backfill composite density resulting from alternative evaluations may or may not 
increase during the consolidation process. For the baseline case, waste component densities as 
a function of stress level were obtained from Butcher et al., (1990); crushed salt compressibility 
data were obtained from Stinebaugh, (1979). The methodology of computing density of a 
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multicomponent system is outlined in Butcher et al., (1990). This method utilizes component 
densities (or mass and volume) to compute waste/backfill composite density. Implicit in the 
calculation is the assumption that the components act independently. 

The formulation can be summarized as follows; the volume occupied by component i at some 
stress level x is: 

V(x) = M, 
I DAx) 

(3.6-1) 

where, 

VAx) = volume of component "i" at stress level x 
M, = mass of component "i" 

_DtXJ - density of component•;• at stress P' x. 

The total wastelbackfiD composite volume al stre~el x Is the sum of the component volumes: 

n 

TV (x) = E \'i(x) (3.6-2) 
1-1 

where, D 
TV(x) = total waste/backfill composite volume at stress level x. 

The total waste/backfill composite mass is the sum of the "n" component masses, or: 

n 

TM= EM, (3.6-3) 
1-1 

where, 

TM = the total waste/backfill composite mass. 

WP:EATF.1991 :R-1775-3 3-12 

~I 

, ~I 

I ~i 

' ·~ 

. '~ 



""" 

:iflfli 

DOE/WIPP 91-007 REVISION 2, APRIL 1991 

Therefore, the waste/backfill composite density at stress level x can be computed as follows: 

7iM n 1iM 
RD(x) = = E..,....,.....,.,,.....,.....,. 

TV(x} 1-1 (M/D,(x)) 
(3.6-4) 

where, 

RD(x) = density of waste/backfill composite at stress level x. 

Equation 3.6-4 can be simplified by introducing a component weight fraction, w,1 
M, 

w; = -
TM 

(3.6-5) 

After dividing the numerator and denominator of ~atlon 3.6-4 by TM the expression for the 
waste/backfill composite density becomes: r 

r2D(x} = t 1.0 r ft( 1-1 (w;ID,(x)) 
(3.6-6) 

In summary, wa~fill composite density was computed at a given stress level by: 

• 

• 

Using densities as a function of stress level and weights for each component 

Utilizing the experimental densities of individual components such as metal, glass, 
sorbents and combustibles (all under pressure) as reported by Butcher et al., 
(1990) 

• Using component mass proportions. 

Table 3-6 contains waste/backfill composite densities as a function of stress for the 14 
alternatives (Table 1-2) analyzed using the Design Analysis Model. 

WP:EATF.1991 :R-1n5-3 3-13 
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TABLE 3-6 '~I 

11ili 

COMPOSITE DENSITIES FOR COMBINATION ALTERNATIVES 
(kg/m3}* t ~~! 

STRESS 
,1Jiil 

(MPa)* BASELINE ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 "!Ill 

0 692 1260 1320 1830 1340 1860 1370 1890 iiJll 

0 796 1450 1510 1830 1540 1860 1580 1890 
1.4 1300 1710 1700 1830 1730 1860 1990 2060 "

1MI 

2.8 1500 1770 1740 1830 1770 1860 2070 2090 "1~' 

4.1 1610 1800 1760 1830 1790 1860 2120 2100 
5.5 1700 1830 1780 1830 1810 1860 2170 2120 i ·~1 

6.9 1760 1850 1790 1830 1820 1860 2200 2130 
8.3 1810 1870 1800 1830 1830 1860 223012130 

;<11t: 

9.7 1860 1880 1810 1830 1840 1860 2250 2140 
11.0 1900 1890 1820 1830 1850 1860 2270 2140 "~I 

12.4 1930 1900 1830 1830 1860 1860 2280 2150 1;1MI 

13.8 1970 1910 1830 1830 1870 

E 
2310 2150 

15.2 1990 1920 1840 1830 1870 2320 2160 I' 'I! 

Solid 2280 2470 2480 2720 2640 8 2470 2710 h ~-

STRESS ! •~ 

(MPa)* BASELINE ALT 8 ALT 9 ALT 11 ALT 12 ALT 13 ALT 14 .~ 

0 692 1470 r= 746 1110 1540 2100 1070 n 
0 796 1690 747 1110 1540 2100 1070 

1.4 1300 1900 1050 1600 1830 2100 1710 '.~ 

2.8 1500 1940 2000 1310 1780 1920 2100 2070 
4.1 1610 1960 2000 1450 1830 1930 2100 2110 ·~ 

5.5 170 1990 2000 1540 1880 1940 2100 2140 ' .~ 

6.9 176 2000 2000 1610 1920 1950 2100 2160 
8.3 1810 2010 2000 1660 1950 1950 2100 2180 ,~, 

9.7 1860 2020 2000 1700 1980 1950 2100 2200 
11.0 1900 2030 2000 1740 2000 1960 2100 2210 '.~ 

12.4 1930 2040 2000 1760 2020 1960 2100 2220 
13.8 1970 2050 2000 1790 2040 1960 2100 2230 

'I! 

15.2 1990 2050 2000 1810 2050 1960 2100 2250 : ,,j 

Solid 2280 2120 2380 2280 2280 2700 2100 2520 '"~ 

*See Glossary for explanation of each abbreviation. 
1, iW 

NOTE: In Alternatives 3, 5, and 9, the processed waste forms and grout backfill are assumed 
''~ 

incompressible (compressive strengths greater than lithostatic pressure) and, therefore, have 
constant composite density. The initial zero in the stress column reflects that void volume due l '~ 

to backfill inefficiency is present, but it does not include the clearance between the 
waste/backfill composite and the roof. The second zero in the stress column indicates that i iM 

the inefficiency is no longer present due to compaction, and the densities are equal to what 
.~ 

would be expected from natural packing of the material. 
I!~ 

~, iM 
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3.6.2 Porosity 

Porosity is a measure of void space existing in a material and is defined as the ratio of void 
volume to total volume of the material (Equation 3.6-7). Within the repository, the waste/backfill 
composite porosity is dependent on waste characteristics, backfill materials, efficiency of waste 
emplacement, and the extent to which these materials compact during the consolidation process. 
Computation of waste/backfill composite porosity (assuming constant mass) can be made on 
either a volume or density basis (Butcher, 1989), for example: 

On volume basis: 

On density basis: 

where, 

Porosity = ( Vtota1 - Vso1c1) 

vtota/ 

Porosity = 1 _ ..,.--< c_o_m...;,'{JO...,.,-s_it_e...,.,d,..,.e_n.,..s1_· ....,.,.....,.. 
(composite solid den ity) 

j>. 

(3.6-7) 

(3.6-8) 

v,otal is the total volume ( vsold +,a of the room components at some stress level and vsold is 
the total solid volume of all room "~m'?onents. Therefore, the quantity ( V1o1ai - Vsold) represents 
Vvolrd, the room void volume including the waste/backfill composite void volume minus the volume 
of the overlying =· It should be noted that Eqn. 3.6-7 has been developed on a room basis, 
and should not b fused with similar equations in Appendix B that were developed on a panel 
basis. Due to ter availability of density data for components, waste/backfill composite 
porosity is computed on a density basis. Table 3-7 presents the waste/backfill composite 
porosities as a function of stress for the 14 alternatives analyzed using the Design Analysis 
Model. . 

3.6.3 Hydraulic Conductivity 

Hydraulic conductivity is a measure of the permeability of a porous media. It is dependent on the 
properties of the media as well as the fluid. The hydraulic conductivity of the waste/backfill 
composite in an average WIPP repository room is dependent on the waste components, backfill 
material, and the brine present. In multicomponent systems an effective hydraulic conductivity 
can be estimated by averaging the individual component hydraulic conductivities comprising the 
system. Three different averaging techniques exist: 

• Arithmetic mean - applies to flow through a parallel configuration of components 

• Harmonic mean - applies to flow through a series configuration of components 
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~Ii 

TABLE 3-7 
~ ,~11 

COMPOSITE POROSmES FOR COMBINATION ALTERNATIVES 
lt\1 

~- 1611 

STRESS 
(MPa)* BASELINE ALT 1 ALT 2 ALT 3 ALT4 ALT 5 ALT 6 ALT 7 l'·Jl! 

0 0.697 0.490 0.470 0.327 0.492 0.349 0.446 0.303 
.. ~i 

0 0.651 0.414 0.390 0.327 0.416 0.349 0.363 0.303 
1.4 0.430 0.305 0.314 0.327 0.344 0.349 0.196 0.238 

''~! 

2.8 0.345 0.284 0.300 0.327 0.330 0.349 0.164 0.229 "1M 

4.1 0.295 0.270 0.291 0.327 0.321 0.349 0.142 0.223 
5.5 0.257 0.259 0.283 0.327 0.314 0.349 0.124 0.218 , ~I 

6.9 0.230 0.251 0.278 0.327 0.309 0.349 0.111 0.215 
8.3 0.206 0.244 0.273 0.327 0.305 0.349 0.1~0.213 

~ ,j, 

9.7 0.185 0.238 0.269 0.327 0.301 0.349 0.0 0.210 . ·~· 
11.0 0.169 0.233 0.266 0.327 0.298 0.349 0.083 0.208 
12.4 0.154 0.230 0.264 0.327 0.296 0.349 0.077 0.207 ti ,iii 

13.8 0.139 0.224 0.260 0.327 0.292 

F 0.068 0.205 
15.2 0.127 0.221 0.258 0.327 0.290 9 0.063 0.204 '·~· 

"'t.i 

ALTR- ALT 11 

t '~~ 

STRESS 
(MPa)* BASELINE ALT 8 ALT 9 ALT 12 ALT 13 ALT 14** ~ <~ 

0 0.697 0.307 ~: .673 .513 .428 0 .577 . ·~ 
0 0.651 0.203 .673 .513 .428 0 .577 f·iil 

1.4 0.430 0.105 0.163 .540 .299 .325 0 .320 
2.8 0.345 0.086 0.163 .428 .222 .289 0 .180 ~ 

4.1 02950 0.074 0.163 .367 .197 .285 0 .164 
5.5 0.257 0.064 0.163 .325 .175 .282 0 .157 t. ·Ii 

6.9 0.230 0.057 0.163 .295 .160 .280 0 .141 
8.3 0.206 0.051 0.163 .272 .147 .279 0 .134 I'·~ 

9.7 0.185 0.046 0.163 .254 .134 .277 0 .128 t·>lil 

11.0 0.169 0.042 0.163 .239 .125 .276 0 .122 
12.4 0.154 0.038 0.163 .227 .117 .275 0 .117 r ~ 

13.8 0.139 0.034 0.163 .216 .108 .274 0 .113 
15.2 0.127 0.031 0.163 .206 .101 .273 0 .109 '.~ 

' ·~ 

*See Glossary for explanation of abbreviation. ~ :~ 

**Porosity computed on a compartment basis (three 7-packs). 
NOTE: The initial zero in the stress column indicates that void volume due to backfilling ' ·~ 

inefficiency, is present. The second zero in the stress column indicates that this inefficiency 
to iij is no longer present due to compaction. The resulting porosities are as would be expected 

due to naturally packed backfill. 
I'~ 

~ iit 

I} '!1 

' .. 
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• Geometric mean - applies to flow through a randomly distributed configuration of 
components. 

In practice, the effective hydraulic conductivity of randomly distributed components is estimated 
by using the geometric mean (of components). The geometric mean is preferred over arithmetic 
and harmonic means (parallel and series flow configurations, respectively), because it results in 
a better representation of randomly distributed components. (Scheidegger, 1974). 

In the baseline condition, hydraulic conductivity of solid inorganic and solid organic waste is 
assumed to vary with porosity and is estimated from a modified version of the Kozeny-Carman 
Equation (D' Appolonia, 1982). Components such as grout or glass are assumed incompressible 
under repository conditions (compressive strengths greater than lithostatic pressure) and thus 
have constant hydraulic conductivities. 

It is important to note that in certain materials such as glass, hydraulic condu. is due to 
diffusion or molecular transport as governed by Fick's Law, rather than to Dar~r. •. ~w which 
governs fluid flow through porous media. For the purposes of this report, vitrified waste forms 
and metal ingots are considered impermeable. Since fluid flow~ tk place through the path of 
least resistance (i.e., higher hydraulic conductivity), these wa e forms are assigned a low 
hydraulic conductivity to limit their relative impact as components the waste backfill composite. 
Lappin et al. (1989) reports the permeability of intact reposit ry salt as 10·22 m2 (which is 
equivalent to a hydraulic conductivity of 7.35 x 1~-1 /s). Based on this, and Butcher (1990a), 
a reference hydraulic conductivity of 7 .35 x 10·15 s s been assigned to "impermeable" waste 
forms for calculation purposes. Assigning a hyd lie conductivity one order of magnitude lower 
than the host rock mimimizes the i~· ct of these almost impermeable waste forms on the overall 
waste/backfill composite hydrau .c nductivity, and in a conservative manner puts more 
importance on the conductivity of the rest of the waste. 

The component!iidered in the averaging process are the three primary waste forms and the 
backfill material 'th' the waste stack. Backfill contained in the volume above the waste stack, 
and between th ste stack and the side walls in the rooms, is not considered because this 
region is a physical extension of the host rock. 

The values of hydraulic conductivity for each component are estimated on the basis of available 
data in literature (Coons, et. al, 1987), personal communication (Butcher, 1990a), and 
representative equations (Case and Kelsall, 1987). Components with large void space which 
compact under compressive stresses will typically have hydraulic conductivities that vary with the 
degree of compaction. This variability can be estimated or computed from the porosity. For 
example, the hydraulic conductivity of crushed salt is assumed to be a function of porosity and 
is estimated as a function of compaction with a bilinear system of equations developed by Case 
and Kelsall (1987). Once the hydraulic conductivity of each component has been estimated, the 
effective hydraulic conductivity for the composite can be computed. The governing equation 
employing the geometric mean for averaging hydraulic conductivities is (Scheidegger, 1974): 
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n 

ln(K.,,) = L(F, ln(K,)) (3.6-9) 
/•1 

K.,, = effective waste/backfill composite hydraulic conductivity at stress level x 
F, = volume fraction of component i at stress level x 
K, = hydraulic conductivity of component i at stress level x. 

The component volume fraction and the hydraulic conductivity may be functions of stress level 
or the state of compaction. The component volume fraction is computed as the component 
volume divided by the waste/backfill composite volume at a particular stress levr 

F. (x) = V, (x) 
1 TV(x) 

(3.6-10) 

where, 

F,(x) = volume fraction of compon fl. at stress level x 
V,(x) = volume of component i at s1f::s; level x (including the void space within the 

waste/bac~mposite) 
TV(x) = volume of re:natelbackfill composite at stress level x. 

The component and waste/backfill composite volumes are obtained from estimated values of 
component masvd densities: 

V(x) = M, 
I D~x) 

(3.6-11) 

n 

TV(x) = L V,(x) (3.6-12) 
/•1 

where, 

M, = mass of commponent "f 
D, (x) = density of component "r at stress level x. 

The procedure allows computation of an effective hydraulic conductivity for the average contents 
of a WIPP repository room at various stress levels. Table 3-8 contains the hydraulic 
conductivities for the 14 alternatives. 
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r~(\!: 

TABLE 3-8 
~.1ji 

COMPOSITE HYDRAULIC CONDUCTIVITIES FOR 
COMBINATION ALTERNATIVES 

.i':lii (mis)* 

STRESS 
, .. (MPa)* BASELINE ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 

0 4.12E-04 1.10E-09 7.30E-10 3.01E-12 3.15E-10 1.50E-12 7.47E-13 1.04E-14 
1·&'!:11 1.4 1.55E-05 7.62E-11 6.55E-11 3.01E-12 2.70E-11 1.50E-12 9.41 E-14 1.47E-14 

2.8 3.61E-06 4.57E-11 4.28E-11 3.01E-12 1.74E-11 1.50E-12 5.84E-14 1.55E-14 
""'ij 4.1 1.42E-06 3.30E-11 3.26E-11 3.01E-12 1.32E-11 1.50E-12 4.26E-14 1.SOE-14 

5.5 6.63E-07 2.52E-11 2.61 E-11 3.01E-12 1.05E-11 1.SOE-12 3.27E-14 1.64E-14 .... 
6.9 3.77E-07 2.10E-11 2.25E-11 3.01 E-12 9.09E-12 1.50E-12 2.73iit 1.67E-14 
8.3 2.25E-07 1.79E-11 1.98E-11 3.01E-12 7.96E-12 1.50E-12 2.32 ~ 1.69E-14 

, ('!,~ 

9.7 1.23E-07 1.46E-11 1.67E-11 3.01E-12 6.71E-12 1.50E-12 1.88E- 4 1.72E-14 
H•it 

11.0 4.52E-08 1.03E-11 1.24E-11 3.01E-12 4.96E-12 1.SOE-12 1.28E- 4 1.74E-14 
12.4 1.83E-08 7.63E-12 9.55E-12 3.01E-12 3.82E-12 1.SOE-12 9.17E-15 1.75E-14 
13.8 6.10E-09 5.23E-12 6.89E-12 3.01E-12 2.75E-12 fE-12 6.00E-15 1.77E-14 
15.2 2.75E-09 4.07E-12 5.57E-12 3.01E-12 2.22E-12 OE-12 4.54E-15 1.78E-14 

,.r;:& STRESS All; (MPa)* BASELINE ALT 8 ALT 9 ALT 11 ALT 12 ALT 13 ALT 14** 

0 4.12E-04 7.46E-13 ~-14 1.80E-07 4.85E-05 7.72E-09 7.35E-16 2.45E-07 
~ fl;.1<1 1.4 1.55E-05 4.58E-14 E-14 5.48E-08 1.49E-06 6.91E-10 7.35E-16 3.44E-08 

2.8 3.61E-06 2.79E-14 1.04E-14 8.91E-09 1.99E-07 1.15E-07 7.35E-16 2.94E-09 
4.1 1.42E~ 2.04E-14 1.04E-14 3.44E-09 1.11 E-07 1.11 E-10 7.35E-16 2.92E-09 
5.5 6.63E 1.58E-14 1.04E-14 1.83E-09 6.79E-08 1.08E-10 7.35E-16 2.90E-09 
6.9 3.77E 07 1.33E-14 1.04E-14 1.14E-09 4.87E-08 1.05E-10 7.35E-16 2.89E-09 
8.3 2.25E 1.15E-14 1.04E-14 7.81E-10 3.58E-08 1.04E-10 7.35E-16 2.89E-09 
9.7 1.23E-07 9.51E-15 1.04E-14 5.67E-10 2.32E-08 1.02E-10 7.35E-16 2.88E-09 

"'' 
11.0 4.52E-08 6.94E-15 1.04E-14 4.28E-10 9.81E-09 1.01E-10 7.35E-16 2.87E-09 
12.4 1.83E-08 5.30E-15 1.04E-14 3.31 E-10 4.64E-09 9.09E-11 7.35E-16 2.87E-09 

"'·'1f) 
13.8 6.10E-09 3.77E-15 1.04E-14 2.58E-10 1.78E-09 9.89E-11 7.35E-16 2.86E-09 
15.2 2.75E-09 3.02E-15 1.04E-14 2.03E-10 9.43E-10 9.SOE-11 7.35E-16 2.86E-09 

~·~ 

"'' *See Glossary for explanation of each abbreviation. 
**Hydraulic conductivity computed on a compartment basis (three 7-packs). 

'lii->il 

""~ 
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3.6.4 Gas Generation Potential 

Evaluation of design alternatives to the baseline waste disposal system requires estimation of the , ~i 
total potential for gas generation. Gas generation potential is the sum of three processes: 

• 
• 
• 

Radiolytic gas generation 
Biological gas generation 
Corrosion gas generation . 

Total potential is dependent on parameters such as brine inflow (for anoxic corrosion), 
radioactivity per unit volume of waste (for radiolysis), and mass of organic materials per unit 
volume of waste (for biological degradation). Lappin et al. (1989) report potentials of 894 moles 
of hydrogen/drum for anoxic corrosion of waste containers and metal waste, a~n moles of 
total gas/drum for biological degradation and radiolysis. These constituent pot Is are used 
to compute the total potential. These values are subject to validation by g generation 
experiments in the WIPP Experimental Test Program (Molecke, 1990a; Molecke, 1990b}. 

The gas generation potential for the 14 alternatives analyzed by ,c; Design Analysis Model are 
presented in Table 3-9. It should be noted that alternatives tha(i;;v~lve either densification of 
waste (e.g., supercompaction) or removal of a aste component (e.g., incineration of solid 
organics). will result in volume reduction. This v e reduction helps to include more drum 
equivalents of unprocessed waste per room comp, to the baseline design (presented earlier 
in Table 3-5). Since the volume reduction increa es the mass of waste that can be stored in a 
room relative to the baseline, tre· tal gas generation potential per room for some of the 
alternatives could be more than t saline. Thus, a comparison of gas generation in terms of 
the total potential is misleading, d e to the unequal number of unprocessed drum equivalents for 
the alternatives and the baseline design. 

In order to provi.(1 reasonable comparison between the gas generation potentials for the 
baseline and the ~atives, the values presented in Table 3-9 are expressed in terms of moles 
per unprocessed drum equivalent per room. The values for Alternatives 1, 2, and 3 are higher 
than the baseline because it is assumed that 25% of the drums will be damaged, and therefore 
will also be shredded and cemented in addition to the waste itself. Since the drums are made 
of mild steel, the shredding and cementing of 25% of the drums would result in a net increase 
in the total metal inventory, thereby increasing the potential for gas generation by anoxic 
corrosion. Although the potential is higher compared to the baseline, it should be noted that 
shredding and cementing the waste will decrease the rate of gas generation and will also reduce 
the permeability of the waste/backfill composite. Similarly, the values for Alternatives 11 and 12, 
both of which involve supercompaction of the waste, are also higher than the baseline because 
more metal is included as part of the waste inventory. 

Alternatives which eliminate both metals and solid organics from the inventory (e.g., Alternatives 
8, 9, and 13, are not expected to generate any gas, and thus they can accommodate a very large 
number of unprocessed drum equivalents per room with no effect on the total potential. The 
reader should also note that alternatives which result in densification of waste would also need 
smaller number of rooms for waste disposal. Other assumptions used in estimating gas 
generation potentials are listed in Section 2.0 and Appendix B. 
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,,.,. 

TABLE 3-9 

"' GAS GENERATION POTENTIAL FOR EACH COMBINATION ALTERNATIVE 
(moles/unprocessed drum equivalent) 

.;.~ 

BASELINE ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 

f·i!flli Anoxic 894 943 943 943 1093 1093 516 516 
Corrosion 

"" 
j,#.!ti 

Microbial 606 606 606 606 0 0 0 0 
Degradation 
and Radiolysis 

Total 1500 1548 1548 1548 1093 1093 516 516 
"' 

;,~ 1 
BASELINE ALT 8 ALT 9 ALT 10 ALT 11 ALT 13 ALT 14** 

... Anoxic 894 0 0 53 1053 0 11 
Corrosion 

, .. 
1>-Microbial 606 0 0 606 606 0 6 

,.,., Degradation 
and Radiolysis 

Total 1500 0 r< 506 1659 1659 0 17 
,,,., 

'"" 
'WI 

0 "Gas generation compuna compartmem basis (three 7-packs), and should not be used for purpo'8S of comparison with 
other alternatives. 
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3.6.5 Effective Waste Volume 

The effective waste volume is used to determine the radionuclide content in drill cuttings removed 
from the repository during human intrusion events (Appendix B, Section B.22). The effective 
waste volume is the volume of the waste/backfill composite minus the volume of the backfill along 
the sides of the waste stack. The term "drill cuttings" refers to the waste/backfill composite which 
would be brought to the surface with circulating drilling fluid during an inadvertent human intrusion 
event The effective waste volume evaluation requires determination of the waste/backfill 
composite density as a function of stress, as per Equation (3.6-6). These calculations differ from 
each other only in that the waste/backfill composite density calculation neglects backfill on the 
sides of the waste stack. If penetration through the backfill on the sides of the waste stack 
occurs, the waste stack is assumed to remain intact and the cuttings are assumed not to contain 
any radionuclides. The backfill above the waste stack is considered because it would be mixed 

:~ :::~ In the event the waste stack is breached by drilling activitiey 

Input_ variables required by the Design Analysis Model includ~e physical and chemical 
properties of the repository contents following waste and backfill e placement in the WIPP. The 
contents are assumed to be a homogeneous waste/backfill comp site. This composite consists 
of four components: I\ 

• Sludges r 
• Solid Organics (coF'tible) Waste 
• Solid lnorganics (g metal) Waste 
• Backfill material. 

The properties re~d by the Design Analysis Model for evaluation of the effectiveness of 
engineered altem~s include: 

• Density 
• Porosity 
• Hydraulic conductivity 
• Gas generation potential 
• Effective waste volume. 

Density of the waste-backfill composite is computed by assigning weights to the individual 
component densities as illustrated with Equation (3.5-6). The porosity of the composite is a 
function of the composite density. An estimate of the hydraulic conductivity of the waste/backfill 
composite is the geometric mean of the component hydraulic conductivities. Gas generation 
(radiolytic, microbial and corrosion) potentials are computed from the equivalent number of 
unprocessed drums emplaced in a room, taking into account the effect of waste treatment on 
components. With the exception of total gas generation potential, the physical properties vary 
with pressure resulting from creep closure. Properties for the three major waste forms and the 
backfill materials are obtained from available literature, applicable relationships or equations, and 
through personal communication with waste process facility personnel. Using the above 
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evaluation process, physical properties of the waste/backfill composite in an average WIPP 
repository room are computed for use as input to the Design Analysis Model. 

D 
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4.0 RESULTS OF DESIGN ANALYSIS 

Several analyses of room behavior during undisturbed conditions and human intrusion events 
have been performed using the Design Analysis Model. These analyses include: 

Undisturbed Performance CNo Human Intrusion) 

• 

• 

• 

• 

• 

• 

• 

A prediction of peak index gas pressures during undisturbed conditions using 
baseline assumptions on gas generation rates and potentials (Section 4.1.1}. 

An analysis of the effects of supercompaction of waste on room pressurization 
(Section 4.1.2). 

An analysis of the effects of venting excess gas pressure fro~e storage 
rooms during the first 100 years following repository declmissioning 
(Section 4.1.3). 

A sensitivity study to determine the effects or:J'arying the microbial gas 
generation rate on room pressurization (Section f .4). 

A sensitivity study to determine~ teffects of varying the undisturbed pore 
pressure and permeability of the drite beds (Marker Bed 139, anhydrites 
"a" and "b"} on room pressurizatio (Section 4.1.5). 

A sensitivity study ~etermine the effects of varying the initial brine inflow 
rates on room prefurlzation (Section 4.1.6}. 

An ~ate of the effects of 14 representative combinations of alternative waste 
for.Cl'n the peak storage room gas pressures (Section 4.1. 7). 

Human Intrusion Scenarios 

• A determination of the relative effectiveness of 14 representative combinations 
of alternative waste forms for reducing the consequences of human intrusion 
events (Section 4.2). 

4.1 ANALYSIS OF DESIGN DURING UNDISTURBED PERFORMANCE 

One-dimensional modeling of the performance of the disposal system under normal undisturbed 
conditions (no human intrusion} is described in Marietta et al. (1989} and Lappin et al. (1989}, 
and two-dimensional modeling of undisturbed performance is described in Rechard et al. 
(1990). These analyses show that no releases to the accessible environment occur during a 
10,000-year period of undisturbed performance. These analyses however, are based on the 
assumption that gas generation will not result in excess pressure that may cause fracturing 
of the host rock. 

WP:EATF.1991 :R-1775-4 4-1 
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The generation of large amounts of gas from microbial, chemical or radiolytic processes may 
result in some or all of the following phenomena: 

0 

• 

• 

• 

Dissipation of excess gas pressure by advection out into the host rock via the 
anhydrite beds and clay seams 

Expansion of the storage rooms by reverse creep of the host rock 

Fracturing of the host rock by gas pressures that exceed lithostatic pressure 

Fracturing of the anhydrite beds and clay seams . 

It is advantageous to avoid fracturing of the host rock because it may not be possible to 
accurately predict the direction and magnitude of the fractures which may bee~ pathways 
for the migration of contaminated brine. I 
A preliminary analysis of the potential for expansion of the storage rooms by gas generation 
has been perfonned by SNL using a simplified homogeneous~ropic model that predicts 
the response of the host rock to a room containing fluid pre re in excess of lithostatic 
pressure. Preliminary results from the model suggest that th room will indeed expand to 
accommodate any excess moles of gas that are~erated by the waste (Lappin et al., 1989, 
Section 4.10.3). If this analysis proves to be cor11 then concerns regarding gas generation 
will be minimal, since the storage room will inflat o accommodate the volume of gas that is 
generated, as long as the rate of generation w less than the maximum rate of expansion 
that the host rock will allow. ~ed analyses (DOE, 1990d) by SNL that refines the 
reinflation model to incorporate e actual stratigraphy (including anhydrite beds and clay 
seams) of the repository horizo may either confinn that the room will expand, or may 
conclude that frarzng will occur but will be restricted to the anhydrite beds, or that excess 
gas pressure will en rate fractures with unpredictable lengths and directions in the host rock. 

An additional co cem regarding gas generation is that it may significantly contribute to 
pressurization of the storage rooms and prop open voids in the waste, thus preventing creep 
closure from compacting the waste. If this occurs, the penneability of the waste may not 
significantly decrease from the initial penneability at the time of emplacement. 

Definition of a threshold pressure above which the perfonnance of the disposal system is 
reduced is a complex problem involving the response of a heterogeneous nonisotropic multi
layered system to pressures in excess of the confining stress. This threshold pressure 
determination is under development by SNL (DOE, 1990d) and has not yet been established. 
For these reasons, the Design Analysis Model has been used to predict room pressurization 
as a function of time to evaluate the relative effectiveness of various alternative designs in 
reducing peak room pressure, should that prove to be necessary. 

A common assumption underlying the following design analyses is that the room will not re
expand in response to pressures in excess of lithostatic. This assumption can easily be 
changed in future simulations when the current uncertainties regarding room reinflation are 
resolved. 
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4.1.1 Prediction of Room Pressurization Using Baseline Assumptions 

The Design Analysis Model was used to predict the pressurization of a typical storage room 
as a function of time for the baseline design, current waste forms and crushed salt backfill 
as defined in Table 3-1. The goal of this analysis is to predict the timing and magnitude of 
peak index gas pressure that will occur. If it is determined that the peak index pressures 
predicted for the baseline design are in excess of those allowable, then engineered alternatives 
can be selected to avoid potential problems associated with excess pressures. The allowable 
limits for peak index pressures will be determined from on-going modeling and experimental 
investigations at SNL (DOE, 1990d). When these limits are established, definitive conclusions 
regarding the acceptability of the baseline design and/or the need for engineered alternatives 
can be made. 

Index pressure versus time curves for the baseline design are shown in Figure 4-1. The 
lower of the three curves shows the partial pressure of hydrogen genera~by anoxic 
corrosion. The middle curve shows the sum of the partial pressures of C02, N2 and CH4 

which are the gases generated by microbial degradation of organic materials ( rush, 1990). 
The upper curve shows the total pressure which is the sum r.f e partial pressures of all 
gas components. 

The partial pressure of hydrogen reaches a peak that coin "des with the total pressure 
reaching lithostatic pressure (Figure 4-1 ). Whe~hostatic pressure is reached, brine inflow 
stops so there is no longer any brine available anoxic corrosion to proceed. Hydrogen 
generation is thus self-limiting as a result of the ssumed coupling between brine inflow, room 
pressure, and anoxic corrosion~at is, brine inflow and creep occur at a rate that is 
proportional to the difference be n lithostatic and room pressures. Brine is required, and 
is also consumed, by anoxic corr sio . Based on these assumptions, when lithostatic pressure 
is reached, brine inflow and, hence, anoxic corrosion rates approach zero. Although a 
maximum hydro~eneration limit of 1.7 moles/drum/year is used (Lappin et al., 1989), the 
corrosion rate i al ays less than this bounding rate because of limited brine availability. 
When lithostatic ssure is reached, only about 54 percent of the metals in the inventory is 
expected to have corroded. 

Microbial generation on the othe·r hand, is assumed to proceed at a constant rate that is 
independent of brine availability (Lappin et al., 1989). Aerobic conditions are assumed to 
persist for 100 years after closure during which oxygen is converted to carbon dioxide via 
microbial activity with no significant change in pressure. Anaerobic degradation of organic 
materials occurs from 100 to approximately 815 years after closure at a constant rate of 0.85 
moles/drum/year, generating a total of 606 moles/drum (Lappin et al., 1989) of gases 
composed of C02, N2, and CH4 at a molar ratio of 20:12:15. At approximately 815 years 
after closure, the substrate is depleted and microbial gas generation is assumed to stop. 
These assumptions are reflected in the partial pressure curve for microbial gases in Figure 4-1 
which shows a small rise during the first 100 years caused by the conversion of oxygen to 
carbon_ dioxide, followed by a linear increase in the partial pressures of these gases from 
100 years to approximately 815 years. 

The upper curve showing total pressure is the sum of the two lower curves. It shows an 
initial steep slope during the first 300 years during which brine inflow occurs and hydrogen 
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generation from anoxic corrosion is the dominant gas generation process. When lithostatic 
pressure (146 atmospheres) is reached at approximately 500 years, brine inflow and anoxic 
corrosion rates approach zero, which causes a slight decrease in the slope of the total 
pressure curve. This lower pressurization rate from continued microbial activity prevails until 
approximately 815 years when organic materials are consumed, and all gas generation ceases. 
At this point, a peak index pressure of 180 atmospheres (atm) is reached, followed by a 
gradual decline in pressure caused by continued advection of fluid (gas and brine) into the 
intact anhydrite beds and diffusion of gases into the intact host rock. 

At this point in the discussion it should be noted that although the Design Analysis Model 
calculates absolute pressures, these results are very sensitive to assumptions regarding gas 
generation rates and durations, brine inflow rates, creep closure rates, initial void volume, re
inflation of the rooms, and the degree of coupling between these processes. Thus, the 
absolute pressures presented here should be viewed as an index by which alternatives can 
be compared and ranked for effectiveness rather that a prediction of the act~pressures 
that will exist in the storage rooms. As experimental programs continue to provi e data and 
the understanding of these processes increase, some of these assumptions will ndoubtedly 
change, yielding different quantitative results. However, the ~bje ive of the EATF design 
analysis activity is to predict relative changes in performance red by alternative designs. 
These relative changes in performance are less subject t modification by increased 
understanding than are the absolute pressures presented her . For this reason, the term 
peak index pressure is used to remind the read'/\. that the absolute values are subject to 
change, but the relative rankings may not. r 
4.1.2 Effects of Su ream action Room Pressurization 

An analysis was performed to al ate the effects of supercompaction of waste on room 
pressurization. For this analysis, two waste emplacement configurations were considered; a 
single layer of 2,~drums of supercompacted waste containing the equivalent contents of 
4,284 drums of np cessed waste, and a triple layer of 6,000 drums of supercompacted 
waste containing equivalent contents of 12,856 drums of unprocessed waste. Figure 4-2 
shows the results in terms of index pressures versus time curves for the monolayer and triple 
layers of supercompacted waste, along with a similar curve for the baseline configuration of 
6,000 drums of uncompacted waste for comparison. These curves show that a room filled 
with a monolayer of supercompacted waste reaches a peak index pressure that is roughly 24 
percent higher than the baseline case, and a triple layer of supercompacted waste reaches 
a peak index pressure that is greater than twice the baseline case. 

The main reason for the higher predicted peak index pressures for supercompacted waste is 
the decrease in initial void volume. Moles of gas that are generated occupy a smaller void 
volume, resulting in rapid pressurization. Although this rapid pressurization minimizes brine 
inflow, thus decreasing in the total moles of hydrogen generated by anoxic corrosion, these 
fewer moles of hydrogen occupy a smaller void volume. Even though fewer moles of 
hydrogen are generated, the partial pressure of hydrogen still remains high. In addition, 
microbial gas generation, which is assumed to be independent of brine availability, continues 
and is also pressurizing a smaller volume. 

An additional factor is present in the case of the triple layer. In this case there is a greater 
than two-fold increase in the mass of organic materials on a per-room basis, resulting in an 
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equivalent increase in the microbial gas generation rate and gas generation potential per 
room. 

These results suggest that supercompaction is not effective in reducing peak index pressures. 
Changing the stack configuration from a triple layer to a monolayer can lower the peak 
pressure by reducing the mass of organics per room, but the decrease in initial void volume 
caused by supercompaction still yields higher predicted pressures than the baseline case. 

Supercompaction can however be effective in lowering the penneability of the waste, which 
can decrease the consequences of human intrusion scenarios as discussed in Section 4.2. 

4.1.3 Effects of Venting the Repository for 100 Years 

An analysis was performed to evaluate the effects of venting excess gas pressures from the 
repository during the first 100 years following decommissioning. A period of ~years was 
chosen because it was assumed that some type of active controls would b required to 
maintain an open vent from the repository to the surface and 40 CFR Part 191 (EPA, 1985) 
requires that active institutional controls cannot be assumed for ~on er that this period of time. 

To evaluate the effectiveness of venting the repository, a si ulation was perfonned that 
maintained a room pressure of one atmosphere during the first 1 00 years after 
decommissioning the repository. After 100 ~s, the storage rooms were allowed to 
pressurize in accordance with the baseline as ptions regarding gas generation, creep 
closure, brine inflow, etc. The results of this ulation is shown in Figure 4-3, along with 
the results of the baseline desi~n. These results show that the peak index pressures that 
occur at approximately 815 year 23 percent higher in the vented case than the baseline 
case. In the vented case, fluid re sure in the room does not build up during the first 100 
years, providing no resistance to closure during this period. This results in lower storage room 
porosity at 1 OOes. When the vent is closed at 100 years, microbial gas generation 
continues for ap ro mately 715 years and is pressurizing a smaller void volume, resulting in 
higher pressure From this analysis one can conclude that venting will be ineffective in 
reducing peak index gas pressures unless the vent remains open for the entire gas generating 
period. 

Venting the repository could also potentially increase the cumulative inflow of brine to the 
storage rooms during the venting period. This increased inflow would result from maintaining 
a high pressure gradient toward the excavation during the venting period. 

Venting may raise additional concerns with respect to compliance with the no-migration 
requirement (EPA, 1989) of the Resource Conservation and Recovery Act (RCRA). 
Compliance with RCRA requires that there be no migration of specific volatile organic 
compounds past the Rustler/Salado contact in concentrations that are in excess of applicable 
health-based standards. 

4.1.4 Effects of Varying Microbial Gas Generation Rates on Room Pressurization 

Two significant factors that affect the pressurization of the storage rooms are the total number 
of moles of gas that are generated and the rates at which they are generated. The baseline 
assumptions regarding microbial gas generation are that microbial degradation of the organic 
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component of the waste will yield a total of 606 moles/drum and will be generated at a rate 
of 0.85 moles/drum/year for a period of approximately 715 years following the establishment 
of anaerobic conditions (Lappin et al., 1989). There are, however, large uncertainties in these 
assumptions that will be resolved by the bin-scale experimental program (Molecke, 1990a) 
and the laboratory experimental program (Brush, 1990). These two experimental programs 
are designed to provide the project with realistic estimates of the total gas generation rates 
and potentials anticipated from the disposal of TRU waste in the WIPP environment. Since 
these data are currently unavailable, a sensitivity study was performed using the Design 
Analysis Model to evaluate the effects of varying these assumptions on the pressurization of 
the storage room environment. Four cases were evaluated: 

• The baseline rate of 0.85 moles/drum/year and baseline duration of approximately 
715 years 

• One-half of the baseline rate and twice the baseline duration ,-f' 
• One-quarter of the baseline rate and four times the baseline duraton 

• Twice the baseline rate and one-half the baselin6"ration. 

In all of the cases, the total baseline potential of 606 m!les/drum from microbial gas 
generation was maintained. (\ 

Index pressure versus time curves for these forcases are shown in Figure 4-4 and include 
the contribution to gas generatif1om anoxic corrosion. These results show that both the 
peak index pressure and the tim" f the peak are very sensitive to variations in the assumed 
microbial gas generation rate a duration even though the total number of moles generated 
was held constant. In general, lower rates (with proportionally longer durations) result in higher 
and later peak ~- pressures. As an example, when the generation rate is reduced by a 
factor of four, th ak index pressure increases from 180 to 204 atmospheres and is delayed 
from 800 to 3,0 years (Figure 4-4). This is caused by the coupled nature of creep closure 
and gas generation. When the generation rate is assumed to be low, creep closure proceeds 
faster and results in rapid establishment of low room porosity. Continued gas generation then 
pressurizes a smaller volume, yielding higher pressures. 

The lowest peak index pressures were achieved in the case where the rate was doubled. 
In this case the room rapidly pressurized with gas, which props open voids and reduces the 
amount of creep closure required to bring the room to lithostatic pressure. This also allows 
the room to retain a larger percentage of the initial void volume, providing a larger volume 
for gas to occupy. This suggests that peak index pressures can be reduced if the majority 
of the gas is generated during the period immediately following decommissioning when the 
gas pressure in the room is still below lithostatic pressure. 

These results indicate that the rate at which gas is generated during the repressurization 
phase directly controls the void volume available for gas that is later generated to occupy, 
thus controlling the peak index pressures that are ultimately achieved. Lowering gas 
generation rates may not be effective in reducing peak index pressures unless the gas 
generation potential (total number of moles generated) is also reduced. These results highlight 
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the need for more accurate gas generation rates than are currently available, so that the 
acceptability of the current unprocessed waste forms can be determined. 

4.1.5 Effects of Varying Anhydrite Bed Hydraulic Properties on Room Pressurization 

A sensitivity analysis was performed on two hydraulic properties of anhydrite beds to evaluate 
their effects on room pressurization. The two major properties evaluated were the permeability 
and the far-field pore pressure of the intact anhydrite beds. A set of runs using the Design 
Analysis Model were completed varying permeability over three orders of magnitude (10·11 to 
1 o·i. Figure 4-5 shows the results of these sensitivity runs in terms of index room pressure 
versus time curves for the assumed permeabilities of the anhydrite beds. This figure shows 
that only for the most extreme case (a permeability of 10·11

) does the peak index room 
pressure change significantly. It should be noted, however, that even though there is a 
reduction of the peak index pressure, it remains well above the lithostatic pressure of 146 atm. 
This reduction is attributed to the increased flow of brine from the disturbe~ the intact 
anhydrite beds, providing a larger gas expansion volume rather than a signifi t increase of 
aclvection of gases into the intact anhydrites (see Appendices B and D). In oth r words, the 
higher permeability allows the pressure to build up in the room, and drive a greater amount 
of the brine from the disturbed zone into the intact anhydrite ~s, increasing the available 
void volume for pressurization. r 
The second set of sensitivity runs performed ~o sidered the effects of varying the far-field 
pore pressure of the intact anhydrite beds. For h analysis, the far-field pore pressure was 
varied from 60% to 90% of lithostatic pressur n 10% increments. Figure 4-6 shows the 
results of these sensitivity runs in the same format as the permeability sensitivity. This figure 
shows that while the rate of presf& decay changes with the assumed far-field pore pressure, 
the overall peak index pressure a not significantly affected by varying this parameter over 
this range. 

The results of th~nsitivity analyses indicate that the gas advection rates are relatively small 
compared to th~ generation rates, even under conditions reflecting increased permeability 
and decreased far-field pore pressure. It should be noted that the following processes impact 
the gas aclvection rates but are not incorporated into this model. 

• Localized depressurization 
• Gas exsolution from brines. 

It is apparent from the plots that the advection rate into the anhydrite beds increases linearly 
with the decrease in far-field pore pressure and log-linearly with the increase in permeability. 
But for the case of varying the far-field pore pressures, this change is only apparent once gas 
generation ceases at approximately 815 years and the room slowly begins to return to 
lithostatic pressure. 

These results suggest that while the anhydrite beds are a conduit for gases to advect out of 
the repository, the low rate of advection (relative to gas generation) may not be effective in 
reducing peak index pressure to values below lithostatic. However, engineered alternatives 
that lower gas generation rates to values similar to the rate at which gas can advect away 
from the storage rooms may be effective in reducing peak index pressures. The reader should 
note that the results of the model are limited by the assumptions inherent in the model. 
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Therefore, caution should be exercised in interpreting the results until a better understanding 
is obtained for the gas advection pathways. 

4.1.6 Effects of Varying the Initial Brine Inflow Rate on Peak Index Pressure 

Small volumes of brine have been observed seeping into brine monitoring holes at several 
locations in the underground excavations (Deal and Case, 1987). Most of the brine that is 
currently seeping into the excavations evaporates and is removed by the ventilation system; 
however, there is concern that some volume of brine may accumulate in the storage rooms 
during the period between decommissioning and repressurization. The baseline initial brine 
inflow rate of 0.43 cubic meters/room/year was chosen because it is the largest published 
value for that parameter (Nowak, et al., 1988). However, there is considerable uncertainty 
in that value. Published estimates of brine inflow rates vary over a considerable range due 
to uncertainties in the following processes or parameters: 

• Far-field permeability 

• 

• 

• 

• 

The validity of a Darcy model for flow in low-permeability salt. The EATF 
recognizes that the phenomenon of brine inflow~y be attributed to several 
different mechanisms. However, for the sake o onsistency, the brine inflow 
rate based on the SNL modeling approach has n used. 

The contribution from near-field ~ng versus far-field flow 

The contribution fro~referential flow along anhydrite and clay seams 

The role of the difu~ed zone surrounding the excavation in controlling brine 
inflow 

• Thf:Jie of the exsoluUon of dissolved gases In driving brine inflow. 

Due to the uncertainty in brine inflow rates, a sensitivity study was performed to evaluate the 
effects of varying this parameter on room pressurization. 

The results of this analysis are shown in Figure 4-7. Five initial inflow rates were chosen; the 
baseline rate, one-half of the baseline rate, one-quarter of the baseline rate, twice the baseline 
rate, and four times the baseline rate. These results indicate that the peak index pressure 
reached assuming the baseline rate, one-half of the rate, and one-quarter of the rate, are all 
similar. Only when the baseline rate is doubled or quadrupled does the peak index pressure 
increase significantly. This phenomena is due to the assumed coupling between brine inflow 
and anoxic corrosion, as discussed in Section 4.1.1. A maximum hydrogen generation rate 
limit of 1. 7 moles/drum/year (Lappin et al., 1989) is assumed; however, this limit is not reached 
if the baseline or lower initial brine inflow rates are assumed. Under these conditions, 
hydrogen generation is limited by brine availability so that brine inflow and hydrogen generation 
stops when lithostatic pressure is reached. When the initial brine inflow rate is raised above 
the baseline value, hydrogen generation becomes limited by the 1. 7 moles/drum/year maximum 
rate. Under these conditions, both brine and steel are present in the storage rooms when 
lithostatic pressure is reached so that hydrogen generation continues after brine inflow stops, 
yielding higher peak index pressures. 
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These results suggest that peak index room pressures are only sensitive to the initial brine 
inflow rate if that rate is above some critical value that is somewhere between the assumed 
rate of 0.43 cubic meters/room/year and twice that value. It is doubtful that the actual value 
is above 0.43 cubic meters/room/year, because revised inflow rates published after the Nowak, 
et al. (1988) value are considerably lower. For instance, the SEIS analyses were based on a 
brine inflow rate of 0.1 cubic meters/room/year (Lappin et al., 1989, page 4-14). 

4.1 . 7 Estimate of the Effects of Alternatives on Peak Index Pressure 

The baseline case and 14 combinations of alternatives shown earlier in Table 1-2, were 
analyzed using the Design Analysis Model to estimate the peak index gas pressures that will 
exist in the storage rooms. The goal of these analyses is to provide a relative ranking of the 
effectiveness of alternatives in reducing peak index pressures, should that be necessary. 

These 14 combinations of alternatives include the primary waste forms recom~ed by the 
EATF for incorporation into the WIPP Experimental Test Program {DOE, 1990b)JP.1ternatives 
1 , 2, and 3 involve shredding and cementing of solid organics and metals, which reduces gas 
generation rates but does not reduce the total gas generation r:ntial. Alternatives 4, 5, 6, 
7, 8, 9, and 13 involve thermal treatment {incineration or vit · ation) of solid organics to 
eliminate the source of microbial gas generation. Alternatives 9, and 13, do not have solid 
organics or metals present in the inventory, and~ereby eliminate both the microbial and the 
anoxic corrosion sources of gas generation. A ative 10 eliminates the metals from the 
inventory and hence the source of gas generati y anoxic corrosion. Alternatives 11, 12, 
and 14 involve supercompaction of the solid o anics and inorganics but do not reduce the 
total gas generation potentiaJ. a 
Predicted peak index room pressLre~ for the baseline design and 14 alternative combinations 
of waste forms ii1"' shown in Table 4-1. The two principal factors that affect peak index 
pressures are th m ss of organic materials present in the room and the void volume available 
in the room for ssurization. Also shown in Table 4-1 is a tabulation of peak index 
pressures expres as a percentage of lithostatic pressure, excess gas energy, and additional 
volume required. Excess gas energy is defined here as the excess peak index pressure {peak 
index pressure minus lithostatic pressure) multiplied by the void volume that the excess 
pressure occupies. Additional volume is defined as the additional void volume required to 
reduce the peak index pressure to lithostatic pressure. 

The alternatives that involve thermal treatment of solid organics {Alternatives 4 through 9, 
and 13) show peak index pressures of 146 atm, which corresponds to lithostatic pressure. 

For these alternatives, thermal treatment has completely eliminated microbial gas generation 

'~I 

,. ,~, 

so that the main gas generation process is the production of hydrogen from the anoxic 'J
11 

corrosion of ferrous metals and aluminum {metallic waste and steel drums and boxes) in the , 11 , 

room. The assumed coupling between anoxic corrosion and brine inflow provides a self-
limiting mechanism for hydrogen generation where the generation rate and brine inflow · ~1 
approach zero as the fluid pressure in the room approaches lithostatic {as discussed in ~I 
Section 4.1.1 ). Although anoxic corrosion contributes to room pressurization, the process halts 
when lithostatic pressure is reached. , ·~1 
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TABLE 4-1 

MAXIMUM GAS PRESSURE AND RELATIVE INDEX PRESSURE RESULTS 

rr-:rli 

ADDITIONAL 
PERCENTAGE EXCESS VOLUME 

p * 
MAX OF LITHOSTATIC GAS ENERGY REQUIRED 

DESIGN (atm) PRESSURE (KJ) (M3/PANEL) 

BASELINE 180 123 3.76 x 107 2407 
•. w 

ALTERNATIVE 1 222 152 6.24 x 107 3899 

ALTERNATIVE 2 215 147 5.97 x 107 3760 

t~ ALTERNATIVE 3 175 120 3.65 x 107 2362 

ALTERNATIVE 4 146 100 0 1 0 

ALTERNATIVE 5 146 100 0 0 
""'*' ALTERNATIVE 6 146 100 0 0 

ALTERNATIVE 7 146 100 ~r- 0 

ALTERNATIVE 8 146 100 0 

ALTERNATIVE 9 146 100 

f>. 
0 0 

ALTERNATIVE 10 215 147 4.39x107 2779 

ALTERNATIVE 11 224 153 4.31x107 2682 

ALTERNATIVE 12 236 162 4.52x107 2779 

,i>',Ji ALTERNATIVE 13 146 100 0 0 

ALTERNATIVE 14 312 214 5.40x107 2939 

lw..,, 

·p- = Peak lndf)..sure. 

,. 

··~ 
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The coupling of brine inflow and anoxic corrosion assumes that brine is required to be present 
for corrosion to proceed, and that the brine available for corrosion is finite in volume and is 
consumed in the process of generating hydrogen. If an additional source of water is present, 
such as diffusion of water vapor through a disturbed zone surrounding a room, and if corrosion 
can proceed in the presence of water vapor, then it is possible that hydrogen generation may 
still occur after lithostatic pressure is reached. The hydrogen generation rate under these 
conditions will be considerably lower than the rate in a brine-saturated environment and will 
be limited either by the diffusion rate of water vapor through the disturbed zone or the 
corrosion rate of metals in a humid environment. 

The assumed coupling between brine inflow and anoxic corrosion is a reasonable assumption 
at this point in time, however it does require experimental verification. Experiments have been 
initiated by SNL to quantify corrosion rates of steel drum alloys in both brine-saturated and 
humid environments (Brush, 1990), and a prediction of the extent and degree of~m connected 
porosity existing in a disturbed zone surrounding a panel is also planned SNL (DOE, 
1990d). The analyses presented in this report can be updated to reflect any revised 
assumptions that may result from these on-going experimental and modeling activities. 

Peak index pressures in excess of lithostatic are predicted C the baseline design and 
Alternatives 1, 2, 3, 10, 11, 12, and 14, all of which usershredded and cemented or 
supercompacted waste forms. These peaks range from 20 percent above lithostatic for 
Alternative 3, to 114 percent above lithostatic!Altemative 14. The model predicts that 
lithostatic pressures are reached within a few red years after decommissioning when 
hydrogen generation stops, but microbial gas eneration is assumed to proceed at a linear 
rate for approximately 815 yeaElthough advection and diffusion of excess gas pressure 
away from the storage room i counted for in the model, the assumed microbial gas 
generation rate of 0.85 moles/d m/year (Lappin et al., 1989) is much greater than the rate 
at which excess~ pressure can dissipate, resulting in a period following a few hundred 
years after decoli_,sioning during which lithostatic pressures are temporarily exceeded. 

Variations in the peak index pressures predicted for these first three alternatives shown in 
Table 4-1 are due to differences in void volumes and differences in the mass of organic 
materials per room. Alternatives 2 and 3 differ by the use of crushed salt versus grout 
backfill. Salt backfill initially possesses a higher void volume than grout backfill; however, 
salt will consolidate under a load to extremely low porosities, whereas a rigid grout will 
maintain a fixed porosity for a long period. Alternative 3 (grout backfill) reaches a lower peak 
index pressure than Alternative 2 (salt backfill) because the porosity in the grout contributes 
to the volume available for pressurization, whereas the initially high porosity in the crushed salt 
backfill rapidly decreases to low values in response to creep closure, providing a smaller total 
volume available for pressurization. 

An additional factor affecting peak index pressures is the mass of organics per room. For 
the baseline design, a room is assumed to hold 6,000 55-gallon drums. Shredding and 
cementation of waste results in a volume reduction of 13 percent so that a storage room 
filled with 6,000 drums of shredded and cemented waste will contain the equivalent of 
approximately 6,800 drums of unprocessed waste (see Section 3.5). The gas generation rates 
and potentials for Alternatives 1, 2, and 3 are thus assumed to be 13 percent higher than the 
baseline waste forms because of the greater number of equivalent drums of unprocessed 
waste. 
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Fractures may develop at some critical pressure above lithostatic but if the volume of 
pressurized gas is small, then the fractures will not propagate very far before the driving force 
returns to zero at lithostatic pressure. However, if the volume of pressurized gas is large, then 
fractures may propagate greater distances before the driving force is dissipated. Thus, peak 
index pressure is a relative measure of the tendency to initiate fractures, and excess gas 
energy, being a product of excess pressure and volume, is a relative measure of the tendency 
to propagate fractures once they are initiated. 

The excess gas energies and additional volumes required for alternatives 4-9 and 13, are 
zero since there is no excess pressure (i.e., peak index room pressures are not greater than 
lithostatic). For the baseline and alternative designs 1, 2, 3, 10, 11, 12, and 14, the excess 
gas energies do not vary by more than a factor of two and rank in the same relative order 
as peak index pressures. 

The values for the Additional Volume Required shown in Table 4-1 provi~ means to 
evaluate the uncertainty in the predicted peak index pressures. According t~~!i: Ideal Gas 
Law, in a closed system at constant pressure containing a fixe~n mber of moles of gas, the 
product of pressure (P) and volume (V) is equal to a constant If v. is small and P is large, 
then a small uncertainty in V corresponds to a large uncertain in P. As an example, if the 
additional volume required to return the peak pressures to lith static is very small relative to 
the total void volume of the panel at the tim~t t the peak pressure is reached, then the 
predicted peak pressures may well be an artifa f the uncertainties in the total panel void 
volume. However, if the additional volume r ired is a significant percentage of the total 
panel void volume, then there ~·s eater confidence in the predicted peak pressures. The 
values for the additional volum uired shown in Table 4-1 range from 19 percent (for 
Alternative 3) to 92 percent (f r ternative 14) and average 47 percent of the total void 
volume in the panel at the time of peak pressurization. This significant amount of additional 
void volume re~ to return the peak pressures to lithostatic suggests that the predicted 
peak pressures c/ not artifacts of uncertainties in the predicted void volumes. 

These analyses of the effects of alternative waste forms on peak index room pressures 
suggest the following: 

• The most important factors that affect peak index pressures are the mass of 
organic materials present in the room and the void volume available for 
pressurization. 

• The baseline waste forms will generate peak index gas pressures that are in 
excess of lithostatic. 

• Alternatives 1, 2, 3, 10, 11, 12, and 14 also generate pressures in excess of 
lithostatic due to the presence of organic materials. Thus, these alternatives 
appear to be ineffective in reducing peak index pressures, but they may have 
application in reducing the consequences of human intrusion events. 

• Alternatives that involve thermal treatment of organic materials (Alternatives 4 
through 7) do not exceed lithostatic pressure even though metals are present. 
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~I 

This is caused by the assumed coupling between anoxic corrosion and brine , wl 

• 

inflow. 

Alternatives 8, 9, and 13 do not exceed lithostatic pressures because organics 
and metals have been removed. 

4.2 ANALYSIS OF HUMAN INTRUSION SCENARIOS 

Analyses were performed to determine the relative effectiveness of 14 alternative combinations 
of waste forms described in Table 1-2 for reducing the consequences of human intrusion 
events. Three human intrusion scenarios designated E1, E2, and E1 E2 were simulated using 
the methodology described in Appendix B. These scenarios, described in Section 2.2 and 
depicted in Figure 2-2, are the same as those used in the Performance Assessment 
Methodology Demonstration Report (Marietta et al., 1989) where more detailed ~riptions of 
these scenarios appear. I 
For all three scenarios, releases due to the slow flow of contaminated brine into the Culebra 
Dolomite are added to the releases due to the rapid remot:of drill cuttings from the 
repository horizon to the surface. Scenarios E1 and E2 each ove cuttings from a single 
penetration of a borehole, and the E1 E2 scenario includes the removal of cuttings from two 
boreholes. The methodology used to estimate the releases due to the removal of cuttings 
is described in Appendix B, Section B.22. ~ 

The two most important parameters that cont.ti'r~leases from the repository due to the 
migration of contaminated brine ~adionuclide solubilities and the hydraulic conductivity of 
the storage rooms. Releases d the removal of cuttings is controlled by the volumetric 
waste loadings, the height of the aste stack, and the shear strength of the waste forms. The 
methodology for estimation of waste element solubilities and storage room conductivity is 
described in Appffldr B, Section B.21. 

Discussion of Re~s of Human Intrusion Scenarios 

For each engineered alternative, the Design Analysis Model was used to calculate measures 
of relative performance for each of the three human intrusion scenarios. Two measures of 
relative effectiveness were calculated for each alternative/scenario pair; one based on the slow 
release of contaminated brine, and one that sums the slow release of contaminated brine with 
the contribution from the removal of drill cuttings. The results of these calculations are shown 
in Table 4-2. 

Of the three scenarios considered, the Castile Brine scenario (E1) releases the largest volume 
of contaminated brine. This is caused by the slow migration of a potentially large volume of 
brine from the Castile Formation up the borehole, through the storage room, and on up to the 
Culebra Dolomite. The immediate release of drill cuttings to the surface causes a change in 
the Measure of Relative Effectiveness (MRE) only in the third or fourth decimal place which 
is why the pairs of values for the E1 scenario in Table 4-2 are similar. (The MRE is 
calculated by dividing the Measure of Effectiveness for the alternative by the Measure of 
Effectiveness for the baseline case; an MRE greater than one indicates a decrease in 
performance and a MRE less than one indicates an increase in performance relative to the 
baseline case). 
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TABLE 4-2 

MEASURE OF RELATIVE EFFECTIVENESS RESULTS 
WITHOUT CUTTINGS AND MEASURE OF RELATIVE 

EFFECTIVENESS RESULTS WITH CUTTINGS 
FOR THE E1, E2, AND E1 E2 SCENARIOS 

DESIGN E1 E2 E1E2 

'(~ 
BASELINE 1.00(a) 1.00(a) 1.00(a) 

1.00(b) 1.00(b) 1.00(b) 

ALTERNATIVE 1 0.40(a) 0.96(a) 6.4x10-'(a) 
0.40(b) 0.96(b) 8.3x10""(b) 

ALTERNATIVE 2 0.38(a) 0.92(a) 4.7x10""(a) 
0.38(b) 0.90(b) ~.5x10'{b) ., 

ALTERNATIVE 3 0.27(a) 2.1x10"2(a) .1x10-5(a) 
-'Ml 0.27(b) 2. ax 1 0·2(b) 2.1x10""(b) 

ALTERNATIVE 4 0.55(a) 1.21(•)( 2.0x1 O""(a) 
0.56(b) 1.19(b) 5.0x10""(b) 

ALTERNATIVE 5 0.39(a) 

f>. 
3.6x10"2(a) 2.1x10-a(a) 

0.39(b) 4. 7x 10·2(b) 2.9x10""(b) 

id! 

4.4x10·2(a) 3.4x1 o-s(a) ALTERNATIVE 6 0.25(a) 
.. 0.26~ 7.1x10"2(b) 6.6x10""(b) 

!'f ALTERNATIVE 7 3.4x ) 6. 7x10-3(a) 2.8x10-a(a) 
3.5x 0·2(b) 3.3x10·2(b) 5.8x10""(b) 

j ~~ 

ALTERNATIVE 8 D 4.6x10·2(a) 0.14(a) 2.6x10-a(a) 
.,~ 4.9x10·2(b) 0.20(b) 1.5x10-3(b) 

"" ALTERNATIVE 9 2.9x10·2(a) 0.11(a) 3.1x10-7(a) 
3.2x10"2(b) 0.16(b) 1.4x10-3(b) ... 

ALTERNATIVE 10 1.14(a) 2.19(a) 2.0x10"2(a) .. 1.15(b) 2.17(b) 2.1x10·2(b) 

'"' ALTERNATIVE 11 0.66(a) 0.67(a) 0.71 (a) 

.. 0.66(b) 0.66(b) 0.71 (b) 

ALTERNATIVE 12 0.34(a) 0.66(a) 1.1x10-3(a) 
0.34(b) 0.65(b) 1.4x10-3(b) 

··~ 
4.7x10-3(a) 1. 7x1 O""(a) 1.6x10-a(a) ALTERNATIVE 13 

,., 8.2x10-3(b) 9.4x10·2(b) 2.1x10-3(b) 

... ALTERNATIVE 14 0.17(a) 2.7x10·2(a) 1.5x10""(a) 
0.18(b) 9.8x10·2(b) 1.6x10-3(b) 

'"" 
(a)Without drill cuttings. 
(b)With drill cuttings. 
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The use of grout backfill instead of the reference crushed salt backfill in all cases results in 
an improvement in performance as indicated in the relative improvement of Alternative 5 
over 4, Alternative 7 over 6, and Alternative 12 over 11 as shown in Table 4-2. This is most 
clearly demonstrated in the E2 scenario where the consequence is dominated by the release 
of contaminated brine that has accumulated in the storage room during the initial 
repressurization period. The use of a grout backfill results in lower permeability of the 
waste/backfill composite, providing a greater resistance to the flow of contaminated brine 
toward the borehole. 

The greatest relative improvement for the E1 scenario is offered by Alternative 13 which is 
vitrified waste forms placed in nonferrous rectangular containers, thereby eliminating the need 
for backfill. The critical performance parameter for this scenario is the relative contrast in 
hydraulic conductivity between the material filling the borehole (sand and silt) and the material 
filling the storage room (waste and backfill). If the conductivities of these two materials are 
similar, then a significant fraction of the brine flowing up from the Castile will in~ct with the 
waste, but if the conductivity of the materials in the storage room is low relative t the material 
filling the borehole (as it is for Alternatives 7, 8, 9, and 13) then there is littl waste/brine 
interaction. 

The most dramatic improvement in performance for the ~ scenario occurs using 
Alternative 13. A three order of magnitude improvement is p~~cted, with two sets of drill 
cuttings included. However, an improvement =f · ht orders of magnitude is predicted using 
Alternative 13 if the contribution from drill cutting i eglected, indicating that the contribution 
from drill cuttings dominates the release. This tribution can further be reduced by changing 
the initial height of the waste sta~m the reference design of drums stacked three layers 
high (nine feet) to a lower config · n, as demonstrated by Alternatives 11 and 12 where the 
drill cuttings cause a change in e RE only in the fourth decimal place. 

4.3 SUMMARY RESULTS FOR DESIGN ANALYSES 

The results of de · analysis have shown that, if needed, a number of engineered alternatives 
could be implemented to improve the repository long-term performance. The combinations of 
engineered alternatives evaluated by the EATF include alternatives that have varying degrees 
of effectiveness to address possible gas generation and future inadvertent human intrusion 
scenarios. However, the exact choice of an engineered alternative can only be determined 
after the extent of the problem and the degree of effectiveness required, have been identified 
by the performance assessment studies. 

Table 4-3 summarizes the interpretations of the EA TF regarding the effectiveness of 14 
combinations of engineered alternatives in addressing gas generation issues and three human 
intrusion scenarios. 

The effectiveness of an alternative for addressing gas generation has been summarized in 
terms of the effect of an alternative on the peak index pressure, and its effect on the gas 
generation rates by either microbiaVradiolytic processes or by anoxic corrosion. If the peak 
index pressures due to an alternative (as estimated by the Design Analysis Model) do not 
exceed the lithostatic pressure, then the alternative is considered to be effective, and assigned 
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a blank circle in Table 4-3. On the contrary, if the peak index pressure exceeds the lithostatic 
pressure, the alternative is considered to be ineffective, and is assigned a dark circle in 
Table 4-3. 

As an example, from the results of the Design Analysis Model, the peak index pressures due 
to Alternative 2 exceed the lithostatic pressure and therefore this alternative is assigned a dark 
circle in Table 4-3. Similarly, Alternative 4 which does not exceed the lithostatic pressure, is 
assigned a blank circle for its effectiveness for addressing peak index pressure. 

The effect of an alternative on the gas generation rates has been summarized in Table 4-3 
based on the knowledge of processes involved in these alternatives. An alternative is 
considered to be effective for addressing gas generation rate from a given mechanism, if it is 
expected to reduce the generation rates to near zero (i.e., it practically eliminates the potential 
for gas generation from that mechanism}. This is denoted by a blank circle in Table 4-3. 
Similarly, if an alternative reduces the gas generation rate but does not completely eliminate 
it, it is considered to be partially effective (denoted by a shaded circle inT Tl 4-3}. An 
alternative which is not expected to have any effect on the generation s is termed 
ineffective, and assigned a dark circle in Table 4-3 . 

As an example, Alternative 6 which incinerates and vitrifies thefoli organics, and vitrifies the 
sludges, practically eliminates gas generation from microbiaVra · ic processes, and reduces 
generates rates from this mechanism to zero. Therefore it · assigned a blank circle in 
Table 4-3 for addressing gas generation rates from microbiaV diolytic processes. However, 
the melting of metals into ingots (as done in Alt~r ative 6} does not elimi.nate metals from the 
inventory, but helps to reduce the rate of gas neration from anoxic corrosion. This is 
denoted by a shaded circle in Table 4-3. Si , supercompaction of the waste has no 
effect on the gas generation rate, and is there re assigned a dark circle in Table 4-3. 

The apparent inconsistency be~ predicted peak index pressures and predicted effect on 
gas generation rates is a fu cti n of the simplifying assumptions inherent in model 
development. The Design Anal is Model includes various assumptions about gas generation 
rates from was~tms, creep closure rates, brine inflow, coupling of brine inflow and anoxic 
corrosion, and o response to gas pressure. These assumptions are based on data about 
WIPP available e time of model development, with almost all of the data obtained from 
SNL publication . Although these assumptions are reasonable at this point in time, they may 
change as ongoing experimental and modeling activities continue to provide additional data. 
If and when such revised assumptions are necessary, the Design Analysis Model can be 
updated to incorporate the new assumptions. 

Table 4-3 also summarizes the effectiveness of the 14 alternatives in addressing the three 
hypothetical human intrusion scenarios. The summary is based on the results obtained by the 
Design Analysis Model for the MRE of an alternative for these scenarios. As explained in 
Section 4.2, the MRE of an alternative needs to be less than 1 to signify an improvement in 
performance relative to the baseline design. Thereafter, the performance progressively 
improves as the MRE approaches zero. Although any value of MRE less than 1 signifies an 
improvement, the EATF has used a conservative upper limit of 0.5 for rating an alternative 
partially effective (denoted by a shaded circle}. If the MRE is greater than 0.5 for a given 
scenario, the alternative is considered to be ineffective for addressing that particular scenario, 
and is assigned a dark circle in Table 4-3. Similarly, an MRE of less than 0.05 has been 
used to classify an alternative to be most effective (denoted by a blank circle in Table 4-3). 
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TABLE 4-3 

INTERPRETATION OF THE RESULTS OF THE DESIGN ANALYSIS MODEL 

ALTERNATIVE DESCRIPTION ALTERNATIVE EFFECTIVENESS 
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E Organics :::> z 

1 AR S&C 

2 CMT S&C 

3 CMT S&C 
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6 VTR l&V 

7 VTR l&V 
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As an example, Alternative 7 is effective for all three intrusion scenarios, and is assigned a 
blank circle under each column. In contrast, Alternative 1 which is partially effective for 
scenario E1, effective for E1 E2, and is ineffective for E2, is assigned a shaded circle, a blank 
circle, and a dark circle under the respective columns. As with predictions of effectiveness 
for addressing gas generation, the reader should be cautioned that the results of the Design 
Analysis Model for human intrusion scenarios are also influenced by the assumptions inherent 
in model development. 

Table 4-3 provides the reader with matrix, that can be used as a ready reference for 
comparing the relative effectiveness of 14 combinations of engineered alternatives for 
addressing both gas generation and human intrusion issues. If a problem is identified by 
performance assessment, Table 4-3 will help focus the choice to a small group of alternatives. 
As an example, if performance assessment determines that merely reducing gas generation 
rates will help demonstrate compliance, then either one of Alternatives 1, 2, or 3 would be 
sufficient, and there would be no need for any Level Ill combinations. Alternatively, if it is 
determined that it is necessary to eliminate gas generation of any kind in order to demonstrate 
compliance, then the choice of alternatives would be limited to Alternatives49, and 13. 
Similar logic can be applied to the human intrusion scenarios to arrive at a set f alternatives 
sufficient to address any problems identified by performance assessment. 

It should be noted that although Table 4-3 provides compr=sive information about the 
effectiveness of engineered alternatives, it cannot be used to d rmine the final choice of an 
alternative, because it does not distinguish between the alte tives regarding the feasibility 
of implementing them. Once a group of alternatives have been identified that have the 
minimum effectiveness necessary to address th~ent of the problem, a comparison of their 
overall feasibility is required to arrive at a conclusion. The subsequent sections 
(Sections 5.0 through 8.0) provide a detailed C:liscussion of the feasibility of implementing 
engineered alternatives with resr< to various Issues. 

D 
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5.0 OVERVIEW OF FEASIBILITY EVALUATION 
OF ENGINEERED ALTERNATIVES 

In addition to assessing the effectiveness of various engineered alternatives, the EATF has 
also evaluated the feasibility of implementing each combination of alternatives presented in 
Table 1-2. 

5.1 TYPES OF ENGINEERED ALTERNATIVES EVALUATED 

The engineered alternatives evaluated by the EATF for feasibility of implementation have been 
classified into three categories: 

• Waste treatment alternatives 
• Backfill alternatives 
• Other engineered alternatives. 

Modifications to waste container material or shape have i: discussed under "Other 
Engineered Alternatives." Waste treatment alternatives are th ost complex to implement, 
and require construction of specialized facilities or use of xisting facilities in order to 
implement the alternative. Therefore the EATF has focused a substantial part of its feasibility 
evaluation efforts in assessing the feasibility of ~e treatment alternatives. 

The remainder of this section identifies the critJ;;_ ~gainst which the feasibility of alternatives 
has been evaluated. Section 6.~usses the feasibility of waste treatment alternatives, and 
Sections 7.0 and 8.0 discuss thr•"f'sibility of backfill and other alternatives, respectively. 

5.2 CRITERIA FOR EVALUATION OF FEASIBILITY 

The feasibility i plementing waste treatment alternatives has been evaluated relative to 
four criteria: av !ability of technology, regulatory issues, cost, and schedule. The Program 
Plan for Engineered Alternatives (Hunt, A., 1990) identified the following critical issues requiring 
investigation: 

• Status of Development - The technology must have the potential for full scale 
demonstration in order to be considered a viable option 

• 

• 

• 

Existing capacity versus treatment need - The usable capacity of treatment of 
TAU waste will be considered 

Regulatory constraints to implementation - Issues such as extended permit cycles 
and transportation 

Institutional constraints to implementation - Issues such as local waste treatment 
facility restrictions 
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Estimate of implementation costs - Cost effectiveness of the treatment 

Implementation schedules - Timeliness of treatment relative to overall program 
schedules 

Potential facility locations 

Worker, general public, and environmental safety - Comparison of the risks of 
processing existing waste or changes in waste generating processes at the DOE 
sites, with transport of untreated wastes to WIPP. 

The feasibility of implementing backfill or other engineered alternatives (waste management 
changes, facility design modifications, and passive surface markers) has been evaluated by 
using the following information: ~ 

• Status of development of technology I 
• Regulatory considerations 
• Cost and schedule for full-scale implementation. C 

In addition to assessing the effectiveness of various engineerL" alternatives, the EA TF has 
also evaluated the feasibility of implementing ea'/\. combination of alternatives presented in 
Table 1-2. r 

D 
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6.0 FEASIBILITY OF IMPLEMENTING WASTE TREATMENT ALTERNATIVES 

6.1 INTRODUCTION 

The EA TF developed the following categories for assessing the feasibility of implementation 
of waste treatment alternatives based on criteria identified in the Program Plan for Engineered 
Alternatives (Hunt A., 1990): 

• Development Status of Waste Treatment Technologies (Section 6.3.1} 
• Location of Stored Waste and Waste Generation Rates by Site (Section 6.3.2) 
• Tabulation of Existing Treatment Capacity (Section 6.3.3) 
• Waste Treatment Cost Estimates (Section 6.3.4) 
• Implementation Schedule (Section 6.3.5) 
• Regulatory Considerations (Section 6.3.6) 
• Worker, General Public and Environmental Risk Assessment (~n 6.3. 7). 

The data collected for each of these categories has a dual function. First, the dJa collectively 
form the basis for selecting a potential treatment technology. ~de-offs of effectiveness on 
improving repository performance are qualitatively weighte elative to cost, schedule, 
regulatory concerns, and health effects. Once the treatment s selected the data are then 
used in the site selection process Location of wastes, cost o treatment, transportation cost 
and risk, and permitting constraints are all con~red for selecting location and quantity of 
treatment facilities. r 
The EA TF collected data for ~categories noted above, and has computed additional 
information required to draw liminary conclusions regarding feasibility of selected 
alternatives. It should be noted ha requirements of some parameters in assessing feasibility 
(e.g., maturity of some technologies) and facility siting (e.g., characterization of waste) are not 
quantifiable at ~me and qualitative assessments are made in accordance with the EATF 
program plan (, t' A., 1990). 

6.2 WASTE TREATMENT FACILITY DESCRIPTION 

Waste treatment requires a facility that consists of process operations (e.g., shredder, 
incinerator, solidification systems} and support functions. Support functions for waste treatment 
include administration, maintenance, receiving, shipping, storage, etc. This section provides 
a brief description of such waste treatment facility components and the specific treatment 
operations required to treat the waste. 

6.2.1 Generic Components of a Waste Treatment Facility 

Facility structures and systems required to support the waste treatment operations are major 
contributors to the overall facility cost and schedule. Figure 6-1 depicts typical elements of 
a waste treatment facility. The elements common to most waste treatment facilities, 
independent of the treatment process, are below. 
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6.2.1.1 Unloading Bay 

This area provides space for unloading trucks carrying the TRUPACT-11 or other authorized 
packages that are used to transport TAU waste to the waste treatment facility. 

6.2.1.2 Receiving Bay 

This area provides space and equipment for unloading waste containers from the shipping 
packages, inspecting the waste containers and the interior of the shipping package for surface 
contamination, and preparing the waste containers for temporary storage. All areas that 
contain TAU waste will be maintained at negative pressure relative to the exterior of the 
building. This assures that, in the unlikely event of radioactive contamination of a portion of 
the facility, contamination will be contained. 

6.2.1.3 Waste Storage Area ~ 

This area is storage space for incoming waste. The purpose of maintaining a btored waste 
inventory at the facility is to provide efficient flow of waste into~ waste treatment area. 

6.2.1.4 Incoming Waste Inspection Area r 
The heterogeneity of the incoming TAU w~asforms suggests that some inspection or 
confirmation may be required to assure that the a e contents are appropriate for the specific 
waste treatment being conducted at the facili . Therefore non-destructive testing may be 
conducted before the waste is t~n erred to the waste treatment area. Testing might consist 
of real-time radiography, radion i assays, and weighing of the waste, as well as verifying 
transportation records. 

6.2.1.5 Waste T 

This area serve the loading point for waste entering the waste treatment area. The waste 
transfer area will either be an airlock, or have an airlock between itself and the waste 
treatment area. The airlock serves as a barrier between clean areas of the facility and 
potentially contaminated areas. If sampling of waste is required prior to treatment, this area 
could meet these needs. 

6.2.1.6 Support Functions 

These functions consist of administration, health physics, change areas, communications, and 
any special function required by the specific facility. 

6.2.1. 7 Facility Structure 

A building will be required to house the waste treatment systems and supporting elements. 
Portions of the building, such as the waste treatment and receiving and loading areas, will 
probably require multi-story construction to accommodate equipment and operations. Roads, 
parking, fences, and utility supplies complete the facility. The building would be designed and 
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constructed to meet the requirements of DOE Order 6430.1A, General Design Criteria (DOE, 
1987b), which includes an assessment of the hazard level of operation. It is expected that 
the facility will be considered a medium or high hazard facility as defined by this order. 

6.2.2 Waste Treatment Ocerations 

Treatment operations, such as incineration, shredding, cementation, and vitrification, together 
with ancillary equipment such as off-gas systems, material hoppers, instrumentation and 
controls, and the supporting structures, represent the waste treatment portion of the facility. 
This area will be maintained at a negative pressure relative to other areas of the facility 
containing TAU waste. This area could be used for sampling or testing of processed waste 
forms. 

The waste treatment alternatives considered feasible by the EATF result in~ s'x b sic waste 
form products: glass or concrete monoliths, compacted or shredded waste, m ingots, and 
the unprocessed waste form with pH buffers. The treatment operations neede to produce 
these basic products are: 

• Vitrification 
• Cement or grout 
• Compaction 

( 
• Shred (typically will precede other p.l'i tments) 
• Incineration 
• Melt metals 
• Add pH buffers. 0 

A treatment operation consists of ~h~ process equipment needed to produce the waste forms 
listed above, as well as support systems and structures directly associated with the particular 
treatment operatir:J 

Figure 6-2 showUe treatment operations associated with each waste treatment alternative 
considered feasible by the EATF. One or more treatment operations are generally required 
to produce each waste form. For instance, a cemented waste form might require shredding, 
incineration, and cementation if the waste specification requires elimination of organics and 
solidification of the waste. These treatment operations, together with appropriate support 
elements, constitute the facility required to process TRU waste into the desired waste form. 
The facilities evaluated by the EATF include treatment operations capable of producing the 
following waste forms: 

• Shred and cement solid organics 
• Incinerate and cement solid organics 
• Incinerate and vitrify solid organics 
• Shred and cement solid inorganics 
• Melt metals into TRU ingots 
• Melt metals and eliminate from WIPP inventory (vitrified slag will be shipped to 

WIPP) 
• Cement sludges 
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WASTE TREATMENTS 

Sludges 

VITRIACATION 

CEMENTATION • 
ADD pH BUFFERS 

Solid Organics 

COMPACTION 

SHRED AND CEMENTAllON • • 
SHRED, ADD SALT, COM~~ • • 
SHRED AND ADD BENTON • 
INCINERA llON AND CEMENTA llON • • • 
INCINEFAND vim1F1CATION • • • 
ADD pH BU ERS 

Solid lnorganlcs 

SHRED AND COMPACTION • • 
SHRED AND CEMENTAllON • • 
SHRED, ADD SALT, COMPACTION • • 
VITRIFICATION 

1 • • 
MELTMETALS* 2 • 
SHRED AND ADD BENTONITE • 
ADD pH BUFFERS 

DECONTAMINATE METALS 3 • • 
1 Metals are Melted with Glass/Glass Frlt; Radlonuclldes Partition Into the Slag 

and Metals are Eliminated from the WIPP Inventory 

2 Metals are Melted Into TRU Waste Ingots 

3 Solidify Process Residue by Cementadon 

FIGURE 6-2 
TREATMENT OPERATIONS 
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• Vitrify sludges 
• Decontaminated metal residue solidification. 

6.2.2.1 Heating. Ventilation. and Air Conditioning (HVACl Systems 

HVAC systems control air flow and maintain temperature and negative pressure in all parts 
of the facility. These systems include high-efficiency particulate air (HEPA) filters to prevent 
TRU radionuclides from leaving the building with the ventilation air. 

6.2.2.2 Control and Monitoring Systems 

These systems include fire protection 
physical security, confinement control, 
systems. 

6.2.2.3 Control Room 

and alarms, radioactive contamination monitoring, 
utlnty instrumentation and control, 1 computer 

Treatment processes may be controlled through a single cont~om, or individual control 
stations. For the more complex operations, waste treatment wi·rp~bably be controlled via a 
central control room computer with local control OP-tions. 

6.2.2.4 Processed Waste Inspection P.. 
After the waste has been treat~is moved into an inspection area where it will be non
destructively tested or sampled to ure that adequate treatment has taken place. Waste will 
be certified for shipment to WIP in the processed waste inspection area. 

6.2.2.5 P~aste Loading 

This area is si~to the unloading and receiving bays. The waste containers will be 
prepared for loading (such as bundling drums into a seven-pack array) and loaded into the 
shipping packages. 

6.2.2.6 Decontamination and Maintenance 

Equipment used to handle and treat the waste will require periodic maintenance and/or 
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decontamination. This area of the facility serves as a decontamination and repair or , '' 
maintenance function, and may consist of remote operations including a highbay area for .... 
maintaining large equipment. 

6.2.2. 7 Laboratory 

Periodic sampling and analysis of incoming or outgoing waste will be conducted at the facility. 
A laboratory is necessary for analysis of the samples for certification purposes. 

WP:EATF.1991 :R-177~ 6-6 

.. ~ 



,.,.. 

"'' 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

6.2.2.8 Materials Storage Area 

Waste treatment may require bulk quantities of Portland cement, glass frit, or other materials 
associated with the process. This area will store and provide these materials to the waste 
treatment area A separate area may also be reserved for spare parts, lubricating oils, and 
other materials and equipment as may be needed to support day-to-day operations. 

6.2.2.9 Utilities 

This function will be spread throughout the facility, and consists of: electrical, heating and 
cooling, water supply, emergency power, sanitary sewage systems; and process-related utilities 
such as emergency showers and personnel radiation detection. Recycling of wastewater may 
also occur within this function. 

6.3 FACTORS CONSIDERED IN IMPLEMENTING TREATMENT ALTERNATl\l 

6.3.1 Development Status of Waste Treatment Technologies 

The waste treatment alternatives recommended by the EAT.~or inclusion in the WIPP 
Experimental Program (DOE, 1990b) range from relatively si le operations, such as the 
addition of pH buffering materials to the waste, to the m re complex waste treatment 
technologies, such as vitrification or incinerat1i1~ While most of these alternatives are 
technologically feasible, others will require deve~.ent for application to TRU waste. 

This section presents the deve~op ent status of the technologies necessary to produce the 
combinations of waste forms ribed in Table 1-2, as well as the status for all the 
technologies necessary to prod e e waste forms recommended by the EATF. 

6.3.1.1 Vitrificati 

A small comm · I glass furnace has been tested at Mound Laboratories (Mound) for 
application to nuclear power plant solid wastes. It has been used for the demonstration of the 
incineration/classification of combustible wastes, ion exchange resins, filter cartridges, and 
sludges (Klingler and Armstrong, 1986). 

Microwave melting of sludge wastes is another method of generating a vitrified waste form. 
Microwave systems are being tested at Rocky Flats Plant (RFP) (Petersen et al., 1988) and 
Oak Ridge National Laboratory (ORNL) (White et al., 1989). These vitrification systems 
appear to be viable technologies, but additional development will be required before operation 
of full scale systems is possible, since test have been run on only TRU waste analogs. 
Development here is primarily a function of scale up of existing equipment, as well as feed 
preparation, metering, and control of radioactive materials. 
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6.3.1.2 Incineration 

EPA considers incineration a demonstrated technology for hazardous waste. Incineration has 
also been demonstrated internationally for radioactive applications, but the practical application 
to TRU waste has been limited in the U.S. 

DOE has used incineration for volume reduction of low level wastes in a number of locations, 
such as the Waste Experimental Reduction Facility (WERF) at Idaho National Engineering 
Laboratory (INEL) (McFee and Gillins, 1986) and an incinerator at the ORNL K-25 facility 
(Kroll and Rogers, 1989). A commercial low level waste incinerator is accepting waste at 
ORNL (Dalton and Arrowsmith, 1990). The Los Alamos National Laboratory (LANL) Controlled 
Air Incinerator (CAI) has been used for demonstrating TRU waste incineration since 1976, but 
is currently not operating due to mechanical system upgrades and regulatory issues (Vavruska 
et al., 1989). The CAI has a capacity of 45 kilograms per hour and is desig~ process 
liquid and packaged solid waste that is low in solid inorganic content. I 
In summary, hazardous and low level waste incineration are well developed technologies. 
However, DOE does not currently have an operable TRU wa~ incinerator due to either 
technical or regulatory factors. r 
6.3.1.3 Cementation 

Cementation to stabilize or solidify materials is _/\.II demonstrated technology for both low 
level waste and certain TRU wastes. Types of fe.:entation agents vary somewhat, and are 
dependent on the material to ~lidified. Similarly, the capacities of the demonstrated 
systems range from simple "in-d operations in which waste and solidification agents are 
mixed and solidified in the final disposal package, to large continuous operation systems. 
However, the longevity of cemented waste forms in the WIPP environment is uncertain and 
will require addi~I studies and modeling for confirmation of applicability. The EATF 
assembled a pan I cement experts who suggested that properly formulated cemented waste 
forms will probab be durable for long periods of time. The details of the panel deliberations 
can be found in the report of the Cement/Grout Panel, in Appendix G. 

The United Kingdom Atomic Energy Authority has selected cementation as the process for 
treating stored intermediate-level wastes, which include TRU waste (Lee and Wilding, 1989). 
In Sweden, metallic low level waste has been solidified in Envirostone, a commercial product 
using gypsum with an organic binder (Sjoblom et al., 1985). The EA TF has found 21 separate 
applications of cementation used by DOE for either low level or TRU waste solidification (IT 
Corp., 1989). There are several commercial suppliers of radioactive waste cementation 
systems and at least one cementation service available to commercial nuclear power plants. 
Cementation is a well developed technology, with the only drawback being uncertainty of the 
long term effects of the WIPP environment on cementitious materials. 

6.3.1.4 Shredding 

Shredding technology is fully demonstrated, and commercially available shredders can be 
incorporated into facilities designed for TRU waste handling. Many of the proposed waste 
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treatment technologies either require or can be enhanced if preceded by shredding. Similarly, 
the alternative of the addition of pH buffers to waste packages would be enhanced if preceded 
by shredding. 

6.3.1.5 Melting Metals 

Scrap metal melting is an integral part of steel industry practice worldwide. Some melting 
techniques, such as induction heating, may be particularly suitable for melting TAU 
contaminated metals. A plasma process, which melts materials using heat from a plasma 
furnace, is in the demonstration stage (MSE Inc., 1989) and may be useful for melting metal 
wastes mixed with glass, combustibles, soils, and other materials. Metal melting experimental 
efforts at ORNL (Heshmatpour et al., 1983) have produced partition factors (mass of 
radionuclide in slag/mass of radionuclides originally in metal) which allow reclassification of 
metals as low level waste. In general, the application of melting metals as a waste treatment 
will require some engineering development for scale up, application to specific J¥f10s of metals 
and containment of radioactive components. I 
6.3.1.6 Compaction 

Waste compactors are available from commercial suppliers. ~ EATF has identified three 
DOE compactor programs and several others appear to be in ~~e planning phase. Low level 
waste compactors exist at the INEL (Gillins ii Larsen, 1987) and at the West Valley 
Demonstration Project (WVDP) (Frank et al., 19 The Supercompaction and Repackaging 
Facility (SaRF) at RFP is the first permanent i stallation for TAU waste in the United States 
(Barthel, 1988). A commercial l~evel waste supercompactor is in operation at ORNL and 
mobile compactor services exist f nuclear power plants (Jessop, 1989). Waste compaction 
is a developed technology. 

n 

The use of poly s or bitumen to encapsulate radioactive waste is a relatively straightforward 
process. Encapsulation of radioactive waste in bitumen has been used by Duke Power 
Company (Jones et al., 1985). Low level radioactive waste encapsulation, using polyester as 
the encapsulation medium, has been developed in the United States (Dillman et al., 1985). 
Encapsulation of low and medium level waste in epoxy resins is being used in France 
(Gauthey, 1989). Although this alternative is a technologically proven waste solidification 
process. it has the potential for increasing biological and radiolvtic gas generation due to 
addition of large quantities of organic binder materials, and is therefore not being 
recommended for TAU waste treatment at the present time. 

6.3.1.8 Adding pH Buffers 

The addition of pH buffers, such as cement, lime, or activated alumina is a relatively simple 
process in comparison to other waste treatment alternatives. Pre-shredding may prove 
beneficial to the mixing process. The shredding, solids metering, and mixing steps required 
for this operation are commercially practiced in non-radioactive waste operations and are 
therefore, judged to be well developed for TAU waste application. 
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6.3.1.9 Changing Waste Container Material or Shape 

These alternatives require selection of new materials and/or designation of new waste 
container shapes. The choice of material depends on the characteristics considered desirable 
(e.g., low gas generation, structural integrity, and efficient packing geometry). Copper-based 
waste container materials have been investigated and found feasible for use in basalt and tuff 
repositories in the U.S. Civilian Radioactive Waste Management Program (Gause and 
Abraham, 1987). Container materials such as copper alloys, titanium alloys, or fiber reinforced 
concrete may be suitable as TRU waste packages. Technological development is not required 
to produce various container shapes, such as square or hexagonal containers. The specific 
manufacturing techniques will depend on the material and shape chosen. 

An expert panel was convened by the EATF to identify and evaluate altem tive waste 
container materials that would not generate gas in the WIPP environme , and can be 
fabricated to the requirements of waste transportation handling. The results of the panel 
deliberations are provided in the "Report of the Waste Container Materia s Panel" in 
Appendix H. 

6.3.1.1 O Metal Decontamination 

Decontamination technology for converting me~tl TRU waste to low level waste has been 
extensively studied at Pacific Northwest Labor (Allen and Hazelton, 1985). Several 
processes are available to decontaminate TAU aste forms to LLW. These processes include 
electropolishing, hand scrubbin~emical washes/sprays, strippable coatings, and Freon 
spray-cleaning (Allen and Hazelt , 1985). Electropolishing and vibratory finishing techniques 
are proven effective in deconta inatmg TRU wastes to levels below standards defining TRU 
waste (Allen, et al. 1982). In fact, at the time these decontamination techniques were studied, 
the 1 O nCi/g lim:p.· lied to TRU waste. Electropolishing will remove TRU contamination from 
all metals with e exception of those that form highly insulating oxides such as Zircaloy 
(Allen, et al., 19 . Vibratory finishing will remove TRU contamination from almost all classes 
of metals and alloys and from a wide range of surface-contaminated nonmetallic TRU waste 
including plastic, glass, and rubber (Allen, et al. 1982). 

The obvious benefit of decontamination is that metals can be removed from the WIPP waste 
inventory, thus eliminating any anoxic corrosion potential. Decontamination processes can 
reduce TRU metals into LLW. These processes generate a secondary waste in the form of 
an aqueous rinsing solution which may also contain some solids. These contaminated liquids 
would require some form of solidification treatment, such as cementation. 

6.3.2 Location of Waste and Waste Generation Rates 

Transuranic waste is stored and/or generated at 1 O major DOE sites nationwide. The data 
for location and quantity of newly generated waste and data on waste currently in storage at 
each TRU waste generating or storage site has been extracted from the DOE Inventories, 
Projections and Characteristics Data Base (also referred to as IDB, 1988) (DOE, 1988c). This 
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version of the IDB, 1988 has been used by the EATF because it is the last version which 
reports uncompacted RFP wastes. 

Transuranic waste at the DOE sites consists of: solid organics, combustibles, sludges, filters, 
non-combustibles, construction materials, and other miscellaneous materials. Sludges, solid 
organics, and glass and metals (solid inorganics) comprise approximately 85 percent by 
volume of the total TRU waste inventory. The remaining 15 percent of the inventory has been 
sorted into one of the three primary categories for the purposes of EATF work. Table 6-1 
shows the quantities of waste currently stored at INEL, Hanford, LANL, Savannah River Site 
(SRS), ORNL and Nevada Test Site (NTS) plus the projected quantities expected to be 
generated during the next 26 years at these and other generator sites (DOE, 1988c). 
Table 6-2 shows the WIPP average annual expected emplacement rates (based on 
unprocessed wastes). The emplacement rates are based on Table 6-1 quantities, a five year 
WIPP test phase during which small quantities (EATF assumed 5 percent) of waste will be 
emplaced, plus a 20 year emplacement period during which the remainder of..Jt' production 
quantities of waste will be emplaced. I 
6.3.3 Current or Planned DOE Waste Treatment Capacity 

Waste shipped to the WIPP must comply with the requirem <of the Waste Acceptance 
Criteria (WAC) (DOE, 19891) which delineate the requirement~~ acceptance of TRU waste 
for emplacement and disposal in WIPP. Som~f the DOE waste generation and storage 
sites have responded to these requirements by b "lding (or by planning to build) inspection 
and limited processing facilities for the purp of certifying TRU waste to WIPP WAC 
requirements. These facilities ~~ not expected to have sufficient capacity should large 
volumes of TRU waste require t e ent. It is, however, possible that one or more of these 
facilities could suffice either as- o with some modifications, for treating small quantities of 
waste. Such a facility could also be considered as the front-end of a larger processing facility. 
Where appropriaEhe EATF has factored existing and planned waste processing facilities into 
the feasibility a aly, is of potential waste treatment alternatives (above what is currently in 
operation or pla to meet WIPP Waste Acceptance Criteria). These facilities are described 
below. 

6.3.3.1 Transuranic Waste Treatment and Storage Facility (TWTSF) 

The TWTSF, located at INEL, is in the conceptual design phase and when built will be 
capable of examining, shredding, compacting and repackaging TAU waste (DOE, 1989a). 
Capacity to examine TAU waste will be the equivalent of 10,000 drums per year. Shredding 
and compaction capacity will be 4,000 cubic meters per year (this includes low level waste). 
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TABLE 6·1 

TRU WASTE QUANTITIES AND LOCATIONS1
• 

2 

FACILITY' SLUDGES SOLID ORGANICS SOLID INORGANIC$ 

RETRIEVABL Y4 NEWLv8 RETRIEVABL Y NEWLY RETRIEVABLY NEWLY 
STORED GENERATED STORED GENERATED STORED GENERATED 

ANL-E 0 44 0 31 0 119 
INEL 9193 479 13852 1007 12518 472 
LANL 2261 2143 1604 2802 3427 3297 
LLNL 0 87 0 2367 r 0 433 
Mound 0 1017 0 60 0 120 
NTS 12 0 353 0 254 0 
ORNL 6 10 350 577 227 375 
Hanford 583 635 4182 4555 5548 6043 
RFP 0 9555 0 17017 0 9828 
SRS 105 563 2242 12055 643 3456 

TOTALS 12160 145;< 22583 40471 22617 24043 

1 Source (DOE, 1 88c). 
2 Quantities shown are in cubic meters. 
3 RFP = Rocky Flats Plant; INEL = Idaho National Engineering Laboratory; Hanford = Hanford 

Site; LANL = Los Alamos National Laboratory; SRS = Savannah River Site; ORNL = Oak 
Ridge National Laboratory; NTS = Nevada Test Site; LLNL = Lawrence Livermore National 
Laboratory; ANL-E = Argonne National Laboratory-East; Mound = Mound Laboratory. 

4 Retrievably Stored = TRU waste in storage generated between 1970 and the end of 1987. 
5 Newly Generated = TRU waste generated from 1988 through the end of 2013. 
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TABLE 6-2 

AVERAGE ANNUAL UNPROCESSED TRU WASTE 
EMPLACEMENT QUANTITIES1

• z. 3 

FACILITY' SLUDGES SOLID ORGANICS SOLID INORGANIC$ 

RETRIEVABL Y6 NEWLVC' RETRIEVABL Y NEWLY RETRIEVABL Y NEWLY 
STORED GENERATED STORED GENERATED STORED GENERATED 

ANL-E 0 2 0 1 0 

1 
1 

INEL 437 23 658 48 595 22 
LANL 107 102 76 133 163 157 
LLNL 0 4 0 112 0 21 
Mound 0 48 0 3 r 0 6 
NTS 1 0 17 0 12 0 
ORNL 0 0 17 27 11 18 
Hanford 28 30 

:~ 
216 264 287 

RFP 0 454 808 0 467 
SRS 5 27 573 31 164 

TOTALS 578 6f< 1073 1921 1076 1143 

' Source (DOE, t2c). 
2 Quantities shown are in cubic meters/year. 
3 Annual quantities of emplaced waste are based on a 20 year WIPP operations period. 
" RFP = Rocky Flats Plant; INEL =Idaho National Engineering Laboratory; Hanford= Hanford 

Site; LANL = Los Alamos National Laboratory; SRS = Savannah River Site; ORNL = Oak 
Ridge National Laboratory; NTS = Nevada Test Site; LLNL = Lawrence Livermore National 
Laboratory; ANL-E = Argonne National Laboratory-East; Mound = Mound Laboratory. 

5 Retrievably Stored = TRU waste in storage generated between 1970 and the end of 1987. 
8 Newly Generated = TRU waste generated from 1988 through the end of 2013. 
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6.3.3.2 Waste Receiving and Processing Facility (WRAP) 

The WRAP facility at Hanford is projected to be completed in FY 1999 (DOE, 1987a) and is 
being constructed in two phases, designated Module I and Module II. It is currently scheduled 
to perform non-destructive assay/examination, and process retrievably stored and newly 
generated TRU waste, as needed, for certification and shipment to WIPP. The process 
capabilities will include shredding, grout solidification, and size reduction of oversize boxes of 
waste. The WRAP facility is expected to process approximately 1000 cubic meters of TRU 
waste each year, based on waste processing estimates of 3550 cubic meters of retrievably 
stored waste and 9560 cubic meters of newly generated waste over a thirteen year period 
(DOE, 1987a). 

6.3.3.3 Size Reduction Facility (SRA 

The SRF is an existing prototype facility located at LANL (DOE, 1988a). ~ facility is 
designed to reduce the volume of and repackage various types of metallic waste ntaminated 
with TRU radionuclides. Through FY 1985, a total volume of 88 cubic meters o TRU waste 
has been reduced in volume by a factor of 6.7 to 1, (IT Corp.,~8). 

6.3.3.4 Treatment Development Facility (TOE} r 
The TDF is an existing facility (currently not in oeion) located at LANL and utilizes a dual 
chamber, controlled air incinerator for processin lid organic TRU wastes with a nominal 
capacity of 45 kilograms per hour (Hutchins, 1 ). Ash from the incineration process is 
cemented in drums. 

6.3.3.5 Waste Handlin 

The WHPP will ~ilt at ORNL for the purpose of characterizing, processing, repackaging 
and certifying re o handled and special-case TRU waste located at ORNL and other DOE 
sites (White et a ., 1989). The facility will process both liquid and solid TRU wastes. The 
liquid processing portion of the facility creates sludges that will be solidified by yet-to-be
determined processes. Microwave evaporation-solidification methods are being considered, 
including melt-solidification of the sludges. Facility construction is not expected to start until 
FY 1996. The facility is expected to process approximately 500 cubic meters of solids, 1000 
cubic meters of liquid and sludge over fifteen years, and six cubic meters of newly generated 
solids per year (DOE, 1989d). 

6.3.3.6 Transuranic Waste Facility (lWF) 

The lWF is a proposed facility to be located at SRS (Daugherty et al., 1987). Its purpose 
is to process non-certifiable retrieved waste and newly generated waste. The facility will 
provide capabilities for retrieving stored waste, remote venting/purging of waste drums, real
time radiography and assay of drums, shredding and solidification of selected wastes, and 
repackaging. A small amount of the total waste will be solidified in a small-scale solidification 
glovebox. The total quantity of TRU waste to be handled in the facility is approximately 425 
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cubic meters per year of retrieved waste, and 175 cubic meters of newly generated waste per 
year. The facility is scheduled to be completed in FY 1995. 

6.3.3. 7 Suoercompaction and Reoackaging Facility (SARA 

The SaRF, located at RFP, is designed to process two separate categories of TRU waste. 
Solid organic waste will be precompacted in a 30-ton compactor prior to supercompaction. 
Solid inorganics will be compacted directly in the 2200-ton supercompactor. The SaRF will 
compact approximately 1800 cubic meters per year (Barthel, 1988). The compacted material 
will be overpacked in 55-gallon drums for off-site disposal. 

6.3.3.8 Stored Waste Examination Pilot Plant (SWEPP) 

SWEPP will examine and certify INEL retrievably stored TRU waste for shipment to WIPP. 
Examination of waste containers includes weighing, real time radiographic ex~m· ation, fissile 
inventory examination, container integrity examination and radiological surve (EG&G Idaho, 
Inc., 1982). 

6.3.3.9 Future Use of Planned and Existing Facilities ~ 

A broad variety of waste treatments is represented in Section(s.3.3.1 through 6.3.3.8. At the 
point in time that perfonnance assessment detennines what waste treatment is needed, if any, 
decisions can be made for the most effective P.'f3 of facilities such as those noted above. 
Refer to Section 6.4.6 for more information or subject. 

6.3.4 Waste Treatment Cost 

6.3.4.1 C ital Cost Estimatio 

The EATF ha~uated TRU waste treatment facility costs by relying on published data and 
discussions wi E site personnel knowledgeable of costs for planned and existing facilities. 
Facility costs piled by the EATF are based on the cost estimates for similar facilities that 
will treat waste to Level II and Ill effectiveness. Table 6-3 lists examples of existing and 
planned DOE TRU waste treatment facility cost estimates. This table is intended to give an 
indication of the broad cost range of TRU waste treatment facilities. Factors affecting cost 
estimates are discussed in the following paragraphs, and in detail in Appendix J. 

Preliminary facility costs have been estimated for implementing the fourteen engineered 
alternatives described in Table 1-2. The basis for these cost estimates are the individual 
treatment operation costs in addition to the overall facility cost. The purpose of developing 
separate costs for treatment operations is to faciHtate estimating cost of integrated waste 
treatment facilities which utilize different combinations of treatment operations. The method 
of estimating costs consists of detennining a cost (by literature review) for each treatment 
operation and for the overall facility, and the capacities associated with these costs. The cost 
of the overall facility and each treatment operation can then be scaled with respect to any 
capacity (see Equation 6.4-2). In this manner, capital costs for one through seven facilities 
for each of the fourteen combination alternatives presented in Table 1-2 were determined. 
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TABLE 6-3 

EXISTING AND PLANNED DOE TRU FACILITY COST EXAMPLES 

Facility Capacity Cost Treatment 
Facility' (m3/yrl (Millions, 1990 dollars) 

lWF, SAS 720 181 M 
(Westinghouse, 1990) 

WRAP, Hanford 3850 54 M 
Module 1 
(Kaiser, 1989) 

WRAP, Hanford NA 150 M 
Module'£ 

TWTSF, INEL 5800 137 M 
(DOE, 1989a) 

WHPP', ORNL 100 238 M 
(DOE, 1989d) k TDF, LANL 850 
(Hutchins, 1990) r SaRF 1800 SM 
(Barthel, 1988) 

SWEPP, INEL D 4100 7M 
(DOE, 1982) 

1 For complete facility descriptions see Section 6.3.3. 
2For Treatment Level descriptions see Section 3.3.3. 
3Personal communication, Chris Petersen, 1990. 

Level2 

II 

II 

II 

r II 

Ill 

Ill 

II 

NA 

4WHPP is a RH-TAU facility. Cost is included for comparison purposes only. 
NA = Not applicable. 

NOTE: Facifities are intended for CH-TAU waste unless indicated otherwise. 
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Facility costs were escalated to 1990 dollars through the use of equation 6.4-1 and cost 
indices tabulated in Baasel (1990). The EATF assumed that cost escalation factors for 
chemical processing plants are applicable to TRU waste treatment facility cost escalations: 

C 1990 Index Value 
ost, year 1990 = Year n Index Value X Cost, Year n (6.4-1 ). 

Where n = The year in which an expenditure was made for treatment operation equipment 

"Bottom-up" cost estimates which involve specification and costing of all material, equipment 
and services were not prepared for this task. As a result of literature reviews, and discussions 
with personnel at DOE sites, the EATF determined cost estimates for Level II and Ill waste 
process operations. Treatment operations that produce Level II waste forms, such as 
cementation or shredding, are typically less expensive than those needed to produce Level Ill 
waste forms, such as incineration and vitrification. However, when these treat~ operations 
are installed in their respective facilities, the building, alpha containment and su port systems 
costs tend to reduce the cost differential between Level II and Level Ill faciliti . The EATF 
did not factor in triple confinement of plutonium handling faciliti~eddressed in DOE 6430.1 A 
General Design Criteria) in its cost estimates, for the following easons: treatment operation 
costs for existing facilities (which form the basis for EATF co estimates) are computed on 
a double confinement basis; design and number of confineme t barriers is determined on a 
case-by-case basis (DOE, 1987b). {\ 

Facility costs are strongly influenced by capaci~d level of waste treatment. The capacity 
of a facility depends on the w~st orms to be treated, the number of facilities available to 
process the inventory, operati me, and inventory work-off period. Costs have been 
developed for one through e processing facilities (for each facility type required}, 
incorporating the same facility locations and quantities as the EA TF risk assessment 
(Appendix I). Eed above, facility cost is strongly dependent on capacity. Therefore, each 
facility option ~ ui ed designation of a process capacity (for each facility where multiple 
facilities are pr Sect} defined here as percent of total TAU waste generated and stored 
through the year 2013 (DOE, 1988c). 

Table 6-4 presents seven potential options for facility sites. Each siting option shown in the 
Table includes designated waste treatment locations as well as identification of feeder sites 
for each waste processing location. Capital cost for each facility option is based on plant 
capacity. Note that the siting options of Table 6-4 are examples, other choices may also be 
appropriate. For instance, if only one facility were to be built, other sites besides WIPP may 
also be candidates to host a central facility. 

Capacity as noted in Table 6-4 is designated as a percent of the total TAU waste generated 
through 2013 as projected by the IDB, 1988. This capacity is the sum of retrievably stored 
and/or newly generated waste from sites which feed the processing facilities for each of the 
seven options. It should be noted that an attempt was made to match treatment sites and 
waste locations in such a way that preference for treatment facilities is given to la~er waste 
generating or storage sites in oroer to minimize waste transportation. 
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TABLE 6-4 

POTENTIAL WASTE TREATMENT SITES AND WASTE 
DISTRIBUTION SCENARIO FOR 1-7 FACILITIES 

Facility 
Location 

WIPP 

INEL 

SRS 

INEL 
RFP 
WIPP 

INEL 
RFP 
SRS 
Hanford 

INEL 
RFP 
SRS 
Hanford 
WIPP 

DINEL 
RFP 
Hanford 
SRS 
LANL 
WIPP 

INEL 
RFP 
Hanford 
SRS 
LANL 
WIPP 
ORNL 

Treats Waste From: 

All Sites 

Hanford, INEL, LANL 
LLNL, NTS, RFP 
ANL-E, Mound, ORNL, SRS 

Hanford, INEL 
RFP 
LANL, LLNL, NTS, Mound, 
ANL-E ORNL SRS 

INEL, LANL, LLNL, NTS 
RFP 
ANL-E, Mou~nd ORNL, SRS 
Hanford _ 

INEL 

~r-E. Mound, ORNL, SRS 
anford 

LANL LLNL NTS 

INEL 
RFP 
Hanford 
ORNL, SRS 
LANL 
ANL-E. LLNL, Mound, NTS 

INEL 
RFP 
Hanford 
SRS 
LANL 
ANL-E, LLNL, Mound, NTS 
ORNL 

Quantity of Waste 
Treated. Percent 

100.0 

83.9 

16.1 

-;; 
30.0 

41.5 
26.7 
16.0 
15.8 

27.5 
26.7 
16.0 
15.8 
14.0 

27.5 
26.7 
15.8 
15.1 
11.4 
3.5 

27.5 
26.7 
15.8 
14.0 
11.4 
3.5 
1.1 
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Waste work-off periods of five, ten, and twenty years have been considered for each of these 
cases. Continuously operated facilities are assumed to operate 24 hours per day for 240 
days per year, allowing approximately 125 days per year for maintenance. This operation 
criteria is less than that assumed for standard waste processing systems, but due to the 
complexity of maintenance in TAU-contaminated areas, the reduced availability is judged 
appropriate. An exception to this rule is noted in the discussion on operating costs, Section 
6.3.4.2. 

The EA TF has calculated the effect of capacity on published cost data by using an algorithm 
for estimating the cost of similar facilities with different capacities (Baasel, 1990). The 
algorithm was applied as follows: 

where: 

C =Cost of new facility with capacity Q 
c =Cost of existing facility with capacity q 
m =Cost escalation factor (m<1) 

(6.4-2). 

n =Total number of treatment operat:!l. for a specific integrated facility (based on 
the fourteen combination att.ernat/""of Table 1-2). 

This relationship has been used~stimate both treatment operation costs and the overall 
facility cost. If more than one ent operation is required in a single facility, the above 
cost relationship was used toe ·m te the cost of each treatment operation, and these costs 
are added to the overall facility costs. In this way, the EATF has been able to develop rough 
cost estimates ethe waste treatment facilities. Table 6-5 shows the total processing 
capacities of fa liti s needed to treat all waste in five, ten, or twenty year work-off periods. 
An assumption s been made that processing would begin in the year 2000 in order to 
generate the data shown in Table 6-5. 

The EATF also determined the need for minimum facility costs. Minimum facility costs are 
determined to preclude unrealistically low estimates which may be predicted by Equation 6.4-2 
when scaling equipment to a very low design capacity. Low estimates result when the design 
capacity for continuous operation equipment becomes excessively small relative to the basis 
capacity of process operations. 

6.3.4.2 Operating Cost 

The EA TF has developed a method to estimate annual operating costs for continuous and 
batch operated TRU waste treatment facilities. This method is based on an empirical 
relationship between annual operating costs and facility capital costs. A review of literature 
(McKee et al., 1986; Ross, et al., 1982) revealed that annual operating cost for continuous 
operation (24 hours/day, 200 days/year) is approximately 10 percent of facility capital cost. The 
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TABLE 6-5 

TOTAL WASTE TREATMENT FACILITY 
CAPACITY REQUIREMENTS 

(m3/yr) 

THIS TABLE PRESENTS TOTAL PROCESSING CAPACITY OF FACILITIES NEEDED TO TREAT ALL WASTE IN 5, 10, OR 
20 YEARS, BEGINNING IN THE YEAR 2000. 

SITES SOLID ORGANICS SOLID INORGANIC$ SLUDGES TOTAL 

5 YEAR WORK-OFF 

ANL-E 6 4 9 19 
INEL 2972 2598 1934 7504 
LANL 881 1345 881 3107 
LLNL 473 87 17 1 5n 
Mound 12 24 203 239 
NTS 71 51 2 124 
ORNL 185 121 3 309 
Hanford 1747 2318 243 4309 
RFP 3403 1966 1911 7280 
SRS 2859 820 133 3812 
TOTAL 12 611 9332 5338 27280 

.~I 

10 YEAR WOgFF 

ANL-E 3 4 9 
INEL 1486 299 967 3752 

' ~i 

• ,~i 

LANL 441 

~ 
672 440 1553 

LLNL 237 43 9 289 
Mound 6 12 102 120 
NTS 35 25 1 62 
ORNL 93 60 2 155 
Hanford er· 1159 122 2154 
RFP 702 983 956 3640 
SRS 430 410 67 1906 
TOTAL 6305 4666 2669 13640 

20 YEAR WORK-OFF 

ANL-E 2 1 2 5 
INEL 743 650 484 1876 
LANL 220 336 220 7n 
LLNL 118 22 4 144 
Mound 3 6 51 60 
NTS 18 13 1 31 
ORNL 46 30 1 n 
Hanford 437 580 61 10n 
RFP 851 491 478 1820 
SRS 715 205 33 953 !!I, 

TOTAL 3153 2333 1334 6820 
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EATF assumed operation for 240 days per year and thus estimates operating costs at 12 
percent of capital costs. 

Annual operating costs for batch processing facilities are estimated from operational 
requirements. A facility that does not operate continuously (based on capacity requirements) 
is defined as a batch operated facility. The EATF has assumed the minimum operation 
requirements of a batch operated facility to be one 8-hour shift per day, 240 days per year. 
Since operating costs for continuous operation is defined at 12 percent of capital, the annual 
operating costs for batch operated facilities are defined as a minimum of 4 percent of capital 
costs. Actual operating costs will vary between 4 and 12 percent of facility capital costs 
depending on the number of hours operated on a yearly basis, and are factored into costs 
presented in the following section. 

6.3.4.3 Cost Estimate Results 

Results of the EA TF cost study are presented in Table 6-6. The table consists 1":'apital costs 
for one through seven facilities (for each combination alternative) using 5, 1';,f ~nd 20 year 
work-off periods. Operating costs are for the lifetime of ther~ ·ect. The results serve to 
illustrate the relationship between cost and capacity. Results sented in Table 6-6 lead to 
the following observations: 

• Level Ill treatment (thermal) is mor~xpensive than Level II treatment 

• Multiple facilities (total system c~ is constant) are more expensive relative 
to a single large fa(!5' due to the duplication of facility components 

• Cost also varies wiP.e work off period. Capital cost of facilities with a 20 year 
work-off period will cost less than half those with a five year work-off period. 

• Totilroject cost is the sum of capital cost and life cycle operating cost. Life 
cy~perating costs are computed using an average escalation factor of 3.5 
percent per year (Smedley, 1991 ) and a discount rate of 1 0 percent per year 
(Bozik, 1991) to bring future costs into 1990 dollars. 

6.3.5 Implementation Schedules 

Implementation schedules evaluated by the EATF for waste treatment facilities cover facility 
conception through start-up. This schedule can be subdivided into four categories: 
preconstruction, engineering, construction, and start-up. Table 6-7 lists tasks included in each 
category. The EATF has not assigned durations to each task or category because many of 
the tasks overlap, e.g. construction and engineering. 

The schedule factors considered to have the greatest uncertainty are regulatory/compliance 
issues (refer to Section 6.3.6) and budget cycle constraints. The EATF has not attempted to 
quantify the potential for extended permitting or review cycles, or the effect of budgetary 
constraints, but has instead used schedules published for DOE facilities. It should be noted 
that permitting time during various stages of waste processing facility development 
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(preconstruction, engineering, construction, and start-up) can be extensive and difficult to 
quantify. The EATF has assumed that regulatory permitting issues are part of the 
preconstruction period of implementation schedules. 

Table 6-8 provides examples of construction schedules for DOE waste processing facilities. 
The table indicates a relationship between level of treatment and length of the construction 
schedule. These observations have lead the EA TF to conclude that implementation schedules 
for waste treatment alternatives will be influenced by the level of waste treatment (II or Ill) 
required. 

The EATF has concluded that construction alone of a Level II waste treatment facility requires 
between three and four years (refer to Table 6-8). Construction of a Level Ill waste treatment 
facility requires between four and six years. For the purposes of this report, the upper bound 
on construction time for Level Ill treatment is defined by the construction tim~uired for 
High-Level Waste (HLW) treatment facilities (DOE, 1989b). Engineering ta have been 
assumed to overlap with preconstruction and construction activities. 

The time required for pre-construction activities for Level II tref1t nt facilities is assumed to 
be two to three years based on published overall project sch les for the Level II waste 
treatment facilities listed in Table 6-8. On the same basis, e time required for Level Ill 
facility pre-construction activities is assumed to be three to four years. The upper bound for 
pre-construction activities is based on WHPP co.,f\ptual design (DOE, 1989d) which states 
that site characterization activities began in 198~ construction will begin in 1992. 

The duration between completioE construction and full operation start-up is assumed to 
require six months to one year f vel II treatment facilities, and one to two years for Level 
Ill facilities based on DOE TRU d HLW facility schedules summarized in the Environmental 
Restoration and ge Management Five-Year Plan (DOE, 1989b). 

The EATF has d v ped rough estimates of implementation schedules for treatment facilities 
required by the 1 alternatives listed in Table 1-2. Based on the information provided in this 
section, generic estimates of implementation schedules are: 

Level II Waste Treatment 
Level Ill Waste Treatment 

5 - 7 years 
8 - 11 years 

The estimated schedules include pre-construction, engineering, construction, and start-up. 
Schedules presented above are a sum of preconstruction, engineering, construction, and start
up time estimates. No additional time is included for research and development. 

Schedules are influenced by facility size, complexity, and the time required to complete 
preconstruction activities such as permitting, site characterization, and environmental 
assessments. The lower bound of the implementation schedule range applies to single 
treatment operation facilities with low waste treatment capacity, while the upper bound applies 
to multi-treatment operation facilities with higher treatment capacity. 
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~ ,, TABLE 6-6a 

E FACILITY CAPITAL AND ANNUAL OPERATING COST1 ·FIVE YEAR WORKOFF :n 
(Cost In Mllllons) .... 

~ 
~ Combination One Two Three Four Five Six Seven 
:;j Alternatives 
X! 

Facility Facilities Facilities Facilities Facilities Facilities Facilities 

1 Capital Cost ~ 413 444 457 471 484 508 
Annual Operations Cost 47 50 53 55 57 57 58 
Life Cycle Operations Cost 84 89 95 98 101 102 103 
1990 Project Cost 474 502 539 555 572 586 611 

2,3 Capital Cost 443 469 505 519 536 546 569 
Annual Operations Cost 53 

~ 
61 62 64 65 65 

Life Cycle Operations Cost 95 108 112 115 116 117 
1990 Project Cost 538 613 631 651 662 686 

4,5 Capital Cost 871 921 992 1020 1052 1066 1104 
Annual Operations Cost 105 111 119 122 126 128 128 

'l' Life Cycle Operations Cost 187 198 213 219 226 228 230 
~ 1990 Project Cost 1058 1119~205 1239 1278 1294 1334 

6,7 Capital Cost 1178 1246 341 1379 1423 1448 1504 
Annual Operations Cost 141 150 161 166 171 173 174 
Life Cycle Operations Cost 253 268 288 296 306 309 311 
1990 Project Cost 1431 1514 1629 1675 1729 1757 1815 

8,9,13 Capital Cost 1509 1595 1718 1766 1822 1854 1926 8 
Annual Operations Cost 181 191 2~ 212 219 221 222 I!! 
Life Cycle Operations Cost 324 343 369 379 391 396 398 ~ 

;; 
1990 Project Cost 1833 1938 2087 2145 2213 2250 2324 ,, 

11, 12, 14 Capital Cost 260 275 296 305 314 325 344 
~ 
6 

Annual Operations Cost 31 33 36 37 38 38 39 0 
.:" 

Life Cycle Operations Cost 56 59 64 65 67 68 69 ::0 

1990 Project Cost 316 334 360 370 381 393 413 ~ 

~ 
en 

10 Capital Cost 731 773 832 883 901 939 0 
Annual Operations Cost 88 93 100 106 107 108 z 

l'l 
Life Cycle Operations Cost 157 166 179 184 190 192 193 > 
1990 Project Cost 888 939 1011 1040 1073 1093 1132 ,, 

::0 
F 

1 See footnote Table 6-6c. 
.... 
IO 
~ 



:e TABLE 6-6b ,, 
~ FACILITY CAPITAL AND ANNUAL OPERATING COST1 

- TEN YEAR WORKOFF :n (Cost In Mllllons) ... 
:8 ... 
~ Combination One Two Three Four Five Six Seven 
:::t Alternatives Facilitv Facilities Facilities Facilities Facilities Facilities Facilities 
~ 

~ 1 Capital Cost 224 241 248 256 276 302 
Annual Operations Cost 25 27 29 30 31 31 32 
Life Cycle Operations Cost 62 65 70 72 75 75 77 
1990 Project Cost 274 289 311 320 331 351 379 

2,3 Capital Cost 241 255 274 282 291 310 335 
Annual Operations Cost 29 31 33 34 35 35 36 
Life Cycle Operations Cost 70 ~ 80 82 85 86 87 
1990 Project Cost 311 354 364 376 396 422 

4,5 Capital Cost 474 501 539 554 572 601 644 
Annual Operations Cost 57 60 65 67 69 69 71 
Life Cycle Operations Cost 138 146 157 161 166 168 171 

"' 1990 Project Cost 612 647 696 715 738 769 815 
~ 

6,7 Capital Cost 640 677 ~~ 750 773 819 882 
Annual Operations Cost 77 81 90 93 94 96 
Life Cycle Operations Cost 186 197 212 218 225 228 232 
1990 Project Cost 826 874 941 968 998 1047 1114 

8,9,13 Capital Cost 820 867 933 960 990 1049 1130 
8 Annual Operations Cost 98 104 112 115 119 120 123 

Life Cycle Operations Cost 239 252 27~279 288 291 297 ~ 
1990 Project Cost 1059 1119 1205 1239 1278 1340 1427 ;; ,, 

11,12, 14 Capital Cost 141 150 161 166 171 187 207 ~ 

Annual Operations Cost 17 18 19 20 20 21 21 b 

Life Cycle Operations Cost 41 44 47 48 50 50 52 ~ 
1990 Project Cost 182 194 208 214 221 237 259 :ti 

~ 
10 Capital Cost 397 420 452 46~ 480 511 553 c;; 

0 
Annual Operations Cost 48 50 54 5 58 58 60 z 
Life Cycle Operations Cost 115 122 132 135 140 141 144 .!'> 

1990 Project Cost 512 542 584 600 620 652 697 > ,, 
:ti 

1See footnote Table 6-6c 
j= ... 
co 
~ 

~ ~ ~ r ~ 
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TABLE 6-7 

SCHEDULING CONSIDERATION EXAMPLES 

Preconstruction -

Site Characterization 
Feasibility Study 
Environmental Assessment 
Environmental Impact Statement 
Preliminary Safety Analysis 
Applicable Permits 

Engineering -

Conceptual Design 
Preliminary Design 
Title I Design 
Title II Design 
Final Desigp. 

Const~-

r 'Procurement/Fabrication 
Construction 

Start-Up -

Project Management 
Final Safety Analysis Report 

Personnel Training & Qualifications 
Cold Testing 
Hot Start-Up 

6-26 
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TABLE 6-8 

EXAMPLES OF EXISTING AND PLANNED 
DOE FACILITY CONSTRUCTION SCHEDULES 

Facility Capacity 
Facility1 (m3/yr) 

TWF, SAS 720 
(Westinghouse, 1990) 

WRAP, Hanford 
Module 1 
(Kaiser, 1989) 

TWTSF, INEL 
(DOE, 1989a) 

WHPP, ORNL 
(DOE, 1989d) 

3850 

5800 

100 

Construction 
Schedules2 

(years) 

3 

3 

4 

5 

1Complete facility descriptions i~on 6.2 
2Facility construction schedules (DOE, 1989b) 
3For Treatment Level descriptio s see Section 3.3.3 
4RH - Remote-Handled TRU Waste 

Treatment 
Level3 

II 

II 

Ill (RH)4 

NOTE: Faciliti ·()e intended for CH-TAU waste unless indicated otherwise, information on 
RH is intended Vcomparison purposes only. 
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The estimated facility implementation schedules for each of the 14 combination alternatives 
evaluated by the EATF are: 

ALTERNATIVE COMBINATION1 

1See Table 1-2. 

1 
2,3 
4,5 
6,7 

8,9,13 
11,12,14 

10 

6.3.6 Reaulatory Considerations 

IMPLEMENTATION SCHEDULE 
5 - 7 Years 
5 - 7 Years 

8 - 11 Years 
8 - 11 Years 
8 - 11 Years 
5 - 7 Years 
5 - 7 Years 

The permitting and regulatory requirements for new waste treatment facilities, 4 regulatory 
issues governing transportation of wastes to the treatment facility, can have a sig1_ificant effect 
on the overall implementation schedule. The EATF considered state and federal regulations 
that affect the permitting process, as well as the experience of oi projects in various states, 
in determining the influence that the permitting process may h at various locations. The 
EATF found that significant uncertainty exists in regulatory c pliance. Facility permitting 
duration varies with the type of facility (Level II or Ill) being considered and the proposed 
facility location. Table 6-9 presents laws and re~ations that are likely to apply to various 
waste treatments evaluated by the EA TF. r 
6.3. 7 Assessment of Risk 0 
Engineered alternatives involving rre~ment of wastes can be expected to increase some short
term occupational and health-based risk, with some corresponding level of reduction in long
term risk. The ~examined the risks inherent in treating and emplacing differently treated 
wastes at WIPP. total risk of planned operations at WIPP is chosen as the baseline risk. 
This will be ba on waste characteristics as defined by the Waste Acceptance Criteria 
(WAC) and on experience gained with wastes already produced, handled, and characterized 
(DOE, 1989f; Clements and Kudera, 1985). Among the many possible treatments of the 
wastes, a few options are chosen to represent the span of characteristics of treated wastes. 
One of the primary tasks of a comparative risk assessment is to scale all components of the 
total risks to the level of activity required by the different treatment options. 

A risk assessment of the entire WIPP operation over its operating lifetime and the subsequent 
post-closure period includes risks for a variety of different operations, incidents, and accidents. 
Most prominent are those connected with the transportation of the wastes, the corresponding 
handling operations, and the emplacement of the wastes underground. Once a decision 
is made to treat the wastes, the risks of the additional handling and all treatment operations 
have to be included. 

The assessments include transportation and occupational accidents, exposure to radiation 
either due to direct external exposure or incorporation of radioisotopes by the inhalation or 
ingestion route, and exposure to toxic chemical agents mixed in with the wastes. For all 
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TABLE 6-9 

POTENTIAL REGULATORY REQUIREMENTS 

WASTE TREATMENT 

Cementation 

Compaction, Metal Decon 

Thermal Treatments 
Incineration 
Vitrification 
Metal Melting 

Shredding/Sorting 

Addition of pH Buffers 

REGULATORY REQUIREMENTS 

RCRA, HSWA, DOE Orders, NESHAP, NEPA 

RCRA, DOE Orders, NESHAP, NEPA 

RCRA, CAA, CWA1
, TSCA, NESHAP, PSD, 

NAAQS, NSPS, DOE Orders, NEPA 

RCRA, DOE Orders, NESHAP, NEPA 

RCRA, DOE Orders, NESr NEPA 

1 For waste water discharged off;?· 
certain states. r Waste f retained on site may be regulated by 

Definitions 

RCRA - RQ.,rce Conservation and Recoveoy Act of 1976 
HSWA - Hazardous Solid Waste Amendment of 1984 
DOE Orders - Internal DOE Orders. Examples: Radioactive Waste Management, 5820.2A; 

NESHAP 
NEPA 
CAA 
CWA 
TSCA 
PSD 
NAAQS 
NSPS 

General Design Criteria, 6430.1 A. 
- National Emission Standards for Hazardous Air Pollutants 40 CFR Part 61 
- National Environmental Protection Act, 1969 
- Clean Air Act, Air Quality Act and associated state implementation 
- Clean Water Act 
- Toxic Substances Control Act 
- Potential for Significant Deterioration (40 CFR Part 52.21) 
- National Ambient Air Quality Standards 
- New Source Performance Standards 
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these risk components, both routine exposures and exposures under accident conditions are 
discussed, and the corresponding risks to the public and the work force are considered. In 
the long term, the risks to workers involved in the intrusion scenario and to nearby residents 
have to be evaluated. 

Increased handling due to waste treatment, and thus an increase in the work force, leads to 
an increase in the incidence of work-related accidents, resulting in both injuries and fatalities. 
Also, some waste treatments will result in an increase, others in a decrease of the number 
of TRUPACT-11 transports to the WIPP. Transportation risks have the largest number of 
expected fatalities and injuries of all risk components. It is important to keep in mind that 
even for this component consequences are low relative to risks faced by the general 
population. 

The largest risk components of the actual disposal operations, are expectedf:o rise from 
direct irradiations of the work crew, are not expected to be strongly affected by· lamentation 
of engineered alternatives. This simplifying assumption arises from the fact t t the same 
amount of radioactivity has to be handled and emplaced underground, regardless of its 
physical form. In the incident and accident scenarios, howe=, smaller risk components 
should be significantly reduced. This observation holds for acci I exposures to radioactive 
materials and to volatile organic compounds (VOCs). For ra iation exposures, the risk of 
cancer as well as of genetic damages needs to be addressed. For chemical toxicants, the 
risks of both cancer and noncancer health effe~considered. Conservatively, any release 
from WIPP should be assumed to result in e ures of the public. Although strongly 
weakened by surface deposition and filtratio and being further diluted by atmospheric 
dispersion, there are small risks ~e public near the installation, risks that are expected to 
be substantially reduced by treatr~t of the wastes. 

All components of the overall risk that involve the actual treatment of the wastes lead to 
potential for add~' on I injuries and fatalities. Both the workers and the public are at risk, even 
though internal sition in the plant, filtration, and environmental dilution are expected to 
reduce public e osures. Thus, it is mostly occupational risks that increase. Routine 
exposures can be assumed to be low due to the health and safety programs instituted at the 
treatment facility. The requirements of the ALARA (As Low As Reasonably Achievable) 
concept in particular are expected to be followed rigorously. Nevertheless, penetrating 
radiations will lead to a radiation exposure in the work place and consequently the potential 
for a small occupational risk of cancer and of genetic damage. These risks arise from routine 
treatment operations and from regular maintenance activities. Accidental events may lead to 
an increase of these direct external exposures and their corresponding risks. 

Emissions of radioactive aerosols from the enclosures of the treatment devices during routine 
operations will lead to incorporation of radioisotopes by inhalation and ingestion, resulting in 
relatively small risks of cancer and genetic effects. The potential for such exposures is 
somewhat greater during routine maintenance operations, although personal respiratory 
protection and the enforcement of strict health and safety rules are expected to keep these 
risks low as well. 
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The result of the EATF Risk Assessment is a comparison of selected waste treatment 
alternatives and facility location options based on indices for overall risk reduction factors. A 
total of four combination alternatives (1, 2, 4, and 8 as reported in Table 1-2) and four 
treatment location options (WI PP, three facilities, five facilities, and seven facilities, as reported 
in Table 6-4) have been evaluated. Table 6-10 presents the results of the EATF risk 
assessment activities in the form of geometrically weighted risk reduction indices. A synopsis 
of the interpretation of these results is presented in the following paragraphs. Appendix I 
presents a complete discussion of the risk assessment methods, input data, and results in 
greater detail. 

The risk reduction index ranges presented in Table 6-1 O may be interpreted as follows: a 
number greater than unity (unity implies baseline risks relative to themselves) is considered 
to be a risk reduction relative to the baseline; a number less than unity implies a risk increase 
relative to the baseline. In fourteen of the cases presented in Table 6-10 more risk is incurred 
relative to the current baseline design of no waste processing. This finding~ i combined 
result of additional risks incurred first by waste processing activities and seco by increased 
transportation requirements (more detail on transportation in Section 6.4.4). I some cases 
(indicated by a range greater than 1) actual risk reduction is predicted. Ranges close to 1 
indicate no overall difference in risk relative to the baseline.~ Table may be interpreted 
to indicate overall risk increases (relative to the baseline) in 11rL cases. 

6.4 FACILITY SITING 

An assessment of siting for waste processi /')._ cilities was conducted based on siting 
schedule, cost, permitting and traf,Es rtation issrr:s~a The assessment requires a determination 
of where processing should ace . IPP, a centralized facility, or at individual generator sites. 
Safety issues were also include 1 the assessment. 

The objective o~t ·s section is to establish a basis for determining where facilities should be 
located. As i th case in any decision analysis involving quantitative and qualitative 
parameters this luation can be very complex. This evaluation concentrated on identifying 
factors which favor either facilities at each major DOE site, or at a central location. A single 
facility at WIPP is considered the centralized location for the purposes of this evaluation. The 
evaluation cannot be finalized until additional information, such as the level of waste treatment 
required (if any) becomes available. Should performance assessment identify that design 
changes are needed to meet 40 CFR Part 191 requirements, another siting analysis will be 
required in order to finalize the siting decision. 

Many pertinent issues needed for this assessment are non-quantifiable at this time. Issues 
such as waste characterization (for processing, transportation or disposal) which must be· 
included in this assessment are not fully defined. The EATF took the approach of collecting 
relevant information and determined the potential impact of factors for which requirements are 
uncertain at this time. For this reason, the recommendations made regarding facility siting are 
presented in the following form: identification of factors (or conditions of factors) which favor 
a single facility at the WIPP and the factors favoring facilities in multiple locations. 
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TABLE 6-10 

WEIGHTED OVERALL RISK REDUCTION INDICES1 

COMBINATION2 

ALTERNATIVE 1 

1 0.743 - 0.805 

2 0. 731 - 0. 790 

4 0.657 - 0.713 

8 0.527 - 0.576 

NUMBER OF WASTE TREATMENT FACILITIES3 

3 5 7 

0.684 - 0. 752 o. 726 - 0.805 0. 7 43 - 0.825 

0.652 -0. 714 0.687 - 0. 757 0.703 -0.775 

0. 730 - 0.848 0.816 - 0.994 o.~021 

0.855 - 0.937 1.250 _ 1.r 1.330 - 1.477 

1Table may be interpreted as fallows (refer to Ap~x I for in-depth discussion): ranges less 
than 1 indicate more risk rela~o the baseline; ranges encompassing 1 indicate risk 
approximately the same as ba ; ranges greater than 1 mean risk reduction relative to 
the baseline. · 

2 See Table 1-2 f~finition of combination alternatives 1, 2, 4, and 8. 

3 See Tables 6-4 Yc{location options of 1, 3, 5, and 7 facilities. 
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6.4.1 Basis for Determining Facility Location 

The siting evaluation of waste treatment facilities is a complex process requiring consideration 
of many factors. The EA TF considered several approaches to this evaluation, ranging from 
multiattribute utility analysis to qualitative evaluations based on available quantitative and 
qualitative information. Schedule and scope of work for the EATF dictate analysis of 
quantitative and qualitative factors versus more complex decision theory tools. 

This approach consisted of identifying the factors that influence preference between facility 
siting at individual DOE sites and a centralized location, gathering available data, and 
analyzing this data to establish qualitative results. Any of the ten sites of interest, in addition 
to WIPP itself, could be considered a potential location for a processing facility. This analysis 
has been simplified to limit the maximum number of sites for new waste processing facilities 
to the six largest DOE sites (Hanford, INEL, RFP, LANL, ORNL, SRS) in ;rion to the 
WIPP. I 
Economies-of-scale are required in the facility siting decision. In other words, a single large 
facility is preferred to several small facilities from the econ~c standpoint. Should the 
analysis identify existing conditions which preclude use of a gle TRU waste processing 
facility, the analysis is then extended to multiple facilities. Sue conditions are referred to as 
"No-Go Factors" and may be unique to individu~ites of interest. No-Go Factors may be 
defined as conditions which preclude a TRU wa storage or generating site from hosting a 
TRU waste processing. Examples of potential - o Factors include: 

• State and local reg~ry controls 

• Unique waste chaJcte~stics (e.g., decay heat, size) 

• Ext{n;}.,e waste characterization followed by the need for preparation for 
tra~rtation 

• Institutional constraints (a factor unique to the site or its host state). 

In support of the above approach, information on the following factors has been collected and 
analyzed. Decision models (see Section 6.4.2) have been developed to illustrate the effect 
of key parameters on the facility siting decision. 

Waste Characterization - Waste characterization or preparation required at individual 
sites to ship waste off site. 

Waste Volumes and Locations - Waste generation rate and/or location of stored 
waste by site. 

Existing and Planned Facilities - Potential use of existing facilities as the core for 
a new facility. 
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Transportation - TRUPACT-11 miles required for a centralized or multiple locations. 

Risk - The risk to workers, the general public and the environment associated with 
the construction and operation of waste treatment facilities at one or more sites. 

Schedule - The time required to design and construct a single centralized facility 
versus multiple facilities. 

Economic Considerations 

• Cost off-set for any planned facilities which are not required if a treatment facility 
is located at individual DOE sites. 

• Cost of multiple facilities 

• Cost of a centralized facility 

• Transportation cost factors 

• Work off period. 

Institutional Analyses - This is a qualit~f discussion of factors unique to the major 
DOE sites (and their host states) that r do affect the siting of facilities. Rather 
than providing absolute direction, th are factors for DOE to consider before 
making a final siting d~n. 

Evaluation Methodology r ' 
The EATF has d~ped two decision models. The first model (Figure 6-3) concentrates on 
individual DOE 5C" and is intended to identify regulatory issues limiting each DOE site's 
ability to: 

• treat waste on site 

• accept waste for treatment 

• ship waste elsewhere for treatment. 

This information is determined for all potential host sites and collectively is used as input into 
the second decision model (Figure 6-4). A coupled decision process, the principal component 
of the second decision model, is then applied to determine the optimum location or locations 
for waste treatment. The benefit of this approach is that both individual site and the system 
(all sites) considerations are factored into the waste treatment facility siting decision. 
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SNL PERFORMANCE ASSESSMENT IDENTIFIES PROBLEM(S) 
WHICH PREVENT COMPLIANCE WITH 40 CFR 191. 

POTENTIAL SOLUTIONS ARE LEVEL II, Ill 
COMBINATION ALTERNATIVES (SEE EXAMPLES IN TABLE 1-2) 

EVALUATE INDIVIDUAL SITES FOR WASTE CHARACTERIZATION/ 
CERTIFICATION CAPABILITIES AND FOR POTENTIAL OF HOSTING 

A WASTE TREATMENT FACILITY 
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NO 
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SITE CAN TREAT 
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FOR TREATMENT 
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FIGURE 6-3 SITE-SPECIFIC FACTORS INFLUENCING DECISION TO LOCATE WASTE PROCESSING FACILITIES 
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SITE CONDITION MATRIX IDENTIFY: 
(FROM FIGURE 6-3) 

•SITES WHICH CANNOT 
TREAT ANY WASTE, BUT 
CAN SHIP (UNTREATED) 

•SITES WHICH CAN 
TREAT THEIR OWN 
WASTE ONLY, OR 
CAN SHIP (UNTREATED) 

• SITES WHICH CAN 
TREAT AND ACCEPT 
WASTE, OR SHIP 
(UNTREATED) 

•SITES WHICH CAN 
TREAT AND ACCEPT 
WASTE, BUT CANNOT 
SHIP (UNTREATED) 

• SITES WHICH CAN 
TREAT BUT CANNOT 
ACCEPT NOR SHIP 
(UNTREATED) 
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COLLECTIVELY, THE DEC1$10N 
MAKER KNOWS: 

WHICH SITE(S) MUST 
SHIP THEIR WASTE 

ELSEWHERE FOR TREATMENT 

ICH SITE(S) CAN EITHER 
SHIP THEIR WASTE ELSEWHERE 
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MULTIPLE FACILITIES 

WHICH SIT~N EITHER 
SHIP THEIR WASTE ELSEWHERE 
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TREATMENT FACILITY, OR HOST 

ONE OF MULTIPLE FACILITIES 

WHICH SITE(S) CANNOT SHru;Ml!IR 
WASTE OFF-SITE, BUT CAN1fOST A 
CENTRAL TREATMENT FACILITY, OR 
HOST ONE Of MULTIPLE FACILITIES 

NO FURTHER ANALYSIS; 

SITE BECOMES ONE OF 
MULTIPLE FACILIES 
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MULTIPLE WASTE 
PROCESSING SITES 

FIGURE 6-4 SYSTEM LOGIC DIAGRAM FOR FACILITY SITING 
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6.4.2.1 Decision Issues of Waste Characterization and Certification for Shipment 

The initial step in the first model concerns identification of regulatory issues that limit siting 
options that prevents compliance with 40 CFR Part 191. This information serves to initiate 
work at the DOE site level to identify which sites can host waste treatment facilities and which 
will have to ship waste elsewhere for treatment The first three decision nodes may be 
considered jointly. 

Characterization/Certification Issues that Preclude Shipping Untreated Waste? 

Shipment of waste from a DOE site is predicated on satisfying state, federal and institutional 
transportation regulations. The potential requirement for RCRA characterization (see 
Section 6.4.3) is one of the major factors affecting a facility's ability to ship wastes. The 
extent to which characterization may be required is unclear at this time. RCRA 
characterization potentially requires sampling a large number of waste contain!tr or analysis 
and may require new facilities to be built. On the other hand, it is anticipated t TRAM PAC 
(Appendix 1.3.7, NuPac 89) and WIPP-WAC (DOE, 19891) requirements can be et in planned 
or existing facilities (see Section 6.4.6) for most waste forms. For waste forms where 
additional data are required for certification, sampling and ana~ may be required. 

On-Site Waste Characterization Certification Feasible? r 
If waste characterization or certification issues~ pc de shipping untreated waste off-site, then 
the feasibility of characterizing waste on-site m addressed. Feasibility is a function of 
the type of characterization needed {be it for R RA purposes, certification for shipment, or for 
waste treatment). The level ~racterization, in tum, is dependent upon the level of 
understanding of waste compo o from information such as process knowledge (how the 
waste was generated). 

Insufficient info~n can require the need for constructing a characterization facility. Planned 
or existing facili~ discussed in Section 6.4.6 are probably adequate for other certification 
requirements such as TRAMPAC. RCRA characterization has the potential to force an 
analysis of the cost of treatment on-site versus characterization on-site and treatment 
elsewhere. 

The decision maker should note that the difference in uncertainty between the first node and 
the second is that in the first case characterization requirements apply to the system as a 
whole, whereas in the second case the issue is site specific. For situations where the cost 
of characterization is a sizeable fraction of the cost of treatment, the decision maker must 
decide when the cost of characterization is sufficiently high that wastes should be treated on 
site, thereby limiting the treatment siting options for wastes from the site under evaluation. 

Other Options Feasible for Certifying Waste for Shipment? 

If on-site characterization/certification is not feasible, all other options should be explored 
before a decision is made to treat wastes on site. Options available depend upon the 
characterization/certification issue. If the concern is compliance with New Mexico EID 
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requirements before wastes can enter New Mexico, then the siting option for wastes from that 
site may be limited to any candidate treatment facility outside of New Mexico. Similarly, if the 
issue is one of TRAMPAC certifiability for shipment in TRUPACT-11, the decision maker may 
choose to investigate other transport containers such as the 8-2 cask for transport of RH-TAU. 

6.4.2.2 Reaulatorv/lnstitutional Reauirements That Prevent a Site From Treating Waste 

The first three decision nodes of Figure 6-3 lead the site to one of three conclusions: 

• Characterization/Certification issues do not exist for a given site's waste 

• Characterization/Certification issues exist and an on-site method for resolution is 
available 

• Characterization/Certification issues exist and no on-site method ~solution is 
available. I 

Superimposed on the issue of whether a site can ship waste ~·s issue of whether the site 
can treat wastes. Note in Figure 6-3 that a parallel examinatio institutional and regulatory 
factors influencing treatment is applied to two conditions: wh e characterization/certification 
issues do not prevent shipment off-site and where such issues prevent the site from shipping 
off-site. ~ 

Institutional or Local Regulatory Factors Preclureo~ Site Waste Treatment? 

The analysis of institutional aaocal regulatory factors is focused on identification of 
constraints that might preclude In~ruction or operation of a waste treatment facility on site. 
An example of such a factor is local sentiment regarding waste treatment in general (See 
Section 6.4.8). (1 
Institutional and ""' regulatory factors currently are an area of considerable uncertainty and 
have the potential to change significantly over time. The fact that few radioactive-waste 
treatment facilities have been permitted suggest that a considerable effort will be required 
before adequate data are available to make a decision as to whether permitting a facility at 
a given location is feasible. One approach to clarifying the institutionaVregulatory issues is to 
initiate the permitting process at several candidate sites. 

Note that if waste cannot be shipped off site, and if institutionaVregulatory factors preclude 
waste treatment, the site is at an impasse that must be resolved by negotiation with the 
appropriate regulatory agencies. If shipping is possible but institutionaVregulatory factors 
preclude treatment on-site, waste must be sent elsewhere. If waste can be shipped off-site 
then, depending on the effect of institutional and regulatory constraints, the site's waste would 
be either shipped to another site for treatment or it would be treated on site. 
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Can Site Treat Waste from Other Sites? 

In all cases, if institutional/regulatory issues do not prevent on-site waste treatment, a final 
decision can be made regarding the ability of the site to accept waste for treatment. The 
answer to this question could be affected by institutional or local regulatory constraints other 
than those concerning treatment of the site's own waste. For instance, if a state has declared 
that it will not allow TRU waste within it's borders unless generated there, this could hinder 
the transportation of waste from other DOE sites. As in the previous decision node, additional 
analysis of institutional/regulatory requirements is required before candidate sites can be 
identified. 

6.4.2.3 Results of Site Categorization Evaluation 

As a result of the shipment and treatment options analysis, each site is classified into one of 
five categories (excluding a situation where the site can neither ship nor proces~ste), which 
can be summarized as follows: I 

• Sites that can only ship waste off site for treatment 

• Sites that have the option to either treat waste on ~or ship their waste off site 
for treatment fte 

• Sites that can only treat their own~ and cannot ship waste off site 

Conditions that lead to each pos~ result are presented in Table 6-11. 

Site specific results will serve pput in the second decision model which optimizes the 
decision of which DOE sties on-sites will host waste processing facilities. 

The objective of the second part of the assessment is to determine optimum locations of waste 
treatment facilities, based on the results of the site categorization evaluation and is represented 
graphically in Figure 6-4. A data base of site-specific and system-wide information, including 
cost (Section 6.3.4), schedule (Section 6.3.5), risk (Section 6.3.7), regulatory considerations 
(Section 6.3.6), and other possible factors, will provide the technical support for conducting the 
analysis. 

The following discussion provides an overview of the evaluation needed to establish optimum 
facility siting locations • 

Site Condition Matrix 

The starting point for this optimization analyses is a site condition matrix produced in the form 
described in Section 6.4.2.3, which is synthesized from the site categorization evaluation. All 
DOE TRU waste sites fall into one of the categories described in Section 6.4.2.3. 
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TABLE 6-11 

LOGIC FOR SITE CATEGORIZATION 

DECISION 

Ship Waste to Treatment Site 

Waste treated on site or shipped to 
treatment site 

Site waste or other sites' waste can 
be treated on site, or Ship Waste 
Off Site for Treatment (Candidate ('2 
Central Facility) r _' 
Site waste treated on site; cannot 
ship untreated~ste off site. 
(Candidate for C nt I Facility) 

Only site wast treated on site; 
cannot ship untreated waste off site. 
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• Waste does not need to be characterized, 
or 

• On-site waste characterization is feasible, 

• ~her options are feasible~ 
• Institutional or regulatory fa~ors preclude 

on-site waste treatment 

• Waste can~shipped off site, and 
• lnstitutiona egulatory factors do not 

preclude w ste treatment on site, and 
/\Site cannot treat other sites' waste 

n.,aste can be shipped off site, and 
• Institutional/regulatory factors do not 

preclude waste treatment on site, and 
• Site can treat other sites' waste 

• Waste cannot be shipped off site, and 
• Site can treat other sites' waste 

• Waste cannot be shipped off site, and 
• Site cannot treat other sites' waste 
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Collective Knowledge Available to the Decision Maker 

Whether further optimization analysis is required is a function of the condition category to 
which a particular site belongs. Four out of the five categories described in Section 6.4.2, 
warrant siting optimization analysis. If a site that cannot ship untreated waste nor accept 
waste from other sites for treatment, there are no further options requiring analysis. Such a 
site will be required to treat its own waste before it can be shipped off-site. 

Optimization Analyses 

This analysis evaluates the efficacy of locating a waste treatment facility at each of the sites 
previously categorized as being a potential facility host. The analysis evaluates each site 
specifically and also takes overall system considerations into account. 

Five major factors are involved in these analyses: ~ 

• The life cycle costs associated with the construction and operaJon of the 
waste treatment facilities 

• The effects on WIPP schedules of locating waste t~ment facilities at specific 
locations, and for the number of facilities construf ;!1 

• The health and safety risks assofl.,. with construction and operation of 
facilities at specific locations, and ~ks of transporting waste to and from 
those locations (} 

• The effect that regflati'bns may have on optimum facility siting decisions 

• ottnctors selected by the decision maker for inclusion in the analysis. 

The decision mk/r will need to determine the relative importance of each of these factors, 
and apply appropriate weighting to each so that their relative contributions to the siting 
decision can be collated. 

When these factors have been evaluated for each site, a comparative analysis will be made 
to determine the optimum facility siting locations. The following discussions describe how 
these factors will be applied in the analysis: 

Life Cycle Cost 

The cost of constructing and operating a waste treatment facility, and transporting waste to 
and from the facility, will vary somewhat depending on the DOE site chosen. Facility costs 
are a function of the quantity of waste that will be treated at the facility, which in tum is 
based on the total number of facilities constructed to treat all TRU waste. Facility costs can 
also be affected by planned or existing facilities that may support waste treatment at a DOE 
site. After the site-specific costs have been identified, a comparative analysis of the total life 
cycle costs for all facility locations will be made. The results will be factored into the overall 
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analysis method chosen to optimize facility locations. Section 6.3.4 of this report provides 
capital and operating cost estimates if only a single, or as many as seven facilities, were 
constructed. Section 6.4.4 discusses the transportation considerations, using facility siting 
location based on construction of up to seven facilities. 

Schedule Effects on Facility Siting 

Schedule effects on the siting decision tend to be focused on how many facilities are 
constructed, and any considerations that are unique to a specific DOE site. If smaller multiple 
facilities are planned, it may be possible to show that one of these facilities would be in 
operation before a single larger plant can be operationally ready. This would improve the 
waste disposal schedule. There could also be unique conditions at various DOE sites that 
would improve or hinder the overall schedule. For instance, the availability of an existing 
facility that can be used in whole or in part to support waste treatment at the site could 
advance the schedule and make the site attractive as a facility host. Conve~f there are 
negative factors unique to a site, the schedule would be adversely affected. _ T~e _EA TF has 
developed rough estimates of implementation schedules for Level II and Level Ill waste 
treatment facilities. The results are described in Section 6.3.5.C 

Health and Safety Risks r 
Health effects due to treatment vary depending ~the number of treatment facilities and the 
type of treatment required. The assessment of · in waste treatment relative to the risk in 
transporting and emplacing untreated wastes i discussed in detail in Appendix I. As with 
the broader optimization analysi~ decision maker will be required to evaluate the various 
components of the relative risk weigh the various components to arrive at total relative 
risks. The relative risks will the require an assignment of a weighting factor similar to those 
for the other components of the optimization analysis. 

Effect of Reaula~ 
Regulations vary with time and need to be assessed at the time the siting decision is being 
made. As an example, regulations should be evaluated to assure that there are not undo 
restrictions for building a large, single facility. Restrictions could be in the form of 
transportation requirements, or emissions criteria that would be more easily achieved by 
numerous smaller facilities. In Section 6.3.6 the EATF has identified current regulations that 
apply to the treatment of waste. 

Identification of Optimum Treatment Locations for Each Site's Waste 

The completion of the optimization evaluations will result in: 

• Optimum waste treatment site locations 

• Designation of waste treatment site locations for all waste requiring treatment. 
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If as a result of the facility siting analyses only one site is identified as suitable, then all waste 
will be treated at this centralized facility. If more than one site is optimum, then DOE will 
have the option of designating multiple facility locations. 

6.4.2.5 Data Uncertainties 

The information in this report provides much of the data needed to assess where waste 
treatment facilities should be located. It should be noted, however, that uncertainties do exist 
that must be resolved before a final siting decision can be made. The various uncertainties 
are included in the discussion of the various decision nodes presented in Sections 4.2.2 and 
4.2.3. 

The acceptable level of uncertainty for the various components is a function of how each 
component is weighted in the optimization analysis. For components weighted heavily, the 
acceptable level of uncertainty will be lower than for components assigned ~all weight. 
The analysis of acceptable level of uncertainty should be performed by the decifion maker as 
part of the overall evaluation of siting options. 

6.4.3 Waste Characterization Effects on Siting C 
The need for characterization of TAU waste is one of the nJor factors affecting the facility 
siting evaluation. If extensive characterization{e,· required before waste can be transported 
(either for processing or disposal), then new fa I' s may be required at the individual DOE 
TAU waste sites. This would suggest that was treatment facilities should be located at each 
major DOE TAU waste site. (2 
Two separate types of wasterc~racterization requirements are applicable. The NRC 
Certificate of Compliance for ttie TAUPACT-11 is explicit with regard to allowable hydrogen 
concentration ~ted by radiolysis of organic material) permitted during the time waste is 
enclosed in the A PACT-II. This criterion applies to hydrogen concentration in the innermost 
waste bag as as between the layers of waste bags surrounding the waste (NuPac, 1989). 
Therefore, knowledge of how the waste is packaged is important to demonstrating that the 
waste will meet the NRC hydrogen concentration criterion. In addition, knowledge of the gas 
generating materials and the material that is expected to generate the most gas is required. 
Significant quantities of waste may have to be characterized at each DOE site unless 
sufficient process knowledge exists to satisfy this requirement and regulatory bodies are 
amenable to accepting process knowledge in lieu of analysis. In addition to the NRC 
requirements for transporting TAU waste, RCRA requires that the shipping manifest include 
a list of hazardous constituents in the waste (states having jurisdiction may have differ.~mt 
requirements). This also requires either sufficient process knowledge or waste 
characterization. 

The data presented in Table 6-12 (Drez, 1989) were submitted in response to NRC requests 
for information concerning transportability of retrievably stored and newly generated waste (as
is) under the initial Certificate of Compliance (C of C), (NuPac, 1989). This table represents 
the amount of waste in retrievable storage and newly generated which could be transported 
at this time, and is based on IDB, (DOE, 1988c). This table illustrates the difficulty with 
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TABLE 6-12 

FIRST CERTIFICATE OF COMPLIANCE SHIPPABLE WASTE QUANTITIES1 

RETRIEVABLY STORED NEWLY GENERATED 

Percent2 
Volume3

, Average Volume, 
SITE (M3) Percent (M /yr) 

ANL-E 4 as 0 --
Hanford 06 0 43 186 

INEL 50 17782 8a 6a 

LLNL 100 1111 
LANL 7a 51a4 75 238 

Mound 1oa 46 

NTS 1aa 62a r ORNL as a as a 

RFP 95 133a 

SRS a6 0 f>. 70 433 

1 These figures are based on inp q m CH-TRU waste generators response to the question -
"What percentage of newly-gfn!':.ted and/or retrievably stored waste at each site is 
shippable undeee current TRUPACT-11 C or C (August 1989)." The results of the 
questionnaire a su es no changes to existing waste processes or packaging procedures at 
each site other installation of a carbon composite filter and puncturing of rigid liners if 
present. 

2 Drez, 1989 
3 Volume based on DOE 1988c, retrievably stored and average generation rate. 
4 

-- Indicates no retrievably stored or generated waste at this DOE site. 
s Site utilizes heat-sealed bags (not allowed under TRUPACT-11 Certification of Compliance). 
6 Insufficient knowledge of packaging and chemistry of waste to meet TRAM PAC requirements. 
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complicates the characterization issue. The New Mexico Environmental Improvement Division 
has stated the waste should be characterized according to RCRA. The amount of sampling 
for analysis is dependent on the quality of process knowledge. 

Significant laboratory support is necessary if a large fraction of the waste requires sampling 
for analysis. Waste characterization for transportation purposes must be conducted at the 
individual DOE sites in planned or existing TRU waste facilities (refer to Section 6.3.3). 
Characterization to satisfy the State of New Mexico's RCRA-based disposal requirements 
would require extensive sampling capacity and laboratories capable of handling TRU 
components -- which would also have to be accomplished prior to transportation. 

The following conclusions may be drawn concerning the effects of waste characterization on 
facility siting: 

• Extent of characterization is not clear. TRAMPAC and WIPP-WA~uirements 
can be fulfilled in planned or existing facilities for most waste formr 

• If RCRA waste characterization is required, cost~ fr e necessary facilities may 
be high enough to make waste treatment at multip ites cost effective. Treating 
waste precludes initial characterization, prepa ion for transportation, and 
treatment elsewhere prior to shipment to the WIP 

• Varying degree to which waste ~h is not already shippable to current 
regulations must be prepared for t~portation. Some of these factors include: 
gas generation test, · ing, and repackaging. 

Transportation~are proportional to the number of TRUPACT-11 shipments and the total 
number of mile t elled (TRUPACT-11 miles) in order to ship all TRU waste to WIPP. The 
EATF develop te to site mileage estimates for all ten TRU waste generating or storing 
sites in addition to WIPP which are presented in Table 6-13. The information in Table 6-13 
was used to determine round trip mileage estimates for all combination alternatives and siting 
options. Table 6-14 presents the TRUPACT-11 mileage estimates for one through seven 
facilities and all fourteen combination alternatives. 

Two transportation issues are of key importance for the waste processing facility siting 
decision: 

• Transportation of unprocessed waste to processing facilities. This implicitly 
assumes a centralized or regional processing centers . 

• Transportation of processed waste to the WIPP, for processing followed by 
disposal. 
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TABLE 6-13 

ESTIMATE OF DISTANCES BETWEEN DOE FACILmES1 

(MILES) 

ANL-E INEL LANL LLNL Mound NTS OANL Hanford AFP 

1427 
1212 988 

2173 936 1209 

343 1674 1333 2455 
1839 443 545 629 2065 

626 1856 1485 2485 491 2030 

1832 581 1133 855 2191 1019 2382~ 
1021 551 337 1255 1229 817 1344 1101 

767 2070 1664 2682 
554 ~98 240 2573 1582 

1387 1521 343 1458 1472 86 1350 1913 874 

r 

SAS 

1585 

1REFERENCES:[}9 to Sile (Rand McNally, 1989) and Site to WIPP (DOE, 1990a). 
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TABLE 6-14 

ROUND TRIP TRUPACT-11 MILE ESTIMATES, 1-7 FACILITIES, 
FOR COMBINATION ALTERNATIVES 1-14 

Miles Traveled For Each Option and Altemative1
• 

2 

(Millions) 

COMBINATION NUMBER OF FACILITIES OPTION3 

ALTERNATIVE 1 2 3 4 5 6 7 

1 35 72 46 59 50 :1 49 

2,3 35 76 49 63 53 53 

4,5 35 48 32 37 

(i: 
31 30 

6,7 35 34 24 24 19 19 

8,9,13 35 22 11( 13 10 9 9 

10 35 42 31 26 26 25 

11, 12, 14 35 r 32 23 22 18 18 17 

1 Values comp e using Table 6-12 distance information, 10 cubic meters of waste per 
transport (Bate Ider, 1990), and waste volume (sum total of retrievably stored and newly 
generated} at each site. 

2 TRUPACT-11 is limited to 7265 (NuPac, 1989) pounds of waste. Where waste processing 
produces waste forms which exceed the limit, if fourteen drums are shipped, adjustments are 
made to the payload to preclude exceeding the limit. 

3 Refer to Table 6-4 for facility locations. 

WP:EATF.1991 :R-177!H> 6-47 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

As discussed in Section 6.4.3, a great deal of uncertainty exists with regard to preparation for 
transportation. In general, less is known about older retrievably stored waste than newly 
generated waste categorized by content code (DOE, 1989e). The issue of characterization 
is directly connected to transportation of unprocessed waste; the degree of preparation for 
transportation ranges from minor (e.g., puncturing heat sealed bags) to extensive (e.g., 
metering Pu238 into containers to comply with TRUPACT-11 wattage limits). 

Another issue regarding the effects of transportation on siting concerns the processed weight 
of TAU waste drums. TRUPACT-11 has an effective payload of 3295 kilograms (7265 pounds) 
per TRUPACT-11 (NuPac, 1989). As reported in Section 3.5.3, permeability of the final waste 
form is a critical performance parameter. Glassified and cemented (to a lesser degree) waste 
forms possess lower permeability relative to unprocessed waste due to the elimination of void 
space. As a result of filling void space, drums of processed waste are significantly heavier 
than unprocessed waste. This will preclude shipping 14 drums of waste pe~T UPACT-11 
because processed mass is in excess of 454 kilograms (1000 pounds) per d for many of 
the treatment alternatives. This will increase the total number of transports requi d for Level 
II waste forms (in particular). Alternatives combinations 1, 2, and 3 for example, will require 
approximately twice as many transports relative to the baseline ~h is the same total miles 
as one processing facility located at WIPP, see Table 6-14). r 
Requirements for transporting waste in TRUPACT-11, which is designed to carry CH-TRU 
waste, have also been considered. Currently, th~RC C of C for the TRUPACT-11 limits the 
shipment of quantities of waste forms, because estrictions on fissile content and decay 
heat (NuPac, 1989). Therefore, if containers or some waste forms stored at DOE sites 
cannot be transported to WIPP Ea waste treatment facility off-site, it may be necessary 
to treat those wastes at their res ive storage sites. However, amendments to the C of C 
are expected to permit shipment f larger percentages of TAU waste in TRUPACT-11. Since 
final limits (e.g., total fissile material and decay heat) cannot be predicted at this time for 
different waste f~ that will be shipped in TRUPACT-11, the EATF did not consider this 
transportability faf" at this time. 

In many cases the least amount of transportation involves shipping from generator and storage 
sites directly to WIPP. This transportation scenario is valid if WIPP is host to a centralized 
facility or if each site treats it's own waste. This scenario requires no changes to transportation 
plans since all sites currently plan to ship waste to WIPP. Transportation requirements will 
increase if waste is treated at a centralized facility other than WIPP. Since TAU waste 
transportation has been the subject of considerable institutional activity in the past, 
minimizing the transportation distances and the number of states through which TAU waste 
will be transported would be beneficial. 

6.4.5 Waste Location and Generation Rates 

The quantity of TAU waste generated or stored at the major DOE sites can affect waste 
treatment facility siting especially from an economic standpoint. Table 6-15 shows quantity of 
newly generated (projected 1988-2013), stored, and buried TAU waste at major DOE sites 
(modified version of Table 6-1 ). 

WP:EATF.1991:R-1nfH; 

Iii 

11 ii' 



'~· 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE 6-15 

LARGEST QUANTITY WASTE GENERATORS, STORAGE SITES, 
AND BURIED/CONTAMINATED SOIL VOLUMES1 

NEWLY GENERATED WASTE 
Generation Rate Project Total, 

(M3/yr) (M3
) Site 

(1988 - 2013) 

1. RFP 1400 
2. SAS 618 
3. Hanford 432 
4. LANL 317 
5. LLNL 111 
6. INEL 75 

SUM2 2953 

1Adapted from DOE 1988c !\ 
2Sum represents 97% of all CH-TAU waste r 

D 
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Processing waste where it is stored or generated precludes the need for preparation for 
transportation and costs associated with transportation of unprocessed waste. An additional 
point to consider is that for large TRU waste generators, such as RFP and SRS, modifications 
(addition of process operations) to existing waste generation activities may be all that is 
required to add processing capacity at the site. 

6.4.6 Existing and Planned Facilities 

Some of the DOE sites have (or are planning) facilities which will be used to nondestructively 
examine and, to a limited degree, treat TRU waste. If these facilities have adequate capacity 
to provide the needed waste treatment, or if these facilities could form the basis for waste 
treatment facilities at the respective sites, then cost and schedule benefits would be realized. 
The facilities in question are described in Section 6.3.3. The following summarizes how these 
facilities might contribute to waste treatment facility siting decisions: ,..(" 

Hanford - WRAP waste handling capacity may be adequate to serve ~s the front 
end of processing operations. 

LANL - Small facilities inadequate for front end wast~ndling and processing of 
all LANL waste. r ·-
ORNL - Relatively small quantity of CH/f's..U could be processed at WHPP. 

SRS - TWF capacity may be insufficifu~ support process operations of all SRS 
waste. a 
RFP - SaRF can supfort' a compacted waste form. Current waste generating 
processes could be modified to support processing. 

INEL- {.]_PP, TWTSF may have enough capacity to serve as front-end to process 
operati~ 

6.4. 7 Capital and Operating Costs 

Table 6-6 of this report summarizes capital and operating cost estimates for TRU waste 
processing facilities, by combination alternative (see Table 1-2). Note that the tables in this 
section present cost for one to seven facilities and no distinction is made between waste 
generation and retrievably stored waste by site. Furthermore, three options are presented for 
waste work-off period. This approach serves to bound all possible combinations of waste 
processing costs. This approach is important if a parameter used to decide the facility siting 
issue is changed and conditions become favorable for some other option. Tentative 
conclusions which may be reached concerning system-wide TRU waste processing costs are 
as follows: 

• Level Ill treatment (thermal) is more expensive than Level II treatment. 
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• Multiple facilities (total system capacity is constant) are more expensive relative 
to a single large facility due to the duplication of facility components. 

• Cost also varies with the work off period. Cost of facilities with a twenty year 
work off period will be less than half those with a five year work-off period. 

6.4.8 Institutional and Regulatory Considerations in Siting 

The identification of one or more facility locations for the purpose of treating TRU waste from 
DOE's defense facilities required an evaluation of institutional factors as well as regulations 
in each state that could effect a siting decision. The EATF requested institutional and 
regulatory information regarding the siting of waste treatment facilities in those states that are 
hosts to major DOE sites. Information was provided by Hanford (Roberts, 1991 ), SRS 
(Dyches, 1991), RFP (O'Leary, 1990), ORNL (Mason, 1990), INEL (Solecki, 1~ and WIPP 
(Carrell, 1990; Kouba, 1990). This information encompassed the following: I 

• Applicable State Regulations 
• State Jurisdictions f 
• Comparison of State and Federal Regulations 
• Costs Associated With State Regulatory Complia ce 
• Effect on Schedule of State Regu1~· n 
• State/DOE Interfaces 
• Institutional Sentiments Regarding ew Waste Treatment Facilities 
• Unique lnstitutional~egulatory requirements 
• Responsible Regul[' Organizations in State 

Some general conclusions were drawn from this information: 

• coaely, the respondents noted above do not anticipate institutional factors 
ha~l;~radverse effects on siting new waste treatment facilities provided that 
storage does not occur on site. Rocky Flats appears to be an exception 
regarding the construction of new waste treatment facilities, although add-ons to 
existing waste generating facilities might be more acceptable. At WIPP, support 
for a waste treatment facility is anticipated but cannot be assured until this issue 
is raised. 

• Cost and schedule are not expected to be unduly effected by state or federal 
permitting requirements. Although in some cases RCRA permits can require 
several years to obtain, the permitting process is generally conducted in parallel 
with design, construction, and NEPA processes. Permitting costs are generally 
factored into the overall estimates, and extraordinary costs for permitting are not 
expected. 

• Although some minor regulatory differences are apparent from state to state, 
these differences are not sufficient to affect the siting evaluation. 
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• There do not appear to be any significant conflicts between state and federal 
regulations, although ORNL reports that state regulations are generally more 
stringent than federal. 

There generally appears to be cautious optimism at most DOE sites that institutional and 
regulatory considerations would not be major factors for siting a waste treatment facility at 
their respective locations. The exceptions are noted above. However, the logistics of 
regulatory compliance at multiple sites versus a single site may give a slight edge to siting 
a central facility. 

6.4.9 Schedules 

Section 6.3.5 of this report identifies that Level II facilities will require five to seven years to 
become operational and Level Ill facilities require eight to eleven years to becomrrational. 
Clearly, this time-consuming process must be carefully planned and coordin d for timely 
completion of projects. 

6.4.1 O Risk Assessment of Waste Treatment r: 
Changes in risk due to the selection of different sites are rmostly due to increases or 
decreases in the distances over which wastes are transported. After treatment, increases or 
decreases in waste volume and weight, as we~I restrictions in total weight for TRUPACT-
11 packages, may result in a different number ransports and transport miles from the 
originator to the treatment facility and from ther; to the WIPP. With transportation risks (non
radiological) contributing the In numbers of fatalities and injuries to the total risk 
associated with WIPP operatic , ny change in transport miles will affect the total risk 
significantly. Another contributio is the cancer risk due to the exposure of the public due 
to the routine operations, incidents, and accidents in the treatment facility. Different population 
distributions at di~nt distances from the facility will result in different risks for different sites. 

Table 6-10 sum~zes EA TF risk assessment results and presents weighted overall risk 
reduction indices (inverse of risk augmentation indices presented in Appendix I). The risk 
reduction index reflects the risks associated with the treatment, handling, transportation, and 
disposal of wastes at WIPP relative to the risks associated with the handling, 
transportation.and disposal of untreated wastes. The following conclusions can be drawn 
from the EA TF Risk Assessment: 

• Baseline risks are small and increases resulting from the treatment/location 
options are also small 

• Increases in overall risk due to Level II treatment options are independent of the 
treatment location 

• Increases in overall risk due to Level Ill treatment options are minimized by 
treating nearest the generator/storage sites, due to reduced quantities of wastes 
requiring transport to WIPP 
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• Long-term risk components are very small and thus weighted as almost 
inconsequential. It is the balance between the short-term risk transportation and 
treatment components that dominate the comparison. 

The reader is referred to Appendix I for a complete discussion of the EATF Risk Assessment 
effort. 

6.5 SUMMARY OF RESULTS FOR FEASIBILITY OF IMPLEMENTING WASTE TREATMENT 
ALTERNATIVES 

6.5.1 Feasibility of Waste Treatment 

Section 6.0 presents the results of EATF studies of waste treatment feasibility. Specifically, 
feasibility of waste treatment was established by evaluating: 

• Development Status of Waste Treatment Technologies 
• Location of Waste and Generation Rates by Site 
• Existing Treatment Capacity 
• Waste Treatment Cost Estimates 
• Implementation Schedules 
• Regulatory Considerations 
• Worker, General Public and Enviro~ntal Risk. 

EATF findings indicate that waste treatment iKa,sible but the implementation process is 
complex. Technologies exist t~duce a broad range of processed waste forms (e.g., 
compacted, glassified) from TR aste. Current and planned TRU facilities do not have 
sufficient capacity to process all R waste to be disposed of at the WIPP. Costs associated 
with waste treatment can ra ge from tens of millions to over one billion dollars. 
lmplementationeste treatment processes could require up to eleven years depending on 
the level of trea e t. Considerable effort is required to comply with regulatory requirements 
of NEPA and A. Waste processing involves additional short-term risks in the form of 
worker exposure, industrial and transportation accidents. 

6.5.2 Facility Siting 

The EA TF summarizes the facility siting conclusion in the form of two cases: factors favoring 
a single site (at the WIPP) or multiple locations for waste processing facilities. This facility 
siting evaluation is based on the information collected and presented in Section 6.4. As noted 
in the various subsections of 6.4, firm requirements (or their effect) have not been delineated 
for factors that influence facility siting decisions. Specifically, final requirements needed for 
decision parameters are: 

• Extent of waste characterization (RCRA) 
• Finalization of transportation requirements 
• Definition of regulatory requirements (specifically facility permitting) in order to 

establish costs and schedules for compliance 
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• Whether or not waste treatment is necessary (to comply with 40 CFR Part 191 
requirements). 

Table 6-16 summarizes the influence of factors presented in Section 6.4 on facility siting. 
Note that as directed in the EATF program plan (Hunt, A., 1990) qualitative assessments of 
factors and their influence on siting are made where quantitative information is not available. 

The EA TF has identified the following set of factors that favor a single waste processing facility 
(at the WIPP): 

• Characterization - TRAMPAC characterization only (at planned or existing 
facilities). 

• Cost - economy of scale achieved with a single integrated facility;%sportation 
costs for Level II waste treatment are also minimized with a sing._ l"acility. 

• Regulatory - permitting a single facility may be easier to accomplish. 

Similarly, the following set of factors favors waste processing f ultiple locations: 

• Characterization - should RCRA characterization be required, it is conceivable 
that waste processing at multiple site(\ill become economical. This will preclude 
the need for opening and sampling ~ containers for which process knowledge 
is inadequate. 

• Transportation - tranc1 .... ation requirements are minimized for Level Ill treatment 
because of volume 'Fn;;' ;,,ass reductions. 

• Sch~ (WIPP) - it is anticipated that some of the multiple facilities would be 
ope ti nal more quickly than a single facility. Thus, processed waste would be 
sen o the WIPP in a more timely manner. 

• Risk Assessment (Safety) - the highest overall risk reduction (albeit small) for the 
alternatives examined was realized at multiple facilities for Level Ill treatment. 

I ~i 

A specific "answer" cannot be ascertained due to uncertainty of decision parameters. Ground , ~1 
work has been completed to the point where a decision is available when requirements for 
parameters such as characterization, schedule, regulatory requirements, etc., are finalized. ''" 

6.5.3 Additional Data Requirements 

The following summarizes information needs that will be needed before a waste treatment 
feasibility assessment (and facility siting decision) can be finalized: 

• Waste treatment level (if any) defined by performance assessment 
• Extent of waste characterization 
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DECISION 
FACTOR 

Waste 
Characterization 

Transportation 

Waste Location 

Planned and 
Existing Facilities 

Total Cost for 
Waste Treatment 
Facilities 

lnst<udonal ..0 
Factors and 
Regulatory Conce 

Implementation 
Schedule 

Risk Reduction 
(Note: level II 
independent of 
location) 
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TABLE 6-16 

SUMMARY OF DECISION FACTORS FAVORING A 
SINGLE OR MULTIPLE FACILITY 

CONDITIONS FAVORING 
FACILllY AT WIPP 

Current characterization 
plans sufficient for 
transportation 

Current transportation 
scheme already in place 

Minimizes TRUPACT-11 
miles and transportation 
cost if Level II treatment 

f>. 
Eco~ scale """;zed 
for sing facility 

Permitting requirements 
anticipated easier for a 
single facility 

6-55 

CONDITIONS FAVORING 
MULTIPLE FACILITIES 

Extensive characterization 
(RCRA, NRC) required prior to 
transporting 

Minimizes TRUPACT-11 miles 
and transportation cost if 

Level Ill .. atment 1 
Cfns· ration of buried 
T aste 

Pr ludes additional preparation 
for transportation 

Planned and existing facilities 
exist at major sites and could 
be utilized as front-end to 
waste processing facility 

Institutions may not be able 
to accept waste from other 
sites 

RCRA requirements may 
force processing on site 

Anticipated that processed 
waste would begin arriving at 
WIPP earlier than if a single 
facility is built 

Highest overall risk reduction 
at multiple sites for Level Ill 
treatment 
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• Complete understanding of institutional factors {influences whether or not site can 
be a host for a TAU waste treatment facility}. 

D 
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7.0 FEASIBILITY OF IMPLEMENTING BACKFILL ALTERNATIVES 

The EA TF evaluation of backfill alternatives has emphasized cement and salt based backfills, 
as recommended by the EATF to DOE for inclusion in the WIPP experimental program (DOE, 
1990b). The following feasibility evaluation of backfill alternatives is based on development 
status, cost, schedule, and regulatory issues. Backfill alternatives are being evaluated in 
combination with various waste treatment techniques (Table 1-2). Initial work by the EATF 
indicates that regulatory considerations for backfill modifications will be minimal and should not 
impact the overall WIPP schedule (see Appendix A, Table A-6). 

7.1 STATUS OF DEVELOPMENT 

Three backfill modification alternatives have been recommended for inclusio;,t' the WIPP 
Experimental Program (DOE, 1990b): I 

• Salt with brine absorbent - Addition of an absorbent, such as bentonite, 
introduc_ es brine absorbing capability to reduce th~tential for brine penetration 
into the waste r 

• Salt with pH buffer - Addition of ~H buffer, such as calcium oxide, will raise 
the pH of any brine coming in tact with the backfill. At elevated pH, 
radionuclide solubility, microbial ity, and corrosion of iron based metals 
decreases (see Appendix G) 

• Cement Grout - "2ent grout backfill may offer several advantages, such as 
raising pH, or re~i~ permeability of waste storage rooms (Appendix G) 

In addition to t_ti6)move, the Expert Panel on Cementitious Materials recommended the 
following backfilL/ 

• Salt Aggregate Grout - Cement with a high percentage of salt aggregate will 
provide deformability, will be self-healing, and maintain low permeability under 
the anticipated 2,000 psi isostatic confining stress (Appendix G). 

In the case of salt backfills, current mining technology exists to crush, blend, and emplace salt 
and additives. Similarly, grout backfill preparation and emplacement equipment does not 
involve research and development Grouting in deep underground formations is common 
practice at DOE's Nevada Test Site (Ellis and Bendinelli). The high salt content cement will 
require development. 

Salt with Brine Absorbent 

Since the WIPP underground facility is located in a bedded salt formation, mining of the facility 
produces bulk salt, which is stored at the WIPP site. Granulation of this salt to a consistency 
required for efficient emplacement, and the addition of a brine sorbent such as bentonite clay, 
does not require any further development. Bentonite is expected.to have radionuclide sorption, 
as well as brine absorption characteristics (Butcher, 1990b). 
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Salt with pH Buffers 

The addition of pH buffers to crushed salt backfill is similar to the addition of bentonite. No 
process development is required. Some additional investigation of the effectiveness of the pH 
buffers may be needed, depending on the specific requirements for such buffers in the WIPP 
underground environment. 

Cement Grout 

Many fonnulations of grout exist and other fonnulations can be prepared depending on the 
specific application. An expert panel was convened by the EATF to qualitatively evaluate the 
use of cement or grout as a backfill medium. The panel concluded that the use of 
cementitious materials may be feasible for use as backfills in the WIP~derground 
environment. A synopsis of the expert panel's findings is provided in Append" 

1 
.. 

Salt Aggregate Grout 

A grout fonnulation containing a high percentage of salt aggreg~hich uses brine to provide 
hydration water has not been produced to date (Appendix ~- Though, concretes with 
aggregate contents as high as 95 percent have been used in underground applications at the 
Nevada Test Site (Appendix G). It is anticipat~at such a concrete will have properties 
approaching those of host rock and will promotrure. 

7.2 BACKFILL PREPARATION E ILITY DESCRIPTION 

The preparation of backfill involv equipment and facilities that perfonn bulk material handling 
operations. Storage of raw materials such as cement, bentonite, and/or calcium oxide, will be 
required. Facili~· s nd equipment required for material staging, handling, and mixing are 
commercially av I e. Dry material mixers and concrete batch plants are standard equipment 
in the constructi and processing industry. The EATF understands that materials such as 
salt are hygroscopic and will absorb water; but, for the purposes of specifying backfill 
equipment, salt is a "dry material." Thus, implementation of a backfill preparation facility 
requires only a designation of the appropriate capacities and design parameters for staging, 
handling, and mixing equipment. 

7.2.1 Cement Grout Preparation Facility Description 

The cement grout preparation facility is to perform material handling, batching, and mixing of 
backfill. Concrete batch plants conduct the required operations of the cement grout 
preparation facility. The major components of a concrete batch plant are: storage silos for 
cement, aggregates, fillers, or other additives; a batching system for weighing and blending 
dry materials; pneumatic and/or conveyor systems to move dry materials; and mixing 
equipment for final preparation of the specified concrete mixture. 

Concrete batch plants are commercially available in a wide range of sizes, from small mobile 
equipment to large stationary facilities. The time between mixing and emplacement should be 
minimized. Therefore, the location of the batch plant should be near shafts for transporting 
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the cement grout underground. Once prepared, the cement grout can be moved to agitating 
holding tanks or emplaced directly. Agitator holding tanks may be required for temporary 
storage to prevent settling prior to emplacement. 

7.2.2 Dry Material Preparation Facility Description 

Dry material preparation facilities will be required for backfills such as crushed salt or crushed 
salt plus additives (sorbents, pH buffers). The front end of this facility consists of equipment 
capable of granulating bulk materials (if needed) prior to mixing or transport underground. 
Crushed salt, especially, will require processing before the addition of additives or 
emplacement underground. Through the use of a roller, crusher, or hammer mill, bulk salt can 
be processed to a specified uniform granular size. Furthermore, bulk materials such as 
bentonite or calcium oxide (unslaked lime) may require some pre-processing (to break chunks) 
before being mixed with crushed salt. Once front end operations are compfffete, mponents 
of the dry backfill can be combined and mixed to obtain a homogeneous mi through the 
use of commercially available dry mixing equipment. Prepared backfill is t n ready for 
emplacement or may be stockpiled for a short period until needed undergroun . 

7.3 BACKFILL EMPLACEMENT EQUIPMENT DESCRIPTION( 

The EATF envisions backfill emplacement to occur in parallel with waste emplacement. That 
is, as waste is emplaced in rooms or drifts,~'ning walls will be erected and backfill 
emplaced over the waste. Once backfilling is lete, the retaining walls can be removed 
and the process repeated elsewhere. The bac ill volume that can be emplaced at one time 
will depend on the capabilities o~ emplacement equipment to efficiently fill void space . 

Emplacement requires equipmeft ~pable of moving backfill material and placing it in and 
around the waste. Backfill materials must be moved from storage or feed locations to 
partitioned wast~cks. Further, the backfill must be elevated above the retaining walls and 
placed in betwe n nd over the waste. Finally, the emplacement equipment must have the 
ability to direct t e flow of backfill to efficiently fill void space in and around the waste. The 
physical size of emplacement equipment must also be compatible with existing WI PP facilities. 

The available methods for emplacing backfill are generally described as mechanical or 
pneumatic or a combination thereof. Commercially available equipment, such as conveyors, 
augers, and pneumatic systems, suitably modified for application at WIPP, may be used. If 
specialized equipment is required to emplace backfills within the WIPP, design and 
manufacture of such equipment will be necessary. Ideas presented here are conceptual in 
nature and are presented only as examples. An in depth analysis to produce detailed designs 
needed for specialized equipment is beyond the scope of this study, however, much equipment 
is readily available due to use in applications such as DOE's NTS nuclear weapons testing 
and mining industries. 

7.3.1 Cement Grout Emplacement Equipment 

Hydraulic emplacement involves pumping cement grout from storage tanks, Moran Cars, or 
feed tanks to the partitioned waste stack. The storage or feed tank can receive cement grout 
from the above ground batch plant via a system of pumps. The actual emplacement 
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equipment might consist of an agitating feed tank or Moran Car from which cement grout 
would be directly emplaced with a pump boom mounted on an adjustable mast. The 
telescopic boom would allow the operator to place the cement grout anywhere within the 
partitioned waste stack. Cement grout should be placed in and around the waste stack at low 
pressures to avoid the potential of damaging waste containers. 

Once underground, conveyors in combination with augers can be utilized for mechanical 
emplacement. Conveyors may be used for horizontal movement whereas augers may be used 
for elevating. These methods might consist of a conveyor moving cement grout from 
storage/feed tanks to the waste stack. An inclined auger could then elevate cement grout to 
a conveyor extending over the waste stack. The final length of conveyor would be 
cantilevered and adjustable to allow the flow of cement grout to be directed to any portion of 
the waste stack not yet backfilled. Cement grout could either free fall into the waste stack or 
be directed through a small portion of flexible hose. The EATF assumes cemei:;rut backfill 
to be free-flowing and unobstructed from filling void space within the waste st~T· 

7.3.2 Orv Material Emplacement Equipment 

Emplacement of dry materials can be accomplished by methodC,milar to emplacing cement 
grout. For mechanical emplacement, a feed hopper located nea~; waste stack would supply 
backfill to an auger/conveyor system, which~ves backfill to sections of waste being 
backfilled. The backfill material could either fr II from the end of the conveyor/auger or 
be directed through a flexible hose. The flexibl o would allow control over emplacement 
as well as reduce potential dust problems resulti g from re-suspended particles (Pfiefle, 1985). 
It is assumed that dry backfill ~dequately fill void space within the waste stack if this 
method of emplacement is used.r ' 

Dry backfill materi could also be pneumatically emplaced. Provided that material is of 
sufficiently small cle size, the backfill can be blown over the waste stack and allowed to 
settle in the voi ces within and around the waste stack. This method may require 
isolating the e stack to avoid ventilation problems resulting from suspended particulates. 
Furthermore, special equipment may be required to avoid worker exposure to dust. Low 
pressure and care may be necessary to prevent damaging waste containers. 

7.4 COST OF FACILITIES AND EQUIPMENT 

Rough cost estimates for cement grout and crushed salt backfill preparation facilities have 
been prepared. Capital cost estimates for preparation facilities have been obtained from 
commercial vendors of industrial construction equipment. Actual cost estimates for 
emplacement equipment are not practical since backfilling methods and requirements have not 
been established. In order to account for this uncertainty, a 50 percent contingency factor is 
added to the preparation facility capital costs for emplacement equipment. 

In order to define a baseline design capacity for a backfill preparation facility at the WIPP, a 
basis volume of backfill must be assumed. The volume in each room available for backfill is 
estimated to be approximately 2100 cubic yards. This number represents a design basis room 
volume (13x33x300 feet) minus the volume of 6000 drums and a 2-foot air gap. The basis 
volume of backfill is assumed to comprise one~third of a room. If the basis volume is to be 
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backfilled in one shift (8 hours), a capacity of approximately 90 cubic yards per hour would 
be required as a minimum. 

Limited backfilling capabilities are currently available at the WIPP. These capabilities include 
small capacity screening and conveyor equipment. Screening/blending (preparation) equipment 
for salt-bentonite backfill is available with a capacity of approximately two cubic yards per hour 
(Stenson, 1989). A portable conveyor elevator for emplacing dry backfill is also available 
(Gonzales, 1990). This equipment is to be used in experimental programs conducted at WIPP, 
such as backfilling demonstrations and alcove experiments. This equipment does not have 
sufficient capacity to conduct backfilling operations during the Disposal Phase of WIPP. 
However, existing equipment may supplement the additional equipment required for backfilling 
operations. For the purpose of cost estimating, the existing equipment has been neglected. 

7 .4.1 Cement Grout Backfill Capital Costs 

The capital cost estimate for a cement grout preparation facility was obtained 4 commercial 
vendors of industrial construction equipment (Prange, 1991). Many options are available for 
batch plants, and the actual costs will vary with the options s~e · ied. The batch plant cost 
reported here represents a facility capable of preparing ceme rout at a rate of 11 O cubic 
yards per hour. An estimate of the total capital cost for a ce ent grout backfill preparation 
facility and emplacement equipment is listed in Table 7-1. 

Larger capacity, stationary batch plants are alj\··ailable. These facilities are capable of 
producing cement grout backfill for larger requirrrn;:s in less time. Large capacity, stationary 
batch plants will cost approximF $750,000 dollars (Prange, 1991 ). The EA TF considers 
the capacity of larger facilities t beyond the needs of the WIPP backfilling efforts during 
the disposal phase. 

Capital cost esti tes have been prepared for both crushed salt and crushed salt plus additive 
(sorbents, pH buffers) backfill preparation facilities. These capital cost estimates are based 
on industrial construction equipment from commercial vendors (Prange, 1991 ). The capital 
cost estimate for crushed salt plus additives represents an impact mill crusher capable of 
processing 300 to 500 tons-per-hour. The capital cost for crushed salt plus additives 
represents the same impact mill plus the addition of a conveyor pugmill plant with a variable 
capacity depending on the required mix time. The emplacement equipment required for 
crushed salt and crushed salt plus additives is assumed to be the same. The capital cost 
estimates for dry backfill preparation facilities and emplacement equipment are shown in 
Table 7-1 . 

Capacities of equipment utilized in the mining and construction industries are far greater than 
backfilling needs at WIPP. Larger capacity equipment may be utilized to produce backfill in 
quantities large enough to stockpile. This could reduce the total operating time of the 
preparation facility as well as enable simultaneous backfilling campaigns or more continuous 
backfilling operations. 
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TABLE 7-1 

BACKFILL PREPARATION FACILITIES AND 
EMPLACEMENT EQUIPMENT CAPITAL COSTS 

BACKFILL ALTERNATIVE 

Crushed Salt 

Crushed Salt plus Additives* 

Cement Grout 

*Additives include pH buffers and sorbents. 

7.4.3 Operating Costs I\ 

COST 
(THOUSANDS, 1990 DOLLARS) 

225 

290 

435 

Annual operating costs for backfilling in each c.f'ttle 14 combination alternatives has been 
estimated on the basis of bac~kfill aterial requirements and emplacement costs. Backfill 
requirements are based on em a ment in 121 equivalent waste disposal rooms over a 
twenty-five year period. The T t hase has not been considered. Each disposal room 
has approximately 2100 cubic y ars available for backfill. Emplacement of dry backfill is 
assumed to be ~rcent efficient in filling void space between drums, whereas grout is 
assumed to be 1 ercent efficient in filling available void volume. For each combination 
alternative, an in se or decrease in total disposal volume is estimated from the number of 
equivalent drums per room (Table 3-6). For example, combination Alternatives 4 and 5 result 
in disposal of 11,250 unprocessed equivalent drums per room. Thus, in comparison to the 
baseline the total disposal volume required for combination Alternatives 4 and 5 is decreased 
by the ratio of 11,250 to 6,000. 

Concrete emplacement costs for commercial applications are utilized as the basis for 
estimating cement grout backfill operating costs (Kosel, 1991 ). Estimated concrete 
emplacement costs have been escalated by 20 percent as a contingency factor to account for 
the unique requirements surrounding applications at WIPP. These emplacement costs include 
labor, raw materials, and any necessary supplies (other than cement grout ingredients). 
Emplacement costs for crushed salt have been estimated from concrete emplacement costs 
by subtracting materials cost Labor costs are assumed to be the same for cement grout 
emplacement and crushed salt emplacement. The operating costs for cement grout backfill 
and crushed salt backfill are believed to bound backfill alternative operating costs. The 
estimated operating costs for the 14 combinations of alternatives are shown in Table 7-2. 
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AL TERNATIVE<21 

Baseline 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

TABLE 7-2 

BACKFILL OPERATING COSTS<1
> 

BACKFILL 
MATERIAL 

Salt 

Salt 
Salt 

Grout 
Salt 

Grout 
Salt 

Grout 
Salt 

Grout 
NA<3> 

Salt 

G~ut f\ 
Salt-Grout r 

<1> Includes Labor, raw materialq_uired supplies. 
<2> Refer to Table 1-2 for comp~~~ltemative descritpion. 
<3> NA - Not Appli le, these alternatives do not utilize backfill. 

7.5 IMPLEMEN 

ANNUAL COSTS 
(THOUSANDS, 1990 DOLLARS) 

1,200 

1,000 
1,000 
1,900 

620 

1;00 
310 
570 
120 
230 
NA 

1,100 
1,500 

NA 
4,800 

The EATF has concluded that implementation schedules for backfill alternatives will have no 
impact on the overall WIPP schedule. Backfill preparation facilities are commercially available 
and can be erected on-site in relatively short periods of time. Off-the-shelf emplacement 
equipment which may need modification will require additional time above commercial ordering 
lead times. Overall, the backfill preparation facilities and emplacement equipment should be 
available before the WIPP Experimental Program has been completed, and are therefore not 
considered critical schedule items. 

7.6 SUMMARY 

The feasibility of implementing backfill alternatives has been evaluated by the EATF on the 
basis of development status, cost, schedule, and regulatory considerations. Preparation of 
cementitious materials, material granulating, granulation, and handling are common practice 
in the mining and construction industries. Backfill preparation equipment and facilities are 
commercially available and will not require modification for application at the WI PP. Backfill 
emplacement equipment may require some design and development. Material handling and 
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transportation equipment is also commercially available and may be adequate for backfill 
emplacement. Capital and operating costs for backfill alternatives are relatively inexpensive 
in comparison to waste treatment. Backfill facilities and equipment are estimated to cost under 
one million dollars for all backfill alternatives. Commercial ordering lead times define the 
implementation schedules for backfill preparation facilities, whereas emplacement equipment 
may require additional time for modification or design and development. Regulatory 
requirements for backfill alternatives are minimal and should not impact the overall WIPP 
schedule. On this basis the EATF concludes that all backfill alternatives are feasible to 
implement at the WIPP. 

D 
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8.0 FEASIBILITY OF IMPLEMENTING OTHER ALTERNATIVES 

This section provides a brief description of alternatives for WIPP waste management, facility 
design, waste container shape and material, and passive institutional control. With the 
exception of waste containers, the nature of these alternatives dictates that they will be located 
or implemented at the WIPP site. Some of these alternatives may have regulatory impacts 
(e.g., facility redesign) whereas others will have minimal impact. The same observation can 
be made concerning cost. Some alternatives are potentially expensive, while others have 
minimal effects on total project costs. 

8.1 STATUS OF DEVELOPMENT 

Alternatives included in the categories of waste management and facility design modifications 
are not expected to require significant development. For the most part, these alternatives are 
variations of existing operations or previous constructions and were judged ~quire only 
sound engineering or operations planning. For instance, minimizing space arourd the waste 
in WIPP is an operational consideration. 

Facility design alternatives, such as changing the waste di~a I room configuration, are 
variations of current mining practices which are commonly plied in the mining industry. 
Exceptions that will require further development are modifi tions to the waste container 
material and compartmentalization of the waste~e former may require the development of 
manufacturing techniques that will allow u f the material chosen, while waste 
compartmentalization may require developmen of special backfill materials. The preferred 
approach is to investigate matenaimilar to shaft and drift sealing materials. ··Shaft sealing 
studies involving various sealing terials, such as concrete and salt, are underway. (DOE, 
1989c). Passive institutional co tro s are the subject of extensive work recently initiated by 
Sandia National Laboratories (Bertram-Howery and Swift, 1990). The program has not reached 
the level of m~ required to discuss regulatory, technological, cost, and schedular 
considerations, nd therefore passive institutional controls have not been evaluated by the 
EATF. 

8.2 WASTE MANAGEMENT ALTERNATIVES 

Minimize Scace Around Waste 

The WIPP waste disposal room dimensions were chosen so that retrieval of waste after a five 
year demonstration period would not be precluded by premature room closure (DOE, 1989c). 
Space must exist between the waste'. stack and the walls and ceiling of the rooms immediately 
after waste emplacement to compensate for closure. The current design includes backfilling 
this space with crushed salt, while leaving a ventilation space above the backfill. By 
minimizing the space around the waste stack, room consolidation and repressurization may 
occur more quickly, thereby reducing the potential for brine inflow. At the same time, it should 
be noted that retrievability will be significantly curtailed and any gases generated by radiolysis, 
biodegradation, or anoxic corrosion will pressurize the room more quickly as void volume is 
decreased. 

WP:EATF.1991:R-1n5-8 8-1 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Space around the waste can be minimized further by changing the waste container shape. 
The interstitial space within the waste stack and along it's edges represents approximately 15 
percent of the total waste stack volume. Reduction of interstitial space can substantially 
reduce the waste disposal void volume, which in tum reduces the time for room 
reconsolidation. The potential modifications to the waste container shape and material are 
discussed in Section 8.4. 

8.3 FACILITY DESIGN ALTERNATIVES 

8.3.1 Compartmentalize Waste 

The EATF has extended the alternative "Seal Individual Rooms", as discussed by the EAMP, 
with the concept of compartmentalizing waste. Much latitude in assumptions can be taken 
when formulating an approach for how to compartmentalize waste. The key objective is to 
segregate a known quantity of curies in an isolated compartment. The benefit$is waste 
management practice ensures that only a fixed (within regulatory constraints} qua tity of TRU 
isotopes could be released should human intrusion occur. The EATF concluded t at the most 
promising approach to compartmentalizing waste employ? alt dikes to separate 
compartments containing three 7-packs of waste. This desi was evaluated as part of 
Alternative 14. 

8.3.2 Modified Room Dimensions /\. 

Although some design changes would be re~, there should not be any significant 
regulatory or institutional action~r ired to proceed with this change. Mining new room 
dimensions does not present any itional risk of worker radiological exposure or industrial 
hazard. In fact, by eliminating th n for backfill around the waste stack, some radiological 
exposure to workers is eliminat because backfill emplacement operations taking place in 
close proximity to(Ai waste would no longer be necessary. 

Cost increments f~ining waste disposal rooms to different dimensions will be small, and will 
depend on whether smaller or larger rooms are needed to achieve the purpose of this 
alternative. More substantial cost increases could result if remote-handled waste emplacement 
equipment must be redesigned due to narrower room dimer:isions, and the ventilation system 
adequacy will need to be reanalyzed. 

8.4 WASTE CONTAINERS 

8.4.1 Waste Container Shape 

Minimizing the space around the waste stack has the benefit of minimizing potential conduits 
for brine immediately adjacent to the waste stack. The use of waste containers that can be 
tightly packed was investigated by the EATF. The EATF picked rectangular or hexagonal 
containers as most effective in eliminating void spaces between containers, relative to the 
present ringed, cylindrical waste drums and standard waste boxes. Hexagonal containers have 
an advantage in that geometries are similar enough to the cylindrical waste drums that they 
can fit into TRUPACT-11 containers, while rectangular containers are easier to fabricate. 
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8.4.2 Waste Container Materials 

Waste containers currently in use are manufactured of mild steel, though ORNL uses stainless 
steel. Given that a majority of steel in the WIPP waste inventory is from the waste containers, 
use of an alternative container material will substantially reduce gas generation potential due 
to anoxic corrosion. The EATF convened an expert panel to recommend alternative container 
materials. The Waste Container Materials Panel report is located in Appendix H. 

The materials considered included copper and its alloys, titanium, ceramics and cement based 
materials. In some instances, manufacturing techniques will need to be developed to 
accommodate alternate materials. Some materials development will also be required for 
cements and ceramics in order to satisfy the Department of Transportation Type A Packaging 
Tests (DOT, 1989) container requirements. Appendix H provides estimates of costs and 
schedules involved with producing containers made with materials other than mild steel. 

1 

D 
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9.0 SUMMARY OF EATF FINDINGS 
AND 

RECOMMENDATIONS FOR APPLYING EATF RESULTS 

The results of the EA TF can be applied for final selection of engineered alternatives that 
improve the performance of the WIPP repository. Sections 1 through 8, and Appendices A 
through I of this report, present the data developed by the EATF related to the effectiveness 
and feasibility of various engineered alternatives. The data developed provide the knowledge 
base required for assessment and comparison of various candidate alternatives. 

The EATF has also developed a methodology by which these data can be evaluated, and a 
decision can be made regarding which single alternative or combination of alternatives is 
preferred for a given performance problem. The recommended methodology includes an 
assessment of the limitations or uncertainties in the existing data. Identification of these 
uncertainties will help the decision maker to assess the significance of simplifying assumptions. 
It will also help to prioritize any additional data requirements, so that the uncertainties in the 
most critical data sets are reduced to acceptable levels. ~ 

The following sections summarize the data developed by the EATF, present the rJcommended 
methodology for selecting an optimal alternative, identity additional data requirements at each 
step of the selection process, and present the conclusions of t~ATF to date. 

9.1 SUMMARY OF DATA DEVELOPED BY THE EATF r 
The EATF evaluated 14 alternatives with res~their effectiveness for addressing gas 
generation and human intrusion issues (see ·ans 2 to 4), and the feasibility of 
implementing them with respect to status of t hnology, cost, schedule, regulatory issues, 
and health and safety risks (seeBctions 5 to 8). Table 9-1 lists the 14 alternatives and 
summarizes their evaluation. 

The capability of each alternati for addressing gas generation has been summarized in 
terms of the effe~f an alternative on the peak index pressure, and its effect on the gas 
generation rates y ither microbiaVradiolytic processes or by anoxic corrosion. If the peak 
index pressures to an alternative (as estimated by the Design Analysis Model) do not 
exceed the lithos tic pressure, then the alternative is considered to be effective, and assigned 
a blank circle in Table 9-1. On the contrary, if the peak index pressure exceeds the lithostatic 
pressure, the alternative is considered to be ineffective, and is assigned a dark circle in 
Table 9-1. 

As an example, from the results of the Design Analysis Model in Section 4.0, the peak index 
pressures due to Alternative 2 exceed the lithostatic pressure and therefore this alternative is 
assigned a dark circle in Table 9-1. Similarly, Alternative 4, which does not exceed the 
lithostatic pressure, is assigned a blank circle for its effectiveness for addressing peak index 
pressure. 

The effect of an alternative on the gas generation rates has been summarized in Table 9-1 
based on the knowledge of processes involved in these alternatives. An alternative is 
considered to be effective for addressing gas generation rate from a given mechanism if it 
is expected to reduce the generation rates to near zero (i.e., it practically eliminates the 
potential for gas generation from that mechanism). This is denoted by a blank circle in 
Table 9-1. Similarly, if an alternative reduces the gas generation rate but does not completely 
eliminate it, it is considered to be partially effective (denoted by a shaded circle in Table 9-1). 
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An alternative that is not expected to have any effect on _the generation rates is termed 
ineffective, and assigned a dark circle in Table 9-1. 

As an example, Alternative 6, which incinerates and vitrifies the solid organics, and vitrifies 
the sludges, practically eliminates gas generation from microbiaVradiolytic processes, and 
reduces generates rates from this mechanism to zero. Therefore it is assigned a blank circle 
in Table 9-1 for addressing gas generation rates from microbiaVradiolytic processes. However, 
the melting of metals into ingots (as done in Alternative 6) does not eliminate metals from the 
inventory, but helps to reduce the rate of gas generation from anoxic corrosion. This is 
denoted by a shaded circle in Table 9-1. Similarly, supercompaction of the waste has no 
effect on the gas generation rate, and is therefore assigned a dark circle in Table 9-1. 

The discrepancy between predicted peak index pressures and predicted effect on gas 
generation rates is a function of the conservative approach and simplifying assumptions 
inherent in model development. The Design Analysis Model includes various assumptions 
about gas generation rates from waste forms, creep closure rates, brine inflow, coupling of 
brine inflow and anoxic corrosion, and room response to gas pressure. These assumptions 
are based on data about WIPP available at the time of model development, ~almost all 
of the data obtained from SNL publications. Although these assumptions are ~ asonable at 
this point in time, they may change as ongoing experimental and modeling activ ·es continue 
to provide additional data. If and when such revised assumptions are necessary, the Design 
Analysis Model can be updated to incorporate the new assumP.~S. 

Table 9-1 also summarizes the effectiveness of the 14 altern tives in addressing the three 
hypothetical human intrusion scenarios described in Section 4. . The summary is based on 
the results obtained by the Design Analysis M~for the MRE of an alternative for these 
scenarios. As explained in Section 4.2, the M f an alternative needs to be less than 1 
to signify an improvement in performance rela e to the baseline design. Thereafter, the 
performance progressively impiroe as the M RE approaches zero. Although any value of 
MRE less than 1 signifies an im ement, the EATF has used a conservative upper limit of 
0.5 for rating an alternative pa II effective (denoted by a shaded circle). If the MRE is 
greater than 0.5 for a given enario, the alternative is considered to be ineffective for 
addressing that~icular scenario, and is assigned a dark circle in Table 9-1. Similarly, an 
MRE of less tha O. 5 has been used to classify an alternative to be most effective (denoted 
by a blank circl i able 9-1). 

As an example, Alternative 7 is effective for all three intrusion scenarios, and is assigned a 
blank circle under each column. In contrast, Alternative 1 which is partially effective for 
scenario E1, effective for E1 E2, and is ineffective for E2, is assigned a shaded circle, a blank 
circle, and a dark circle under the respective columns. As with predictions of effectiveness 
for addressing gas generation, the reader should be cautioned that the results of the Design 
Analysis Model for human intrusion scenarios are also influenced by the assumptions inherent 
in model development. 

In addition to summarizing the effectiveness of alternatives, Table 9-1 also presents the 
feasibility of implementing each alternative in terms of the availability of technology, cost, 
likely schedules for implementation, regulatory requirements, and the health and safety risk 
relative to the baseline. The availability of technology is summarized in terms of the level 
of development of technology for the treatment processes. In case of processes like 
vitrification, where additional development is required for application to TRU waste, the 
availability of technology has been rated as moderate. The capital costs listed for each 
alternative reflect the range of costs estimated by the EATF for one to seven processing 
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facilities. The regulatory issues associated with implementing each alternative are presented 
in terms of the likely permitting requirements, and the schedules for each alternative are 
presented in terms of the number of years likely to implement the alternative. 

The information presented in Table 9-1 provides the reader with a matrix that can be used 
as a quick reference for comparing the pros and cons of the various alternatives. It can be 
observed from Table 9-1 that in general, Level Ill alternatives (e.g., 8, 9, 13) are more 
effective than Level II alternatives (e.g., 1, 2, 3), in addressing both gas generation and human 
intrusion. It should be noted, however, that the improved effectiveness is not obtained without 
paying a price. Level Ill alternatives tend to be more expensive, take longer to implement, 
and require facilities that are harder to permit than Level II alternatives. Consequently, the 
greater effectiveness of an alternative does not necessarily make it preferable over others, 
because the selection of an alternative with the optimal effectiveness will depend upon the 
extent of any problem identified by performance assessment studies. 

9.2 METHODOLOGY FOR FINAL SELECTION OF AN ALTERNATIVE 

The 14 alternatives that have been evaluated were selected to provide a ltJd range of 
improvement in performance by treatment of all three major waste forms {s udges, solid 
organics, and solid inorganics). While it is expected that these 14 alternativ s would be 
sufficient to address any potential issues of gas generation a~d uman intrusion, this does 
not imply that the choice of an optimal alternative is limited to 14 alternatives evaluated 
by the EATF. For example, if performance assessment dete ines that merely destroying 
the solid organics would be sufficient to demonstrate complia e, then thermal treatment of 
the organics should provide the necessary impr~o nt in performance, and there would be 
no need of any treatment of the sludges and so ·norganics. In other words, it is possible 
that one of the single alternatives forming the ination alternatives 1 through 14, could 
be selected as an optimal alternative. 

The EATF has developed a metalogy for selecting an optimal alternative using the results 
of evaluation of the 14 alternati~ The decision process for using the EA TF results are 
presented in Figure 9-1. This figure outlines the usefulness of the EATF evaluations in relation 
to the overall fraMork of the system, and provides a decision maker with a tool for reaching 
a final decision. l,./ 
As shown in Figure 9-1, the decision process starts with an assessment of the current design 
with respect to demonstration of compliance with 40 CFR Part 191, 40 CFR Part 268, and any 
other applicable regulations. If compliance can be demonstrated using the current design, then 
there would be no need for an engineered alternative. On the contrary, if the current design 
fails to demonstrate compliance, then performance assessment will identify which performance 
parameters (e. g., permeability, radionuclide solubility, microbiaVradiolytic gas generation, etc.) 
are the cause for concern. 

9.2.1 Identification of Candidate Engineered Alternatives 

Once a problem is identified by performance assessment, the data developed by the EATF 
will help to identify a list of candidate alternatives that would be sufficient to alter the 
performance parameters of concern in order to achieve the required performance. The 
objective would be to focus the choice of alternatives to a small group of candidate engineered 
alternatives for further evaluation. For example, if it is determined that merely lowering the 
gas generation rates will demonstrate compliance, then from Table 9-1, either one of 
Alternatives 1, 2, or 3, would be sufficient, and there would not be any need of any Level Ill 
alternatives. If, on the other hand, it is determined that it is necessary to eliminate gas 
generation of any kind, then the group of candidate alternatives would be limited to 
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Alternatives 8, 9, and 13. Similarly, based on the results of performance assessment, 
candidate alternatives can be chosen from Table 9-1 to address the human intrusion scenarios 
if the current design is predicted to result in noncompliance with any of the three intrusion 
scenarios. 

9.2.2 Evaluation of Candidate Alternatives 

Once a group of candidate alternatives has been identified, the next step is to utilize the 
EATF results to assemble the data required for optimization of candidate alternatives. The 
specific tasks involved are discussed in the following sections. 

9.2.2.1 Apolication of the EA TF Design Analysis Model 

The effectiveness of the candidate alternatives with respect to various effectiveness criteria 
such as peak index pressure from gas generation, and the MAE for the three intrusion 
scenarios, can be estimated by the EA TF Design Analysis Model. The results for the 14 
alternatives analyzed by the EA TF were presented earlier in Section 4.0. A ~· ar analysis 
is required for each candidate alternative. The reader should be aware that i t e underlying 
assumptions in the model change as additional data are obtained, or if the data se of model 
input parameters is expanded, then the Design Analysis Model should be updated and the 
effectiveness of the alternatives estimated using the revised as ptions. 

9.2.2.2 Assemble Data for Evaluation of the Feasibili 

In addition to the analysis of the effectivenes~s n alternative, data are required for the 
evaluation of the feasibility of implementing eac didate alternative. As mentioned earlier, 
feasibility refers to the combination of criteria s ch as cost, schedule, regulatory issues, and 
health and safety risks. These c · ·a are discussed below: 

• 

• 

A lication of EA TF Co al sis - The factors considered by the EA TF for cost 
analysis include the capi I cost of new treatment facilities, operating cost of facilities, 
cost of inative materials (e. g., backfill, waste container, etc.) cost of waste 
characte at n/certification (if applicable), and the cost of waste transport. The cost 
of imple e ng different alternatives were estimated in Section 6.0 for waste treatment, 
Section . for backfill alternatives, and Appendix H for alternate waste container 
materials. The applicable information in each of these sections will help to develop the 
cost for implementing each alternative. The level of detail required in cost analyses 
depends upon the level of precision required by the analyst or decision maker. The 
reader should note that the costs presented in this report are not "bottom-up" costs 
(i.e., specific costs of equipment, material, and services have not been specified). 
Instead, these costs have been compiled from various DOE publications. These cost 
figures serve as excellent comparison between alternatives. However, if cost is of 
primary importance in the selection of optimal alternatives, then additional cost analysis 
may be required to reduce uncertainties to an acceptable .level. 

Application of EA TF Schedule Analysis - The schedules for implementing candidate 
treatment alternatives can be estimated from the EATF results presented in Section 6.0. 
The schedules estimated by the EATF include preconstruction, engineering, 
construction, and start-up, and are based upon results from various DOE publications. 
The regulatory issues have been assumed to be part of the preconstruction period of 
implementation schedules. The EA TF feels that regulatory/compliance issues and 
budgetary constraints that delay construction, present the greatest uncertainties in the 
estimation of schedules. The acceptability of these estimates depends upon the relative 
importance assigned to schedule concerns during the selection of an optimal alternative 
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(Section 9.2.3). Thus, the decision maker must weigh the uncertainties involved against 
the relative importance of schedule concerns, and then decide if additional data are 
required to make a decision. 

Application of EATF Reaulatorv Analysis - The EATF analysis presented in Section 6.0 
shows that significant uncertainty exists in the area of regulatory compliance, and 
therefore it is difficult to estimate the time periods required for permitting a facility. 
The EATF has considered the experience of other projects in various states, and also 
the different state and federal regulations that affect the permitting process. It has been 
observed that in general, the timeframe required for facility permitting varies with the 
type of facility being considered (i. e., Level II or Level 111), and the proposed facility 
location. 

As discussed in Section 6.0, waste characterization may be required to comply with 
the New Mexico EID or RCRA requirements. The extent of waste characterization 
required by RCRA will have a significant influence on the choice of an alternative, 
especially if the cost of such characterization is comparable to the cos~o recessing 
the waste. At the moment, the extent of characterization required b CRA is not 
well defined, and thus increases the uncertainties of estimating the req irements for 
regulatory compliance. Therefore, although the various factors that affect e regulatory 
issues have been explained in Section 6.0, the EATF t refrained from presenting 
precise estimates of facility permitting time. 

Application of EA TF Risk Assessment - The risks ssociated with implementing 
candidate alternatives can be compared~h the baseline design using the results of 
the risk assessment summarized in Secti n .0 and discussed in detail in Appendix I. 
Although the analysis presented in Secti .0 relates to Alternatives 1, 2, 4, and 8, 
and does not include all 14 altemativ s, the four options analyzed by the EA TF 
represent the whole rang~treatments involved in the 14 alternatives. For example, 
the waste treatment invol in Alternative 5 is similar to that of Alternative 4, and the 
waste treatment involved in ltematives 9 and 13 are similar to Alternative 8. 

The resu~ the EATF risk assessment show that Level II treatments result in a 
slight inc ea in risk relative to the baseline design, and this increase is generally 
independ of the number of facilities. In contrast, for Level Ill treatments, the 
dominance of transportation risks favors treatment of wastes at multiple facilities before 
transporting the wastes to WIPP. This is because the Level Ill treatment of waste 
before shipment substantially reduces the transportation risks, and this reduction more 
than compensates for the increase in occupational risks associated with the Level 111 
treatment of waste. 

Since risk is an abstract quantity, the results of any risk analysis are often used by 
equating risk to some tangible quantity (e. g., the number of lives saved by an unit 
decrease in absolute risk). However, the use of such an approach is not recommended 
for the results of the EATF risk assessment for reasons outlined below. 

The EATF analysis has involved estimating the risks of alternatives as ratios relative 
to the baseline case. This approach was used to cancel the uncertainties that are 
common to the baseline case and the alternatives. In theory, one could take the 
relative risk reduction ratios estimated by the EATF, and combine these numbers with 
the absolute baseline risk provided in the FSEIS/FSAR to arrive at an absolute risk for 
each alternative. However, it should be noted that this would only serve to bring back 
the uncertainties present in the FSEIS/FSAR calculations, and therefore not advisable. 
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If it is not possible to make a decision without the absolute risk values for the 
alternatives, then the EA TF recommends either one of two optional approaches. The 
first approach involves an estimation of the absolute baseline risks using a more 
rigorous method than the one used in the FSEIS/FSAR. This should reduce the 
uncertainties, and the EA TF results of relative risk could then be combined to arrive 
at absolute risks for the alternatives. The second approach is less rigorous, and 
involves expressing the value of relative risk reduction for each risk component (e. g., 
transportation fatalities, etc.) in terms of a tangible quantity such as the number of lives 
saved, etc. Once each of the eight components considered by the EATF have been 
expressed in terms of a tangible quantity, they could then be aggregated using societal 
weights for each component to arrive at a tangible value of risk reduction for each 
alternative. 

Thus, while applying the results of the risk assessment, the reader should remember 
the limited scope of this study. As explained in detail in Table l-ES-1 in Appendix I, 
the different combinations of alternatives and treatment locations fall into four different 
risk groups. The EA TF feels that while a more rigorous analysis mi~hange the 
numerical values of the risk reduction factors within each of the four roups, it is 
unlikely to result in reclassification of any option from one group to anot er. 

9.2.3 Selection of an Optimal Engineered Alternative ~ 

Once the data on the effectiveness and feasibility of candfjate alternatives have been 
compiled, the next step is to use the data to select an optimal alternative. As shown in 
Figure ~ 1, the optimal alternative should be d~ed by simultaneous consideration of five 
different components for each alternative. These effectiveness, cost, schedule, regulatory 
considerations, and the health and safety risk ssociated with an alternative. The reader 
should note that while a relativeife re of these factors can be obtained for each alternative 
using the results of the EATF, t 1 elative importance needs to be decided by the eventual 
decision maker (e. g., the D ). Unless the relative importance of these factors is 
established, the results of the ATF for each factor will remain mutually exclusive, and 
therefore canno~taggregated for optimizing the choice of an alternative. 

The interactive sses that are expected to be involved in such an optimization process 
are illustrated be w with an example. Assuming that the candidate alternatives are limited 
to Alternatives 3 and 4, the analysis of the EATF would provide the reader with the following 
results: 

Effectiveness - Alternative 4 would reduce peak index pressures to lithostatic. 
Alternative 3 would be ineffective in reducing pressures to lithostatic, and the maximum 
peak index pressures predicted for this alternative are 20% higher than the lithostatic 
pressure. In general, Alternative 3 may be more effective against human intrusion, 
whereas Alternative 4 is more effective for addressing gas generation. 

Cost - Project costs for Alternative 4 are expected to be substantially higher than for 
Alternative 3. 

Schedule - Alternative 3 would take 5-7 years for implementation, whereas Alternative 4 
would take 8-11 years. 

Regulatory Considerations - Since Alternative 4 involves thermal treatment, it would 
be expected that the regulatory requirements for this alternative would be more 
extensive than Alternative 3. 
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Risk - If the number of waste treatment facilities is less than or equal to three, then 
the risks due to the two alternatives are roughly equal. For more than three treatment 
facilities, the risk due to Alternative 4 is marginally less than Alternative 3. 

Given the above results, the decision maker will have to judge the relative importance of the 
above factors in influencing the decision. For example, it needs to be decided whether the 
improvement in effectiveness using Alternative 4 is worth the additonal cost as well as the 
more extensive regulatory requirements. If schedule is the most important factor, then 
Alternative 3 would seem to have an advantage over Alternative 4. 

The decision maker should also take note of the uncertainties involved in the EATF 
evaluations, and based on the relative importance of a factor, decide if a more detailed 
analysis is warranted. For example, future experimental data about properties of modified 
waste forms might show that Level II alternatives such as Alternative 3 would not exceed the 
lithostatic pressure. Therefore, if the relative importance of effectiveness is considered to be 
greater than the other factors, then it would be advisable to carry out additional analysis of 
alternatives using revised properties of modifed waste forms as input to the Design Analysis 
Model, and thus minimize the uncertainties before selecting an optimal altem~ai . Similarly, 
if the EATF estimates of project costs for the candidate alternatives are rou I equivalent, 
and cost is the most important factor, then it would be advisable to estimate "bott m-up" costs 
for each candidate before reaching a decision. 

In summary, the decision methodology proposed by the EAT~ serve as a "guide" in the 
process of selecting an optimal alternative. However, this opti ization process involves the 
aggregation of the EATF results based on the relative impo nee of influential factors (as 
perceived by the decision maker). It is beyond ~scope of the EATF to make a judgement 
on the relative importance of the five factors me · ed before, and therefore the EATF has 
left the process of selecting an optimal alternati to the eventual decision maker. 

Thus, there are three tasks that J!be completed by the decision maker before the selection 
of an optimal alternative. Since e EATF formulated the list of alternatives in the early part 
of 1990, the list of alternatives might require a review and update in the future as new 
technologies continue to evolve. The relative importance of the five factors involved in 
selecting an o~ alternative should also be decided by some sort of weighting or 
prioritization. Fi all , the existing data developed and presented by the EATF in this report 
should be revie to understand its uncertainties and limitations. The completion of these 
tasks together with the methodology described in Figure 9-1 should guide the decision maker 
to select an optimal alternative, in case one is needed. 

9.2.4 Verification of Compliance for Optimal Alternative 

Once an optimal alternative has been selected, it needs to be verified for demonstrating 
compliance with the applicable regulations. An assessment of compliance for the alternative 
by the use of performance assessment codes will require adequate data regarding the 
properties of the waste forms resulting from the alternative. If such data are not available, 
then experiments need to be conducted to obtain the required data. The data for the optimal 
alternative will be used as input to the performance assessment codes to verify if the selected 
alternative can indeed demonstrate compliance with all applicable regulations. If compliance 
is demonstrated, optimal locations for implementing the alternative can be determined using 
the EA TF facility siting logic described in Section 6.4. In case the optimal alternative fails 
to demonstrate compliance with applicable regulations, the parameters of concern associated 
with the alternative need to be identified, and the whole selection process repeated until 
compliance can be demonstrated. 
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9.3 CONCLUSION OF THE EA TF 

The EA TF has concluded that a number of engineered alternatives could be implemented to 
improve repository performance if WIPP performance assessment determines that either gas 
generation or human intrusion presents a problem in demonstrating compliance. Waste 
treatment is generally the most effective type of engineered alternative, but is by far the most 
difficult to implement. Within waste treatment, Level Ill treatments are the most effective in 
addressing multiple performance parameters, but tend to be the most expensive, the most 
difficult and time-consuming to implement, and have the greatest regulatory requirements. 
Level II treatments are cheaper, faster, require less extensive permitting, and utilize off-the
shelf technology, but are less effective in addressing multiple performance parameters. 
Depending upon the performance parameter, Level I alternatives such as alternative backfills, 
alternative waste containers, or modified repository design should be thoroughly evaluated and 
eliminated before any decision is made to treat the waste. 

The present uncertainty in the degree to which the baseline WIPP design complies with 40 
CFR Part 191 and 40 CFR Part 268 precludes specific recommendations at t~·me. The 
broad range of potential alternatives, with significant variations in cost, 1m lamentation 
schedules, regulatory requirements, etc. between alternatives, requires that erformance 
improvements are better defined before the EATF can make specific recommendations. The 
decision methodology provided (see Section 9.2 for Optim5alternative selection and 
Section 6.4 for treatment site selection) enables the decision m r to evaluate options once 
the needed improvement in performance is known. In the interi , the decision maker has the 
option of using the decision methodology to perform sensitivity analyses or to evaluate 
potential allemalives based upon preliminary rep of the WIPP performance assessment. 

D 
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11.0 GLOSSARY 

Accessible Environment - The accessible environment means to (1) the atmosphere, (2) land 
surfaces, (3) surface waters, (4) oceans, and (5) all of the lithosphere that is beyond the 
controlled area (see 40 CFR Part 191.12[k]). 

Activity - The number of nuclear disintegrations occurring in a given quantity of material per 
unit time. 

Advectlon - The transport of fluid by bulk motion through a porous solid due to a difference 
in absolute fluid pressure across the solid. 

Alpha Particle - A positively charged particle made up of two protons and two neutrons 
(therefore, identical to a Helium atom). Emitted in the radioactive decay of certain nuclides, 
it is the least penetrating of the three types of radiation: alpha, beta, and gam~. 

Anhydrite - A mineral consisting of anhydrous calcium sulfate (CaS04). It is quivalent to 
gypsum without water, and is denser, harder and less soluble than gypsum. 

Anoxlc - Without oxygen. ~ 

Arglllaceous - Pertaining to, largely composed of, or containifg clay-sized particles or clay 
forming minerals. 

Arglllaceous Rocks - Rocks containing app+ amounts of clay. 

Back1111 - Material (such as crusE salt or grout) placed around the waste containers to fill 
the open spaces in the room. 

Bell Canyon Formation - A seq ence of rock strata (sandstones, shales and limestones) that 
form the uppermf'nit of the Delaware Mountain Group; of significance because it is the first 
regionally contin u water-bearing formation beneath the WIPP underground workings (Lappin, 
et al., 1989). 

Bentonlte - A commercial term applied to clay materials containing montmorillonite (smectite) 
as the primary mineral. 

Biomass - The dry weight of living matter, including stored food, present in a species 
population and expressed in terms of a given area or volume of the habitat. 

Borehole - (1) A manmade hole in the wall, floor, or ceiling of a subsurface room used for 
verifying the geology, observation, or the emplacement of waste canisters. The horizontal wall 
holes are used for remote-handled transuranic (RH-TRU) waste; (2) A hole drilled from the 
surface for purposes of geologic or hydrologic testing, or to explore for resources, sometimes 
referred to as a borehole. 

Brine Pocket - Pressurized brine of unknown origin but of limited extent contained in fractured 
anhydrite within the Castile Formation located 210 m below the WIPP repository. 

Castile Formation - A formation of evaporite rocks (interbedded halite and anhydrite) of 
Permian age that stratigraphically underlies the Salado Formation. 
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Cement/Cementlous Material - A dry substance with the capacity to absorb fluid. 

CH-TRU Waste - Contact-Handled TRansUranic waste, packaged TRU waste whose external 
dose rate does not exceed 200 mrem per hour. ''-

Compaction - Mechanical process by which the pore space in the waste is reduced prior to 
waste emplacement. 

Composite - A single, homogeneous mixture of waste and backfill material which has physical 
and chemical characteristics resulting from the incorporation of a particular engineered 
altemative. 

Compresslblllty - The property of a substance capable of being reduced in volume by 
application of pressure; quantitatively, the reciprocal of the bulk modulus. 

Conceptual Model - The set of hypotheses and data that postulate the d~ption and 
behavior of the disposal system. I 
Concrete - A mixture of grout and some type of aggregate (such as stone pebbles or salt 

rock). ~ 
Conservative - When used with predictions or estimates, a servative estimate is one in 
which the uncertain values are used in a way that maximizes heir negative or undesirable 
impact on the system. I\ 
Controlled Area - The controlled area means/(()' a surface location, to be identified by 
passive institutional controls, that encompasses no more than 100 km and extends horizontally 
no more than 5 km in any di~i£from the outer boundary of the original location of the 
radioactive wastes in a disposal em; and (2) the subsurface underlying such a surface 
location (40 CFR Part 191.12[G]) 

Creep - A very sll?ieformation of solid rock resulting from constant stress applied just below 
the elastic limit; ers to the geologic phenomenon experienced as salt under high 
compressive load begins to deform plastically. 

Creep Closure - Closure of underground openings, especially openings in salt, by plastic flow 
of the surrounding rock under pressure. 

Culebra Dolomite Member - The lower of two dolomite units (the other being the Magenta 
Dolomite Member) within the Rustler Formation that are locally water bearing; the first laterally 
continuous unit above the repository to display significant permeability (Lappin, et al., 1989). 

Curle - The SI unit of activity. One curie (Ci) equals 3.700x1010 nuclear disintegrations per 
second. 

Da(CY - An English standard unit of permeability, defined by a medium for which a flow of 1 
cm /s is obtained through a section 1 cm2 for a fluid viscosity of 1 cP and a pressure gradient 
of 1 atrn/cm. (One Darcy is equal to 9.87 x 10·11 m2). 

Darcy's Law - The law which states that the rate at which a fluid flows through a permeable 
substance per unit area is equal to the permeability (a property of the substance through which 
the fluid is flowing) times the pressure drop per unit length of flow, divided by the viscosity of 
the fluid. 
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Decay (radioactive) - Process in which a nucleus emits radiation in the form of ionizing and/or 
particle radiations undergoing spontaneous transformation into one or more different nuclei. 

Decontamination - The removal of unwanted material (especially radioactive material) from 
the surface of, or from within, another material. 

Delaware Basin - The part of the geologic Permian Basin in southeastern New Mexico and 
adjacent parts of Texas where an ancient sea deposited thick layers of evaporites 
approximately 200 million years ago. It is partially surrounded by the Capitan Reef. 

Design Analysis Model - The main program used to analyze the relative effectiveness of 
various modifications to the WIPP facility and waste forms when compared to the WIPP 
disposal system reference design and current waste forms. 

Deterministic - Pertaining to an exact mathematical relationship between the dependent and 
independent variables in a system. /(" 

Dewey Lake Red Beds - A formation that overlies the Rustler Formation and Is composed 
of reddish brown marine mudstones and siltstones interbedded with finegrained sandstone. 

Diffusion - Is the transport process whereby ionic or molecula~nstituents move under the 
influence of their kinetic activity in the direction of their concf'tr~tion gradient, from higher 
concentrations to lower concentrations. 

Diffusion Coefficient - The proportionality cons+A. in Fick's Law of Diffusion defined as the 
amount of solute material per unit time that diffuprsthrough a unit cross-sectional area under 
a unit concentration gradient; witµndamental dimensions of area per unit time. 

Diffusive - Characterized by the r sfer of chemical components from a region of higher to 
one of lower concentration. 

Dolomite - A s~~ntary rock consisting 
commonly assocf'° with limestone. 

Drift - A horizontal mine passageway. 

primarily of the mineral dolomite (CaMg(C03) 2); 

E1 - An event or scenario: intrusion of a borehole through a disposal panel into a pressurized 
brine occurrence in the Castile Formation (Marietta et al., 1989). 

E2 - An event or scenario: intrusion of a borehole into a disposal panel (Marietta et al., 1989). 

Effectiveness Measure - A parameter used in the analysis of human intrusion events which 
provides a convenient means of comparing improvements offered by alternative designs over 
the baseline design. The "Effectiveness Measure" is calculated for the baseline design, as 
well as for each alternative design and is proportional to the cumulative release of twelve 
individual isotopes into an overlying water-bearing strata (the Culebra Dolomite) over a 10,000-
year period, plus the activity associated with the direct release of contaminated drill cuttings 
to the surface. 

Effective Waste Volume - The volume of the waste/backfill composite minus the volume of 
the backfill along the sides of the waste stack; parameter used in the Design Analysis Model 
to calculate radionuclide releases to the surface due to the removal of drill cuttings. 
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Flck's Law - The law which states that the rate of diffusion of matter across a plane is 
proportional to the negative of the rate of change of the concentration of the diffusing 
substance in the direction perpendicular to the plane; in other words, a species "i" diffuses 
(moves relative to the mixture in the direction of decreasing mole fraction "i"). 

Flsslle - Describing a nuclide that readily undergoes fission (splitting) by absorption of 
neutrons within discrete energy bands. 

Fugaclty - An idealized vapor pressure; equal to the vapor pressure when the vapor behaves 
as an ideal gas. 

40 CFR Part 191 - EPA standard for managing and disposing of spent nuclear fuel, high
level, and transuranic wastes. Subpart A deals with managing and storing of wastes, while 
Subpart B covers long-term isolation and disposal. 

40 CFR Part 268 - EPA regulation governing land disposal restrictions; c.ts of five 
subparts as follows: Subpart A - General; Subpart B - Schedule for Land Disposfl _-Prohibition 
and Establishment of Treatment Standards; Subpart C - Prohibitions on Land Disposal; 
Subpart D - Tre~tment Standards; and Subpart E - Prohibitionr.:o Storage (Code of Federal 
Regulators, p. 7 48). 

Grout - The material which results when a cement is combin and well mixed with a fluid. 

Half-llfe - The average time required for an uns~e element or nuclide to lose one-half of 
its radioactive intensity in the form of alpha, bet~ gamma radiation. 

Halite - The mineral rock salt, N~ 

~rdous Waste - Restricted nJ;"n~dioactive wastes that exceed standards or do not meet 
other requirements of 40 CFR Part 268 with regard to toxicity or mobility reduction (DOE, 
1990d, Vol. 1, p. - . 

draulic Cond vi - The rate of aqueous flow, in volume per time, through a cross-
section of area under a unit hydraulic gradient at the prevailing temperature. 

Hydraulic Diffusivity - The ratio of the hydraulic conductivity to the specific storage with 
fundamental dimensions of area per unit time. 

Isotope - A species of atom having the same number of protons but differing in the number 
of neutrons in its nucleus. In most instances, an element can exist as several isotopes 
differing in the atomic mass. Isotopes can be either stable isotopes or radioactive isotopes 
(also called radioisotopes or radionuclides). 

Isotropic - Having the same properties in all directions. 

!m - Kilogram 

km - Kilometer 

Llthostatlc Pressure - Subsurface pressure caused by the weight of overlying rock or soil 
(14.8 MPa at the WIPP repository level). 
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m - Meter 

MB 139 - Marker Bed 139: One of 45 siliceous or sulfatic units within the Salado Formation 
consisting of about 1 m of polyhalitic anhydrite and anhydrite. MB 139 is located within the 
WIPP horizon. 

MPa - Megapascal (108 Pa) 

Panel - Within the WIPP, a panel consists of seven underground rooms connected by 
33-ft-wide drifts at each end. 

Pa - Pascal; basic unit of pressure produced by a force of 1 Newton applied over an area of 
1 m2

• 

Performance Assessment - The process of assessing the compliance of a deep, geologic 
waste repository with the Containment Requirements of 40 CFR Part 191 Subpart B. 
Performance assessment is defined by Subpart B as an analysis that (1~· ntifies the 
processes and events that might affect the disposal system, (2) examines the ts of these 
processes and events on the performance of the disposal system, and (3) stimates the 
cumulative releases of radionuclides, considering the associated uncertainties, caused by all 
significant processes and events. These estimates are incorpor~ into an overall probability 
distribution of cumulative release to the extent practicable (40 r R Part 191.12(q)). 

Permeablllty - A measurement of the ability of a rock or soil to transmit fluid under hydraulic 
gradient dependent upon the interconnectedness/'{ the interstices. 

Permian Basin - A region in the south-central U~ States, where during Permian times (248 
to 286 million years ago), basin~o ·guration created many shallow sub-basins which resulted 
in the position of vast beds of · e evaporites. 

Polyhallte - A hard, poorly solu le evaporite mineral: ~MgC~(S04k2H20. 

Porosity - The ~ity of a rock or soil is its property of containing interstices or voids and 
may be expressvuantitatively as the ratio of the volume of its interstices to its total volume. 

Portlandlte - Calcium hydroxide, Ca(OH)2; a mineral belonging to the brucite group. 

Potentlometrlc Surface - The surface of the hydraulic potentials of an aquifer. It is usually 
represented as a contour map in which each contour indicates how high the water would rise 
in a well tapping that aquifer at any point on that contour. 

Radioactive Waste - Solid, liquid, or gaseous material of negligible economic value that 
contains radionuclides in excess of threshold quantities. 

Radlolysls - Chemical decomposition by the action of radiation . 

Radlonucllde - see Isotope. 

Radlonucllde Inventory - A list of the types and quantities of radionuclides in a container or 
source. Amounts are usually expressed in activity units: curies or curies per unit volume. 

RH-TRU Waste - Remote-Handled TRansUranic waste. Packaged TRU waste whose external 
surface dose rate exceeds 200 mrem per hour, but not greater than 1,000 rem per hour. 
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Room - An excavated underground cavity; within the WIPP, a room has the following 
dimensions; width = 33 ft; height = 13 ft; and length = 300 ft. 

Rustler Formation - A sequence of Upper Permian age elastic and evaporite rocks that 
contains two dolomite marker beds (the Magenta and the Culebra Dolomite members), and 
overlies the Salado Formation. 

!. - Second 

Salado Formation - A sequence of Upper Permian age evaporite rocks containing 45 
numbered "anhydrite" marker beds (MB 101 through MB 145) interbedded with halites of 
varying purity and accessory minerals such as clay and polyhalite. 

Scenario - A combination of events and processes that represent a possible future condition 
of the repository; factors examined include geologic and groundwater syste~hat could 
contribute to the escape of radionuclides from the repository, and release into accessible 
environment. 

Seallng - Formation of barriers within man-made penetrationt:afts, boreholes, tunnels, 
drifts). 

Shaft - A manmade hole, either vertical or steeply inclined, that onnects the surface with the 
underground workings of a mine. I\ 
Solute - The substance dissolved in a solvent. r 
Specific Activity - Total activity r1!} given radionuclide per gram of a compound, element, 
or radionuclide. r ' 
Storatlvlty - The volume of water released by an aquifer per unit surface area per unit 
decrease in hyd c head. 

Threshold Pre - The capillary pressure corresponding to full saturation under drainage 
conditions required to overcome capillary forces at the gas/brine interface and create an 
incipient interconnected gas filled pore network. 

Tortuosltv - Measurement of actual path of flow through a porous medium. 

Transmutation - Any process by which a nuclide is transformed into a different nuclide, or 
more specifically, when transformed into a different element by a nuclear reaction. 

Transuranic Radioactive Waste (TAU Waste) - Waste that, without regard to source or form, 
is contaminated with more than 100 nCi per gram of waste of alpha-emitting transuranic 
isotopes with atomic numbers greater than 92 and half-lives greater than 20 yr, except for: (1) 
HLW; (2) wastes that the DOE has determined, with the concurrence of the EPA Administrator, 
do not need the degree of isolation required by 40 CFA Part 191; or (3) wastes that the NAC 
has approved for disposal on a case-by-case basis in accordance with 1 O CFA Part 61. 
Heads of DOE field organizations can determine that other alpha-contaminated wastes, peculiar 
to a specific site, must be managed as TAU waste. · 

Viscosity - The resistance that a gaseous or liquid system offers to flow when it is subjected 
to a shear stress. 
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Vitrification - Term which implies the melting or fusing of residue into a glass matrix. 

Waste Form - The condition of the waste, its type and physical form. Provides information 
on the waste contents, how the waste is processed, and on the chemistry of the constituents 
(TRUPACT-11 Content Codes, p. v.). 

D 
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PREFACE 

The WIPP Engineered Alternatives Multidisciplinary Panel, described in this report, was 
composed of individuals representing many disciplines and organizations. The primary Panel 
members included: 

Member Discipline Organization* 

Dr. Arun Agrawal Metallurgy/Corrosion Battelle Memorial Institute 

Mr. Roger Hansen Regulatory Compliance and IT Corporation 
Permitting 

Mr. Barry King Microbiology IT Corporatio'f 

Dr. Jon Myers Geochemistry and Performance IT Corporation 
Assessment 

Mr. Milo Larsen Waste Treatment ~.Answers, Inc. 

Mr. Mike McFadden DOE/Institutional U.S. Department of Energy 

Mr. Vernon Daub DOE/Institutional f>. U.S. Department of Energy 

Mr. Jeff Paynter Gene~aste Processing EG&G Rocky Flats 
Incorporated 

Mr. Kyle Peter Generat r Wast.a Processing EG&G Rocky Flats 

Dr. Joe TillersoO 

Incorporated 

Rock Mechanics Sandia National Laboratories 

Mr. Bill White Repository Operations Westinghouse Electric 
Corporation 

Mr. Rod Palanca Repository Operations Westinghouse Electric 
Corporation 

Mr. Hans Kresny Chairman and Facilitator Solmont Corporation 
(Chairman) 

*Current at the time the Panel convened in February, 1990. 
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EXECUTIVE SUMMARY 

The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico is an underground 
repository designed for the geologic disposal of radioactive wastes resulting from the defense 
activities and programs of the United States Department of Energy (DOE). The performance 
of nuclear waste repositories is governed by U.S. Environmental Protection Agency (EPA) 
Standard - 40 CFR Part 191 (EPA, 1985). The study conducted to demonstrate compliance 
with this regulation is called "performance assessment". The performance assessment for the 
WIPP repository is being conducted by Sandia National Laboratories (SNL). The EPA 
Standard requires that DOE provide a reasonable assurance, based on performance 
assessment, that cumulative releases of radioactivity to the accessible environment will not 
exceed the Standard's criteria. Preliminary performance assessment performed by SNL (DOE, 
1990a), have indicated that the current design of the WIPP repository together with the waste 
forms at the DOE storage and generating sites may not demonstrate complianc~wi h the EPA 
Standard. In view of this concern, and prompted by recommendations fro e National 
Academy of Sciences (NAS) (DOE, 1988c) and other external review grou s, the DOE 
established the Engineered Alternatives Task Force (EATF} in September, 1989 Hunt, 1990). 

The objective of the EATF is to identify potential engineeringsdifications (referred to as 
"engineered alternatives") to the existing WIPP design and/or t e transuranic (TAU) waste 
forms, and to evaluate their effectiveness and feasibility in facilit ting compliance with the EPA 
Standard. These alternatives would be designed to completely eliminate or reduce any 
problems which might cause non-compliance ~the EPA Standard. As an example, if 
excess gas generation from corrosion of ste ontainers is identified by performance 
assessment to be an impediment to demonstf'. ing compliance with the EPA Standard, an 
engineered alternative consisti~g a different waste container material which does not 
generate gas could be considere . as generation in WIPP, and other potential problems are 
referred to as "performance p ters", and are being addressed by the performance 
assessment studies (DOE, 199 ). 

The performan£sessment studies to date have identified a number of important 
performance pa ers. However, until the studies are completed, it will not be known which 
of these perter nee parameters are most important to demonstrating compliance with the 
EPA Standard. The EATF is dealing with this uncertainty by integrating its efforts with the 
performance assessment studies, and addressing all performance parameters identified by the 
studies. Recommendations of the EATF will be forwarded by DOE to SNL for input into the 
performance assessment efforts, as needed. · 

The specific steps involved in accomplishing the goal of the EA TF were to: 

• 

• 

• 

• 

Identify and screen potential engineered alternatives. 

Develop design analysis models for the evaluation of relative effectiveness of 
engineered alternatives in comparison to the existing WIPP design and TAU 
waste forms. 

Determine the mitigating effect of engineered alternatives for each performance 
parameter using a quantitative design analysis model. 

Determine potential locations for implementing recommended engineered 
alternatives. 
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• Provide estimated schedules and costs for implementation of engineered 
alternatives. 

• Recommend selected alternatives to DOE. 

The EATF convened an Engineered Alternatives Multidisciplinary Panel (EAMP) with the 
objective of accomplishing the first step; the initial qualitative screening and ranking of 
potential engineered alternatives. The EAMP comprised a group of experts from different 
disciplines to ensure that appropriate technical expertise was available to make the qualitative 
judgments regarding each potential alternative. The engineered alternatives screened by the 
EAMP would be subsequently used by the EATF for quantitative evaluation using design 
analysis models. 

The following disciplines were represented on the EAMP: 

• DOE/Institutional 
• Generator TRU Waste Processing 
• Geochemistry 
• Metallurgy/Corrosion 
• Microbiology 
• Performance Assessment 
• Regulatory Compliance and Permitting 
• Repository Operations 
• Rock Mechanics ~ 
• Waste Treatment. 

The EAMP activities were carried out during No ember 1989 and February 1990. The EAMP 
members were briefed on WIP~, EPA Standard 40 CFR Part 191 (EPA, 1985), the EPA 
land disposal restrictions in R Part 268 (EPA, 1989), and the decision analysis 
methodology that was to be use . e EAMP also developed the criteria for screening and 
ranking the engineered alternatives. A total of 64 potential engineered alternatives suggested 
by the EATF ane EAMP were given preliminary scores by the EAMP for feasibility, and 
relative effectiv e in mitigating the effects of the performance parameters. These 
alternatives are I in Table AES-1. Once the preliminary evaluations were completed, the 
EAMP took into consideration the heterogeneity of the TAU waste form, and reevaluated the 
alternatives in terms of their ability to treat the different waste constituents (e.g., sludges, solid 
organics, etc.). The results of the EAMP formed the basis for recommendation of alternative 
waste forms for the WIPP Experimental Test Program (DOE, 1990b). 

Methodology of Panel Evaluation 

During the preliminary evaluations, ten performance parameters which might be important for 
demonstrating compliance with the EPA Standard, were considered based on the performance 
assessment studies (Marietta, et al., 1989). Later, after further consultation with SNL's 
performance assessment group, the EAM P decided that the ten parameters could be 
condensed into a set of five parameters since some of the ten parameters are interdependent 
and not mutually exclusive of one another (Anderson, 1990). 
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TABLE AES.1 

POTENTIALLY USEFUL ENGINEERED ALTERNATIVES 
CONSIDERED BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM MODIFICATION ALTERNATIVES WASTE MANAGEMENT ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Wet Oxidation 
Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Add Salt Backfill 
Add Other Sorbents 
Add Gas Suppressants 
Shred and Add Bentonite 
Acid Digestion 
Sterilize 
Add Copper Sulfate 
Add Gas Getters 
Add Fillers 
Segregate Waste Forms 
Decontaminate i:e s 
Change Waste n ting Process 
Add Anti-Bacteri terial 
Accelerate Was igestion Process 
Alter Corrosion Environment in WIPP 
Alter Bacterial Environment in WI PP 
Transmutation of Radionuclides 
Vitrify Sludges 

BACKFILL ALTERNATIVES 

Salt Only 
Salt Plus Gas Getters 
Compact Backfill 
Salt Plus Brine Sorbents 
Preformed Compacted Backfill 
Grout Backfill 
Bitumen Backfill 
Add Gas Suppressants 
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Minimize Space Around Waste Stack 
Segregate Waste In WIPP 
Decrease Amount of Waste Per Room 
Emplace Waste and Backfill Simultaneously 
Selective Vegetative Uptake 

FACILITY DESIGN AL TEA IVES 

Brine lsqlating Dikes . 
Raise Waste Above the Floor 
Brine SumEnd Drains 
Gas Expan · n Volumes 
Seal Dispo I Room Walls 
Vent Facility 

entilate Facility 
dd Floor of Brine Sorbents 

Change Mined Extraction Ratio 
Change Room Configuration 
Seal Individual Rooms 
Two Level Repository 

PASSIVE MARKER ALTERNATIVES 

Monument Forest Over Repository 
Monument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Artificial Surface Layer Over Repository 
Add Marker Dye To Strata 

MISCELLANEOUS ALTERNATIVES 

Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 

to Regulatory Boundary 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 
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The original parameters and the five performance parameters upon which the EAMP based 
its final results are: 

Original Parameters 

Radiolytic Gas Generation 
Biological Gas Generation 
Corrosion Gas Generation 
Porosity of Waste 
Permeability of the Waste Stack 
Brine Inflow 
Leachability of Waste 
Shear Strength of Waste 
Radionuclide Solubility in Brine 
Human Intrusion 

Condensed Set 

Radiolytic Gas Generation 
Biological Gas Generation 
Corrosion Gas Generation 
Permeability of the Waste Stack 
Radionuclide Solubility in Brine 

The EAMP considered engineered alternatives in seven categories. These c~ries along 
with examples of engineered alternatives evaluated are presented below: --T-

Cateaory Example 

Waste Form Modification Vitrify sludges 
Alternatives 

Waste Management Alternatives Seg~te waste in WIPP 
Backfill Alternatives Gro b ckfill 
Facility Design Alternatives Cha e room configuration 
Passive Marker Alternatives Mon ment covering the entire repository 
Miscellaneous Alternative~r:1 Grout Culebra Formation 
Waste Container Alternatil' Change waste container material 

The EAMP's activities were conducted according to a management decision process that 
quantifies no ubjective information (Daugbjerg, 1980). The 64 potential engineered 
alternatives cons de by the EAMP were first subjected to a "must" criteria test (i.e., criteria 
which each alte ·ve must satisfy in order to be considered for further evaluation by the 
panel). The following "must" criteria were defined by the EAM P: 

Regulatory Compliance and Permitting - The alternative must have a likelihood to 
demonstrate regulatory compliance. 

Availability of Technology - Technology must have been demonstrated at a minimum 
of laboratory scale, and must have the potential for full-scale implementation. 

Schedule of Implementation - The alternative must be implementable within eight years 
for newly generated waste, and within 15 years for retrievably stored waste. 

Any alternative which failed to satisfy all three criteria was eliminated from further 
consideration. The remaining alternatives were then judged according to two criteria; their 
effectiveness in mitigating the effects of each of the five performance parameters, and their 
feasibility in terms of the three "must" criteria listed above. The EAMP decided that for 
feasibility considerations, the order of importance of the three criteria was Regulatory 
Compliance and Permitting, followed by Availability of Technology, and Schedule of 
Implementation. This relative order of importance was reflected appropriately in the weights 
assigned to these criteria during the scoring process. The scoring process is described in 
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detail below. The effectiveness criterion was not divided into any subcategories. However, the 
effectiveness of an alternative was evaluated separately for each of the performance 
parameters. 

The overall scores for each alternative were calculated by taking both effectiveness and 
feasibility into account. The EAMP judged that effectiveness and feasibility were of almost 
equal importance, with effectiveness being marginally more important than feasibility. On a 
scale of 10 (a score of 10 being the most effective), effectiveness was assigned a weight of 
5.1 and feasibility was assigned a weight of 4.9. Feasibility was further subdivided into the 
three criteria previously used as "must" criteria above. These criteria were now used as 
weighted components of the overall feasibility criterion, and formed the basis for ranking the 
relative feasibility of the alternatives that were not previously eliminated. 

Thus, the weights assigned to each criterion was as follows: 

• 
• 

Effectiveness 
Feasibility 

Regulatory Compliance and Permitting 
Availability of Technology 
Schedule of Implementation 

Total Weightage 

5.1 

2.4 
1.5 
1.0 

10.0 

The effectiveness of the alternatives was evalu~ on a scale of 1 to 1 O for each of the 
performance parameters. The feasibility of the e atives was also evaluated on a scale of 
10 for each one of the three feasibility criteria. ally, the scores on the 10 point scale were 
multiplied by the appropriate weig~s s listed above to get effectiveness and feasibility scores, 
and then summed together to a total score for each alternative for any particular 
performance parameter. The fe "ty of each alternative was assumed to remain the same 
irrespective of the performance rameter being considered for effectiveness evaluation. 

As an example,~· alternative received an effectiveness score of 9 for mitigating radiolytic 
gas generation, fo regulatory compliance and permitting, 6 for availability of technology, and 
7 for schedule o · plementation, its total weighted score would be as follows: 

9x5.1 + (5x2.4 + 6x1 .5 + 7x1 .0) = 73.9 
Effectiveness Feasibility Total 

After the preliminary evaluations were completed, the heterogeneity of the TAU waste was 
addressed by evaluating the effectiveness of all applicable alternatives for the three types of 
waste forms that are expected to comprise the majority of the WIPP inventory .. These waste 
forms are sludges, solid organics (combustibles), and solid inorganics (glass and metals). The 
scoring methodology was similar, except that the effectiveness of the chosen alternatives was 
judged separately for each of the three major waste forms. In addition, only the condensed 
set of five performance parameters were considered instead of the original ten. 

RESULTS OF PANEL EVALUATION 

The results of the EAMP's screening of potential engineered alternatives indicate that 
numerous alternatives are available, if needed, to improve the performance of the WIPP 
repository. It should be emphasized that the screening process provides the basis for the 
quantitative design analyses of the engineered alternatives, and does not constitute an end 
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result by itself. Therefore, the results must be considered preliminary to the follow-on design 
analyses and engineering studies to be conducted by the EATF. 

In addition, it should be noted that a high scoring alternative is not necessarily an automatic 
choice over the others. In fact, the selection of an alternative is dependent on the extent of 
the problem (if any), as identified by the ongoing performance assessment studies. If the 
problem associated with a performance parameter is deemed to be minor by the performance 
assessment studies, even an alternative with low scores might be adequate to correct the 
problem. 

The EAMP screening process eliminated all but 35 of the 64 engineered alternatives originally 
considered for evaluation. In addition, the EAMP added one alternative (cementation of the 
sludges) to the list, resulting in a total of 36 scored alternatives in six categories: 

Waste Form Modification Alternatives 17 
Waste Management Alternatives 2 1 
Backfill Alternatives 6 
Facility Design Alternatives 5 
Passive Marker Alternatives 4 
Waste Container Alternatives 2 ~ 

The EATF has used the results of the EAMP, and classifie the waste form modification 
alternatives into seven generalized categories based on the si lar final waste forms resulting 
from these treatments. These categories and th9Eematives grouped into each category are: 

• Vitrification of waste 

• 

• 

• 

- Microwave melting (sludges o ly) 
Plasma procesa 
Incinerate and · (solid organics only) 
Acid digest, ca ine, and vitrify (solid organics only) 

Ce~tion of waste 
- C entation of sludges into monoliths 
- red and cement (solid organics and inorganics) 

Incinerate and cement (solid organics only) 

Compaction of waste (does not apply to sludges) 
Compact 
Shred and compact 
Shred, add salt, then compact 

Encapsulation of waste (does not apply to sludges) 
Shred and encapsulate with polymer 
Shred and encapsulate with bitumen 

• Preparation of ingots from melted metal waste {applicable only to solid inorganics} 

Shredding of waste followed by addition of bentonite 

• pH buffering of waste 
Buffering by lime 
Buffering by cement 
Buffering by alumina . 
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In addition, the EATF has included one more category in the above list which is not a waste 
form modification, but considered by the EATF to be an equally important group of alternatives. 
This new category is: 

• Changing of waste container material. 

In conjunction with the deliberations of the EAMP, the EATF has noted that there are some 
groups of alternatives which consistently received high scores for effectiveness, primarily 
because of their ability to eliminate the potential problem associated with a performance 
parameter. For example, all the different vitrification options (i.e., plasma processing, acid 
digestion, etc.) received consistently high effectiveness scores for the parameters associated 
with radiolytic gas generation, because they would (for all practical considerations) eliminate 
the potential associated with radiolytic gas generation. On the other hand, there are groups 
of alternatives which have been assigned low to moderate scores for effective~ because 
they can only slow down the rate processes associated with the parame (instead of 
eliminating the potential). For example, any form of compaction of the waste as assigned 
low to moderate scores by the EAMP for corrosion gas generation, because these alternatives 
would only reduce the rate of corrosion gas generation but not e~i · ate it. Therefore, in order 
to develop a generalized set of recommendations for future desi analysis, and for the WI PP 
Experimental Test Program, the EATF has divided the alternativ into two categories for each 
performance parameter. 

• Alternatives which essentially eliAate the potential associated with a 
performance parameter r 

• Alternatives which ~reduce or control the rate processes. 

Alternatives belonging to both Jf ~e above categories were identified for the three gas 
generation parameters. The remaining parameters (permeability of waste stack and 
radionuclide soluil in brine) did not have any applicable alternatives belonging to the first 
category. In oth r ords, the EAMP concluded that permeability and solubility can only be 
reduced or cont but never completely eliminated. 

Since the objectives of the WIPP Experimental Test Program and the design analysis modeling 
are primarily related to the effectiveness of an alternative, the EA TF has summarized the panel 
deliberations on the basis of effectiveness scores, and the two categories of alternatives 
mentioned above. It should be noted, however, that the feasibility of the alternatives is also 
being studied in detail as part of the overall EA TF objectives. 

Table AES-2 presents the set of alternatives which were consistently assigned high scores by 
the EAMP for their effectiveness for eliminating the potential associated with a performance 
parameter. Table AES-3 presents similar information for alternatives assigned low to moderate 
scores for effectiveness because they can only reduce the rate processes associated with a 
parameter, and cannot eliminate the potential. Since the extent to which the rate can be 
reduced or controlled is different for each alternative, therefore the alternatives are listed in 
descending order of merit for each performance parameter. 

It should be noted that since the properties of the final waste forms resulting from a lot of the 
alternatives are very similar, for the sake of brevity, alternatives in Tables AES-2 and AES-3 
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TABLE AES-2 

WASTE FORM MODIFICATIONS FOR ELIMINATING POTENTIAL 

WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANIC$ 
:111<1 

Radlolytlc Vitrification Plasma processing Vitrification 
Gas Incinerate and Vitrify 1 Generation Acid digest and Vitrify 

Biological Vitrification Plasma processing =gory does .. Gas Incinerate and Cement pose biological gas 
Generation Incinerate and Vitrify neration problem 

;.,~j 

Acid digest and Vitrify 
..• 

Category ./):. 
,,~. Corrosion Vitrification Decontamination of corroding 

Gas rznot pose corrosion metals 
Generation gas generation problem Change existing waste container 

material* 

Permeablllty (Jone None None 
of the 

·.k, Waste Stack 

~ 
Radionuclide None None None 
Solubility 

.,,, In Brine 

w 

!!!'?'!\ 

.,.. 

''"' -
*For sludges, solid organics and solid inorganics. 
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Radlolytlc 
Gas 
Generation 

Blologlcal 
Gas 
Generation 

Corrosion 
Gas 
Generation 

Permeablllty 
of the 
Waste 
Stack 

Radlonucllde 
Solublllty 
In Brine 
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TABLE AES-3 

WASTE FORM MODIFICATIONS FOR 
REDUCING/CONTROLLING POTENTIAL 

WASTE FORM 

SLUDGES SOLID ORGANICS SOLID INORGANICS 

Cementation* Incinerate and Cement Decontamination 
pH Buffers Compaction Melted metals 

1 pH Buffers pH Buffers 

Cem~ntation* Shred and Cement fiigory does 
pH Buffers Compaction pose biological 

pH Buffers generation problem 
Shred, add bentonite 

Cementation* Category~ Vitrification 
pH Buffers not pose rrosion pH Buffers r generation problem Encapsulation 

Melted metals 
Shred and cement 
Compaction 

Qltrlflcatlon 

Shred, add bentonite 

Vitrification Vitrification 
Cementation* Encapsulation Melted metals 
pH Buffers Cementation Shred, add bentonite 

Shred, add bentonite Encapsulation 
Compaction Shred and Cement 
pH Buffers Decontaminate metals 

Compaction 
pH Buffers 

Cementation* Cementation Decontaminate metals 
pH Buffers pH Buffers pH Buffers 

Vitrification Shred and cement 
Melted metals 

*Cementation into monoliths. 
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have been grouped into one of the seven generalized categories described earlier. For 
example, all the different forms of compacting the waste have been grouped together as 
"compaction" in Table AES-3. 

The EATF will perform design analyses of appropriate combinations of engineered alternatives 
from Tables AES-2 and AES-3 to quantify the improvement in repository performance using 
alternative waste forms. An example of such a combination for reducing the potential of 
radiolytic gas generation would be to cement the sludges, shredding and cementing the solid 
organics, and decontaminate the metals. Either grout or salt could be added in the repository 
as a backfill material. Similarly, decontamination of all corroding metals from the waste 
inventory, and changing the waste container material could be used to eliminate the potential 
of corrosion gas generation. 

The EAMP considered ranking a set of combined alternatives based on their effectiveness and 
feasibility. However, it was decided that since the evaluation process was primarily qualitative, 
ranking the combinations merely on the basis of summation of their individu~ores would 
not be meaningful, and therefore not advisable. I 
The results of the EAMP's evaluations will be used to: 

1. Recommend waste form alternatives that shou~e included in the WIPP 
Experimental Test Program. r IJ 

2. Provide a basis for identification of ~binations of alternatives that should be 
quantitatively analyzed for relative rLiVeneSS. 

3. Provide a basis for~uation of the relative cost and schedule ramifications for 
implementation of t e ost effective and feasible alternatives. 

The final choice of alternative(s), and whether any alternatives are needed, will be decided in 
conjunction with ~performance assessment studies when the extent of mitigation required 
is determined. ~ 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP), a Department of Energy (DOE) project near Carlsbad, 
New Mexico, is intended as a geologic repository designed for the safe disposal of transuranic 
(TRU) radioactive wastes that have been generated by the defense activities of the U.S. 
government. The performance of nuclear waste repositories (such as WIPP) is regulated by 
the U.S. Environmental Protection Agency (EPA) Standard - 40 CFR Part 191 (EPA, 1985) 
promulgated in 1985. The EPA Standard addresses the waste isolation capability of 
radioactive waste sites, and includes specific requirements regarding containment of 
radioactivity, quality assurance, individual radiation protection for the public, and limits on 
groundwater radionuclide concentrations. The containment requirements mandate that 
radioactive waste disposal systems be designed to provide a "reasonable expectation" that 
cumulative releases of radionuclides over 10,000 years will not exceed specifi~els, based 
on studies referred to as "performance assessment." The assurance requi11 ments were 
selected to provide confidence that containment requirements can be met, and m ndate active 
institutional controls (e.g., boundary markers, etc.) over disposal sites for as long a period of 
time as is "practicable" after disposal. However, for the rrposes of assessing the 
performance of a geologic repository, these institutional controls assumed not to contribute 
to waste isolation longer than 100 years following disposal. 

Since TRU wastes to be emplaced in WIPP aret!: contaminated with hazardous chemical 
wastes, they are subject to regulations under th source Conservation and Recovery Act 
(RCRA). The land disposal of untreated hazard us wastes is prohibited by EPA Standard 40 
CFR Part 268.6 (EPA, 1989), ~ the DOE can obtain a variance for WIPP waste by 
demonstrating to the EPA that t e astes will not migrate from the disposal unit. A petition 
for a variance was submitted by e DOE to the EPA (DOE, 1990c), and the EPA granted a 
conditional No-Migration Determi ation in November, 1990 (EPA, 1990). 

The performan~ssment for WIPP is being conducted by Sandia National Laboratories 
(SNL), and is ed to be completed by 1994 (DOE, 1990d). However, preliminary 
performance as ssment (DOE, 1990a) has indicated that the current design of the WIPP 
repository, and the existing waste forms at the storage/generator sites may not be able to 
demonstrate compliance with the EPA Standard 40 CFR Part 191. In consideration of such 
an eventuality, the National Academy of Sciences (NAS) WIPP Panel recommended in March 
1988, that DOE investigate the feasibility of possible technical "fixes" to the WIPP site and/or 
to the waste itself (DOE, 1988c). If the performance assessment studies cannot demonstrate 
compliance with the EPA Standard 40 CFR Part 191, then these "fixes" could be applied to 
successfully rectify any potential scenario of noncompliance. 

The NAS provided examples of such "fixes" including: 

• Getters to absorb gases 
• Inhibitors to suppress bacterial activity 
• Repository ventilation until closure 
• Absorbers for brine reduction 
• Waste processing into a dense,· chemically stable form 
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• Brine drainage (sumps) 
• Drum void space reduction. 

Based on this recommendation by the NAS, and the recommendations of other external review 
groups, the DOE established the Engineered Alternatives Task Force (EATF) in September, 
1989 (Hunt, 1990). 

The objective of the EATF is to identify potential engineering modifications (referred to as 
"engineered alternatives"} to the current design of WIPP and/or to the present waste forms in 
order to enhance repository performance. These alternatives would either eliminate or mitigate 
any problems associated with demonstrating compliance with the EPA Standard 40 CFR Part 
191. As an example, if excess gas generation from corrosion of steel waste containers is 
identified by performance assessment as an impediment to demonstrating compliance with 40 
CFR Part 191, an engineered alternative such as modifying the waste container material could 
be implemented. Potential problems such as gas generation are referred to aI"B rformance 
parameters", and are being addressed by the performance assessment studies OE, 1990d). 

The studies have identified a number of different performance parameters (M rietta et al., 
1989). However, until the performance assessment studies are~o leted, it will not be known 
which specific performance parameters are most important to onstrating compliance with 
the EPA Standard. The EATF is dealing with this uncertainty b tegrating its efforts with the 
ongoing performance assessment studies at SNL, and addressi g all performance parameters 
identified in conjunction with these studies. Whil~e studies are being conducted, the results 
of the EATF may provide one or more enginee11 alternatives to mitigate the effects of the 
identified parameter(s), if compliance with EP tandard 40 CFR Part 191 cannot be 
demonstrated otherwise. 

The various tasks of the EATF ~: 
• Identify and screen potential engineered alternatives and evaluate their feasibility 

of Mementation. 

• D~p a deterministic design analysis model to evaluate the effectiveness of 
the engineered alternatives in comparison with the existing WIPP design and 
TRU waste forms. 

• Evaluate the mitigating effect of potential engineered alternatives on waste forms 
and on repository performance for each performance parameter using the 
developed design analysis model. 

• Provide estimated schedules and costs for implementation of engineered 
alternatives. 

• Recommend potential locations for implementation of engineered alternatives. 

• Recommend selected alternatives to the DOE. 

The Engineered Alternatives Multidisciplinary Panel (EAMP) was formed to accomplish the first 
of the EATF Tasks; the qualitative initial screening and ranking of potential engineered 
alternatives. The composition of the EAMP is described in the following section. 
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1.2 COMPOSITION OF THE EAMP AND ITS OBJECTIVES 

In view of the technical expertise needed in the areas associated with the engineered 
alternatives, and in consideration of other important regulatory and operational issues 
associated with the WIPP repository, the following disciplines were represented on the panel: 

• DOE/Institutional 
• Generator Waste Processing 
• Geochemistry 
• Metallurgy/Corrosion 
• Microbiology 
• Performance Assessment 
• Regulatory Compliance and Permitting 
• Repository Operations 
• Rock Mechanics 
• Waste Treatment. ~ 

A description of the EAMP requirements and qualifications of panel members id provided in 
Attachment A. The specific objectives of. the EAM P were to: 

• Identify potential alternatives, and establish scree~ criteria that any potential 
alternative must satisfy in order to be consider~or further evaluation. 

• Establish criteria for the qualitativ~~luation of each alternative regarding its 
mitigating effects on each perform~ parameter. 

• Rank the screened ,:ggineered alternatives for their mitigating effects using the 
establshed criteriar decision analysis techniques. 

1.3 NONCOMPLIANCE SCENARIOS AND PERFORMANCE PARAMETERS 

ere considered to be bounding conditions for selecting performance 
parameters cons of both natural (undisturbed performance) and human intrusion events. 
Seven hypothetical scenarios were developed by SNL (Marietta et al., 1989); a base case 
scenario, and six additional scenarios which may be expected to occur during the regulatory 
periods described in EPA Standard 40 CFR Part 191 (EPA, 1985). The performance 
parameters are based on these seven scenarios. The seven scenarios shown in Figure A-1 
include: 

Base Case - This was defined as an undisturbed repository with gas generation, brine inflow 
from the Salado Formation, and normal creep closure of the salt. 

Human Intrusion - Six cases were considered: 

1. A single borehole is drilled through the repository to a postulated pressurized 
brine pocket Before the borehole is plugged, release occurs directly to the 
surface. After the borehole is plugged, release also occurs along a horizontal 
pathway above the repository to the regulatory boundary. 
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FIGURE A-1 BASE CASE AND INTRUSION SCENARIOS 
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2. Same as Scenario 1, except that drilling stops in the repository horizon. 

3. Two boreholes are drilled, consisting of Scenarios 1 and 2, with the 
commensurate releases. 

4. Same as Scenario 1, except that extraction of water takes place within the 
regulated boundary. 

5. Same as Scenario 2, except that extraction of water takes place within the 
regulated boundary. 

6. Same as Scenario 3, except that extraction of water takes place within the 
regulated boundary. 

Under the above scenarios, there are three basic elements that have the potential to create 
the conditions that could lead to non-compliance with the EPA Standards. ,?1ese basic 
elements are: f 

• Mobility of the waste 

• The release path to the regulated boundary G 
• The release mechanisms that move waste to ttfe accessible environment, or 

beyond the unit boundary in the cr\ of the RCRA requirements. 

The ten performance parameters associated wittf:!?. three elements that have been identified 
based on the performance assessment studies are (Marietta et al., 1989): 

PERFORMANCE PARFrER SCENARIO($) 

Radiolytic Gas Generation Base Case 
Biolog=· as Generation Base Case 
Corro on Gas Generation Base Case 
Waste rmeability Base Case & Human Intrusion 
Waste Porosity Base Case & Human Intrusion 
Waste Strength Human Intrusion 
Radionuclide Leachability Base Case & Human Intrusion 
Radionuclide Solubility Base Case & Human Intrusion 
Brine Inflow Base Case & Human Intrusion 
Human Intrusion Probability Human Intrusion 

The subsequent sections of this report describe the methodology used by the EAM P to 
accomplish its objectives of screening and ranking engineered alternatives with reference to 
the parameters listed above, the results of the EAMP deliberations, and finally, the conclusions 
reached by the EAMP and the EATF regarding the effectiveness of engineered alternatives. 
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2.0 METHODOLOGY USED TO EVALUATE 
ENGINEERED ALTERNATIVES 

The EAMP activities were carried out during November 1989 and February 1990. The panel 
members were briefed on WIPP, the EPA Standard 40 CFR Part 191 (EPA, 1985), the EPA 
land disposal restrictions in 40 CFR Part 268 (EPA, 1989), the performance parameters, and 
the decision analysis methodology that was to be used. The EAMP, in conjunction with the 
EATF, prepared a list of potential engineered alternatives (described in Attachment B) in seven 
different categories. The 64 potential engineered alternatives are listed in Table A-1. The 
seven different categories are listed below with an example for each category: 

Category 

Waste Form Modification 
Alternatives 

Waste Management Alternatives 
Backfill Alternatives 
Facility Design Alternatives 
Passive Marker Alternatives 
Miscellaneous Alternatives 
Waste Container Alternatives 

Example 

Vitrify sludges 

Segregate waste in WIPP 
Grout backfill 
Change roome cnf uration 
Monument cov the entire repository 
Grout Culebra rmation 
Change waste ontainer material 

After developing the criteria against which to scree~d rank the engineered alternatives, each 
alternative was subjected to a preliminary eval which considered ten parameters for 
alternative effectiveness and three for alterna ve feasibility. A brief description of the 
preliminary evaluation and resu~ provided in Attachment C. Once the preliminary 
evaluations were completed, the P incorporated the heterogeneity of TRU waste in the 
evaluation process by examining he plicability of each alternative for each one of the three 
major constituents of TRU waste. These three constituents of TRU waste are as follows: 

: ~~ rganlcs (Coni>ustibles) 
• S~~~rganics (Glass and Metals). 

This was necessary because not all alternatives apply to all types of waste. As an example, 
compaction does not apply to sludges. Also, based on an update from SNL (Anderson, 1990), 
only five performance parameters were considered instead of the original ten because some 
of the ten parameters are interdependent, and therefore could be combined into one 
parameter. The five parameters were: 

• Radiolytic Gas Generation 
• Biological Gas Generation 
• Corrosion Gas Generation 
• Permeability of the Waste Stack 
• Radionuclide Solubility (in Brine). 

The remaining parameters that were considered by the EAMP during the preliminary 

,,,, 
i.111 

I iii 

,,, ,, 

evaluations are inherent in the above parameters. For instance, reachability and solubility are '' ·1 

related, as are porosity and permeability. Brine inflow and waste strength are dependent, to .. ,1 
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TABLE A-1 

POTENTIALLY USEFUL ENGINEERED ALTERNATIVES 
CONSIDERED BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM 
MODIFICATION ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Wet Oxidation 

Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Add Salt Backfill 
Add Other Sorbents 
Add Gas Suppressants 
Shred and Add Bentonite 
Acid Digestion 
Sterilize r 
Add Copper Sulfate 
Add Gas Getters 
Add Fillers 
segregate wasterms 
Decontaminate et s 
Change Waste rating Process 
Add Anti-Bacterial Material 
Accelerate Waste Digestion Process 
Alter Corrosion Environment in WIPP 
Alter Bacterial Environment in WIPP 
Transmutation of Radionuclides 
Vitrify Sludges 

BACKFILL ALTERNATIVES 

Salt Only 
Salt Plus Gas Getters 
Compact Backfill 
Salt Plus Brine Sorbents 
Preformed Compacted Backfill 
Grout Backfill 
Bitumen Backfill 
Add Gas Suppressants 
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WASTE MANAGEMENT ALTERNATIVES 

Minimize Space Around Waste Stack 
Segregate Waste In WIPP 
Decrease Amount of Waste Per Room 
Emplace Waste and Backfill 
Simultaneously 
Selective Vegetative Uptake 

Brine lsoiati Dikes 
Raise W Above The Floor 
Brine Su s and Drains 
Gas Exp sion Volumes 
Seal Disposal Room Walls 
Vent Facility 
Ventilate Facility 
Add Floor of Brine Sorbents 
Change Mined Extraction Ratio 
Change Room Configuration 
Seal Individual Rooms 
Two Level Repository 

PASSIVE MARKER ALTERNATIVES 

Monument Forest Over Repository 
Monument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Artificial Surface Layer Over Repository 
Add Marker Dye To Strata 

MISCELLANEOUS ALTERNATIVES 

Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 

to Regulatory Boundary 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 
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a large extent, on permeability. The EAM P also re-evaluated the backfill alternatives in terms 
of their ability in mitigating the effect of the five performance parameters. The following 
subsections describe in detail, the criteria established, and the decision analysis technique 
used by the EAMP. 

2.1 ESTABLISHMENT OF SCREENING CRITERIA 

The evaluation criteria was based upon a management decision process that quantifies 
normally subjective information (Daugbjerg, 1980). The 64 potential engineered alternatives 
were first subjected to a "must" criteria test for initial screening (i.e., criteria which each 
alternative must satisfy in order to be considered for further evaluation). The following "must" 
criteria were defined by the EAMP: 

• Regulatory Compliance and Permitting - The alternative must have the likelihood 
to demonstrate regulatory compliance including local, state, or ff'd I permits 
to operate, based in part on past experience with er similar 
facilities/processes, including public opinion considerations. 

• Availability of Technology - The alternative mustf'av been demonstrated at a 
minimum of laboratory scale, and must hav he potential for full-scale 
implementation in the future. 

• Schedule of Implementation - The~P assumed that waste disposal at WIPP 
should begin no later than 8 yea m 1989 for newly-generated waste and 
15 years for retrievably stored was ased on this assumption, it was decided 
that any alternative must be impl entable within 8 years for newly-generated 
waste, and 15 for ~vably stored waste. 

Alternatives which failed to satisf -~' the three "must" criteria were eliminated from further 
consideration. In addition, some of the alternatives which were deemed to be similar in nature 
were combined t~· inate redundancies. A list of the alternatives which were eliminated from 
further considera on and the reasons for their elimination are presented in Table A-2. The 
process of elimi · n resulted in 35 remaining alternatives which were considered for further 
evaluation. Also, he EAMP added an alternative (cementation of sludges) to increase the total 
to 36 evaluated alternatives. These alternatives are listed in Table A-3. 

2.2 ESTABLISHMENT OF EVALUATION CRITERIA 

The process of evaluation of the 36 alternatives was based on two basic criteria; effectiveness 
of the alternative in mitigating the effects of each performance parameter, and its feasibility. 

2.2.1 Evaluation of Effectiveness 

The effectiveness of each alternative in mitigating the effect of each of the ten original 
performance parameters was evaluated on a scale of 1 to 10 (a score of 10 being the most 
effective) in the preliminary evaluation. In cases where an alternative was judged to have no 
effect on a parameter (positive or negative), it was not given a score (represented by a "-" in 
the scoring column). On the other hand, if an alternative was judged to have an adverse 
effect on a parameter (i.e., it worsened the situation instead of mitigating it), then the 
alternative was given a score of zero, and eliminated from further consideration for that 
particular parameter. The difference between the "adverse effect" case and the "no effect" 
case is explained later in Section 2.2.3. 
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TABLE A-2 

ALTERNATIVES DELETED FROM FURTHER CONSIDERATION 
AND THE REASONS FOR THEIR DELETION 

ALTERNATIVES 

Wet Oxidation 
Sterilization of Waste Package 
Add Copper Sulfate 

Add Anti-Bacterial Material 
Accelerate Waste Digestion 
Transmutation of Radionuclides 
Change Generating Process 
Selective Vegetative Uptake 
Brine Sumps and Drains 
Seal Disposal Room Walls 
Vent Facility 
Artificial Surface Layer 
Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 
Add Salt Backfill 
Add Brine Sorbents 
Add Gas Suppressants 
Add Fillers 

·Alter Bacterial Environment 
Decrease Waste Per Room 
Simultaneous Emplacement 

of Waste/Bacu 
Gas Suppressan Backfill 
Preformed Com ect Backfill 
Brine Isolating Dikes 
Raise Waste Above Floor 
Gas Expansion Volume 
Add Floor Of Brine Sorbent 
Segregate Waste Forms 

WP:EATF.1991:R-1n5-APPA 

REASONS FOR DELETION 

Technology Not Demonstrated For Solid Waste 
Not Feasible To Maintain Long Term Effectiveness 
Potential for Hydrogen Generation by Galvanic Coupling 
of Deposited Copper 

Unable To Identify A Long Term Anti-Bacterial Material 
Technology For Fast Waste Digestion Not Demonstrated 
Technology Not Demonstrated for Large Waste Amounts 
Scope Is Too Broad To Be Evaluated ~ 
Not Been Laboratory Demonstrated For T Waste 
Brine Flow Will Stop After Reconsolidation Salt 
Technology Has Not Been Demonstrated 
Not Regulatory Feasible Aftfr stitutional Control 
Not Possible To Identify A sible Concept 
Technologically Not Feasibl 
Technologically Not Feasibl 
This Is Not ~Engineered Alternative 
Considered r Backfill Alternatives 
Considered d r Backfill Alternatives 
Considered nder 'Add Gas Getters' 

onsidered Under Backfill Alternatives 
onsidered In Evaluation of Other Alternatives 
onsidered Under Backfill Alternatives 

Considered Under Compact Backfill 

Considered Under Salt Plus Alkali In Backfills 
Considered Under Compact Backfill 
Considered Under Sealing Individual Rooms 
Considered Under Add Sorbents To Backfill 
Indeterminate Unless Total Volume of Gas Is Known 
Considered Under Backfill Alternatives 
Alternative Is Not A Stand Alone Process 

A-9 



DOE/WiPP 91-007, REVISION 2, APRIL 1991 '''! 

TABLE A-3 

ALTERNATIVES CONSIDERED FOR FURTHER 
EVALUATION BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM 
MODIFICATION ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Shred and Add Bentonite 
Acid Digestion 
Add Gas Getters 
Decontaminate Metals 
Alter Corrosion Environment in WIPP 
Vitrify Sludges 
Cementation of Sludges 

BACKFILL ALTERNATIVES 

Salt Only rJ 
Salt Plus Gas G~ 
Compact Backfill 
Salt Plus Brine Sorbents 
Grout Backfill 
Bitumen Backfill 

WP:EATF.1991 :R-1n5-APPA 

WASTE MANAGEMENT ALTERNATIVES 

Minimize Space Around Waste Stack 
Segregate Waste In WIPP 

FACILITY DESIGN AL TERNATIV~ 

Ventilate Facility I 
Change Mined Extraction Ratio 
Change Room Cofffi ration 
Seal Individual Ro s 
Two Level Reposi 

PAS VE MARKER ALTERNATIVES 

Mo nt Forest Over Repository 
Mo ument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Add Marker Dye To Strata 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 
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2.2.2 Evaluation of Feasibility 

The feasibility was evaluated in terms of the three criteria originally defined as "musr criteria, 
and mentioned earlier in Section 2.1. These criteria were now used as weighted components 
of the overall feasibility criterion, and formed the basis for ranking the relative feasibility of the 
alternatives that were still under consideration. The alternatives were scored on a scale of 1 
to 10 based on their relative ease or difficulty in satisfying these criteria as judged by the 
EAMP. It should be noted that unlike the evaluation of effectiveness, the term "adverse effect" 
does not apply in this case because the feasibility of an alternative was assumed to be 
independent of the parameter being considered. 

2.2.3 Overall Scoring Process for Alternatives 

The overall scores for an alternative for mitigating the effects of a parameter were calculated 
by combining its effectiveness and feasibility scores using a weighted summation approach. 
The EAMP judged that effectiveness and feasibility were of almost equal i?ince with 
effectiveness being marginally more important than feasibility. Therefore on a ighing scale 
of 10, effectiveness was assigned a weight of 5.1 and feasibility was assigned a eight of 4.9. 
However, since the feasibility was evaluated in terms of the three criteria originally used as 
"must" criteria, the weight of 4.9 was further subdivided among three criteria depending 
on their relative importance. It was decided ttiat for feasib 1 considerations, the most 
important of these three criteria was Regulatory Compliance and Permitting, followed by 
Availability of Technology, and then Schedule of lmplemen tion. This relative order of 
importance for the feasibility criteria was appro.;n~ly reflected in the weights assigned to 
these criteria. The relative weights assigned to t~fferent evaluation criteria were as follows: 

• Effectiveness 5.1 
• Feasibility ~ 

- Regulatory Co ce and Permitting 2.4 
- Availability of hnology 1.5 

Schedule of Implementation _LQ 
(1 10.0 

The effectiveneMnd feasibility scores developed by the EAMP in each of the three 
subcategories (all on a scale of 1 to 10) were multiplied by the appropriate weights listed 
above, and then added together to get the overall score for each alternative for a given 
performance parameter. The feasibility of an alternative was assumed to be independent of 
the performance parameter, and therefore remained the same irrespective of the parameter 
being considered. Figures A-2 and A-3 depict this evaluation process. 

As an example, if an alternative received an effectiveness score of 9 for mitigating radiolytic 
gas generation, 5 for regulatory compliance and permitting, 6 for availability of technology, and 
7 for schedule of implementation, then its overall score would be calculated as follows: 

9x5.1 + 
Effectiveness 

(5x2.4 + 6x1 .5 + 7x1 .0) 
Feasibility 

= 73.9 
Total 

There were two exceptions to the weighted summation approach for calculating overall scores. 
If an alternative was judged to have an adverse effect on a performance parameter, (i.e., it 
was assigned a score of zero), then its overall score was also a zero irrespective of its 
feasibility score. On the other hand, if an alternative was judged to have no effect at all 
(positive or negative), then its overall score was simply equal to its feasibility score. 
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FURTHER DESIGN ANALYSIS AND FEASIBILITY EVALUATION 

FIGURE A-2 IDENTIFICATION AND RANKING OF POTENTIALLY FEASIBLE ENGINEERED ALTERNATIVES 
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DOES ALTERNATIVE HAVE 
ADVERSE EFFECT ? SCORE OF "O" ASSIGNED 

NO 

DOES ALTERNATIVE HAVE 
BENEFICIAL EFFECT ON 

PARAMETER 
NO 

ONLY FEASIBILITY 
SCORE ASSIGNED 

YES 

ALTERNATIVE EFFECTIVENESS EVALUATION 

WEIGHTED SCORE = EFFECTIVENESS SC RE x 5.1 

WEIGHTED SCORE = REGULATORY SC + 
+ SCHEDUL: x 1.0 

WEIGHTED EFFECTIVENESS SCORE 
+ WEIGHTED FEASIBILITY SCORE 

RANKING OF AN ALTERNATIVE 

EACH ALTERNATIVE'S RANK IS DETERMINED BY ITS OVERALL SCORE 

L---------------------------~ 

FIGURE A-3 RANKING OF ALTERNATIVES FOR EACH PARAMETER 
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2.3 EVALUATION INCORPORATING HETEROGENEITY OF TRU WASTE 

After the preliminary evaluations were completed, the EAMP addressed the heterogeneity of 
the TAU waste recognizing that each major waste form may require different treatment. The 
composition of TAU waste comprising the potential WIPP inventory was provided to the EAMP 
by the EATF, and is presented in Table A-4. 

The EAM P addressed those waste forms that represent the largest quantities. These waste 
forms are: 

• Sludges 
• Solid Organics (combustibles) 
• Solid lnorganics (glass and metals). 

From Table A-4, these three waste forms comprise 89 percent of the total in~e ry volume 
and 83 percent of the total inventory weight. The EAMP believed that the r 'ning waste 
forms could be treated using the alternatives identified for the majority of the aste. Since 
all waste form modification alternatives are not applicable to all the major waste forms (e.g., 
compaction does not apply to sludges), the EAMP first identifir.d se alternatives that could 
be applied to each of the three major waste forms (Table A-5) 

The scoring methodology used was similar to the one describ in Sections 2.2.1 - 2.2.3 with 
a few minor exceptions: ~ 

• Since the feasibility of an alterna · independent of the type of waste form 
being treated, the feasibilities w re assumed to remain the same and were 
therefore not recor~ 

• Only five performafce 'parameters were considered instead of ten (as explained 
in Section 2.0). 

D 
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TABLE A-4 

COMPOSmON OF TRANSURANIC (TRU) WASTE* 

WASTE FORMS VOLUME% WEIGHT% 

Sludges 15.3 37 

Solid Organics (combustibles) 39.8 14 

Filters 4.5 2 

Asphalt/Dirt 2.1 5 

Solid lnorganics {glass and metals) 34.3 1 Others {Salts, etc.) 4.0 

.. 

* Calculated from DOE, 1988b. r 

D 
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SLUDGES 

Alter Environment 
Cementation 
Plasma Processing 
Vitrification 

D 
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TABLE A-5 

WASTE FORM MODIFICATIONS APPLICABLE 
TO THE THREE MAJOR WASTE FORMS 

SOLID ORGANICS 

Alter Environment 
Add Gas Getters 
Plasma Processing 
Compact 
Shred, Add Bentonite 
Shred and Bituminize 
Shred and Cement 
Shred and Compact 
Shred and Encapsulate 
Acid Digestion 
Incinerate and Cement 
Incinerate and Vitrify 
Shred, Add Salt, and p..mpacl 

A-16 

SOLID INORGANIC$ 

Alter Environment 
Add Gas Getters 
Plasma Processing 
Compact 
Shred, Add Benffon· 
Shred and Bitu · ze 
Shred and Cemen 
Shred and Compa 

!]
~ and Encapsulate 

Metals 
contaminate Metals 

S red, Add Salt, and Compact 

.. ,;, 
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3.0 RESULTS OF THE EAMP DELIBERATIONS 

The results of the EAMP deliberations represent the relative effectiveness and feasibility of the 
listed alternatives and should not be considered in absolute terms. When specific problems 
associated with regulatory compliance have been identified, the results of the EAM P, 
supplemented by the results of design analysis studies, will determine which alternatives should 
be recommended to DOE for inclusion in WIPP performance assessment. At that time, 
alternatives that were not ranked highest for effectiveness and/or feasibility may, nevertheless, 
be found to be adequate to resolve the problem(s) if any, associated with regulatory 
compliance. 

3.1 EFFECTIVENESS OF ALTERNATIVES 

The results of the preliminary evaluation are provided in Attachment C. The EAMP 
deliberations resulted in the scoring of alternatives for waste form moEfed'fi · n, waste 
management, backfills, facility design, passive markers, waste container, an iscellaneous 
concepts for each of the ten parameters. The overall scores, combining effe 'veness and 
feasibility, are also provided in Attachment C. 

The final results of the scoring process for the alternatives whi~ere evaluated on the basis 
of the heterogeneity of the TRU waste are shown in Table A-6. As mentioned in Section 2.3, 
the feasibiUty scores developed during the preliminary evaluati s were not changed, and are 
reflected in Table A-6. The columns grouped u~r "Alternative Overall Score" show the total 
scores (effectiveness plus feasibility) for eac arameter calculated according to the 
methodology described earlier in Section 2.0. e e scores form the basis for ranking the 
relative merit of each engineered alternative i mitigating the effects of each performance 
parameter. 

3.1.1 Waste Form Modification 

The rationale ~ the effectiveness scores assigned to various alternatives listed in 
Table A-6 for epne of the five major parameters is discussed in this section. 

The alternatives "adding gas getters", "altering the (corrosion) environment", and "cementation", 
were also considered effective pH buffers. Therefore the term "pH-buffers" has often been 
used in the subsequent sections to refer to these three alternatives as well. 

3.1.1.1 Radio!ytic Gas Generation 

Sludges 

Since the EAMP considered only the inorganic sludges which are a vast majority, the 
alternatives were rated primarily on their ability to remove the water present in the sludges, 
and to lower brine access to the waste (e.g., by lowering permeability). Plasma processing 
of the sludges was considered the best treatment for this waste form because it can remove 
all the water present as well as eliminating the most porosity. In comparison, vitrification, by 
more conventional means, was considered nearly as effective as plasma processing, but it may 
not remove as much residual porosity. The two other alternatives, cementation and altering 
the environment were judged less effective. These alternatives eliminate free water but would 
only reduce the radiolytic gas generation rates instead of eliminating the potential. 
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:E .,, TABLE A-6 m 
> SUMMARY OF OVERALL SCORES FOR ENGINEERED Al TERNA Tl VES -f :n 
<D A l T E R N A T I V E 
~ EFFECT I VENESS (Wt.=5.1) F E A S I B I l I T Y (Wt=4.9 OVERALL SC 0 R E 
~ 

S C 0 R E S C 0 R E 
:::J 

SUM EFFECTIVENESS + FEASIBILITY 
REG + 

'f RAO BIO CD HOON REG TECH SCH TECH RAO BIO CORR HUMAN > ALTERNATIVE GAS GAS M SOLUB INTRUS (2.4) (1.5) (1.0) SCH GAS GAS GAS PERM SOLUB INTRUS .,, .,, -------------------------------------------------------------------------------------------------------------------------------------> WASTE FORM Ma>IFICATION ALTERNATIVES 

SLUDGES 
------· 
Vitrification 9.0 8.0 9.0 9.0 o.o - 4.0 7.0 6.0 26.1 72.0 66.9 72.0 72.0 26.1 26.1 
Plasma Processing 10.0 10.0 10.0 10.0 0.0 - 3.0 4.0 1.0 14.2 65.2 65.2 65.2 65.2 14.2 14.2 
Cementation 4.0 1.0 7.0 3.0~- 9.0 10.0 9.0 45.6 66.0 50.7 81.3 . 60.9 96.6 45_6 
Alter Environment 4.0 2.0 7.0 2.0 10. - 6.0 7.0 6.0 30.9 51.3 41.1 66.6 41.1 81.9 30_9 

SOLID ORGANICS 
---··---·-----
Coopact Waste 1.0 2.0 3.0 3.0 - - 10.0 7.0 43.6 48.7 53.8 58.9 58.9 43.6 43.6 
Shred and Coopact Waste 1.0 3.0 4.0 3.0 - - 10.0 7.0 43.6 48.7 58.9 64.0 58.9 43.6 43.6 
Shred & Cement Waste 0.0 4.0 6.0 6.0 8.0 - 10.0 9.0 45.6 0.0 66.0 76.2 76.2 86.4 45.6 
Shred & Polymer Encapsulate 0.0 0.0 5.D 8.0 0.0 - 5.0 6.0 35.1 0.0 o.o 60.6 75.9 35.1 35.1 

~ Shred, Add Salt, CORf>aCt 1.0 3.0 5.0 7.0 - - 10.0 7.0 43.6 48.7 58.9 69.1 79.3 43.6 43.6 
Q) Shred & Bit1a11inize 0.0 0.0 5.0 8.0 0.0 - 10.0 5.0 27.2 0.0 0.0 52.7 68.0 27.2 27.2 

Plasma Processing 10.0 10.0 10.0 10.0 6.0 . 4.0 1.0 14.2 65.2 65.2 65.2 65.2 44.8 14.2 
Shred & Add Bentoni te 0.0 1.0 6.0 6.0 - - .0 10.0 9.0 45.6 0.0 50.7 76.2 76.2 45.6 45.6 
Acid Digestion 9.0 9.0 10.0 9.0 6.0 - 3.0 4.0 2.0 15.2 61.1 61.1 66.2 61.1 45.8 15.2 
Add Gas Getters 1.0 2.0 - 2.0 8'.0 - 5.0 9.0 5.0 30.5 35.6 40.7 30.5 40.7 71.3 30.5 
Incinerate & Cement 5.0 9.0 8.0 6.0 10.0 - 2.0 7.0 2.0 17.3 42.8 63.2 58.1 47.9 68.3 17.3 
Incinerate & Vitrify 9.0 9.0 10.0 9.0 6.0 . 2.0 7.0 2.0 17.3 63.2 63.2 68.3 63.2 47.9 17 .3 
Alter Envirormient 1.0 2.0 7.0 2.0 8.0 - 6.0 7.0 6.0 30.9 36.0 41.1 66.6 41.1 71.7 30.9 0 

0 
SOLID INORGANICS 

~-0 ~ ----------------
Coopact Waste o.o . 2.0 1.0 . - 9.0 43.6 0.0 43.6 53.8 48.7 43.6 43.6 .,, 
Shred & Coopact waste 0.0 2.D 2.0 3.0 9.0 10.0 7.0 43.6 0.0 53.8 53.8 58.9 43.6 43.6 

.,, 
co 

Shred & Cement Waste 0.0 3.0 3.0 6.0 10.0 9.0 10.0 9.0 45.6 0.0 60.9 60.9 76.2 96.6 45.6 
8 Shred & Polymer Encapsulate 0.0 0.0 3.0 7.0 0.0 9.0 5.0 6.0 35.1 o.o 0.0 50.4 70.8 35.1 35.1 

Shred, Add Salt, Coopact - 2.0 5.0 - 9.0 10.0 7.0 43.6 43.6 53.8 43.6 69.1 43.6 43.6 _'I 

Shred & Bit1a11inize 0.0 0.0 5.0 7.0 0.0 - 3.0 10.0 5.0 27.2 0.0 0.0 52.7 62.9 27.2 27.2 ]J 

Plasma Processing 10.0 10.0 8.0 10.0 8.0 3.0 4.0 1.0 14.2 65.2 65.2 55.0 65.2 55.0 14.2 m 
Melt Metals 4.0 4.0 5.0 8.0 10.0 - 3.0 7.0 3.0 2 7 41.1 41.1 46.2 61.5 71.7 20.7 < en Shred & Add Bentonite 0.0 1.0 1.0 7.0 - 9.0 10.0 9.0 0.0 50.7 50.7 81.3 45.6 45.6 0 Decontaminate Metals 6.0 6.0 10.0 6.0 10.0 - 7.0 9.0 7.0 37. 67.9 67.9 88.3 67.9 88.3 37.3 z 
Add Gas Getters 1.0 2.0 NA 2.0 10.0 5.0 9.0 5.0 30.5 35.6 40.7 NA 40.7 81.5 30.5 !" 
Alter Environment 1.0 2.0 7.0 2.0 10.0 - 6.0 7.0 6.0 30.9 36.0 41.1 66.6 41. 1 81.9 30.9 

)> 
"U 

------------------------------------------------------------------------------------------------------------------------------------- ;Q 
RAD = Radiolytical; BIO = Biological; CORR = Corrosion; PERM= Permeability of the ~aste Stack; NA = Not Applicable r 

SOLUB =Radionuclide Solubility in Brine; REG = Regulatory; TECH = Technological; SCH = Schedule; HUMAN INTRUS = Human Intrusion co 
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TABLE A-6 
(contd.) 

I: 

SUMMARY OF OVERALL SCORES FOR ENGINEERED ALTERNATIVES 

~ it 

EFFECT IVE NESS (Wt.=5.l>IF EA SIB I L I TY (Wt=4.9 
A L T E R N A T I V E 

0 V E R A L L S C 0 R E 

ALTERNATIVE 
RAD 
GAS 

SCORE I SCORE 

BIO ORR HUMAN REG TECH SCH 
GAS ~ERM SOLUB INTRUS (2.4) (1.5) (1.0) 

WASTE CONTAINER ALTERNATIVES 

Change Waste Cont. Shape 
Change Waste Cont. Material 

1.0 1.0 1.0 1.0 
2.0 

9.0 
8.0 

10.0 
8.0 

9.0 
9.0 

SUM 
REG + 
TECH 
SCH 

EFFECTIVENESS + FEASIBILITY 

RAD BIO CORR ltlMAN 
GAS GAS GAS PERM SOLUB INTRUS 

45.6 I 50.1 50.1 50.1 50.1 45.6 45.6 
40.2 40.2 40.2 50.4 40.2 40.2 40.2 

WASTE MANAGEMENT ALTERNATIVES ~ 
Min. Space Around Waste Stack 1.0 2.0 1.0 1.0 -
Segregate Waste In WIPP - 5.0 0.0 - -

_ I 10.0 
- 8.0 

10.0 10.0 I 49.0 I 54.1 59.2 54.1 54.1 49.0 49.0 
10.0 8.0 42.2 42.2 67.7 o.o 42.2 42.2 42.2 

BACKFILL ALTERNATIVES 
Salt Only 4.0 2.0 2.0 2.0 -

jJ 
7.0 9.0 38.7 59.1 48.9 48.9 48.9 38.7 38.7 

Salt +Alkali 5.0 8.0 9.0 2.0 10.0 0 7.0 9.0 38.7 64.2 79.5 84.6 48.9 89.7 38.7 
CO!llNIC t Backf ii l 6.0 3.0 3.0 2.0 - 0 3.0 6.0 20.1 50.7 35.4 35.4 30.3 20.1 20.1 
Salt + Brine Sorbents 8.0 5.0 5.0 2.0 - 0 7.0 7.0 36.7 n.5 62.2 62.2 46.9 36.7 36.7 
Grout Backfill 10.0 10.0 10.0 7.0 10.0 0 8.0 9.0 40.2 91.2 91.2 91.2 75.9 91.2 40.2 
Bitunin Backfill 0.0 0.0 5.0 10.0 0.0 0 5.0 5.0 19.7 0.0 0.0 45.2 70.7 0.0 19.7 

FACILITY DESIGN ALTERNATIVES 
ventilate Facility 4.0 5.0 4.0 - - - 4.0 4.0 4.0 19.6 40.0 45.1 40.0 19.6 19.6 19.6 
Change Extraction Ratio 1.0 2.0 1.0 1.0 - - 8.0 7.0 9.0 38.7 43.8 48.9 43.8 43.8 38.7 38.7 
Change Room Configuration - - - - - 3.0 7.0 10.0 7.0 38.8 38.8 38.8 38.8 38.8 38.8 54.1 
Seal Individual Rooms - - - 8.0 - - 9.0 8.0 9.0 42.6 42.6 42.6 42.6 83.4 42.6 42.6 
Two Level Repository - - - - 5.0 1.0 8.0 1.0 15.4 15.4 15.4 15.4 15.4 15.4 40.9 
---;~;;;~~-~;~~;-~~~~;;~~;~~;-------------------------------------------~---·----------------·-------·-----------------------

Monunent "forest" 6.0 9.0 10~0 \ 10.0 46.6 46.6 46.6 46.6 46.6 46.6 77.2 
Monunent Covering Repository - - - 10.0 8.0 10.0 10.0 44.2 44.2 44.2 44.2 44.2 44.2 95.2 
Buried Steel Plate Over Rep. 5.0 7.0 10.0 10.0 41.8 41.8 41.8 41.8 41.8 41.8 67.3 
Add Marker Due To Strata - - 1.0 4.0 1.0 10.0 21.1 21.1 21.1 21.1 21.1 21.1 26.2 

OVERALL SCORE CALCULATION 

OVERALL SCORE = 5. 1 x EFFECTIVENESS SCORE .. 2.4 x (REGULATORY FEASIBILITY sco~ 
~ 1.5 X <TECHNOlOGICAL FEASIBILITY SCORE) + 1.0 X (SCHEDULING FE~ SCORE) 

RAD= Radiolytical; BIO= Biological; CORR= Corrosion; PERM= Permeability of the Uaste Stack; NA= Not Applicable 
SOLUB =Radionuclide Solubility in Brine; REG= Regulatory; TECH= Technological; SCH= Schedule; HUMAN INTRUS =Hunan Intrusion 
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Solid Organics 

The primary contributors to radiolytic gas generation in this waste form are the organic 
materials such as cellulosics. Therefore, the scores were based primarily on the ability of the 
alternative to destroy organics. 

Plasma processing was judged to be the most effective alternative because it is able to break 
down all the bonds in plastics and thus destroy the organics. Assuming that plasma would 
operate at much higher temperatures than normal incineration temperatures, incineration 
followed by vitrification was considered almost as effective as plasma processing for destroying 
organics. Acid digestion which was defined by the EAMP as acid digestion followed by 
calcination and vitrification, was considered as effective as incineration plus vitrification. 
However, some porosity may remain by using this process. Incineration and cementation was 
scored considerably lower. Although solid organics are incinerated, cementation leads to 
addition of water which increases the potential for radiolytic gas generation. C~ction will 
not have any positive effect on radiolytic gas generation except for reducing t permeability 
which in tum will lower the access to brine. The same is also true for the ot er forms of 
compaction like shredding followed by compaction, and shredding followed by addition of salt 
and compaction. Therefore, these three alternatives were giv~n lower score. Since the 
majority of the radiolytic gas generated is hydrogen, and there 11 no known effective, long
term gas getters for hydrogen, the gas getter alternative was gi en a low score. Altering the 
environment (e.g., adding large amounts of pH buffers) will n t have much of an effect in 
mitigating radiolytic gas generation, except tha~tcould reduce some brine inflow if large 
enough quantities of the buffer substantially redu e void volumes. All the other alternatives 
shredding and bituminizing, shredding and encap a ng, shredding and adding bentonite, and 
shredding with the addition of cement were cons dared adverse alternatives since they do not 
eliminate organics and in some ~would aggravate the problem of radiolytic gas generation 
by either increasing organics or ir''Casing water content. 

Solid lnorganics 

Although glass .r;;J metals themselves will not contribute substantially to radiolytic gas 
generation, the Un concern of the EAMP was the plastic liners and plastic bags in the 
drums. 

If the need for an alternative that destroys these plastics is identified, the EAMP assumed that 
the old waste has liners but the newly generated waste would not be stored in liners. Under 
these assumptions, it was hypothesized that for the old waste, plasma would destroy all the 
liner material and therefore is the best alternative. Decontaminating metals or melting metals 
would separate the liners from the metals and make the liners a part of the combustible 
waste. This would be a case of an alternative having no effect because the problem of gas 
generation from the liners is neither eliminated nor reduced but instead transferred to another 
waste form category. Assuming that the newly generated waste contains no liner, plasma and 
melting metals would get the same ranking because in both cases permeability, and therefore 
brine transport, would be reduced substantially. However, decontaminating metals will rank 
higher in comparison to both plasma and melting metals because only the residue would 
remain, which could be in a vitrified form. 

Gas getters and altering the environment were both assigned a low score for the same 
reasons explained earlier under the combustibles category. Two of the three methods of 
compaction were assigned an adverse score because of the potential for increasing the 
radionuclide concentration by compaction, thereby potentially increasing radiolytic gas 
generation. The panel reasoned that this adverse effect outweighs the benefits of reducing 
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the permeability through compaction since compacted metals are still quite permeable. Adding 
salt before compaction was considered to have no net effect because the potential for 
increased concentration of radionuclides would be offset by the increase in total volume due 
to the added salt. The other alternatives, shredding and cementing, shredding and 
bituminizing, and shredding and adding bentonite, were all assigned adverse scores for the 
same reasons explained earlier under the combustibles category. 

3.1.1.2 Biological Gas Generation 

Sludges 

The primary basis for scoring these waste form modification alternatives was the ability of the 
alternative to eliminate the nitrates present in sludges. Plasma processing will destroy the 
nitrates by decomposition into nitrogen oxides. Although there is a possibility of nitrogen 
combining with some of the metal to form metal nitrides, plasma processing still appeared to 
be the best alternative relative to other alternatives. Vitrification by microwav~lting would 
not reach as high a temperature as plasma, and therefore was given a lowel'i ore because 
it may not destroy all the nitrates. Cementation would add sulfates whi h might be 

. detrimental. However, it would increase strength, decrease particulates, and help reduce 
permeability, thereby partially isolating the nitrates from the re~t the waste. Therefore, the 
panel agreed that cementation might have a small positive e . Altering the environment, 
which refers to raising the pH, was considered somewhat tter than cement because 
Ca(OH)2 will absorb some carbon dioxide, and unlike cementa ion, no sulfates are added. 

Solid Organics {').._ 

Plasma processing was considered the best alt&ma~ve because the processed product would 
have the lowest carbon conte~ong the alternatives. Incineration plus vitrification or 
cementation, and acid digestion e not considered quite as effective as plasma processing 
for destroying organics, and we scored slightly lower. 

Some of the l'ianing alternatives would have an indirect positive effect by reducing 
generation rate , l'i ducing permeability, or reducing the access to brine. Shredding and 
cementing woul · se the pH and thereby decrease gas generation rates, but it would add 
some sulfates. The only benefits provided by any form of compaction would be to reduce 
permeability and limit brine access. Shredding will improve compaction, so this alternative was 
considered slightly better than compaction alone. Addition of salt is marginally beneficial for 
reducing voids in compacted combustibles and therefore shredding, adding salt and then 
compacting was given the same score as shredding and compaction. Shredding with the 
addition of bentonite may reduce free brine, but still provides moisture for gas generation when 
the bentonite absorbs brine. Both gas getters and altering the environment would be effective 
in absorbing some of the carbon dioxide generated. Shredding with the subsequent addition 
of bitumen or polymer encapsulation were both expected to have adverse effects by adding 
food sources for the bacteria 

Solid lnorganics 

The main concern in this category is the plastic liner and bags in the drums. Therefore, the 
alternatives were ranked for their effectiveness in treating these plastics. The scoring for 
plasma pl'iOCessing, decontaminating metals, and melting metals was the same as for the 
radiolytic gas generation parameter. Since metals cannot be compacted to the degree needed 
to effectively reduce permeability, compaction was not considered an effective alternative. 
Shredding and cementing as well as shredding and compacting would not be quite as effective 
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for glass and metals as they would be for combustibles, and were therefore scored lower than 
combustibles. The alternatives involving bitumen and polymer encapsulation were considered 
adverse alternatives for the same reasons mentioned for combustible waste. Shredding and 
adding bentonite would only reduce brine access somewhat, and was given a low score. The 
benefits of shredding, adding salt and then compacting are the same as for combustibles. 
However, for glass and metals the product will have more porosity and hence this alternative 
received a slightly lower score than it received for treating combustibles. Gas getters and 
altering the environment are beneficial in the near term. However, there is some doubt about 
their long term effectiveness, since bacteria may be able to adapt to this environment. 

3.1 .1.3 Corrosion Gas Generation 

Sludges 

The scoring of alternatives was based on their ability to reduce permeability and;r.o· ture, with 
the additional objectives of reducing brine inflow and/or raising the pH of the ste disposal 
areas. 

Plasma processing was given the highest score for its ability to uce porosity, resulting in 
maximum void volume reduction. Since vitrification may not eli ate quite as much porosity 
as plasma processing, it was given a somewhat lower score. C entation would tend to raise 
pH and reduce free water thus lowering gas generation rates. owever, it has some potential 
for long-term release of water. Altering the envi~roent will reduce moisture and increase pH, 
but is not expected to reduce voids completely. 

Solid Organics 

The panel considered any altern~favorably which could substantially reduce void volume 
and thereby reduce brine inflow. T refore, plasma processing, incineration and vitrification, 
and acid digestion were given igh scores because these waste treatments reduce void 
volume better th~ther alternatives. Incineration plus cementation will result in higher 
porosity than the af ementioned alternatives. Shredding with the addition of bentonite may 
produce void red · n properties similar to those of shredding and cementation. Altering the 
environment will elp absorb some brine, raise the pH, and fill void volumes if large enough 
quantities of material are added. Shredding and adding bitumen produces a low permeability 
with small porosity and results in a plastic medium. Polymer encapsulation will have properties 
similar to bitumen. Compaction by itself is considered a marginal alternative. However, it 
has the positive effect of reducing permeability and consequently limiting brine inflow. 
Shredding before compaction enhances the reduction of voids, and was therefore scored 
slightly higher than compaction alone. Adding salt to the shredded waste before compaction, 
is somewhat better than shredding and compacting alone for reducing permeability. Gas 
getters were judged to have no effect since the EAM P could not identify any effective long 
term getters for hydrogen gas. 

Solid lnorganics 

This is the most important category for corrosion gas generation due to the large weight 
percent of corrodible metal in the waste inventory. For the undisturbed scenario, the panel 
assumed that the limited amount of brine inflow is insufficient to corrode the entire metal 
inventory. The EAMP also assumed that engineered alternatives to reduce permeability of the 
waste would be implemented if corrosion gas is recognized as a major problem. Reducing 
the permeability would limit the total corrosion gas potential from metal corrosion, if human 
intrusion causes large quantities of brine to enter the repository. 
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Based on the above assumptions, decontaminating metals received the highest score because 
metals would not be brought to WIPP for disposal. Plasma processing was given a somewhat 
lower score because, even though metal corrosion would be limited by reduced surface area 
and physical passivation, metal would still be brought to WIPP for disposal. Melting metals 
and plasma processing could result in preferential migration of the actinides into the resulting 
slag, thereby having a similar effect as decontamination of metals. However, the panel 
decided that there is not enough evidence available to justify scoring the alternatives on that 
basis. Therefore, melting metals was given a lower score than decontamination of metals. 
Altering the environment has the same effectiveness as explained in the previous section 
under combustibles. Gas getters were not given a score because they are not applicable in 
this case. Compaction would not decrease metal surface area sufficiently, though it will reduce 
overall volume, and room re-pressurization will occur more quickly. Shredding before 
compaction was not expected to enhance the end results appreciably. Shredding followed by 
polymer encapsulation, and shredding followed by cementation were considered good near
term waste treatments and will limit the rate of corrosion. However, both materi {polymer 
and cement) may crack providing brine access to the metals. By comparison redding and 
then adding bitumen was considered more effective because, unlike the precedin alternatives, 
bitumen would not be expected to crack, thus preventing the brine from reachi g the metal. 
Shredding and subsequently adding bentonite puts the absorbrrine in close contact with 
the metal. However, it does prevent contact with free brine. 

3.1.1.4 Permeability of the Waste Stack 

The permeability parameter refers to the perm~lity of the waste stack itself. The panel 
decided that backfill permeability would be consi ~ separately. Since the EAMP could not, 
during the time available, determine the long te m effectiveness of waste form treatments for 
reduction of permeability, it wa~ided to evaluate the alternatives based on their initial 
permeability to brine. r '\ . 
Sludges 

Plasma processi0as considered most effective because it would almost completely eliminate 
interconnected ~ity and thus reduce permeability to the greatest extent. Vitrification is 
expected to leave slightly more porosity compared to plasma, and so was scored somewhat 
lower. 

Cement was considered a good alternative for lowering permeability in the near term. 
However, because of the presence of nitrates in the sludges, its longevity is questionable. The 
addition of calcium oxide or activated alumina will have a small effect on permeability by filling 
some voids. 

Solid Organics 

Plasma processing was judged to produce the lowest waste permeability. Both incineration 
followed by vitrification, and acid digestion were considered to be of equal merit but not quite 
as good in densifying the waste as plasma. Compaction will reduce voids, but 
interconnections between pores will remain. Sh~ding before compaction will result in further 
reduction of volume. Cementation preceded by either shredding or incineration were 
considered reasonably effective because both alternatives will reduce voids and decrease 
interconnected pores. The two types of encapsulation, with either a polymer or bitumen, were 
both considered very effective because they will result in a low initial permeability, but may not 
decrease voids to the extent achieved by plasma or vitrification. Shredding followed by the 
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addition of bentonite was considered virtually as effective as cemented waste forms, based on 
the assumption that bentonite will swell upon contact with the high magnesium brine 
encountered at WIPP. The addition of gas getters or altering the environment was not 
considered effective except for increasing the pH and filling some voids. Adding salt after 
shredding and then compacting would be an improvement for reducing voids, compared to 
shredding with the addition of bentonite, but it would not be as effective as encapsulation. 

Solid lnorganics 

Plasma processing will result in the maximum reduction of permeability and so was given the 
highest score. Melting metals was scored somewhat lower because the residue from this 
process has a somewhat higher porosity than that resulting from plasma processing, and 
depends on the process used to solidify the residue. The panel came to the conclusion that 
the relative scores of many of the remaining alternatives would not change from those 
presented for combustibles. However, since metals cannot be volumetrically red~ as much 
as solid organics, some of the scores for glass and metals were slightly lowe an for solid 
organics. Decontaminating metals does not result in permeability reduction per e, but does 
eliminate a highly permeable waste form. The EAM P assumed that the residue after 
decontamination would be cemented or vitrified. Compaction ef ass and metals to a low 
permeability is difficult and therefore received a low score. Sh11 ·ng before compaction was 
considered to be helpful in reducing the permeability to a level I er than by compaction only. 
Adding salt before compaction improves upon the preceding ption. The addition of gas 
getters or altering the environment provide a ma~al reduction of voids. 

3.1.1.5 Radionuclide Solubility in Brine r 
The term solubility refers to the ~ility of radionuclides or hazaroous chemical wastes in 
brine and is defined as the maxi amount of the solute that can dissolve in brine under 
given conditions of brine compo ition, pH and temperature. Since the temperature under 
repository conditions is not expected to vary substantially, solubility can be controlled by 
adjusting pH. In erast, leachability deals with a rate process and is defined as the rate at 
which a solute di so es in a solvent to attain the maximum concentration possible under the 
given conditions. hereas solubility can be reduced by increasing the pH and reducing the 
amount of organics present, leachability can be controlled by adjusting a number of factors. 
The desirable factors for having a low leaching rate are high pH, low surface area, low 
permeability, low level of organics, dense forms, and reduction of brine volumes. A reduction 
in solubility will also decrease the concentration gradient for mass transfer and thus decrease 
leachability. 

Sludges 

Cementation or altering the environment were considered the best alternatives because they 
increase the pH through the addition of cement and lime respectively, leading to low solubilities 
and providing a stable environment for the precipitated hydroxide form of the nuclides. 

The prime concern about plasma processing or vitrification was that these high temperature 
treatments will destroy the hydroxide form and the pH will be dominated by the pH of brine, 
which is around 5 to 6. At this low pH, oxides are more soluble, which would have an 
adverse effect if these alternatives are used. Although this problem can be eliminated if either 
lime or cement are added after high temperature processing to provide a pH buffer, these 
alternatives were scored as having adverse effects. 
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Solid Organics 

The effect of combustibles on the solubility parameter results mainly from the presence of 
organics which potentially provide complexing agents. Therefore, the panel decided that any 
alternative is attractive if it destroys organics. If an alternative could not destroy organics but 
did increase the pH sufficiently through the addition of cement, lime, or similar alkaline 
material, this could be even more beneficial than destroying organics. Finally, if an alternative 
could accomplish both the destruction of organics and provide the pH buffer, it would be 
considered the most effective alternative. 

Based on the above considerations, incineration followed by cementation was the only 
alternative that both destroyed organics and provided a pH buffer. Cementation with prior 
shredding, altering the environment, and gas getters all satisfied the pH buffering criterion. 
Plasma processing, acid digestion, and incineration followed by vitrification would all destroy 
organics, but fail to satisfy the pH consideration. However, these waste treatments are 
expected to produce waste forms with lower leachability. The two forms *f e psulation, 
either with polymers or bitumen, were considered adverse alternatives b e they add 
organics which would have an adverse effect on solubility. The different forms compaction 
would have no effect on solubility because they do not change the status of organics or modify 
the pH. Shredding with the addition of bentonite was also judger have no net effect, based 
on the assumption that nuclide adsorption on bentonite in a hi magnesium saturated brine 
is low, leaving the nuclides available for dissolution. 

Solid lnorganics h. 
For glass and metals, the destruction of organi is of second order importance. Therefore, 
alternatives that provide sufficient pH buffer we~ considered the most effective for treating the 
glass and metal waste form. (2 
Based on this consideration, altehnef the environment, gas getters, and cementation with prior 
shredding were all given top scores. Decontaminating metals and melting metals were also 
scored high baen the assumption that the residue, in both cases, could be cemented. 
Plasma processi g ould destroy organics, but it does not provide a pH buffer. Both forms 
of encapsulation re considered adverse alternatives because they would add organics. The 
remaining alternatives, which included the three forms of compaction and shredding with the 
addition of bentonite, were all judged to have little or no effect for the same reasons given 
during discussion of combustible wastes. 

Leachabilitv Considerations 

After evaluating the alternatives on the basis of solubility, the panel considered the effects on 
leachability to check if any of the scores might change. It was found that some of the 
alternatives would indeed rank higher if leachability was considered. 

All the alternatives resulting in permeability reduction (e.g., plasma processing, vitrification, acid 
digestion, and encapsulation) would result in a lower effective leachability, since less brine will 
come in contact with the waste. Therefore, the panel noted that the rankings for these 
alternatives could be higher if leachability, rather than solubility as the bounding characteristic, 
is considered the controlling parameter. 

WP:EATF.1991 :R-1n5-APPA A-25 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

3.1.2 Waste Management Alternatives 

The EAMP considered two of the five potential waste management alternatives - Minimize 
Space Around the Waste Stack, and Segregate Waste in WIPP. The remainder were 
considered in conjunction with other alternatives or were not feasible. 

Minimize Scace Around the Waste Stack 

It was assumed that implementation of this alternative would eliminate the need for backfill, 
and that space around the waste stack is needed only as long as waste operations are taking 
place in the storage panel to prevent the walls and back (ceiling) from contacting the waste. 
This alternative would actually take the place of backfill, but interstitial voids between waste 
containers and between the waste and waste disposal room walls would still exist, unless the 
waste container shape is modified. Therefore this alternative was scored lower than most of 
the backfill alternatives. 

Segregate Waste in WIPP 

This concept attempts to segregate the potential challenges asso~i with the differe.nt waste 
forms coming to WIPP. It was assumed that waste would be e regated by waste disposal 
panel, and operations in more than one panel at a time would e necessary. On the basis 
of these assumptions the EAMP recognized that the WIPP ven lation system would probably 
have to be redesigned to allow operations in m~than one panel at a time. Since each 
operational panel would have to remain open Ion e than currently planned, premature creep 
closure was a concern. If all the sludges were s together, a relatively high corrosion gas 
inventory could build up in those waste disposal rooms. The most promising result of waste 
segregation would be separationF-rients (N03) from biological substrate (cellulosics), and 
potentially lower biological gas ration. The EAMP concluded that this was the only 
potential benefit of this alternativ . 

tives 

The backfill alte es were considered during the preliminary evaluation of the alternatives. 
The EAMP decided to re-evaluate the backfill alternatives based on the five remaining 
performance parameters, and certain associated assumptions. For the sake of brevity the 
alternatives "Compact Backfill" and "Preformed Compacted Backfill," were combined into a 
single alternative, designated "Compacted Backfill." Thus, the following six backfill alternatives 
were reevaluated with respect to their mitigating effect on the five parameters: 

• Salt Only 
• Salt and pH Buffers 
• Compacted Backfill 
• Salt and Brine Sorbents 
• Grout 
• Bitumen. 

The evaluation of backfills for the five parameters was based on the following assumptions: 

• All organics are potential candidates for biodegradation. 

• Bentonite and salt will reduce the voids to approximately the same extent, but 
salt will reconsolidate. 
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• Positive effects of backfill are reduction of initial void volume, minimization of 
brine flow through waste, and an increase in the pH to minimize corrosion and 
biological gas generation, and solubility of radionuclides. 

• Backfilling takes place in a 13' x 33' x 300' room. 

• Retrievability, after a disposal decision has been made, is not a consideration. 

• All waste forms have been treated to minimize permeability. 

• The backfill material needs to be reasonably free-flowing to effectively backfill 
between drums, or some engineering or operational changes may be necessary. 

• Backfill around waste stack is independent of waste form. 

• 

• 

Backfills are not considered highly effective for mitigating the~ts of gas 
generation parameters, compared to waste form alternatives, a ugh backfills 
can absorb brine, raise pH, absorb carbon dioxide, and faci tate closure. 
Backfills affect gas generation rates rather than total gas potentia . 

If solubility is found to be the only problem, th~he backfill that adequately 
raises the pH may be the only solution needed. r 

3.1.3.1 RadioMic Gas Generation I\ 
Grout was given the highest score because it wK!onsidered the best backfill to reduce brine 
inflow and thereby mitigate radiol~ic gas generation from that source. The positive effects 
identified were the filling of meeds, quicker room reconsolidation, keeping brine out, and 
having reasonable structural int . Salt with brine sorbents would not be as effective as 
grout in filling voids. It was a urned that absorption of brine will cause bentonite to swell 
against lithostatic pressure and moisture would not be squeezed out. Compacted salt backfill 
will not easily fia interstitial voids between drums, which will maintain a higher permeability 
than could be hi ved if these voids were filled. As a backfill, salt by itself does not have 
any notable c ical effects that would reduce or aggravate radiolytic gas generation. 
However, it is expected to reconsolidate quickly, achieving a relatively low permeability to brine 
in its reconsolidated state. The addition of pH buffers to crushed salt will enhance moisture 
absorbing capability compared to salt alone. Bitumen would keep moisture out, but would 
have the adverse effect of adding organics. 

3.1.3.2 Biological Gas Generation 

The most effective alternative was judged to be grout because, in addition to keeping brine 
out it would also increase the pH, both of which will decrease biological gas generation rates. 
Salt with the addition of pH buffers was also considered effective because it would have a pH 
buffering effect to partially compensate for the additional brine inflow. The addition of salt 
alone does not have a chemical effect on biological gas generation. However, since the 
transport of nutrients occurs in liquid media, the addition of salt will reduce the pathways for 
nutrient transport. Compacted backfills would be slightly better than salt alone because there 
are less initial voids. Salt with brine sorbents will be a better deterrent than salt alone to 
initially reduce brine inflow. Since bitumen adds organics, it was considered an adverse 
alternative. The safety concerns associated with emplacing hot bitumen underground was also 
considered by the EAMP . 
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3.1.3.3 Corrosion Gas Generation 

Grout was judged to be the most effective alternative because of its pH buffering capability. 
Salt plus pH buffers would keep brine out as well as raise pH but its initial permeability would 
not be as low as grout. Salt plus sorbents would absorb moisture and slow the gas 
generation rates. Bitumen does not provide pH control, but would restrict brine inflow. 
However, the emplacement challenges discussed earlier need to be considered. Salt alone 
and compacted salt backfill will reduce voids and thus reduce brine inflow, thereby possibly 
reducing the rate of corrosion gas generation. 

3.1 .3.4 Permeability of the Waste Stack 

Since this parameter is not concerned with pH control or the presence of organics, bitumen 
would be the best backfill if emplacement challenges could be overcome. Compared to 
bitumen, grout would have a higher porosity. The remaining backfill alternative~re judged 
approximately equivalent because none of them would be able to easily fill the i t rstitial voids 
between drums, since they are not as free flowing as bitumen or grout. 

3.1.3.5 Radionuclide Solubility in Brine g 
For this parameter, the backfills were scored on the basis of t ir pH buffering capacity and 
the addition of organics. Grout and salt with pH buffers were j dged to be the most effective 
in their ability to raise pH. Bitumen was con~i red an adverse alternative because the 
addition of organics has the adverse effect of incr; ·ng radionuclide solubility. The remaining 
alternatives would have no effect on pH, and el'iefore were judged to have no effect on 
solubility. 

3.1 .4 Facili ............................. --. ....................................... ..-.+ 

The EAMP evalt2ut 12 facility design alternatives and concluded that six were considered 
in conjunction wi o her alternatives or were not feasible. 

Gas Expansion ume 

The intent of this concept was to prevent overpressurization by waste generated gases, if this 
poses a potential but inconclusive threat to facility integrity. The alternative was to be 
considered only if gas generation is a marginal problem, requiring a relatively small expansion 
volume. The EAMP decided that the effectiveness of this alternative could not be determined. 
The addition of free volume could increase the time required for reconsolidation of the waste 
disposal rooms, thereby actually increasing the potential for brine inflow and gas generation. 
The added volume would probably not be able to accommodate the additional gas generated. 

Ventilate Facility 

The EPA Standards permit active institutional control by the implementing agency (DOE) for 
up to 100 years. This alternative would take advantage of this time period by continuing 
active ventilation of the waste disposal rooms, thereby evaporating inflowing brine until rooms 
had achieved closure. After that time, the reconsolidated room would resist the inflow of brine. 
The EAMP was concerned about this alternative due to several factors. There is no 
assurance that the ventilation spaces will remain uniformly open. The partial or total cessation 
of ventilation would allow brine to accumulate. There was also concern about safety problems 
associated with potentially breached waste containers, and sealing the waste disposal panels 
under these circumstances. Nevertheless, this alternative was given mid-range scores for 
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mitigating the effects of brine inflow since there is no need to develop basic technologies, and 
engineering solutions may be available to overcome the alternative's shortcomings. 

Change Extraction Ratio 

The mined extraction ratio at WIPP is very small compared to what conventional mmmg 
techniques would suggest. If the ratio of mined volume to unmined pillar volume were 
increased, the waste disposal room creep closure would be expected to accelerate, thereby 
achieving room reconsolidation faster. This in tum would reduce the total brine inflow from 
the Salado Formation. This alternative was not given a high score because of the concern 
that the disturbed zone volume surrounding the waste disposal rooms and panels would 
increase, allowing a greater accumulation of brine during the pre-closure period. 

Change Room Configuration 

This alternative, as described in Attachment B, has several options. The ~considered 
only the option of a taller room to reduce the overall footprint of the repository. e remaining 
options were considered part of other alternative evaluations. This alternative w considered 
potentially effective for mitigating the human intrusion probability parameter only. A low score 
was assigned because of the need for roof bolting throughou:e: mined areas, the question 
whether such a design could be validated, and in a broader ext of human intrusion, the 
potentially higher consequences resulting from penetration of m re waste containers during the 
intrusion event. 

Seal Individual Rooms 

This alternative was considered~o itigating the effects of the two-borehole scenario, and to 
a limited extent, the single bor drilled into the Castile brine. The EAMP modified this 
alternative by suggesting that fl r ceiling salt seals could be installed at each end of the 
waste disposal rooms, as well as at appropriate locations within the rooms. This would 
decrease the e~·ve permeability of each waste disposal panel, and prevent hydraulic 
communication en the two boreholes. If this alternative is implemented, it would appear 
to effectively eli i e the effects of the two-borehole scenario. The score reflects the limited 
application of t s alternative, and questions remained regarding how ventilation would be 
affected during installation of the seals. 

Two-Level Repository 

The concept of a two level repository would effectively halve the footprint of the repository and 
reduce the probability of human intrusion by a like amount. However, in a broader context, 
the probability of penetrating twice the number of waste containers is a distinct possibility. 
Therefore, this alternative was not given a high score. 

3.1 .5 Passive Marker Alternatives 

These alternatives apply only to the human intrusion probability parameter. Therefore they 
were evaluated, relative to each other, within this narrow context and their scores should not 
be compared to the scores of alternatives outside the passive marker category. Four of the 
five potential alternatives were evaluated. The fifth alternative, "Artificial Surface Layer" was 
eliminated because a feasible concept could not be identified. 
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Monument "Forest" over Repository 

This concept received the second highest score among the passive marker alternatives. 
Although the individual markers, or pylons, would be deeply anchored, their longevity was 
somewhat questionable because they could be removed more easily than a single large 
monument 

Monument Covering the Entire Repository 

This alternative, possibly in the form of a truncated pyramid, would cover the entire footprint 
of the underground waste disposal area. Although this concept entails a very large 
construction effort, it received the highest passive marker score because of its anticipated 
longevity and visibility. 

Buried Steel Plate Over Repository ,..(' 

Although the concept of a steel plate buried some distance below the surface, abdve the entire 
repository footprint, received a mid-range score for effectiveness, the EAMP recognized that 
many questions remain unanswered regarding the plate's longe~ 

Add Marker Dye to Waste or Strata Above the Repository r 
The EAMP could not identify any long lasting ser dyes during its deliberations. It is also 
conceivable that the dye would be indistinguish in drilling mud. Nevertheless, since the 
concept had some small merit, it was given the owest score possible. 

3.1.6 Miscellaneous Alternative~Q ·· 

Three potential alternatives werI in~ially identified - Draining the Castile (Brine) Reservoir 
which may be l~ocad below the repository, Grouting Culebra Formation Above Repository, and 
Increasing Land 1t drawal Area to Regulatory Boundary. The latter was not considered to 
be an enginee11 emative, and the remainder were considered not technically feasible. 

3.1. 7 Waste Container Alternatives 

The TAU waste is currently stored in steel containers which will generate corrosion gas after 
disposal in the repository. The EAMP therefore considered modifying the existing polyethylene 
liner so that it could be used in place of a metal drum, or the use of concrete containers. The 
alternative did not receive a high score because, by itself, it is only marginally effective. Total 
metal corrosion is a function of the amount of brine in the waste storage rooms. It is 
anticipated that there will not be enough brine to corrode either all the steel waste containers 
or all the metal waste. Since the total corrosion gas is limited by brine availability, elimination 
of the steel waste containers does not change the total amount of gas that can be generated. 
If metal wastes are processed or eliminated, together with the elimination of steel waste 
containers, then this combined alternative would score very high. 

The EA TF has convened a panel of knowledgeable persons (the Waste Container Materials 
Panel} in the areas of metals, ceramics, concrete, fabrication, etc. to evaluate alternative waste 
container materials that would not generate gas in the WIPP environment. 

The EAM P also discussed the role that the waste container shape can play for reducing waste 
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existing drums can be minimized, then the effective waste stack permeability would be 
reduced. By itself, this alternative was considered only marginally effective. 

3.2 FEASIBILITY OF ALTERNATIVES 

Of the 64 alternatives evaluated by the EAMP, 14 were considered not feasible. This section 
provides a brief discussion concerning the overall feasibility scores assigned to each 
alternative. The relative feasibilities of the alternatives were considered in a broad sense, 
assigning the best alternative the highest score, while other alternatives received scores 
relative to this "best" alternative. As discussed in Section 2.2.3, the feasibility of each 
alternative was determined by considerations of regulatory requirements and concerns, state 
of technology, and schedular factors. 

3.2.1 Waste Form Modification Alternatives 

Compact Waste ~ 

This alternative represents an existing full-scale technology for processing radioJctive wastes, 
and implementation is not expected to pose any major regulatory concerns. However, 
compactors would require preparation of National Envirttntal Policy Act (NEPA) 
documentation. It was given the highest score for the state echnology, but a somewhat 
lower score for regulatory requirements and schedular consid ations. 

Incinerate and Cement {\ 

The technologies of incineration, and cementati~re well established. However, the EAM P 
recognized that some existin~· ·nerator systems for nuclear waste treatment are not 
operating because of current r tory challenges. Therefore, the feasibility score for this 
alternative is low because of th c ent regulatory climate and public opinion, and the effect 
this has on schedule. 

Incinerate and 

The feasibility this alternative is similar to "Incinerate and Cement", for the same reasons 
given above. 

Wet Oxidation 

The EAMP concluded that this technology has not been adequately demonstrated for other 
than liquid wastes. Therefore it was deleted from further consideration. 

Shred and Bituminize 

Shredding is a well established technology. Bituminization is being used abroad but has not 
been applied to long term waste disposal in the United States. The EAMP was concerned 
that the application of hot bitumen in an alpha waste facility could give rise to regulatory and 
safety challenges since flammable, volatile organic compounds are involved. A bitumen plant 
would need to be permitted and require the preparation of NEPA documentation. Based on 
experience abroad, the alternative was scored higher than incineration alternatives. 
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Shred and Compact 

Shredding and compacting are well established technologies and are not expected to present 
any major regulatory problems. However, NEPA documentation would be required. This 
alternative was scored the same as the compaction alternative. 

Shred and Cement 

This alternative received essentially the same score as "Shred and Compact", except that the 
possibility of starting waste treatment at the Process Experimental Pilot Plant (PREPP) gave 
this alternative a slightly higher score for the schedule criterion. An on-surface cementing 
plant would need to be permitted and require preparation of NEPA documentation. 

Shred and Polymer Encapsulate 

The EAMP could not identify any major regulatory concerns for implementing 4a1ternative, 
except for NEPA documentation. This technology was developed for the com;;;lrc'ia1 nuclear 
power industry, but was not used. Since this technology is not as well developed for 
application to TAU waste disposal and the disposal environmenf, technology criterion, and 
consequently the schedule criterion, received lower scores than e of the more conventional 
alternatives. 

Shred. Add Salt. and Compact !\ 
This alternative did not appear to present any m¥r"technological or regulatory difficulties and 
therefore received the same scor;~s those for the compaction alternative. Preparation of 
NEPA documentation would be r ed. 

Plasma Processing 

This alternative~· m the demonstration phase and has not yet been applied to radioactive 
materials. The l'i g tory concerns may be similar to those involving incineration. Therefore, 
this alternative 1ved the lowest overall feasibility score. 

Melt Metals 

The technology for melting metals under adverse circumstances is reasonably well established. 
However, because this is a thermal pl'iOCess, it may encounter regulatory difficulties, possibly 
similar to those of "Plasma Processing", and was therefore given a relatively low overall 
feasibility score. 

Add Salt Backfi II 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 

Add Other Sorbents 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 
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Add Gas Suppressants 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 

Shred and Add Bentonite 

This alternative received the same score as "Shred and Cement" because the process is 
relatively simple, basic technology development is not required, there should be few if any 
regulatory difficulties, and the process can be implemented in a relatively short time. The 
process will, however, require NEPA documentation. 

Acid Digestion 

The EAMP believed that regulatory concerns regarding this alternative would be similar to 
those encountered for thermal processes. The technology was only developJ1'fo the pilot 
stage, and the implementation schedule was considered marginal for newly genrated waste. 

Sterilize 

The EAMP did not believe that the waste, and waste dispo~ooms at WIPP, could be 
effectively sterilized in a manner that would permanently feli~inate microbes and the 
consequent biological gas generation. Therefop.re this alternative was deleted from further 
consideration. 

Add Copper Sulfate 

This alternative was deleted b~e of the possibility that deposited copper may act as a 
galvanic couple, thereby increasifg )Jas production rates to undesirable levels. 

Add Gas Getters 

The regulatory ~(1 ss for this alternative is not expected to be complex. However, the 
possibility of add'J?o:.1 worker exposure, while adding gas getters to existing waste containers, 
may complicate the process. This concern is reflected in the regulatory score. Preparation 
of additional NEPA documentation may be required. There is no basic technology 
development required, and the implementation schedule is expected to comply with the newly 
generated waste processing requirements. 

Add Fillers 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subject to separate evaluation. 

Seareaate Waste Forms 

This alternative is inherent in, or can be combined with, virtually any other alternative_ 
Therefore, the EAM P did not evaluate this concept as a stand alone alternative. 

Decontaminate Metals 

Various technologies currently exist for decontaminating metals, such as those currently used 
in the commercial nuclear industry. While decontamination of hazardous constituents could 
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be advantageous from a RCRA standpoint, this alternative would probably require a new 
facility, preceded by NEPA documentation, permitting, and other regulatory considerations. To 
maximize the effectiveness of the alternative, the waste container material would have to be 
changed from steel to a non-corroding material. This may also entail additional regulatory 
activities. On this basis, technology was given a high score, while the regulatory and schedule 
scores were reduced to reflect the uncertainties. 

Change Waste Generating Process 

The EAMP considered this to be a worthwhile alternative for future study. However, the 
subject is too broad to be evaluated qualitatively, and therefore did not receive further 
consideration. 

Add Anti-Bacterial Matrix 

It was concluded that this technology has not been demonstrated for use ~repository 
environment and therefore this alternative was deleted from consideration. 

111 r 
Accelerate the Waste Digestion Process r: 
It was concluded that this technology has not been demonstf8ted for this application and 
therefore the alternative was deleted from further consideration. 

Alter Corrosion Environment in WIPP p. 
The EAMP considered such op~'on as activated alumina, lime, and cement as means for 
altering the corrosion environme · WIPP. Although no major regulatory or technological 
challenges were identified con ·ng this alternative, uncertainties about selection of 
material(s) and processes lower the scores for this alternative. 

ment in WIPP 

This alternative considered during evaluation of the alternative "Add Anti-Bacterial Matrix", 
and was not considered feasible because the technology has not been demonstrated in a 
repository environment. 

Transmutation 

This technology has not been demonstrated to the degree needed to process large quantities 
of waste containing low concentrations of TAU isotopes. The EAM P felt that this alternative 
could not be implemented in a timely fashion. 

Vitrify Sludges 

The vitrification of sludges by microwave or Joule melting is in the demonstration phase. The 
regulatory difficulties of this alternative were considered to be somewhat less than for 
incineration (of combustibles), so the score given this alternative is somewhat higher than for 
incineration. Since the process still needs to be fully demonstrated, the scores for technology 
and schedule were lower than those for more fully developed systems. 
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3.2.2 Waste Management Alternatives 

Minimize Space Around Waste Stack 

The EAMP did not identify any regulatory, technological or schedular challenges for this 
alternative that would hinder its implementation, so the highest scores were assigned for these 
criteria. 

Segregate Waste in WIPP 

The EAMP did not identify any technological challenges that would hinder the implementation 
of this alternative. Some administrative control of transportation and waste emplacement 
management will be required, potentially having a small effect on the regulatory requirements. 

Decrease the Amount of Waste Per Room 

This alternative was considered together with some of the backfill alternatives,~ hence not 
evaluated separately. f 0 

Emplace Waste and Backfill Simultaneously C 
This alternative was considered together with the "Preformed cfompacted Backfill" alternative, 
and therefore not evaluated separately. 

Selective Vegetative Uptake 

This alternative has not been ~nstrated for TRU waste. 
deleted from further considerati r \ 
3.2.3 Backfill Alternatives 

Salt Only (} 

Therefore, the alternative was 

Crushed salt re~ng from mining of the underground storage facility is the basic backfill 
material currently being considered to reduce void volume and hasten room closure. The 
EAMP did not identify any major impediments to using this material for backfill. There was 
some question whether the backfill emplacement methods are sufficiently developed to 
effectively fill the void spaces between waste containers. Therefore, the technology score was 
reduced somewhat to reflect this uncertainty . 

Salt Plus Gas Getters 

The EAMP considered only the addition of dry cement or lime as a getter for carbon dioxide, 
and judged the feasibility of this alternative the same as for the "Salt Only" alternative. No 
effective getters could be identified for hydrogen, nitrogen, or methane. 

Compact Backfi II 

Compacting salt backfill in place has not been specifically demonstrated, but the EAMP felt 
that such a process could be developed and does not present extraordinary challenges. 
However, there were concerns about the additional worker exposure and also the potential for 
additional regulatory concerns that might accrue from this process. Therefore, all scores were 
significantly lower than for the "Salt Only" alternative. 
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Salt Plus Sorbents 

This alternative's regulatory and technological feasibility was judged to be about the same as 
salt backfill only. However. since the effectiveness of specific sorbents may need to be 
confirmed, schedular feasibility was downgraded somewhat to allow time for experimentation. 

Preformed Compacted Backfill 

The EAMP considered only salt as a preformed compacted backfill. The feasibility of this 
alternative was judged somewhat higher than compacting backfill in place, but additional worker 
exposure during emplacement was still a concern. 

Grout Backfill 

The preparation and emplacement of grout in various industrial circumstan~ is a well 
established practice. Tailored, free-flowing grouts have been designed 

1

~: numerous 
applications. Therefore, this backfill alternative was judged to have the highest feasibility since 
it can be efficiently emplaced, is expected to flow between :Se packages, and worker 
exposure should be no more than encountered during emplace t of salt only backfill. The 
technology score is higher than for the "Salt Only" alternative to reflect the possibility of more 
easily filling the voids between the waste containers. 

Bitumen Backfill p.. 
The use of bitumen as a backfill rs·udged to have the lowest feasibility because of potential 
fire hazards, worker exposure to v e organic compounds, the difficulty of emplacement, and 
the required .NEPA documentatio . !though this alternative was considered to be feasible, 
recommendations for not using t alternative were voiced during the EAMP meetings. 

This alternative considered together with the "Salt Plus Gas Getters" alternative, and 
therefore was not subject to separate evaluation. 

3.2.4 Facility Design Alternatives 

Brine Isolating Dikes 

This alternative was considered to be similar to the "Seal Individual Rooms" alternative, and 
therefore was not subjected to separate evaluation. 

Raise Waste Above Floor 

This alternative was considered to be part of the "Salt Plus Sorbents" backfill alternative, and 
therefore did not undergo separate evaluation. 

Brine Sumps and Drains 

This alternative was deleted because the EAMP believed that the flow paths leading to the 
sumps would not remain open long enough to allow substantial amounts of brine to be isolated 
from the waste. 
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Gas Expansion Volume 

The technology of mining and preparing these expansion volumes contiguous with the WIPP 
waste storage areas is currently available. Therefore, the alternative received the highest 
score for technology. Some concern was voiced by a few EAMP members about the 
accumulation of potentially hazardous gases in such unrestricted volumes, which prompted 
lower scores for the regulatory and schedular criteria. 

Seal Disposal Room Walls 

This alternative was deleted because sealing technology for this application has not been 
demonstrated. The EAMP judged that such technology could not be developed in a timely 
fashion. 

Vent Facility 

This alternative was deleted. Venting the facility after active institutional co~ has been 
relinquished would not meet regulatory requirements. '"l0

' 

~~h~• c 
The EAMP voiced several concerns about ventilating the facility~or up to 100 years (the active 
institutional control period). These included~ rlatory concerns about maintaining active 
facility control for such a long period, the diffic of assuring continuous ventilation in all 
spaces, and the potential for rupturing waste iners during the ventilation period. The 
difficulty of safely sealing the rooms and panel of the facility, after so many years of creep 
closure has taken place, was a~s nsidered. Also, ventilation might violate the RCRA "no 
migration" variance proposed for P. Based on these considerations, low feasibility scores 
were assigned to this alternativ 

Add Floor of Brin rbent Material 

This alternative considered together with the "Salt Plus Sorbents" backfill alternative, and 
therefore not ev uated separately. 

Change Mine Extraction Ratio 

The ratio of mined to unmined volumes in the WIPP underground is considerably lower than 
normally found in extractive mining industry practice. This large safety factor makes it feasible 
to increase the ratio so that closure and reconsolidation take place faster. On this basis, the 
alternative was assigned reasonably high scores. 

Change Room Configuration 

The EAMP limited this alternative to increasing the height of the waste disposal rooms. Such 
a design change could affect regulatory documentation and agreements with the State of New 
Mexico. Although some potential complications of intersecting additional clay seams or marker 
beds were recognized, the EAMP considered the technology well established. Therefore, the 
alternative received the highest score for technology and reduced scores for the regulatory and 
schedular criteria . 
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Seal Individual Rooms 

The concept of sealing individual rooms or portions of rooms, using thick salt "dikes" which 
isolate smaller volumes of waste from each other, was considered the most feasible facility 
design alternative. While judging the feasibility of this alternative, the EAMP considered the 
potential for increased waste emplacement durations and a small increase in worker radiation 
exposure. 

Two-Level Repository 

Existing technology can be used to construct a two-level repository, and so this alternative 
received a relatively high technology score. However, the EAMP recognized that a previous 
two level design for WIPP was intended to accommodate both transuranic waste and spent 
fuel. If a proposal was made to change the WIPP design to a two-level format, considerable 
public debate could take place, creating a difficult regulatory challenge and cau'i schedular 
delays. Preparation of NEPA documentation would be required for the revised ility design. 
The very low regulatory and schedule scores reflect these concerns. 

3.2.5 Passive Marker Alternatives f 
The schedular feasibility criterion, as established by the EAMP, rrelevant for the construction 
of passive surface markers since they can be constructed d ring the waste emplacement 
period, or even after closure of WIPP but befo~~e institutional control ends. Therefore 
these alternatives were given the highest sched~asibility scores available. 

Monument "Forest" Over Re osito 

The EAMP could not identify a ajor impediments to implementation of this alternative. 
Preparation of NEPA document tion would be required. The possibility that regulatory 
concerns might be voiced, since the surface would not be returned entirely to its original 
condition, was re~ in the scores. However, the EATF has later realized that returning 
the surface to its o · inal condition will not be a regulatory issue (DOE, 1980). Therefore, if 
this was incorpo ed in the EAMP deliberations, then this alternative would have scored 
higher. 

Monument Covering the Entire Repository 

The feasibility of this alternative is similar to the previous alternative except that potential 
regulatory concerns may be somewhat greater. Preparation of NEPA documentation would 
be required. By covering the entire surface footprint of the repository with a single (or multiple 
contiguous) monument, that portion of the land surface cannot be returned to its original 
condition, and the regulatory score reflects this concern. This alternative would also have 
scored higher for the same reasons mentioned above. 

Buried Steel Plate Over Repository 

While the technology for implementing this alternative exists, the need for corrosion control of 
the plate may raise regulatory challenges. Since NEPA documentation would probably be 
required, this alternative was scored somewhat lower for regulatory feasibility. 

Artificial Surface Laver Over Repository 

No feasible concept could be identified, and therefore this alternative was deleted. 
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Add Marker Dye to Waste or Strata Above Repository 

The EAM P considered marker dye only in the strata above the repository. The technology 
required to implement this alternative is not well developed, so a very low score was assigned 
to the technology criterion. The EAMP was not in a position to identify specific dyes that 
would be effective over a long period. Additionally, regulatory problems may make this 
alternative unfeasible if only toxic dyes are available for effective use as markers, which is 
reflected in the regulatory score. 

3.2.6 Miscellaneous Alternatives 

Drain Castile Reservoir 

This alternative was not considered to be feasible because of the relatively sparse information 
about the nature of the Castile reservoir, and concern over potential sublnce of the 
repository itself if the reservoir is drained. Such questions as the amount fluid in the 
reservoir, potential for recharge, and the time needed to pump the reserv ir made the 
feasibility of this alternative indeterminate. 

r Grout Culebra Formation Above Repository 

The EAMP questioned the ability to effectively grout the Culebra Formation, considering the 
extent of the formation and the longevity requirer\nts. It was concluded that this alternative 
was not feasible. r 
Increase Land Withdrawal Area t e R ulato Bounda 

The EAMP did not consider thi t be an engineered alternative, and therefore it was not 
evaluated further . 

Change Waste 

The EAMP could not identify any major regulatory or technological challenges associated with 
this alternative. Some DOE sites are already using boxes (instead of drums) for storage and 
disposal of their wastes. However, if implementation of this alternative introduces the need 
to redesign the Transuranic Package Transporter (TRUPACT), then additional regulatory 
activities may need to be considered. 

Change Waste Container Material 

No major regulatory or technological challenges were identified concerning this alternative. The 
EAMP considered only existing technology, which can be implemented quickly if needed, and 
so the alternative received a high score for schedule considerations. However, since the 
existing (stored) waste would have to be repackaged, the scores for technology and regulatory 
considerations were somewhat lower. Newly generated waste could be packaged directly into 
the new waste containers. Discussion of alternate waste container materials will be expanded 
in the report of the Waste Container Materials Panel, which will be included in the final draft 
of this report. 
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4.0 CONCLUSIONS 

The EAMP concluded that numerous potential engineered alternatives are available, if needed, 
to demonstrate compliance with the EPA Standard 40 CFR Part 191 (EPA, 1985). However, 
the qualitative evaluation process which ranked the relative effectiveness and feasibility of the 
alternatives, precluded the recommendation of any particular alternative, or a group of 
alternatives. The evaluations provide a basis for quantitative analysis of selected alternatives 
using design analysis models. If the performance assessment studies identify one or more 
parameters that impede the demonstration of compliance with EPA Standard 40 CFR Part 191, 
then the results from design analysis will provide one or more engineered alternative(s) to 
mitigate the problem. 

The EAMP screening process eliminated all but 35 of the original 64 potential engineered 
alternatives originally suggested by the EATF. The EAMP added one altern~aiv during the 
deliberations (cementation of sludges) making a total of 36 feasible alternativ belonging to 
the following categories: 

Waste Form Modification Alternatives 1 r 
Backfill Alternatives 
Waste Management Alternatives 
Facility Design Alternatives 
Passive Marker Alternatives I: 4 
Waste Container Alternatives 2 

The EA TF has used the resu~s o the EAM , and classified the waste form modification 
alternatives into seven generaliz tegories based on the similar final waste forms resulting 
from these treatments. These ries and the alternatives grouped into each category are: 

• Vitrification of waste 
- [!rowave melting (sludges only) 
- P ma processing 
- cinerate and vitrify (solid organics only) 
- Acid digest, calcine, and vitrify (solid organics only) 

• Cementation of waste 
Cementation of sludges- into monoliths 

- Shred and cement (solid organics and inorganics) 
Incinerate and cement (solid organics only) 

• Compaction of waste (does not apply to sludges) 
Compact 
Shred and compact 
Shred, add salt, then compact 

• Encapsulation of waste (does not apply to sludges) 
Shred and encapsulate with polymer 
Shred and encapsulate with bitumen 

• Preparation of ingots from melted metal waste (applicable only to solid 
inorganics) 

• Shredding of waste followed by addition of bentonite 
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• pH buffering of waste 
Buffering by lime 
Buffering by cement 
Buffering by alumina 
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In addition, the EATF has included one more category in the above list which is not a waste 
form modification, but considered by the EATF to be an equally important group of alternatives. 
This new category is: 

• Changing of waste container material. 

Based on Table A-6, and in conjunction with the deliberations of the EAMP, the EATF has 
noted that in Table A-6 there are some groups of alternatives which consistently received high 
scores for effectiveness, primarily because of their ability to eliminate the p~ten 'al problem 
associated with a performance parameter. For example, all the different vit · · tion options 
(i.e., plasma processing, acid digestion, etc.) received consistently high effecti ness scores 
for the parameters associated with radiolytic gas generation, because they ould (for all 
practical considerations) eliminate the potential associated withea iolytic gas generation. On 
the other hand, there are groups of alternatives in Table A-6 1ch have been assigned low 
to moderate scores for effectiveness because they can only w down the rate processes 
associated with the parameter (instead of eliminating the pote 'al). For example, any form 
of compaction of the waste was assigned low t~oderate scores by the EAMP for corrosion 
gas generation, because these alternatives w only reduce the rate of corrosion gas 
generation but not eliminate it. Therefore, rder to develop a generalized set of 
recommendations for future design analysis, an for the WIPP Experimental Test Program, the 
EATF has divided the altern_ativB.' to two categories for each performance parameter: 

• Alternatives whic ssentially eliminate the potential associated with a 
performance para eter. 

• A{e$,tives which only reduce or control the rate processes. 

Alternatives bel~ng to both of the above categories were identified for the three gas 
generation parameters. The remaining parameters (permeability of waste stack and 
radionuclide solubility in brine) did not have any applicable alternatives belonging to the first 
category. In other words, the EAMP concluded that permeability and solubility can only be 
reduced or controlled but never completely eliminated. 

Since the objectives of the WIPP Experimental Test Program and the design analysis modeling 
are primarily related to the effectiveness of an alternative, the EA TF has summarized the panel 
deliberations on the basis of the effectiveness scores in Table A-6, and the two categories of 
alternatives mentioned above. It should be noted, however, that the feasibility of the 
alternatives is also being studied in detail as part of the overall EATF objectives. 

Table A-7 presents the set of alternatives which were consistently assigned high scores by the 
EAMP in Table A-6 for their effectiveness for eliminating the potential associated with a 
performance parameter. Table A-8 presents similar information extracted from Table A-6 for 
alternatives which were assigned low to moderate scores for effectiveness because they can 
only reduce the rate process associated with a parameter, and cannot eliminate the potential. 

Since the extent to which the rate can be reduced or controlled is different for each alternative, 
the alternatives are listed in descending order of merit for each performance parameter. 
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TABLE A-7 

WASTE FORM MODIFICATIONS FOR ELIMINATING POTENTIAL 

'"I 
WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANIC$ 

Radlolytlc Vitrification Plasma processing Vitrification 1 Gas Incinerate and Vitrify "'!" 
Generation Acid digest and Vitrify 

Blologlcal Vitrification Plasma processing 'gory does 
Gas Incinerate and Cement not pose biological gas 
Generation Incinerate arpitrlfy generation problem 

Acid digest Vitrify 

Corrosion Vitrification ~legory does Decontamination of corroding 
Gas ot pose corrosion metals 
Generation gas generation problem Changing existing waste 

(Jone 
container materials* 

Penneablllty None None 
of the 

,, t 

Waste Stack 

Radlonucllde None None None 
Solublllty 
In Brine 

i' 'I 

•' ·1 

"'I 

'"' 
'''! 

*For all three waste forms (i.e., sludges, solid organics, and solid inorganics). 
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TABLE A-8 .. 
WASTE FORM MODIFICATIONS 

FOR REDUCING/CONTROLLING POTENTIAL 

WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANICS 

.. 
Radlolytlc Cementation* Incinerate and cement Decontamination 
Gas pH Buffers Compaction Melted metals 

1 '" Generation pH Buffers pH Buffers 

Blologlcal Cementation* Shred and cement Fory does not 
Gas pH Buffers Compaction e biological . 
Generation pH Buffers neration problem 

Shred, add bentonite 

"' Corrosion Cementation* Category~ Vitrification 
ifl+; Gas pH Buffers not pose rrosion pH Buffers 

Generation r generation Encapsulation 
problem Melted metals 

¥-i~ 
Shred and cement 
Compaction 

""' 

Qltrfflcation i>lf Penneablllty Vitrification Vitrification 
of the Cementation Encapsulation Melted metals ... Waste Stack pH Buffers Cementation Shred, add bentonite 

-i.Jti 
Shred, add bentonite Encapsulation 
Compaction Shred and cement 
pH Buffers Decontaminate metals 

Compaction 
ft''il pH Buffers 

•*' Radlonucllde Cementation Cementation Decontaminate metals 
Solublllty pH Buffers pH Buffers pH Buffers .. , In Brine Vitrification Shred and cement 

Melted metals 
""' 

*Cementation into monoliths. 
i!!'!Jl\1i 

'""' 

~"· 

JitlU 
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It should be noted that since the properties of the final waste forms resulting from a lot of 
the alternatives in Table A-6 are very similar, for the sake of brevity, alternatives in Tables A-7 
and A-8 have been grouped into one of the seven generalized categories described earlier. 
For example, all the different forms of compacting the waste have been grouped together as 
"compaction" in Table A-8. 

The EATF will perform design analyses of appropriate combinations of engineered alternatives 
from Tables A-7 and A-8 to quantify the improvements in repository performance using 
alternative waste forms. An example of such a combination for reducing the potential of 
radiolytic gas generation would be to cement the sludges, shredding and cementing the solid 
organics, and decontaminate the metals. Either grout or salt could be added in the repository 
as a backfill material. Similarly, decontamination of all corroding metals from the waste 
inventory, and changing the waste container material could be used to eliminate the potential 
of corrosion generation. 

The EAMP considered ranking a set of combined alternatives based on their e~eness and 
feasibility. However, it was decided that since the evaluation process was pri~~Ji;v qualitative, 
ranking the combinations merely on the basis of summation of their individual scores would 
not be meaningful, and therefore not advisable. C 
The results of the EAMP's evaluations will be used to: r 

1. Recommend waste form alternati'f\ that should be included in the WIPP 
Experimental Test Program. r 

2. Provide a basis for~1 ntification of combinations of alternatives that should be 
quantitatively analy for relative effectiveness. 

3. Provide a basis for evaluation of the relative cost and schedule ramifications for 
imp~e anting the most effective and feasible alternatives. 

The final choice f lternative(s), and whether any alternatives are needed, will be decided in 
conjunction with e performance assessment studies when the extent of mitigation required 
is finally determined after these studies are completed. 
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ATTACHMENT A 

EAMP REQUIREMENTS AND QUALIFICATIONS OF MEMBERS 

REQUIREMENTS 

The Engineered Alternatives Task Force identified the disciplines needed for the Panel and 
established the requirements for Panel members based on its knowledge of the WIPP project 
and the challenge of demonstrating compliance with the EPA Standards. 

CHAIRMAN - Broad understanding of the nuclear industry and the defense transuranic waste 
program, including the WIPP project, and a general knowledge of the disciplines denoted 
below. Undergraduate degree with 20 or more years of experience. 

DOE/INSTITUTIONAL - Familiar with DOE programmatic sensitivities and~uirements. 
Knowledgeable about institutional issues and the ability to project past challe~f~~ to future 
conditions. Ability to understand complex technical issues and to recognize potential solutions. 
Undergraduate degree with ten or more years of experience. C 
GENERATOR WASTE PROCESSING - Broad understanding oftransuranic waste generation 
and waste processing at DOE facilities. Experience should provide the ability to form 
judgments regarding the impact of various w~ form alternatives on the basic waste 
generation processes. Undergraduate degree · five or more years experience at DOE 
weapons production facilities. 

GEOCHEMISTRY - Geology o~chemistry background, preferably in the hazardous or 
radioactive waste disposal areas. C able of making judgments regarding processes occurring 
in the WIPP repository if engin red alternatives are applied. Familiarity with WIPP geology 
and/or geochemist of the region. Graduate degree with ten or more years experience. 

METALLURGY/ OSION - Extensive experience solving corrosion problems and an 
in-depth unders ding of corrosion mechanisms and products of corrosion. Understanding of 
corrosion inhibition, and the effects of near saturated brines on corrosion of metals. Graduate 
degree with ten or more years experience. 

MICROBIOLOGY - Experienced microbiologist with considerable background in bacterial 
degradation of hazardous, mixed waste, and nuclear waste forms. Understanding of bacterial 
energetics and reactions of halotolerant and halophilic organisms, and the effect of salt 
environments on bacterial communities. Graduate degree with ten or more years experience. 

PERFORMANCE ASSESSMENT - Familiarity with the EPA Standards 40 CFR Part 191 and 
the requirements to conduct performance assessment of deep geologic repositories. Generally 
knowledgeable about current performance assessment activities and challenges. 
Undergraduate degree with five or more years of experience. 

REGULATORY - Background involving regulatory compliance activities, familiarity with 40 CFR 
Part 191, RCRA and states' permitting requirements. Sufficient experience in regulatory 
matters to understand the probability of permitting of new technologies by state and federal 
agencies. Technical or legal background preferred. Graduate degree with five or more years 
experience. 
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REPOSITORY OPERATIONS - Operation and/or engineering experience on the WIPP project, 
including familiarity with mining, surface and underground facility design, and waste handling. 
Undergraduate degree (or equivalent) with five or more years of experience. 

ROCK MECHANICS - Experience with mechanical deformation of rock, understanding of 
repository sealing technology and requirements, and underground design experience. Overall 
familiarity with deep geologic repository underground design. Graduate degree with ten or 
more years of experience. 

WASTE TREATMENT - Broad experience in nuclear and hazardous waste treatment 
technologies. Background should include development, design, and operation of waste 
treatment systems and facilities. Undergraduate degree with ten or more years of experience. 

QUALIFICATIONS OF PANEL MEMBERS 

CHAIRMAN 

Mr. Hans Kresny (Chairman and Facilitator) 

Mr. Kresny is the President of Solmont Corporation, and a con~nt to IT Corporation, with 
over 33 years of multidisciplined technical and managerial expefe'~~e in the nuclear industry. 
His background includes engineering and project management involving major nuclear facilities 
and programs, institutional issues resolution betwep:he WIPP project and 23 States, shielding 
and radiation analysis, and nuclear space sys and power plant design. Education: 
Bachelor of Marine Engineering. 

PRIMARY PANEL MEMBERS a 
Mr. Mike McFadden (DOE/lnstiJon:I) 

Mr. McFadden h~1 years of experience, the major portion of which includes management 
positions with t e epartment of Energy. His background includes engineering and 
management of ch projects as geothermal and laser facilities, management of the DOE 
Transuranic Waste Program, the WIPP transportation system, transporter development 
programs, and integration of WIPP and transuranic waste generator activities. Education: B.S., 
Civil Engineering. 

Mr. Vernon Daub (DOE/Institutional) 

Mr. Daub has 15 years of management and engineering experience. He has held the 
positions of mechanical engineer, test engineer, Chief of Test Engineering within the 
Department of Defense, and Research and Development Engineer, and Transportation 
Manager within the Department of Energy. He has extensive experience and has had 
significant responsibilities in a wide range of areas on the WIPP Project. Education: B.S., 
Mechanical Engineering; M.S., Industrial Engineering 

Mr. Jeff Paynter {Generator Waste Processing) 

Mr. Paynter has six years of experience at the DOE Rocky Flats Plant, including criticality 
safety engineering; waste processing; operations; and package design, analysis, and testing. 
Education: B.S., General Engineering, Nuclear Option. 
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Mr. Kyle Peter (Generator Waste Processing) 

Mr. Peter has nine years experience at the DOE Rocky Flats Plant, including responsibility for 
design, start-up, operation, and maintenance of waste processing treatment facilities. He is 
familiar with RCRA permitting, treatment, and storage regulations. Education: B.S., Chemical 
Engineering; M.S., Business Administration. 

Dr. Jonathan Myers (Geochemistry and Performance Assessment) 

Dr. Myers is a Technical Associate at IT Corporation with over ten years of geologic and 
geochemical experience solving technical problems in the field of hazardous and nuclear waste 
management. He has been actively involved in the WIPP and Yucca Mountain nuclear waste 
disposal projects, as well as the Swedish and Canadian waste disposal programs. He has 
also been an active participant in the WIPP Performance Assessment program. Education: 
B.S. and M.S., Geology; Ph.D., Geochemistry. 

Dr. Arun Agrawal (Metallurgy/Corrosion) 

Dr. Agrawal is a Senior Research Scientist at Battelle Memoria~ln titute and has been active 
in the corrosion and electrochemical fields for more than years. He has extensive 
experience conducting research in these fields for various nucle nd nonnuclear organizations 
including the Electric Power Research lnstiMe, Gas Research I stitute, Department of Energy, 
Nuclear Regulatory Commission, and the Nation~al Science Foundation. Education: B.Sc. and 
M.S., Chemical Engineering; Ph.D., Chemical E eering. 

Mr. Barry King (Microbiology) 

Mr. King is a Technical AssociatQd environmental biologist at IT Corporation with more that 
23 years of experience including p~~cts related to biodegradation of mixed hazardous wastes; 
long-term effects of geologic disposal; and various aspects of biological treatment, 
bioremediation,~ technology development. Education: B.S., Microbiology; M.S., 
Environmental B ol y. 

Mr. Roger Han n (Regulatory Compliance and Permitting) 

Mr. Hansen is an environmental attorney and project director at IT Corporation with 27 years 
of legal experience. He has a multidisciplinary background in environmental law, land use and 
environmental planning, and communications. He is currently responsible for environmental 
regulatory analysis, permitting, documentation preparation, and providing technical and legal 
support for permitting and operation of hazardous, radioactive, and mixed waste management 
facilities. He is a registered Colorado attorney and a member of the American Bar 
Association. Education: B.S., Journalism; J.D. 

Mr. Bill White (Repository Operations) 

Mr. White has over 14 years of experience involved with operation of nuclear submarine and 
land-based nuclear power plants. He has held positions as Waste Handling Operations 
Manager and Start-up Engineer at the WIPP, was a Chief Operator at the Fast Flux Test 
Facility, and was a leading Petty Officer and Staff Instructor for nuclear plant operations in the 
U.S. Navy. Education: University of Texas at El Paso, plus various Navy nuclear power and 
engineering schools. 
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Mr. Rodney Palanca (Repository Operations) 

Mr. Palanca has 27 years of experience with operation of nuclear submarine and land based 
nuclear plants. He attained the rank of Lieutenant Commander in the U.S. Navy, and has 
supervisory and technical experience in nuclear reactor operation and testing, nuclear 
instrumentation and controls, nuclear chemistry and radiological controls, training curriculum 
planning and scheduling. He is currently an operations engineer in the WIPP Operations 
Support Group. Education: B.S., Chemical Engineering, plus numerous Navy nuclear training 
programs. 

Dr. Joe Tillerson (Rock Mechanics) 

Dr. Tillerson is Supervisor of the WIPP Sealing and Rock Mechanics Programs at Sandia 
National Laboratory. He has 15 years of experience including underground design, rock 
mechanics analysis, sealing programs, site characterization, rock mechanics*surement, 
code development and modeling of salt creep, and geotechnical analysis of oil age caverns 
in salt. Education: B.S. and M.S., Aero Engineering; Ph.D., Aero Engineering. 

Mr. Milo Larsen (Waste Treatment) r: 
Mr. Larsen is President and General Manager of Haz Answer(1nc. He has over 20 years 
of experience in the nuclear industry includp·n reactor operations, waste engineering 
development, waste treatment process develop t, and waste reduction operations. Mr. 
Larsen has extensive knowledge of the statu nuclear waste treatment technologies. 
Education: B.S., Physics. 

ALTERNATE PANEL MEMBER~ 
Alternate Panel f?e bers were occasionally required to substitute for the primary members due 
to schedular co 1ct . 

Dr. Murthy Deva onda (Geochemistry) 

Dr. Devarakonda is a project engineer at IT Corporation with six years of experience in solvent 
recovery, waste water treatment, interactions among waste components in WIPP, and the fate 
of mixed hazardous waste in WIPP over prolonged periods of time. Education: Bachelor of 
Technology, Chemical Engineering; Ph.D., Environmental Engineering. 

Dr. Paul Drez (Geochemistry) 

Dr. Drez is a Senior Technical Associate at IT Corporation with 20 years of experience. He 
is currently the Technical Director for the Engineered Alternatives Task Force effort. He has 
a broad background as a research geochemist for geologic exploration programs, and has 
been a key participant for evaluating the characteristics of TAU wastes destined for disposal 
at WIPP. He has also been actively involved in the WIPP performance assessment process, 
Supplemental Environmental Impact Statement, No-Migration Variance Petition, R&D Test Plan, 
and licensing of the TRUPACT-11 and RH transportation systems. Education: B.S., Chemistry; 
Ph.D., Geochemistry. 
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Ms. Barbara Deshler (Performance Assessment} 

Ms. Deshler is a geologist at IT Corporation with four years of experience including 
co-authorship of the WIPP No-Migration Variance Petition. As a result of her key involvement 
in preparing the WIPP Plan for Performance Assessment and Operations Demonstration, she 
has become very familiar with the performance assessment process. Her experience also 
includes the acquisition and start-up of a gas chromatograph/mass spectrometer laboratory at 
the WIPP site, environmental monitoring instrumentation, and technical input to environmental 
regulatory permit applications. Education: B.S., Geology; M.S., Geology (in progress}. 

Ms. Karen Knudtsen (Regulatory} 

Ms. Knudtsen is a Project Scientist at Benchmark Environmental, Inc. with ten years 
experience in solid and hazardous waste management and environmental assessment. Her 
experience includes evaluation of hazardous and radioactive mixed waste ch~aac ristics and 
mechanisms of contaminant transport in the environment, preparation of regula summaries, 
development of technical positions regarding RCRA and CERCLA regulatory co pliance, and 
permitting assistance for hazardous waste facilities. Education: B.S., Soil Scien ; M.S., Soil 
Chemistry. 

Mr. Clinton Kelley (Repository Operations} 

Mr. Kelley is a Senior Engineer for Westinghae on the WIPP project with 15 years of 
experience in the nuclear industry. His p ipal duties currently involve planning, 
implementation and supervision of waste han · operations at the WIPP facility. His 
experience includes reactor operations for a ance reactor systems, operations training, 
supervision of waste handling~hnicians, and preparation of operations procedures. 
Education: Science and math c s at several universities as well as numerous in-house 
technical and management cour es. 

D 
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ATIACHMENT B 

DESCRIPTION OF ENGINEERED ALTERNATIVES 

Engineered alternatives being considered for reducing the consequences of potential WIPP 
waste release scenarios are described in this Attachment as they were presented to the Panel 
for consideration. Assumptions made by the Panel which supplement the description of some 
of the alternatives are also included. 

WASTE FORM MODIFICATION ALTERNATIVES 

COMPACT WASTE 
Stored and newly generated waste is loosely packed in steel drums and boxes. 
Compacting the waste to much lower porosity and permeability, using$-of-the-art 
compactors, can reduce the ability of brine to either permeate the waste flow through 
the waste matrix, thereby carrying some of the waste to the accessible e vironment or 
beyond the unit boundary. 

Panel Assumption: It was assumed that compaction app!' s to all waste form categories 
except sludges. The Panel recognized but did not take nto account the possibility of 
increased gas generation due to compaction, as disc sed in Kroth and Lammertz 
(1988). The Panel also recognized th~mpacting the waste reduces initial void 
volume allows repressurization of waste rs to occur sooner. 

INCINERATE AND CEMENT 
Incineration of combustib~e and cementation of the ash into an ash/cement matrix 
reduces the void velum d permeability of the waste. This alternative destroys 
essentially all organics an therefore is expected to eliminate microbial gas generation . 

.:...==~::::.i:::~ii:::t.::;io:.:n:.:::s~: Cemented form can be maintained until salt creep effectively 
encapsu e the waste. The Process Experimental Pilot Plant (PREPP) technology 
(rotary kil · cinerator) was assumed. Although there were plans for implementation of 
the PREPP process at the time the EAMP convened, the reader should note that the 
project has since been discontinued, and not expected to be operational. The Panel 
also recognized that incineration may have the advantage of meeting the treatment 
standard for some types of organics restricted from land disposal under 40 CFR Part 
268. 

INCINERATE AND VITRIFY 
This alternative is similar to "Incinerate and Cement" except that the residue is fused 
into a glass rather than a cement matrix and is likely to have a lower permeability and 
remain stable for a longer period of time. 

WET OXIDATION 
Wet oxidation involves the accelerated oxidation of waste in the presence of heated 
water vapor or steam, with the intent to chemical degradation of the waste prior to 
emplacement in WIPP. This technique has not been demonstrated for application to 
solid wastes. 
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SHRED AND BITUMINIZE 
This alternative involves filling the voids of shredded waste with a bituminous compound. 
This has the effect of reducing waste permeability but may enhance microbial and 
radiolytic gas generation. All waste forms except sludges can be bituminized. 

SHRED AND COMPACT 
Compaction alone is limited by the available compaction forces (i.e., state-of-the-art 
equipment) and the stress strain characteristics of the waste form. Some advantage 
may be gained by first shredding the waste thereby compacting the waste to a more 
impermeable form. All waste forms except sludges can be compacted. 

SHRED AND CEMENT 
This alternative involves shredding the waste prior to cementation and repackaging. The 
intent is to reduce the permeability of the waste form. This alternative does not apply 
to the sludges. 

Panel Assumption: The Panel assumed that the Process Experime~ Pilot Plant 
(PREPP) shredding technology will be used. 

SHRED AND POLYMER ENCAPSULATION f 
This alternative is similar to the shred and cement alte 1ve except that the shredded 
waste would be encapsulated in a polymer. The u of polymers may increase 
microbial and radiolytic gas generation~ pq tial. All waste forms except the sludges 
can be encapsulated. 

SHRED, ADD SALT, AND COMPACT 
The purpose of this altern~ is to reduce the permeability and initial void volume of 
shredded and compacted e by mixing crushed salt into the shredded waste before 
compacting. The intent i to fill the voids that normally remain after compaction with 
crushed salt. The alternative can be applied to glass, metals, and combustibles. 
Corrosion~ gas generation may be accelerated unless this alternative effectively 
excludes rin . 

PLASMA PROC SSING 
This alternative uses a high temperature plasma furnace to essentially eliminate 
organics, and melt metals and sludges into a solid form. The products of this process 
are a vitrified glass form and solid metal. 

Panel Assumptions: This alternative is in the demonstration phase. Therefore 
regulatory challenges may be similar to those concerning incineration. 

MELT METALS 
Since compacting metal wastes to a low permeability even after shredding may be 
difficult, an alternative is to melt the metals into ingots of a weight that is transportable. 
Some metals may require size reduction depending on furnace size. By definition, this 
alternative does not apply to sludges or combustibles. 

Panel Assumptions: Depending on the process, the slag resulting from melting may 
contain most of the transuranic elements, substantially reducing metal waste volume 
while the ingots may qualify as low level waste. The slag resulting from melting may 
need to be solidified in cement or another medium. 
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ADD SALT BACKFILL 
Adding crushed or pulverized salt into the larger void spaces around the waste in each 
waste container has the advantage of reducing the permeability of the waste but may 
induce accelerated corrosion and gas evolution. 

ADD OTHER SORBENTS 
Evaluation of sorbents in addition to or other than bentonite may lead to improved waste 
characteristics of permeability and porosity. These sorbents are intended to sorb brine 
and radionuclides. 

ADD GAS SUPPRESSANTS 
Adding materials to the waste that could reduce gas generation rates, such as materials 
that raise the pH of brine that comes in contact with the waste, could prove beneficial 
in reducing gas pressure buildup in the waste disposal rooms. 

SHRED AND ADD BENTONITE .....(' 
This alternative considers the addition of bentonite, a swelling, absorptive land colloidal 
clay, to shredded waste to reduce waste permeability, absorb brine that might otherwise 
come in contact with the waste, and sorb radionuclides f;;'educe their mobility. This 
alternative does not apply to sludges. r 
Panel Assumptions: Bentonite will absorb both brine and residual liquids in the waste. 

ACID DIGESTION · f\ 
This alternative would dissolve the w~ in a strongly acidic solution that is 
subsequently neutralized ~n recipitated, resulting in a reduced volume sludge waste 
form, which is then soli . In particular, the ability of organics and metals to 
generate gases is eliminat , nd since the residue can be solidified, waste permeability 
and mobility are reduced. 

Panel As m tions: Waste may have to be segregated and shredded, with different 
process Ii e for metals and organics. The process may not be able to digest all 
plastics a may increase the nitrate inventory of the waste. The residue from this 
alternative will have to be combined with a solidification process such as calcining, 
cementation or vitrification. This alternative applies only to combustibles. 

STERILIZE 
Prior to emplacement of the waste in WIPP, sterilize the contents of each waste 
package to eliminate or reduce microbial gas generation. To be sufficiently effective, 
this alternative would probably have to be used in conjunction with sterilization of the 
entire underground waste disposal area, which is not considered a credible alternative 
at this time. 

ADD COPPER SULFATE 
The addition of copper sulfate to the waste is expected to reduce the generation of 
gases resulting from anoxic corrosion of iron based metals. The copper sulfate reacts 
with iron, forming ferrous sulfate and preventing the production of free hydrogen gas. 

ADD GAS GETTERS 
Several gases will constitute the major volumes generated over time in the waste 
disposal area of WIPP. If generation of gases cannot be prevented, gas getters added 
to the waste may eliminate significant gas volumes and prove to be a solution to the 
potentially negative effect that large gas volumes may have on repository performance. 
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Carbon dioxide may be removed by the addition of gas getters that will react with the 
gas to produce a solid phase. 

Panel Assumptions: The getters assumed were either lime or hydrated lime added to 
waste to reduce the carbon dioxide gas inventory. These were the only getters 
considered and assumes that enough getter material can be added to the waste to be 
effective. 

ADD FILLERS 
Adding filler materials to the waste in order to reduce initial void volume will reduce the 
waste's permeability and can reduce brine inflow during room reconsolidation. 

SEGREGATE WASTE FORMS 
This alternative refers to isolating each major waste form (i.e., sludges, combustibles, 
etc.) from one another. By segregating the various waste forms~h are now 
intermingled within waste packages, several engineered alternatives c be applied 
to smaller waste quantities, thereby possibly reducing costs and overall hedule. 

Panel Assumptions: ·It was assumed that this alternativerld require that new waste 
be segregated as it is generated while stored waste wo have to be sorted. 

DECONTAMINATE METALS 
The disposal of metals in WIPP is expectigenerate hydrogen from anoxic corrosion. 
These metals may also be difficult to co ct to a sufficiently low permeability. An 
alternative solution may be to decontami the metals and dispose of them as low-
level or nonradioactive wastes. The resi ue from this process would be handled in a 
manner similar to that re~ from the "Acid Digestion" alternative. This alternative 
is not applicable for sludgr ~r combustibles. 

Panel Assumptions: To be completely effective, this alternative would have to be 
combined a· "Change Waste Container Material", since a large part of the metal 
inventory co sists of steel drums and boxes. The residue resulting from the 
decontami on process will have to be solidified by vitrification, cementation, or other 
means. 

CHANGE WASTE GENERATING PROCESS 
Since two-thirds of the waste that will ultimately be emplaced in WIPP has not yet been 
generated, an opportunity exists to change the processes that generate the remaining 
waste to minimize waste porosity, permeability, and gas generation. Some progress 
has already been made in reducing waste generation volumes, and compaction of waste 
at generator sites is an example of a process that reduces porosity and permeability. 

CHANGE WASTE CONTAINER SHAPE 
A major goal of the Engineered Alternatives program is to evaluate reduction of void 
volumes in waste packages and in the repository in general. A square cornered or 
hexagonal waste package configuration could essentially eliminate void volumes between 
emplaced waste packages in the disposal areas. Other configurations may also provide 
similar results, such as interlocking waste packages that fit together tightly when 
emplaced in WIPP. This alternative will only reduce the interstitial spaces between 
waste packages disposed of in WIPP. Stored waste needs to be repackaged. Space 
around the waste stack is not affected. 
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CHANGE WASTE CONTAINER MATERIAL 
The corrosion of steel drums or boxes that are currently used to package waste may 
add considerably to the gas generated by anoxic corrosion after waste emplacement. 
The use of alternate materials may reduce the amount of gas generated from this 
process. For instance, copper or ceramic materials may be candidates that could 
reduce or eliminate metal corrosion induced gas generation. 

Panel Assumptions: The Panel assumed that the polyethylene drum and box liners 
could be made sufficiently strong to act as waste containers. 

ADD ANTIBACTERIAL MATERIAL 
The addition of an antibacterial material to the waste could alleviate some gas 
production if such a material does not pose a greater challenge than the gas itself. The 
material must have an estimated effective lifetime sufficient to prevent those microbes 
already present in the repository from eventually overtaking its effective~. 

ACCELERATE THE WASTE DIGESTION PROCESS I 
This alternative suggests that the gas generation process might be accelerated so that 
gas generation is minimized after decommissioning of thr~sitory. This requires the 
addition of appropriate bacterial agents to hasten waste · stion, which would have to 
be essentially complete before decommissioning. 

ALTER CORROSION ENVIRONMENT IN WIP~ 
The use of copper sulfate has already b · entified as an engineered alternative that 
might modify the corrosion process to ge erate less gas. Other alternatives may alter 
the chemical environment~he waste storage rooms, such as assuring dryness or 
maintaining a pH buffer, s at corrosion is minimized. 

Panel Assumptions: Cop er sulfate was not considered for reasons given under that 
alternative~s ascription. The addition of activated alumina, calcium oxide or cement 
was consi e . These additives may increase the total number of waste packages 
required b t suit in a drier environment. 

ALTER BACTERIAL ENVIRONMENT IN WIPP 
This alternative is analogous to "Alter Corrosion Environment in WIPP." By changing 
the chemistry of the waste, microbial gas generation rates may be reduced to 
acceptable levels. 

TRANSMUTATION 
This alternative considers transmutation of long-lived radionuclides to short-lived nuclides, 
eliminating the need for long-term disposal. 

VITRIFY SLUDGES 
Sludges have a high moisture content compared to other waste forms. Vitrifying the 
sludges using microwave or Joule melters will reduce waste volume, remove excess 
moisture, and possibly remove nitrates. 

BACKFILL ALTERNATIVES 

SALT ONLY 
This is the basic backfill material being considered to reduce void volume around the 
waste and to hasten room closure. The material results from mining the disposal rooms 
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and drifts, and can be processed by crushing or pulverizing to enhance backfilling 
operations. Unless this salt is preformed into compact shape(s), it has significant initial 
porosity and permeability, but will rapidly reconsolidate as a results of creep closure. 

Panel Assumptions: Backfilling the void spaces around the waste will probably reduce 
the amount of brine entering the waste rooms. However, the void volume and 
permeability of the waste itself remains substantial and moisture in the waste (e.g., 
sludges) is not effected by this alternative. 

SALT PLUS GAS GETTERS/ALKALI/pH BUFFERS 
The addition of gas getters with the salt backfill may be advantageous for preventing 
buildup of unacceptable gas volumes. A potential disadvantage of applying getters in 
this manner is that salt reconsolidation takes place fairly quickly. If reconsolidation 
prevents interaction of gases with the getters in the salt matrix, it could prove ineffective. 
An added advantage of certain gas getters (e.g., CaO) is they will ac~pH buffers 
thereby minimizing corrosion and radionuclide solubility in brine. I 

COMPACT BACKFILL 
Compacting backfill in place could reduce its perm!l'lity sufficiently to prevent 
significant brine mobility. Such a procedure would prob require more storage space 
than currently planned to permit equipment access b een and around the waste 
packages. 

SALT PLUS BRINE SORBENTS ~ 
The presence of brine in the waste roorrf:s ~onsidered the primary medium for waste 
mobility to the accessible~·ronment for certain scenarios. The brine source may be 
from a hypothesized bri reservoir or from migration of Salado brine from the 
surrounding salt into the ast disposal rooms. The expected volume of brine from the 
surrounding salt appears o be lower than previously anticipated. Therefore, sorbents 
such as ~nite added to the backfill may effectively preclude free brine in the 
repository fro this source. Sorbents may also be effective for reducing the mobility 
of radian · es. 

Panel Assumptions: The sorbents considered were bentonite, diatomaceous earth, and 
vermiculite. Approximately 30% sorbent in the backfill was considered enough to be 
effective. The effectiveness of backfill plus sorbents might be enhanced if installed 
below the waste as well. 

PREFORMED COMPACTED BACKFILL 
Preforming backfill into dense compacted modules, such as bricks or blocks, or shapes 
that can be inserted between waste packages, may reduce the overall permeability of 
the waste disposal rooms, thereby reducing the potential for brine contact with the 
waste. Compacted backfill reduces the time required for room closure and the amount 
of brine that can migrate into the room from the surrounding salt. 

Panel Assumptions: Only salt was considered as a compacted backfill, and the 
precompacted material was assumed to be nearly formfitting around waste packages. 

GROUT BACKFILL 
The use of a grout as backfill instead of salt has the operational advantage of handling 
a semi-liquid material that can flow relatively easily. However, the emplacement of grout 
between waste containers may still be a challenge. The relative impermeability of grout 
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is an advantage, whereas its poor stability characteristics in a salt/brine environment are 
potentially disadvantageous unless room closure acts to mechanically stabilize the entire 
waste/grout monolith. 

Panel Assumptions: Grout was assumed between waste packages, with concrete 
around the waste stack. 

BITUMEN BACKFILL 
Bitumen has been considered as a backfill medium, but the operational challenges of 
handling large quantities of hot bitumen underground, and the potential for this backfill 
acting as an additional source for microbial gas generation, probably precludes the 
material from consideration. 

ADD GAS SUPPRESSANTS 
This alternative is analogous to that described for the waste form (same ~e) but the 
suppressing material would be mixed with the backfill. I 

WASTE MANAGEMENT ALTERNATIVES t 
MINIMIZE SPACE AROUND WASTE STACK 

The waste disposal room dimensions were chosen so t at retrieval after a five-year 
demonstration period would not be preclu~by premature room closure. Therefore, 
space is available between the waste sta d the walls and ceiling which also acts 
as a ventilation flow path. Reduction or limination of this space would result in the 
need for less backfill, quicBroom closure, and less Salado brine migration into the 
room. 

Panel Assumptions: Ro ms will have to be mined to minimize space around the 
waste stacrznsistent with remote-handled waste emplacement requirements. It was 
assumed at o backfill is required for this alternative. 

SEGREGATE W TE IN WIPP 
The segregation of different waste forms in or among waste disposal rooms could prove 
beneficial. For instance, the segregation of permeable metal wastes in small amounts 
within more easily compacted or previously compacted waste could "encapsulate" the 
metals with other waste that is less permeable. The segregation of high gas-generation 
waste from more benign waste would focus the solution on a smaller area of WIPP. 
There may also be an advantage in segregating sludges, that contain nitrates, from 
combustible wastes to prevent nitrate reducing bacteria from generating nitrogen gas. 

Panel Assumptions: Administrative control of waste shipments is required. Segregation 
is by waste disposal panel. WIPP ventilation system redesign may be needed. 

DECREASE AMOUNT OF WASTE PER ROOM 
By leaving the room size the same as currently designed, but emplacing less waste 
volume per room, sufficient space may be gained around the waste stack to isolate the 
stack from the surrounding host salt. This would be accomplished by creating a waste 
stack that is as compact as practicable, surrounded by relatively "plastic" backfill 
containing sorbents and gas getters that would act as a secondary encapsulation 
medium. The host salt would, of course, remain the primary barrier. 
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EMPLACE WASTE AND BACKFILL SIMULTANEOUSLY 
The intent of this alternative is to emplace backfill more efficiently so that its effect is 
maximized. This alternative would be used in conjunction with compacting in place or 
using precompacted (and preformed if necessary) backfill. 

SELECTIVE VEGETATIVE UPTAKE 
Using the vegetative uptake of certain plants to concentrate radionuclides has been 
proposed. Some work has been done demonstrating the vegetative concentration of 
heavy metals. 

FACILITY DESIGN ALTERNATIVES 

BRINE-ISOLATING DIKES 
Brine dikes can consist of partial or full-height walls of material that separate waste 
quantities to reduce the amount of waste accessed by inflowing brin~ a driller's 
circulating mud. I 

RAISE WASTE ABOVE FLOOR 
If it can be postulated that Salado brine will collect on ~waste disposal room floor, 
then isolating the waste from the floor may be beneficial. it can be further postulated 
that humidity generated by brine can be isolated from t e waste, then this alternative 
may reduce the amount of corrosion-induced gas generation. 

Panel Assumptions: The Panel assumed ./:l..,..rushed salt, bentonite or other absorbent 
material would be placed between the w~disposal room floor and the waste. On 
that basis, the Panel cons~·d this alternative part of the "Add Floor of Brine Sorbent 
Material" alternative as d by the Panel's assumptions for that alternative. 

BRINE SUMPS AND DRAINS 
By prope~loping the floor of waste disposal rooms toward collection sumps, it may 
be possib t isolate inflowing brine from the waste. . Isolating the brine during room 
closure, a d esigning the sumps so that they become "encapsulated" after closure, may 
result in uced corrosion-induced gas generation. 

GAS EXPANSION VOLUMES 
This alternative refers to the mmmg of recesses within the repository to allow fr~ 
expansion of the gases generated, and thus reduce gas pressure. 

Panel Assumptions: It was assumed that brine would not fill the void volumes. This 
alternative was considered only if gas generation is a marginal problem, requiring only 
small expansion volumes to prevent overpressurization . 

SEAL DISPOSAL ROOM WALLS 
This alternative refers to a flexible, impermeable seal applied to the walls of each room 
such that closure does not break the seal. The intent is to prevent contact between the 
waste stack and interstitial brine. 

VENT FACILITY 
If gas generation results in the potential for overpressurizing waste disposal rooms, 
providing a small engineered vent could alleviate this condition. 
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VENTILATE THE FACILITY 
Continuous ventilation of the waste disposal rooms until complete closure has taken 
place would eliminate concern about brine from the surrounding Salado Formation 
collecting in the repository. 

Panel Assumotions: Permanent panel seals and backfill would not be installed during 
the institutional control period. 

ADD FLOOR OF BRINE SORBENT MATERIAL 
The intent of this alternative is to prevent free brine from contacting the waste stack, 
thereby reducing the potential for corrosion induced gas generation. 

Panel Assumptions: See "Raise Waste Above Floor." 

CHANGE MINED EXTRACTION RATIO ~ 
By changing the mined extraction ratio (i.e., leaving less supporting sal around the 
mined waste disposal rooms), room closure can be affected more quickly,~ ucing brine 
inflow from surrounding Salado salt. 

Panel Assumptions: An increase in the creep rate will r~ in faster closure, but the 
possibility of a larger disturbed zone may add to the bri~~flow rate. 

CHANGE ROOM CONFIGURATION ~ 
This alternative involves several possibiliti Stacking the waste tightly against the 
walls would eliminate initial void volume nd enhance closure time. Another option 
involves increasing roomiiz which would also increase the extraction ratio, making 
room for a buffer of sorbe nd getters completely surrounding the waste stack. A 
thiro option involves increa n room height and stacking the waste higher to reduce the 
overall footprint of the re sitory. 

Panel Ass ans: Since several of the stated options were considered under other 
alternative is alternative was considered only from the standpoint of stacking the 
waste high than currently designed and reducing the overall footprint of the repository. 
Although the probability of a human intrusion event penetrating the waste stack is 
reduced, the consequences may be higher than for the current design. 

· SEAL INDIVIDUAL ROOMS 
If human intrusion were to take place, sealing off each room instead of sealing the 
panels may preclude brine from "sweeping" past enough waste to cause 
out-of-compliance releases of radionuclides. The effectiveness of this alternative 
depends on the mobility of the waste form, such as solubility of radionuclides in brine. 

Panel Assumptions: The Panel considered this alternative for mitigating the effects of 
the single and two borehole scenarios only. The Panel assumed that there is a low 
probability of two boreholes penetrating the same waste storage room. Although waste 
permeability is unchanged, the individual room seals would decrease the overall effective 
"permeability" of the underground disposal area. 

TWO-LEVEL REPOSITORY 
A two-level repository refers to decreasing the facility's surface footprint by placing half 
the waste disposal area above the other, creating a two-level facility. Although reduction 
of the facility footprint will reduce the probability of human intrusion into the underground 
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disposal area, the consequences could double if the intrusion event penetrates both 
levels of the repository. 

PASSIVE MARKER ALTERNATIVES 

MONUMENT "FOREST" OVER REPOSITORY 
The use of closely spaced surface markers, consisting of long-lasting materials, can be 
used to alert potential intruders about the existence of the repository. These 
monuments could be mass produced and include pictorial and other designations 
describing the location and content of the disposal area. Each marker would be deeply 
anchored in bedrock. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

MONUMENT COVERING THE ENTIRE REPOSITORY 1 
The waste disposal area of WIPP consists of approximately 100 acres. 'A monument 
2, 100 feet on a side, consisting of natural and/or man-~a materials, could provide 
adequate warning to potential intruders as well as addin the difficulty of drilling into 
the repository. The alternative could consist of a single" ramid" or multiple contiguous 
monuments. 

Panel Assumptions: It was assumed th~his alternative is applicable only for the 
reduction of human intrusion probability. r 

BURIED STEEL PLATE OVER ~SITORY 
The action of a drill bit m it difficult to penetrate non-friable materials. Burying a 
relatively thick steel or ot er etal plate at some distance below the surface over the 
repository could alert an intruder that this is an unusual site. The plate would probably 
have to ~ndwiched between corrosion inhibitors to assure longevity. Additionally, 
site expl ti n and evaluation prior to drilling would alert geologists that further 
exploratio · needed. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

ARTIFICIAL SURFACE LAYER OVER REPOSITORY 
Replacing the natural surface materials over the repository with a layer of artificial or 
sterile material to a reasonable depth is another way of alerting potential intruders to 
explore further before taking any action. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

ADD MARKER DYE TO WASTE OR STRATA ABOVE REPOSITORY 
The use of a marker dye that is sufficiently strong to discolor the drillers mud pond may 
alert the intruder that some further evaluation is necessary. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 
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MISCELLANEOUS ALTERNATIVES 

DRAIN CASTILE RESERVOIR (Brine Pocket) 
This alternative refers to the draining of the Castile brine reservoir, and thus reducing 
the effect of human intrusion through the repository. 

GROUT CULEBRA FORMATION ABOVE REPOSITORY 
The Culebra is a potential conduit for releasing radionuclides to the accessible 
environment. Grouting the Culebra above the repository may reduce this pathway. 

INCREASE LAND WITHDRAWAL AREA TO THE REGULATORY BOUNDARY 
Currently planned land withdrawal boundaries do not extend to the regulatory boundaries 
of 40 CFR Part 191. Extending the land withdrawal boundaries to coincide with the 
pennitted regulatory boundaries would provide longer nuclide transit times before 
reaching the boundaries used to calculate repository perfonnance. 1 

D 
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ATTACHMENT C 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 

The results of the preliminary evaluation process are depicted in Attachment C. The 
alternatives shown comprise the total list of the 64 potential engineered alternatives considered 
by the EAMP. After eliminating the alternatives that did not satisfy the "must" criteria, the 
EAMP assigned each remaining alternative a preliminary score based on its effectiveness for 
mitigating each of the ten original performance parameters, and its feasibility of implementation. 
The scores were based on a scale of zero to ten, with ten being the highest score and zero 
denoting an "adverse effect" Some alternatives were judged to have "no effect" on a 
performance parameter, in which case no score was assigned (represented by a "-" in the 
scoring column). f 
The EAMP assumed all of the ten performance parameters to be mutually ex usive of one 
another, because it is not yet evident which parameter(s) will control the de onstration of 
compliance with EPA Standard 40 CFR Part 191. However, rthe feasibility of an alternative 
was assumed to remain the same irrespective of the performan arameter being considered 
for evaluation of effectiveness. 

The overall scores for an alternative for mitigatin~e effects of a performance parameter were 
calculated by combining its effectiveness and fe · ility scores using a weighted summation 
approach. This approach is described in Secti .2.3. 

The following equation represen~is scoring process: 

Total score= 5.1 x (Effe~v~ness score) 
+ 2.4 x (Regulatory score) 

(:11.5 x (Technology score) 
l,/ 1.0 x (Schedule score) 

There were two exceptions to the above equation. If an alternative was assigned an 
effectiveness score of zero for "adverse effect," then its total score would also be equal to 
zero. On the other hand, if an alternative was assigned a "-" for "no effect," then its total 
score was represented as follows: 

Total score= 2.4 x (Regulatory score) 
+ 1.5 x (Technology score) 
+ 1.0 x (Schedule score). 
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ATTACHMENT C 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 
:= 
-0 

~ E F F E C T I V E N E S S 

S C 0 R E 

F E A S I B I L I T Y T 0 T A L S C 0 R E 0 F A N A L T E R N A T I V E 
-I 
:-'1 

:8 
';p AL TERNA Tl VE 

SC 0 R E 

RAD BIO CORR HUMAN 1(2.4) (1.5) (1.0) 
GAS GAS GAS PERM POR STREN LEACH SOLUB BRINE INTRU REG TECH SCH 

llEIGHTED 
FEASIBILITY 

SCORE 
Ill. = 4.9 

RAD BIO CORR HUMAN 
GAS GAS GAS PERM POR STREN LEACH SOLUB BRINE INTRU 

~ ~~~;~-;~~-~j;j~~;j~-~~;~;~~;j~~~----------··············----~---······················································-----------·---·-·································· 

-oCOMPACT llASTE . 2.0 2.0 4.0 4.0 8.0 6.0 1.0 5.0 - I 9.0 10.0 7.0 I 43.6 143.6 53.8 53.8 64.0 64.0 84.4 74.2 48.7 69.1 43.6 
~INCINERATE & CEMENT 5.0 8.0 3.0 1.0 1.0 3.0 5.0 • 2.0 · 2.0 7.0 2.0 17.3 42.8 58.1 32.6 22.4 22.4 32.6 42.8 32.6 27.5 17.3 

INCINERATE & VITRIFY 6.0 8.0 3.0 2.0 2.0 4.0 6.0 2.0 2.0 · 2.0 7.0 2.0 17.3 47.9 58.1 32.6 27.5 27.5 37.7 47.9 27.5 27.5 17.3 
llET OXIDATION DELETED-TECHNOLOGY NOT DEMONSTRATED 
SHRED & BITUMINIZE · 0.0 2.0 5.0 5.0 3.0 6.0 · 5.0 
SHRED & COMPACT · 2.0 2.0 5.0 5.0 8.0 4.0 1.0 6.0 
SHRED & CEMENT 2.0 4.0 3.0 4.0 4.0 5.0 5.0 3.0 4.0 
SHRED & POLYMER ENCAP 0.0 2.0 3.0 5.0 5.0 5.0 5.0 3.0 5.0 
SHRED,ADD SALT,COMPACT · 2.0 · 7.0 7.0 8.0 5.0 1.0 7m 
PLASMA PROCESSING 10.0 10.0 8.0 10.0 10.0 10.0 10.0 9.0 10.0 · 
MELT METALS 1.0 1.0 4.0 3.0 3.0 3.0 3.0 2.0 1.0 
ADD SALT BACKFILL CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
ADD OTHER SORBENTS CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
ADD GAS SUPPRESSANTS CONSIDERED UNDER 'ADD GAS GETTERS' 
SHRED & ADD BENTONITE 2.0 1.0 1.0 3.0 3.0 · 0.0 · 3.0 
ACID DIGESTION 5.0 6.0 2.0 4.0 4.0 5.0 6.0 3.0 5.0 
STERILIZE DELETED-TECHNOLOGY NOT DEMONSTRATED 

3.0 
9.0 
9.0 
9.0 
9.0 
3.0 
3.0 

10.0 
10.0 
10.0 
5.0 

10.0 
4.0 
7.0 

I 9.0 10.0 
3.0 4.0 

5.0 
7.0 
9.0 
6.0 
7.0 
1.0 
3.0 

9.0 
2.0 

~ADD COPPER SULFATE POTENTIAL FOR H2 GENERATION IF DEPOSITED COPPER FORMS GALVANIC COUPLE 
N ADD GAS GETTERS 1.0 2.0 3.0 1.0 · · · 3.0 1.0 · 1~9.0 5.0 

ADD FILLERS CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
SEGREGATE llASTE FORMS ALTERNATIVE IS NOT A STANO ALONE PROCESS I 
DECONTAMINANT METALS 1.0 2.0 1.0 1.0 1.0 · 4.0 1.0 1.0 · 7.0 9.0 7.0 
CHANGE llASTE GEN. PROC. TOO BROAD TO EVALUATE 
ADD ANTI-BACTERIAL MATRIX DELETED-TECHNOLOGY NOT DEMONSTRATED 

27.2 
43.6 
45.6 
35.1 
43.6 
14.2 
20.7 

27.2 0.0 
43.6 53.8 
55.8 66.0 
o.o 45.3 

43.6 53.8 
65.2 65.2 
25.8 25.8 

37.4 52.7 52.7 
53.8 69.1 69.1 
60.9 66.0 66.0 
50.4 60.6 60.6 
43.6 79.3 79.3 
55.0 65.2 65.2 
41.1 36.0 36.0 

42.5 
84.4 
71.1 
60.6 
84.4 
65.2 
36.0 

57.8 
64.0 
71.1 
60.6 
69.1 
65.2 
36.0 

27.2 
48.7 
60.9 
50.4 
48.7 
60.1 
30.9 

52.7 
74.2 
66.0 
60.6 
79.3 
65.2 
25.8 

27.2 
43.6 
45.6 
35.1 
43.6 
14.2 
20.7 

45.6 155.8 50.7 50.7 60.9 60.9 45.6 0.0 45.6 60.9 45.6 
15.2 40.7 45.8 25.4 35.6 35.6 40.7 45.8 30.5 40.7 15.2 

30.5 135.6 40.7 45.8 35.6 30.5 30.5 30.5 45.8 35.6 30.5 

37.3 142.4 47.5 42.4 42.4 42.4 37.3 57.7 42.4 42.4 37.3 

ACCEL llASTE DIGESTION DELETED·INEFFECTIVE ALTERNATIVE j 
ALTER CORROSION ENV. lllPP 5.0 7.0 8.0 2.0 2.0 · · · 8.0 · 6.0 7.0 6.0 
ALTER BACTERIAL ENV. lllPP CONSIDERED IN EVALUATION OF OTHER ALTERNATIVES 

30.9 156.4 66.6 71.7 41.1 41.1 30.9 30.9 30.9 71.7 30.9 0 

0 

VITRIFY SLUOGES 3.0 3.0 2.0 2.0 2.0 3.0 3.0 2.0 2.0 . I 4.0 7.0 0 26.1 141.4 41.4 36.3 36.3 36.3 41.4 41.4 36.3 36.3 26.1 ~ 
TRANSMUTATION TECHNOLOGY NOT DEMONSTRATED FOR SUCH LARGE AMOUNTS OF 11 STE ~ 

--····································································································· •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• -0 

BACKFILL ALTERNATIVES 

SALT ONLY . 1.0 . 1.0 1.0 . 1.0 
SALT + GAS GETTER . 2.0 . 1.0 1.0 . . 5.0 4.0 . 
COMPACT BACKFILL . 1.0 . 1.0 1.0 . 2.0 . 
SALT + SORBENTS 3.0 3.0 4.0 1.0 1.0 . . 2.0 6.0 . 
PREFORMED COMPACTED BACKFILL 1.0 2.0 1.0 1.0 1.0 . . 2.0 
GROUT BACKFILL 1.0 2.0 3.0 1.0 1.0 . 3.0 2.0 
BITUMEN BACKFILL 1.0 0.0 5.0 1.0 1.0 . 4.0 1.0 
GAS SUPPRESANTS CONSIDERED UNDER GAS GETTERS IN BACKFILL 

~ 
,. 

"' '! ~ .. ., y ~ " " z 
_; .. .. ..,, .. ... - ... .;, ... ... .. ... ... ... ... ... 

8.0 7.0 9.0 38.7 38.7 43.8 38. 7 43.8 43.8 
8.0 7.0 9.0 38.7 38.7 48.9 38.7 43.8 43.8 
4.0 3.0 6.0 20.1 20.1 25.2 20.1 25.2 25.2 
8.0 7.0 7.0 36.7 52.0 52.0 57.1 41.8 41.8 
6.0 5.0 7.0 

~ 
34.0 39.1 34.0 34.0 34.0 

8.0 8.0 9.0 45.3 50.4 55.5 45.3 45.3 
3.0 5.0 5.0 . 24.8 0.0 45.2 24.8 24.8 

~ ~ 

... -· . -· .. ~ ~ :~ ~ '!! !! '!' 

38.7 38.7 38.7 
38.7 38.7 64.2 
20.1 20.1 20.1 
36.7 36.7 46.9 
28.9 28.9 28.9 
40.2 40.2 55.5 
19.7 19.7 19.7 

!! ~ !!, -~ 

43.8 38.7 
59.1 38.7 
30.3 20.1 
67.3 36.7 
39.1 28.9 
50.4 40.2 
40.1 24.8 
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ATTACHMENT C 
(contd.) 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 

E f F E C T I V E N E S S f E A S I B I L I T Y 

S Cc;> R E S C 0 R E WEIGHTED 

T 0 T A L S C 0 R E 0 f A N A L T E R N A T I V E 

FEASIBILITY 
~ RAD BIO CORR ~ HUMAN 1(2.4) (1.5) (1.0) I SCORE I RAD BIO CORR HUMAN 
):. ALTERNATIVE GAS GAS GAS PERM POR STREN LEA SOL BRINE INTRU REG TECH SCH WT.= 4.9 GAS GAS GAS PERM POI STREN LEACH SOLUB BRINE INTRU 
"'O ------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------0 
)> 

)> 

6 

FACILITY DESIGN ALTERNATIVES 

BRINE ISOLATING DIKES CONSIDERED UNDER 'SEAL INDIVIDUAL ROOMS 
RAISE WASTE ABOVE FLOOR NEEDS TO BE CC»4BINED WITH ADD SORBENTS TO BACKFILL 
BRINE SUMPS AND DRAINS DELETED-BRINE CAN'T FLOW DUE TO SALT RECONSOLIDATION 
GAS EXPANSION VOLUME 10.0 10.0 10.0 - - . - - - -
SEAL DISPOSAL ROOM WALLS TECHNOLOGY HAS NOT BEEN LABORATORY DEMONSTRATED 
VENT FACILITY NOT REGULATORY FEASIBLE 

~ VENTILATE FACILITY 4.0 5.0 4.0 - - - - -
ADD FLOOR Of BRINE SORBENT CONSIDERED UNDER BACKFILL + SORBENTS 
CHANGE EXTRACTION RATIO 1.0 2.0 1.0 1.0 1.0 - - - 2.0 -
CHANGE ROOM CONFIGURATION - - - - - - - - - 3.0 
SEAL INDIVIDUAL ROOMS - - 8.0 - - - - -
TWO LEVEL REPOSITORY - - - - - - - - 5.0 

WASTE MANAGEMENT ALTERNATIVES 

I 7.0 10.0 1.0 I 38.8 189.8 89.8 89.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 

4.0 4.0 4.0 19.6 40.0 45.1 40.0 19.6 19.6 19.6 19.6 19.6 65.5 19.6 

8.0 7.0 9.0 38.7 43.8 48.9 43.8 43.8 43.8 38.7 38.7 38.7 48.9 38.7 
7.0 10.0 7.0 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 54.1 
9.0 8.0 9.0 42.6 42.6 42.6 42.6 83.4 42.6 42.6 42.6 42.6 42.6 42.6 
1.0 8.0 1.0 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 40.9 

<.>MIN SPACE AROUND WASTE STACK 1.0 2.0 1.0 1.0 1.0 2.0 ~I 10.0 10.0 I "V10.o 8.o 
49.0 154.1 59.2 54.1 54.1 54.1 49.0 49.0 49.0 59.2 49.0 
42.2 42.2 67.7 o.o 42.2 42.2 42.2 42.2 42.2 42.2 42.2 SEGREGATE WASTE IN WIPP - 5.0 0.0 

DECREASE AMT Of WASTE/ROOM CONSIDERED UNDER ADD SORBENTS/GAS GETTERS TO BACKFILL 
EMPLACE WASTE/BACKFILL SIMUL CONSIDERED UNDER PREFORMED CC»4PACTED BACKFILL 
SELECTIVE VEGETATIVE UPTAKE NOT LAB DEMONSTRATED FOR TRU WASTE 

WASTE CONTAINER ALTERNATIVES 
0 

CHANGE WASTE CONT. SHAPE 1.0 1.0 1.0 1.0 1.0 - - - 1.0 - I 9.0 10tt\I 45.6 150.7 50.7 50.7 50.7 50.7 45.6 45.6 45.6 50.7 45.6 () 
CHANGE WASTE CONT. MATERIAL - - 2.0 · - - - - - - 8.0 8.0 . 40.2 40.2 40.2 50.4 40.2 40.2 40.2 40.2 40.2 40.2 40.2 
--------------------------------------------------------------------------------------------------- -- --------------------------------------------------------------------- ~ 

PASSIVE MARKER ALTERNATIVES :g 
MONUMENT "FOREST" 
MONUMENT COVERING REPOSITORY 
BURIED STEEL PLATE OVER REP. 

6.0 
10.0 
5.0 

9.0 10.0 10.0 
8.0 10.0 10.0 
7.0 10.0 10.0 

~ 

46.6 146.6 46.6 46.6 46.6 46.6 46.6 46.6 46.6 46.6 77.2 ~ 
44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 95.2 (5 
41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 67.3 _--J 

ARTIFICIAL SURFACE LAYER DELETED-UNABLE TO IDENTIFY A FEASIBLE CONCEPT I I I D 

~~-~~~~~-~~~-~~-~~~~~~-------=----=----=----=----=----=-----=-----=-----=-----~:~----~:~---~:~--~~:~-----~~--~~:~-~~:~--~~:~-~~:~-~~:~--~~:~--~~:~--~~:~--~~:~--~~:~. ~ 
MISCELLANEOUS ALTERNATIVES ~ I ~~~~~~~~~~~~ ~ 

DRAIN CASTILE RESEVOIR 
GROUT CULEBRA 
INCR. LANO WITHDRAWAL AREA 

TOTAL SCORE CALCULATIONS: 

DELETED-NOT CONSIDERED FEASIBLE 
DELETED-NOT CONSIDERED FEASIBLE 
NOT AN ENGINEERED ALTERNATIVE 

EFFECTIVENESS WEIGHTED SCORE= EFFECTIVENESS SCORE X (5. 1) 

I I I 
FEASIBILITY WEIGHTED SCORE = R[GULATORY SCORE X 2.4 + TECHNOLOGY SCORE X 1.5 + SCHEDULE SCORE X 1.0 

TOTAL SCORE Of AN ALTERNATIVE = EFFECTIVENESS WEIGHTED SCORE + FEASIBILITY WEIGHTED SCORE 

RAD GAS = Radiolytic Gas Generation 
BIO GAS = Biological Gas Generation 
CORR GAS = Corrosion Gas Generation 
PERM = Permeability of the Waste Stack 
POR = Porosity of the Waste 
STREN = Shear Strength of the Waste 
LEACH = Leachability of the Waste 
SOLUB = Radionuclide Solubility in Brine 
BRINE = Brine Inf low 
HUMAN INTRU = HlMllan Intrusion 
REG = Regulatory Score 
TECH = Technology Score 
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B.O DESIGN ANALYSIS MODEL PROGRAM LOGIC 

The ROOM-SCALE component of the Design Analysis Model is outlined in the flow diagram in 
Figures B-1 to B-3. The other component, the SHAFT-SEAL programs is outlined in Appendix C. 
The Design Analysis Model instructions are written in a modular format such that the main 
program (ROOM-SCALE) is a driver routine which coordinates the functions performed by 
subroutines (Appendix B) used in modeling the processes considered (Section 2.0). 
Permeabilities of the shaft and panel seals are obtained by using the SHAFT-SEAL program 
(Appendix C) prior to use of the ROOM-SCALE program. This analysis provides data necessary 
in generating equations describing shaft-seal conductance over time. Calculations performed in 
the Design Analysis Model are dependent on data obtained from input files. Parameters which 
vary from one run to the next, such as brine inflow rate, creep closure rate, and waste form and 
backfill properties, are entered into the input file. The initial procedure of the program is to read 
this data file by calling a subroutine entitled READAT (Circle 1 in Figure B-1). After acquiring the 
variables from the data file, the program calls the next subroutine entitled INITIA~ Circle 2 in 
Figure B-1 ). The purpose of this subroutine is to perform the remaining calculaticf1s necessary 
to initialize the variables required by the model. These calculations provide information (which 
is evaluated using data from the input file) such as the initial void Ee in a panel and the initial 
moles of each gas present in the panel. Following initialization, e actual simulation process 
begins. Time is set to start at zero and the entire set of calculati ns is performed and repeated 
as the time variable is incremented (for instance, by f'\e year) until the termination conditions are 

satisfied. r 
After the initial void volume and 8ient pressure in the panel are defined, the subroutine 
BRINFLOW (Circle 3 in Figure B-1 lculates the cumulative inflow of brine during the current 
time increment and determines the oles of H20 contained in the brine. COMPACTION (Circle 4 
in Figure B-1) ca~cul es the cumulative inflow of brine during the current time increment and 
determines the mo s f H20 available in the panel. COMPACTION (Circle 4 in Figure B-1) then 
computes the co ·on stress due to the mechanical resistance to closure provided by the 
waste/backfill composite. The density of the solids within the panel is calculated based upon the 
current panel volume and the initial mass of the waste/backfill composite. The subroutine CREEP 
(Circle 5 in FigaJre B-1) calculates the extent of salt creep during the time increment and the 
height and width of a room-equivalent at the end of the time increment. 

The program then calls the subroutine MASSGAS (Circle 6 in Figure B-1) to estimate the molar 
rates of gas generation due to the combination of radiolysis and microbial activity, and due to 
anoxic corrosion. MASSGAS also accounts for gas consumption and transport due to various 
mechanisms. 

During the mass balance calculations, MASSGAS uses a number of subroutines in the following 
order: 

• GASOLUB (Circle 11 in Figure B-2) estimates the solubilities and Henry's Law 
Constants (in brine) of the various gases present in the panel. 
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• ADVECTION (Circle 1 in Figure B-2) estimates the rate of advection of gases into 
Marker Bed 139 and across the repository seals (Section 2.0). ADVECTION uses 
the following subroutines in evaluating the total molar advection rate at each point 
in time: 

• 

• 

• 

VISCO RR (Circle 7 in Figure B-2) estimates the gas mixture viscosity using 
a correlation that is applicable to both low and high pressure conditions. 

MBFLOW (Circle 8 in Figure B-2) estimates the void volume available for 
gas storage in the disturbed anhydrite beds at each point in time as brine 
is driven from the disturbed to the intact portions of the anhydrites. 

SHFTCOND (Circle 9 in Figure B-2) evaluates the total conductance of the 
four shaft seals as a function of time. ..,. 

DIFFUSION (Circle 2 in Figure B-2) calls DIFCOEF (Circle 10 in ~gure B-2) to 
determine the applicable diffusion coefficients and t~ calculates the molar rates· 
of diffusion of gases out of the panel into the brine r,urated host rock formation. 

VAPLIQEQ (Circle 4 in Figure B-2)~uates the number of moles of each gas 
that will dissolve into the volume o 'ne available in the panel (Section 2.0). 
Subroutine GASOLUB is called to valuate the Henry's Law Constants of the 
gases in brine. (2 

BRINTERACT (Circlb s'in Figure B-2) determines the amount of C02 that can 
rea~·th portlandite at the current panel pressure, the moles of portlandite 
con m , and the water generated by the reaction. The moles of each gas in the 
pan then updated in the MASSGAS to reflect the C02 consumption. 

The changes occurring in the MASSGAS subroutine are reflected in the number of moles of 
gases and liquids present in the panel. 

VOLESTIM (Circle 7 in Figure B-1) calculates the volume of the panel, and the volume of the air 
gap above waste/backfill composite (if no contact with the waste stack and the ceiling of the panel 
has occurred). These volumes are ~hen used to calculate the void volume of the entire panel. 
In addition, the molar volume, molar density, and the density of the waste/backfill composite are 
evaluated. Prior to incrementing the time step, the subroutine LKEOS (Circle 8 in Figure B-1) 
evaluates the panel fluid pressure. This subroutine uses the Lee-Kessler Equation of State (Reid 
et al., 1987) taking into account the compressibility of the gases. 

Consideration of the complex interactions that occur between the above processes enables the 
Design Analysis Model to predict the changes in fluid pressure, porosity, permeability and 
effective stress as a function of time for a typical storage room filled with waste and backfill. 
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The effects of human intrusion events may also be evaluated at any time. For consistency in the 
evaluation of alternatives, the intrusion is assumed to occur 5,000 years after decommissioning. 
At time equal to 5,000 years, the subroutine BOREHOLE (Circle 9 in Figure B-1) simulates the 
release of radionuclides resulting from three borehole intrusion scenarios (Section 2.0). All 
program values reflecting the conditions existing in the panel at the time of intrusion are sent to 
the BOREHOLE subroutine. The subroutine evaluates the permeability of the waste/backfill 
composite and the solubility of each radionuclide in brine. In addition, the volume of the cuttings 
removed from the repository by a drill bit and deposited on the surface is assessed for 
radionuclide content. For each of the three intrusion scenarios considered (ISE1 , ISE2, ISE1 E2 
in Figure B-3), the flow path through the panel contents is different (Marietta et al., 1989). The 
BOREHOLE subroutine makes use of the following subroutines: 

• 

• 

• 

• 

• 

• 

ESTHCKSS (Circle 1 of Figure B-3) estimates the hydraulic conductivity and the 
specific storage (volume of fluid released by a unit volume of aquifer under unit 
decline in hydraulic head) of the waste/backfill composite al the ti~ intrusion. 

RADACTIM (Circle 2 of Figure B-3) predicts the mass and activity of each 
radionuclide at the time of intrusion (5,000 years). C 
CUTTINGS (Circle 3 of Figure B-3) estimates the !1ease of radionuclides to the 
aboveground surface due to drill bit~tration of the repository. The erosion of 
the waste material immediately surro g the bit is included and depends on the 
anticipated strength of the waste/ba kfill composite in the panel. In addition, the 
mass and activity of ~ radionuclide are evaluated on a panel basis. 

RADSOLUB (Circle J of,Figure B-3) evaluates the solubility of each radionuclide 

in brirJ 

ISE1 k6E2, and ISE1 E2 (Circles 5, 6, and 7 in Figure B-3) are used to estimate 
the resulting radionuclide releases during each of the three intrusion events 
simulated (Marietta et al., 1989). Separate evaluation schemes are necessary as 
the three scenarios vary significantly in flow path configuration (Section 2.0). 

SUMRULE (Circle 8 in Figure B-3) is used to calculate the Measure of 
Effectiveness of an engineered alternative for each one of the three intrusion 
scenarios (Section 2.0). 

Following the BOREHOLE calculations, the program prints the resulting values to the output file 
and terminates. If intrusion is not being considered during the current run, the program continues 
to calculate the conditions existing in the panel until preset termination conditions are satisfied. 
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B.1 INPUT DATA AND PROGRAM INITIALIZATION (READAT AND INITIALIZE} 

The input required by the Design Analysis Model for evaluating the effectiveness of each 
engineered alternative is obtained from the input data file in subroutine READAT. The data in the 
input file are specific to the alternative being evaluated (see Section 3.0 for data development 
methodology). The parameters in the input file include: 

• Initial room dimensions (height, width) and initial panel volume 

• Time step size 

• Stress exponent in the creep equations 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Print counters 

Horizontal and vertical creep rate constants for the creep equations 

Number of gas components X 
Lithostatic pressure I 
Brine inflow rate assuming one atmosphere pressu~ maintained in the panel 

Initial porosity of the waste/backfill composite r __ _ 
Width of the air gap clearance above the waste/backfill composite 

Temperature in the panel /\. 

Microbial and radiolytic gas genera/;; ~tes 
Maximum potential ~en gas generation from anoxic corrosion of iron (steel) 

Duration of microbiaraJivity 

lnitia,....,,sity of the waste/backfill composite 

Stre~ensity and hydraulic conductivity-stress coefficients 

Void ratio-stress coefficients 

Element solubilities in brine 

Volume of waste/backfill versus stress coefficients for use in estimating the activity 
of radionuclides released to the surface with the cuttings of intrusion boreholes 

• Radius factor (number of borehole radii removed with cuttings) 

• Number of drum equivalents per panel 

• Time of human intrusion 

• Distance between boreholes in human intrusion scenario E1 E2 

• Brine pore pressure in intact anhydrite beds 

• Permeability of the anhydrite beds. 
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The use of these parameters in the Design Analysis Model will be discussed in subsequent 
sections of this Appendix. 

The subroutine INITIALIZE is called to initialize the variables which are used in the Design 
Analysis Model. The initial void volume in a panel is among the basic parameters required by the 
model. This requires that the volume of the air gap above the waste/backfill stack be evaluated 
as follows. Referring to Figure 1-1, there are 7 storage rooms in a panel. Separating the rooms 
are 100 ft. (30.48 m) wide salt pillars. In the drift area along the ends of the salt pillars, there are 
a total of 12 sections, each with height and width equivalent to that of a room (as specified in the 
input file), and each 100 ft. (30.48 m) long. As seen in Figure 1-1, there are 14 intersectional 
areas between rooms and access drifts which are square and have lateral dimensions equivalent 
to the width of a room. Thus, the volume of the air gap clearance is: 

where, 

vcknc = volume of air gap clearance(m3
) 

heme = thickness of air gap clearance (m) 
w _ = width of the room (m) 
1_ = length of the room (91.~ 

wp1u.r = width of the salt pillars ftJfWeen rooms (30.48m). 

1 (B.1-1) 

The following variables are then iniB.ed: 

• The f9i gas pressure in the panel, P, Is set to 0.101325 MPa (1 atm) 

• The gas constant is initialized as 8.314 Nm/mol °K 

• The moles of portlandite, Ca(OH)2, in a panel is estimated as the product of 13.03 
moVdrum and the number of unprocessed drum equivalents per panel. 

• The brine density is initialized to 1220 kg/m3
• 

• The molecular weight of the WIPP brine is set to 20.49 g/mol. 

• The molar density of the gas mixture in the panel (RHOM) is then evaluated as: 
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P0 = initial fluid pressure in the panel (Pa) 
R = gas constant (8.314 Nm/mo/ 0 K) 
T = absolute temperature (300 ° K) 

• The initial void volume in a panel is then calculated as: 

• 

Vvoid = initial void volume in the panel (m3
) 

Vc1mc = volume of the air gap clearance (m3) 
vpnl = initial panel volume (m3

) 

which is specified in the data inp~file 
nWB = initial waste-backfill porosity r 

(B.1-3) 

The total moles of gas present in t~net (N,,,,J initially is estimated as: 

~""' - RHOM v _ (B.1-4) 

• Air i£?sumed to be the only gas present in the panel initially. Thus the mole 
fra~ of nitrogen and oxygen are initialized to 0.79 and 0.21 respectively. 

• 

• 

• 

The initial moles of nitrogen and oxygen are evaluated by multiplying the initial 
total moles of gas (N,mai) by the mole fraction of each gas (i.e., 0. 79 for N2 and 
0.21 for 0 2). 

It is assumed that no brine is present in the panel initially 

The gases are initially assumed to behave as ideal gases; thus, the compressibility 
factor is assigned as 1.0 

• The porosity of the intact Salado Formation is initialized as 0.001 (Marietta et al., 
1989) 

• The area available for diffusion of gases is assigned a value of 31756 m2 based 
upon the areas of the floors, ceilings, and walls in the rooms and access drifts 
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• The molar rate of oxygen consumption is calculated by dividing the initial moles 
of oxygen present in a panel by 100 years, such that all the oxygen is consumed '' '•: 
in the first 1 00 years "ili 

• The volume occupied by the waste and backfill less pores (V28) is estimated as: "1•1 

(8.1-5) 

• The initial mass of the solids in the panel (msoldJ is then calculated as: 

(8.1-6) 

where, 

Pin111ai = initial density of the waste/backfill which~specified 
in the data input file r 

The final executable statement In the subroutine INk..IZE is a call to the subroutine DIFCOEF. 
The DIFCOEF subroutine evaluate~ diffusion coefficients of the various gases in brine, as 
described in the next section. r ' 

The diffusion coefficient of a solute "A" (gas), in solvent "8" (brine), is estimated in subroutine 
DIFCOEF using the Wilke-Chang correlation (Reid et al., 1987) for each gas present in the panel. 

The correlation takes the form: 

7.4 x 10-12 (cj>Ms)0·5 T 
DAB = --------

V 0.6 
µ8 A 

(8.2-1) 
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where, 

B.3 

DA8= mutual diffusion coefficient of solute A in brine B (m2/s) 
M8 = molecular weight of brine (20.49 g/ mo~ 

T = absolute temperature (300° K) 
µ8 = viscosity of brine (1.60 centipoise) 

VA = molar volume of solute at its normal boiling temperature (cm3/mo~ 
the molar volumes of the various solutes are tabulated below. 

v~ = 17.7 cm3/mol 
V0 Xf91M = 25.7 cm3/mol 

Vcattion dioxide = 33.3 cm3/mol 

4> = association factor of solvent 
(the value for brine is assumed to be the same as for water, i.e., 2.6) 

ESTIMATION OF VOLUME OF BRINE AND WATER INFLOW (BRINFLOW)1 

The volumetric rate of brine inflow is assumed to be directly ~ortional to the difference 
between lithostatic pressure and the current fluid pressure in a pfel. It is assumed that if the 
panel gas pressure equals or exceeds lithostatic pressure, brine inflow will cease. The volume 
of brine inflow during a time step is evaluated in th~broutine BRINFLOW as: 

DEL VB = ct::. P 8 (B.3-1) 

where, r 
DEL VB = volum~ri brine inflow rate into a panel during the 

time i t al (t to t+d~ (m3/yt} 
0 811,,. = brine flow rate assuming the pressure in a panel 

is maintained at 1 atm 
P 8 = dimensionless pressure term defined as 

(PF - PJ 
=----

(PF - Po) 

where, 

PF = lithostatic or farfield pressure , 14.8 MPa (146.1 atm) 
P = fluid pressure in panel at time, t = O (1 atm) 

P8 is 1.0 if gas pressure in the panel remains at 1.0 atm; 
P8 is 0.0 if the gas pressure equals or exceeds lithostatic pressure, PP 
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The cumulative volume of brine, VBCUM, which has flowed into the panel during time, t, is: 

VBCUM = fo' DEL VB dt (B.3.2) 

which may be expressed numerically as 

VBCUM(t+df} = VBCUM(t) + DELVB dt (B.3-3) 

where, 
dt = time step size (yr). 

The actual volume of brine remaining in the panel, VB, (i.e., brine which has;rt yet been 
consumed by anoxic corrosion) is also incremented by the same quantity, thus: I 

VB(t+dt) = VB(t) + DELVB dt (B.3-4) 

B.4 ESTIMATION OF ROOM CREEP CLOSURE (CREEP) r 
Chabannes (1982) has shown that the closure rate ~ circular opening in a viscoplastic media 
at plane strain conditions with Norton's Law, is a po~~nction of the difference between the far
field (lithostatic) and internal stresseeE (1988a) proposed an empirical equation for the creep 
closure in the rectangular rooms at . This empirical equation was based on the regression 
analyses of existing closure measu ments at various locations at WIPP. Based on the above 
two creep equation~d as first-order approximation, the creep equations for horizontal and 
vertical closure rate CJ .e Design Analysis model then take the form: 

dW = - Ew [(a .. - a)r h1'°65 w°-63 t-0~2 (horizonta~ (B.4-1) 
dt <Jc 

(B.4-2) 
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where, 

w = width of panel (m) 
h = height of panel (m) 

ac = constant (6.8975x1o-3 MPa) 
E., = horizontal creep constant (1.464x10-19 1 /yt) 
Eh = vertical creep constant (5.523x10-19 1/yt) 
a_ = lithostatic stress (14.8 MPa) 
a = internal stress in the panel which is the sum of the effective 

stress level of waste compaction (see Section 8.15) 
and the panel fluid pressure (MPa) 

v = stress exponent (4.95) 

The height and width of a panel room are evaluated at each time step by numerically integrating 
equations (B.4-1) and (B.4-2). This numerical integration is performed in the subr~e CREEP 

as: I 

and 

where, 

D 

h (t+dt) = h (t) + dh dt 
dt 

w (t•dt) - w (tf_ dw dt 

~ dt 

dt = time step size (yt) 
t = time at previous time step (yr) 

t+dt = current time (yt) 

(B.4-3) 

(B.4-4) 

The derivatives dh/dt and dw/dt are evaluated using the values of internal stress in the panel from 
the previous time step. 

The creep constants were evaluated using equations (B.4-1) and (B.4-2) assuming an internal 
stress level in the panel equal to 0.101325 MPa (1 atm). The resulting values of the creep 
constants, Ew and Eh, respectively, calculated in this manner are 5.523 x 10·19 /yr and 1.464 x 
1~9fy~ . 

If the internal stress equals or exceeds lithostatic stress, creep is assumed to cease. In the 
vertical direction, only gas pressure is assumed to impede creep if a clearance exists above the 
waste stack. Once the clearance is eliminated by closure, both the panel gas pressure and the 
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effective stress of waste compaction will retard the rate of creep closure. This neglects any 
effects of changing pore pressure on the creep constants. 

B.5 MASS BALANCES ON GASES IN THE PANEL (MASSGAS) 

In the routine MASSGAS a mass balance on water and on each gas is performed considering the 
following processes: 

• Advection into the intact host rock 
• Advection up the four shaft seals 
• Diffusion into brine saturated host rock 
• Dissolution of gases in brine which is present in the panel 
• Generation of gases by microbial and radiolytic mechanisms 1 
• Hydrogen generation by anoxic corrosion of metals 
• Consumption of water (brine) by anoxic corrosion of metals 
• Removal of carbon dioxide by reaction with cemen~sent in the waste. 

The rates of gas advection into the intact host rock and up the sh(tt" seals are evaluated in The 
subroutine ADVECTION (Sections B.6 and B. 7). 

Gases are assumed to diffuse into a fully brine satu~ host rock. The rates of this mechanism 
of transport are evaluated in the subroutine DIFF~~ (Section B.11 ). 

The amount of each gas which can r:rl. · tve in the brine present in the panel is evaluated in the 
subroutine VAPLIQEQ (Section B.~

1

.s:aluation is based upon solubilities and Henry's Law 
constants computed('11he subroutine GASOLUB (Section B.1 O). 

The consumption aVeeneration of gases by microbiaVradiolytic processes is modeled in the 
subroutine MASSGAS using assumptions described in Section B.12. 

Anoxic corrosion of metals present in the waste can potentially generate 1. 7 moles of hydrogen 
per year for each drum present in a room (see B.13). This rate will require 5x1 o-s cubic meters 
of water per year, per unprocessed waste drum. If the water (in brine) availability is less than the 
required amount to sustain the maximum generation rate, the hydrogen generation rate is scaled 
down appropriately. 

B.6 ADVECTION OF GASES INTO UNDISTURBED ANHYDRITE BEDS (ADVECTION 
AND MBFLOW) 

The advection of gases from the panel into the surrounding host rock is a potential mechanism 
by which generated gases may be dissipated. Several assumptions were made to simulate this 
process in the Design Analysis Model. The pores in the surrounding intact formation (outside the 
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DRZ) are assumed to be saturated with brine. For gases to advect into the host rock, the 
pressure of the fluid in the panel must exceed the sum of the pressure in the brine plus the 
threshold pressure. The threshold pressure is defined as the capillary pressure corresponding 
to full saturation under draining conditions. This pressure (also referred to as the bubbling or 
breakthrough pressure) is the pressure required to overcome capillary forces at the gas-brine 
interface and create an incipient, interconnected, gas-filled pore network. A table of predicted 
threshold pressures (as a function of intrinsic permeability) was developed by Davies (1989). The 
permeability of the intact Salado Formation is approximately 10-21 m2 (Lappin et al., 1989, Table 
3-1) which corresponds to a threshold pressure of 10 MPa. Therefore, the fluid pressure in the 
panel would have to exceed 24.8 MPa [10 MPa (threshold pressure) + 14.8 MPa (lithostatic 
pressure)] for advection of gases into the Salado to occur. 

The mechanism of advection into the surrounding Salado Formation is thus not considered due 
to the extreme panel pressures required to advect gases into the intact halite (1~a greater 
than lithostatic). However, the intact Marker Bed 139 (MB 139) is made up of anh te, and may 
have a permeability as much as three orders of magnitude higher than that of the intact halite 
(Aechard, et al., 1. 990, p. 171 ). Pressure tests of MB 139 indicate~ha the pore pressure is sub
lithostatic, resulting in a lower panel pressure being required to a t gases into the anhydrite 
beds. In modeling the advection of gases into the anhydrite beds, e anhydrites layers "a" and 
"b" overlying the repository are treated as a single bed and Ma et Bed 139 underlying the 
repository is treated as another bed. ()._ 

The baseline case analysis assumes that the anh~t~ bed pore pressure is 70% of lithostatic 
(10.36 MPa), and the permeability is~ m2

, with a corresponding 0.94 MPa threshold pressure 
(Davies, 1989). Thus advection int undisturbed anhydrite bed may occur when the panel 
fluid pressure exceeds 11.3 MPa [1 .36 MPa (pore pressure) + 0.94 MPa (threshold pressure)]. 
The model assum;ee the anhydrites above and below the repository are disturbed (fractured 
due to the mine ope ti ns) and are represented by two disks of 400 m radius and thickness of 
1 m for MB 139, .27 m for the anhydrite "a" and "b" composite layer. These disturbed 
anhydrite beds are assumed to be directly connected to the panels through fractures. The 
anhydrites are assumed to. be initially fully saturated with brine. 

A two-phase flow computer code was used to calculate quasi-steady state advection rates of 
gases across the intact-disturbed anhydrite interface as a function of: 

• Panel fluid pressure 
• MB 139 brine pore pressure 
• MB 139 intrinsic permeability. 

A description of this two-phase flow code comprises Appendix D. A parametric equation was 
developed using multi-parameter least squares regression (Box et al., 1978) from data obtained 
from a number of sensitivity runs varying panel fluid pressure and MB 139 brine pore pressure. 
The baseline case analysis assumed an anhydrite permeability of 10-19 m2 and a brine pore 
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pressure of 10.36 MPa which is 70% of lithostatic. The parametric equation is used in subroutine 
ADVECTION, and takes the following form: ,, ,,, 

where, 

rflANH = 
PANH = 
p = 
bMB = 
bab = 

fhANH = (1.27 - bab - bMs){-1.06966X10-5 
- 8.99901x10-1 

PANH 
2 

+ 8.39754x10-1 P 2 

- 1.04066X1 o-e( p - p AN,J 
+ 8.68640x10-1(P - PAN,J2} 

molar advection rate of gases into intact anhydrite beds (moVyr) 
brine pore pressure in MA 139 (MPa) 

height of brine in the disturbed marker bed (m) 

(B.6-1) 

panel fluid pressure 

1 height of brine in the disturbed anhydrite "a" and "b" compo te layer (m). 

The height of brine in the two anhydrite beds vary with time in the ~gn Analysis Model and are 
evaluated at each time step in the subroutine MBFLOW. The flu~ pressure in the panel must 
exceed the brine pore pressure in the anhydrite before brine flows from the disturbed anhydrite 
into the intact anhydrite. If the fluid pressure in ~panel exceeds the assumed brine pore 
pressure in the Salado (14.8 MPa), additional brine f"ITT'ow from the disturbed anhydrite into the 
Salado above the anhydrite "a" and "b" composite layer and into the Salado below MB 139. A 
Salado permeability of 3 x 10·21 m2 ~in et al., 1989) is used in the calculations. The volume 
of brine which flows out translates i~~ ~n additional storage volume for panel gases. The flow 
into the intact marker bed is assumed to be one-dimensional. The intact marker bed is assumed 
to be saturated wit~e at a pore pressure of PMe and is infinite in extent, with a permeability 
of 10·19 m2

• The tr~nt one dimensional flow equation: 

was solved subject to initial and boundary conditions: 

• 

• 

• 

The hydraulic heads in the intact anhydrite and the intact Salado layers are 
initially hANH and hSAL, respectively. 

At a distance far enough from the intact-disturbed interfaces, the hydraulic 
heads are hANH in the anhydrite and hsAL in the Salado formation. 

The hydraulic head at the intact-disturbed marker bed interface, hp. is equal to 
the pressure head in the panel. 
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Thus the solution is (Crank, 1975): 

where, 

h (x,t) = h1 + (hp - h1) erfc x 
2(0 t )0

•
5 

I R, 

D = hydraulic diffusivity (m21yl} 
tR = time since the panel fluid pressure exceeded the marker bed 

brine pore pressure, P ,,,8 (yl} 
hp = P /pg = hydraulic head at the disturbed-intact 

marker bed interface (m) 
P = fluid pressure in panel (Pa) 
p = brine density (1220 kgm3

) 

g = gravitational acceleration (9.80665 ms2
) 

(B.6-2) 

•Subscript "i" refers to either anhydrite MB 139 (MB) or anhydrite "a~d "b" composite layer (ab), 

or Salado (SAL). r 
The volumetric flow rate of brine into the~':°' layjiCll is evaluated from Darcy's Law as:_ 

0, - J<iA, ~ ix.,0 (B.6 3) 

where, 
r< 

a, = .r;;;;1,etric flow rate of brine from the disturbed anhydrite into the 

~~ layer "i" (m3/yl} 
K, = hydraulic conductivity of the intact layer "r relative 

to brine (myl} 
A, = cross-sectional area over which flow is occurring (m2) 

oh lx-0 =partial derivative of hydraulic head with respect to 
ox 

distance from the intact-disturbed anhydrite interface. 

Thus differentiating Equation (B.6-2) and evaluating the gradient at the interface (x = 0): 

(h - h\ 
Q=KA P 

11 

I I I (1tD1 tR )0.5 
I 

(B.6-4) 
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For the anhydrite beds, a hydraulic conductivity of 2.36 x 1 O -4 m/yr ws calculated and used in the 
model based on a brine density of 1220 kg/m3

, and a viscosity of 0.0016 Pa"S (Lappen et al., 
1989). The specific storage 1.21 x1 o-s m·1 was evaluated based on a marker bed compressibility 
of 10·9 Pa·1 Freeze and Cherry, 1979), a brine compressibility of 4.4x10-10 Pa-1 (Freeze and 
Cherry, 1979), and an assumed porosity, n, of 0.025. The hydraulic diffusivity was then 
calculated as the ratio of the hydraulic conductivity to that of the specific storage (Freeze and 
Cherry, 1979) and is equal to 19.5 m2/yr. A hydraulic diffusivity of 10.4 m2/yr was used for the 
Salado assuming a permeability of 3 x 10·10 m2 (Lappin et al., 1989). The cross-sectional area 
over which flow is occurring is calculated as: 

ASAL = 1tr!s1 = 502,655 m 2 

where, 

r..,. - radius of dlstutbed anpte beds (400 m). 

(8.6-5a) 

(8.6-5b) 

1 (B.6-Sc) 

To retain a balance of volume with~e disturbed anhydrite beds, any volume of brine which 
flows out of the disturbed anhydrit 1s sumed to be replaced by gas from the room. This is 
realized as the gas occupying the op of the disturbed anhydrites provides some area for gas 
advection. This arr1s then subtracted from that available for brine to flow into the intact 
anhydrites. V 
Therefore, the cross-sectional areas vary with time, since bMe and bab change with time, and are 
evaluated at each time step as: 

(8.6-6a) 

(8.6-6b) 

,, ,,, 

,, ··~ 

,, it 

... , 
f' 'I 

t· ! 

The total cumulative void volume that is available for gas storage in the disturbed marker bed, ' 1 

V101, is evaluated as: ,, ,1 

(8.6-7) 

If! 'I 
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If the height of the brine for the next time step, in either the marker bed (bM8 } or the anhydrite 
composite (bab}, evaluated through Equation (B.6-6) is negative, the height is set to zero and the 
cumulative void volume for the bed is then given by: 

where, 

bMJ..O) = initial height of brine in the disturbed marker bed (1.0m) 
b.b(O) = initial height of brine in the disturbed "a" and "b" composite 

layer (0.27 m). 1 

(B.6-8a) 

(B.6-8b) 

At each time step, an increase in available void volume is calculate a per-panel basis, based 
upon the desaturation of the disturbed anhydrites. In order to obt · he cumulative void volume 
per panel, the factor 0.109 is u~. This factor is the ratio of the panel floor area to that of the 
total storage floor area (8 panels and 2 equivalent~els) as listed in Table 4.7 of Lappin et al., 
(1989). This void volume is then added to the tota v ids available for pressurization by gases. 
The panel fluid pressure is then evaluated (see S ion B.16) using the total void volume. 

The rock below the (ej)}>sitory is assumed to be fractured such that all regions with void volumes 
are interconnected.L.:?1erefore, the panel fluid pressure is the same as the pressure at the base 
of the shaft. Since the disturbed marker bed is assumed to be saturated with brine, advection 
up the shafts cannot occur until the panel fluid pressure exceeds the marker bed brine pore 
pressure (to open a pathway). The four shafts which are to be sealed in the current repository 
design are (DOE, 1990c): 

• 
• 
• 
• 

The Waste Shaft (diameter= 6.096 m) 
The Construction and Salt Handling {C&SH) Shaft {diameter= 3.607 m) 
The Air Intake Shaft (diameter = 6.172 m) 
The Exhaust Shaft (diameter = 4.572 m) . 

A pseudo steady-state approach was taken in modeling advection up the shafts. The steady 
state gas continuity equation was combined with Darcy's flow equation through porous media. 
According to an equation of state, the density of the gas is directly proportional to the fluid 
pressure. This is based on isothermal conditions, due to low decay heats. 
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The resulting differential equation which describes the steady state fluid pressure distribution as 
a function of distance is: 

where, 

d2p2 
--=0 

dz2 

P = fluid pressure in shaft (MPa) 
z = vertical distance through the shaft to the ground surface ( m) 

The applicable boundary conditions are: 

where, 

P(z = 0, i.e., at the base of a shaft) = PP 
P(z = L, i.e., at the ground surface) = P111m 

P, = panel fluid pressurs (evaluated at each ( step) 
P ... - atmospheric prsssurs of ap.1325 MPa. 

The solution to equation (B.7-1) wittr!@above boundary conditions is: 

p r{'(~P 2 _ p 2) z + p 2 }o.s 
a1m p T p 

D 
The volumetric advection rate at the base of the shaft is evaluated as: 

QadVeclon = - kA dP lz-0 31.5576x10 8 slyr 
µ dz 

Differentiation of (B. 7-3) provides: 

A k (P.1m
2 

- P/) 31.5576x1Cl3 slyr 
QadVeclon = - --------

µ 2 L PP 
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where, 

Qadv9ctlon = volumetric advection rate up the shaft (m3/yr) 
A = area of shaft (m2) 
k = permeability of shaft ( m2) 
µ = viscosity of gas mixture in panel (MPa·s). 

The molar advection rate may be evaluated using an equation of state in the form: 

where, 

m,.., - molar advection rate up the shaft at the shaft base (movr( 
R = gas constant (8.314Nm/mol 0 1<') 
Z = compressibility factor of the panel gas mixtup;; 
T - absolute temperature (300 °/(). r 

Combining equations (B. 7-5) and (B. 7 ~) and defint,k/L = Cror gives 

• CTOT (pp - pa1r/) m -rr -..,,.2-µ---=z,......,R=-=r=--

where, 

Clor = total conductance of the four shaft seats. 

(B.7-6) 

(8.7-7) 

The permeability and the length of each shaft is assumed to be the same, although the diameters 
are different. The conductance of the waste shaft seal was obtained as a function of time by 
using the shaft-seal component of the Design Analysis Model (Appendix C). The total 
conductance of the four shaft seals was evaluated by scaling the cross-sectional areas of the 
other shafts relative to the cross-sectional area of the waste shaft. It is assumed that the radius 
of the disturbed rock zone (DRZ) surrounding the shafts is 5 times the radius of the shaft itself. 
The equations which describe the variation of the total conductance, Cror in (mDarcy m), of the 
four shaft seals with time, t, are listed below and are coded in subroutine SHFTCOND as: 

For 0 < t ~ 35 years 

Cror = exp(-6.306 - 4. 7843 x 10-2~ (B.7-8) 
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For 35 years < t s; 95 years 

CTOT = exp(-6. 7619 - 2. 706x1 o-3t 
+ 5.4411x10-5f - 3.714x10-7 t3) 

For 95 years < t s; 125 years 

Cror = exp( -1.429 - 5.5256x10-2 t) 

For 125 years < t s; 775 years 

CTOT = exp( -8.1159 - 1. 7525x10-3 t) 

For t > 775 years 

C,,,, ~ exp(-9.3899 - 3.5659 x10°' r 
8.8 ESTIMATION OF VISCOSITY OF GAS MIXT E VISCORR 

(8.7-9) 

(8.7-10) 

(8.7-11) 

(8. 7-12) 

The viscosity of the gas mixture in a panel is e aluated in the subroutine VISCORR. The 
viscosity is used in equation (8.7-7) ~timating the gas advection rates through the shaft seals. 

The Chung mixing rules (Reid et alf 1~87, pp 413-414) are used to estimate the pseudocritical 
temperature, Tcm• a~e pseudocritical volume, Vcm• of the mixture. 

The critical mixture ~pressibility factor, ~m is evaluated using Kay's rule (Reid et al., 1987, pp 
76-77) as: 

(8.8-1} 

where, 

y, = mole fraction component, "i" 
Zc1 = critical compressibility factor of component, "i ". 

The critical mixture pressure, Pcm is evaluated using the Prausnitz and Gunn combination (Reid 

''l, 

",, 

f' .• 

'"' .... 

'"' 

et al., 1987, p 77) as: '"' 

(8.8-2) 
"'''I 
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where, 

R = gas constant (8.314 Nm/mo/ 0 K). 

The Reichenberg method (Reid et al., 1987, pp 420-421) is used to estimate the viscosity of the 
gas mixture at high pressure. This method requires knowledge of the viscosity of the gas mixture 
at low (atmospheric) pressure. 

The low (atmospheric) pressure gas mixture viscosity is evaluated using the Wilke correlation 
(Reid et al., 1987, p 407). The viscosity of a gas mixture according to Wilke is: 

where, 

and, 

+ (µ,1µ
1
)1'2(M/M,)1'4]2 

[8(1 • '/).)]'" 

µ,, ~ viscosity oft~ mixture at low (atmospheric) pressure 

µ, -:rz· osity of pure component, "i" 
M, = m lecular weight of pure component, "i" (g/ mo~ 

NC - umber of components. 

{8.8-3) 

(8.8-4) 

The viscosity ratio according to the Reichenberg method is given as (Perry et al., 1984): 

QA p'J12 
L = 1 + -----'---
~ 8 P, + (1 + c P,0)-1 

(8.8-5) 
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where, 

µ = gas mixture viscosity at high pressure 

A = ( 1.9824 x 10-
3

) exp(S.2683 T, -o.s~ 
T, 

B = A(1.6552 T, - 1.2760) 

C = ( 0.1319) exp(3. 7035 T, -79.8678) 

T, 

D = ( 2.9496) exp (2.9190 T, -16.6169) 

T, 

T 
T, -

Tcm 

P, .P 
(} pcm 

r Q' = (1 - 5.655DM) 

D 
DM, = 52.46 DM;, pcm 

Tc~ 

T = absolute temperature (0K) 
P = pressure (MPa) 

and the gas mixture dipole moment, (DM,J, is evaluated as: 

NCNC DM2 DM2 
DMm =[am3.t.t(Y1Y1 : 1)]114 

J-11-1 a,
1 

a, = 0.809 \'i113 
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Vc1 = critical volume of pure component "i" 

(B.8-16) 

(B.8-17) 

DM, = dipole moment of component "i" ( debye) 

B.9 DISSOLUTION OF GASES IN BRINE (VAPUQEQ) 

The brine is assumed to contain considerable quantities of nitrogen and methane foe, 1983). 
Therefore, the dissolution and exsolution of these two gases is not considered in the Design 
Analysis Model. The amounts of other gases dissolved in the liquidFase at each time step are 
evaluated in the subroutine VAPLIQEQ. The final equation used i e subroutine was derived 
as follows. 

A mass balance on gas •1• during a time step may~ as: 

moles of gas "i" which = ?s of gas "i" in gas 
have dissolved in brine e at time, t (g ,') 
during the time step (I ,di') 

or, D I cit - g t - g l+dt 
I - I I 

moles of gas "i" in gas 
phase at time, t+dt (g ,'+di) 

(B.9-1) 

Assuming changes in both the compressibility factor, Z, and gas pressure, P, are negligible during 
a time step, then from the equation of state: 

(B.9-2) 
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y, = mole fraction gas "i" in the gas phase 
P = fluid panel pressure 
V = void volume in pane~m3) 
Z = gas mixture compressibility factor 
R = gas constant (8.314Nmmol 0 1<') 
T = absolute temperature (300 ° K') 

fl 'I. 

Assuming the moles of gas dissolved in the liquid phase during a time step are negligible relative '' •1 

to the moles of liquid phase present at time, t, then: ii 11 

xt+ctt 
I 

cit t 11 + 11 

L' 

where, C 

(B.9-3) 

x:+ctt = mole fraction gas solute "i" in liquid phase at time, t+df 

f,' = moles of gas dissolved in liquid phase d~'N_ a time step 

1/ = moles of gas solute "i" in liquid phase arr start of the time step, i.e., at time, t 
L ' = total moles of liquid phase at time, t. 

Substitution of equation (B.9-2) Into ~lion (B.9-1) gives an equation with two unknowns, y,'"' 
and 11ctt. Q 
A second equation f'i ating y1

1
+ctt and 11ctt may be derived using Henry's Law (Reid et al, 1987) and 

equation (8.9-3). 

Henry's Law states that: 

t+ctt p t+ctt H y, = x, /,btfntl 

where, 

H,,btt,,. = Henry's Law constant for component "i" in brine (MPa) 
which is evaluated in routine GASOLUB. 
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Combining equations (B.9-3) and (B.9-4) yields: 

t+dt p _ (lt+dt I') H,,b,,,,. 
~ - I + I ~~ 

L' 
(B.9-5) 

Substituting equation (B.9-5) into (B.9-2) and the resulting equation into equation (B.9-1) yields: 

,,r = { ((' + 1/) Hl,bttne} ~ + J'!' 
:;#/ L 1 ZRT I 

(B.9-6) 

Solving for the moles of gas "i" dissolved in the liquid phase during a time step, I ,di, in equation 
(B.9-6) provides the final equation which is coded in subroutine VAPLIQEQ. 

g' !,' H,,btl,,. V 
I -

Lt ZR T f,' = r 1 + 
H,.bttne V 

Lt ZR T 

(B.9-7) 

Once the values of 1, .. have been evaluated for eAs using equation (B.9-7), the values of 
g 1, 11, and L t+dl are updated for the "time step as: r gtdt = g,' - f,' (B.9-8) 

D t+dt t ,dt 11 = 11 + 11 
(B.9-9) 

•*111 where, 

-

NC = number of components 

B.10 SOLUBILITIES AND HENRY'S LAW CONSTANTS OF GASES IN BRINE (GASOLUB) 

The solubility of each gas in brine for use in diffusion calculations (see next section), and the 
Henry's Law constants for use in subroutine VAPLIQEQ (Section B.9), are evaluated in subroutine 
GASOLUB at each time step. The brine is assumed to contain considerable quantities of nitrogen 
and methane so that neither dissolution nor diffusion of these gases into brine takes place (DOE, 
1983). 
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For dilute solutions, Henry's law provides a good estimate of solubilities (Reid et al., 1987). 
Solubilities of various gases in water will be evaluated first and then corrected for dissolution in 
brine. 

At equilibrium the following relations hold (Reid et al., 1987, pp 332 - 339): 

where, 

f,L V 
I = f, 

H,,_ter x, = 4> I y, p 

f,L = fugacity of gas "i" in water (MPa) 

f,v = fugacity of gas "i" in gas phase (MPa) 
H,,_,. = Henry's Law constant for gas "i" in water (MPa) 

x, = mole fraction gas .. i .. in water r 
4> / = vapor phase fugacity coefficient of ga i" 
y, = mole fraction gas "i" in gas phase 
P • fluid pt9SSUre (MPa). p.. 

(B.10-1) 

(B.10-2) 

The vapor phase fugacity coefficient ~mponent "i", 4> 1 will be assumed to be 1, as it is for ideal 

gases. r' 
The Henry's Law co~nt is corrected for pressure using (equation 8-11.3 of Reid et al., 1987, 

p 335) as: ~ 

y,P P 
In (-) = In H,,_,,,, 

x, 
VP v,-(P - VP) 

= In H,,_,,,, + --.,-~--
(R1} 

(B.10-3) 
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where, 

H,°'::a,., = Henry's Law constant for solute gas "i" in the solvent (water) 
at the vapor pressure of the solvent (MPa) 

H,';_,., = Henry's Law constant for solute gas "i" in the solvent (water) 
at the gas pressure in the panel (MPa) 

V, 00 

= partial molar volume of solute gas "i" at infinite dilution in water (cm3/mo~ 

The volumes of the various gases are tabulated below 
and are extracted from (Reid et al., 1987, p. 336) 

VP= vapor pressure of solvent (water) at 300°K (0.03 atm) 
R = gas law constant (8.314 Nmmol 0 K) 
T = absolute temperature (300°1<). 

Henry's Law constants for the gases in water are listed in Table B-1 (Atkins, 1982, p. 226). 

TABLEB-1 1 
MOLAR VOLUMES AND HENRY'S LAW CONSTANTS TASES IN WATER 

GAS 

Hydrogen 

Carb ~ioxide 
Oxygefl 

v,.. (\ 
(cm3/mol) r 

31 
33 

H1,watervp 

(MPa) 

7,119 
4,400 

167 

The Henry's Law constant for a gas "i" in brine will be estimated using the relation (Cramer) 

HP 
log ( ';",,.) = ks ms 

H,,_,,,, 
(B.10-4) 
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where, 

H,~""" = Henry's Law constant for gas 11i 11 in brine at pressure P 
k. = salting-out coefficient (kg/mo~ 

M. = molality of dissolved salts in the WIPP brine (8.80 moVkg). 

The salting-out coefficients for methane, carbon dioxide and oxygen are listed in Table 13 of 
(Cramer) at several temperatures. The salting-out coefficients at 27 °C (300 °K) were estimated 
by linear interpolation of the values for 20 °C and 40 °C. The coefficient for hydrogen was not 
available and was assumed to be equal to the average of the values for methane, carbon dioxide 
and oxygen. The salting-out coefficients are tabulated in Table B-2. 

T~e mole fraction gas 11i11 in brine, Xi• may then be evaluated by rearranging equ~ (B.10-2), 
with 4>1 = 1 as: I 

p x,=r,-p 
H1.btt11& 

(B.10-5) 

Once the mole fraction in brine has been evaluated, tt7"folubility concentration may be estimated 
using the following conversions: r 

where, 

(106cm3/m3) 

D 
Cs1 = solubility of gas 11 i" in brine (moVm3) 

Mb,,,,. = molecular weight of WIPP brine (20.49 gmo~ 
pb,,,,. = density of WIPP brine (1.22 g/cm3). 

{B.10-6) 

B.11 DIFFUSION OF GASES INTO BRINE SATURATED HOST ROCK (DIFFUSION) 

The host rock is assumed to be an infinite medium whose pores are saturated with brine. A 
potential exists for gases to dissolve and then diffuse into the brine due to concentration 
gradients. The gas diffusion rates are estimated within the subroutine DIFFUSION. The solubility 
of gases in brine at the gas-brine interface will be continuously increasing as a function of time 
according to Henry's Law due to increasing partial pressure of the gases. The functional form 
for the increase is not known in advance due to the complex coupling of processes within the 
panel. For a constant concentration at the gas-brine interface, the concentration profile for one 
dimensional diffusion into an infinite medium may be described by the following relation (Crank, 
1975, p 122): 

WP51 :EATF.1991 :R-1n5-B B-30 

f' t 

,., .. 
.... 

'"' 

"''! 



... 

* 

where, 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE B-2 

SAL TING-OUT COEFFICIENTS FOR EXPECTED GASES 

GAS SAL TING-OUT COEFFICIENT 

Hydrogen 
Oxygen 
Carbon Dioxide 
Methane 

~ (kg/mol) 

0.125* 
0.135 
0.104 
0.136 

The value of the salting-out coefficient for hydrogen was not av lable and is 
assumed to be the average of the values for oxygen, carbon dioxide and methane. 

r 

DAs = di~ffu' coefficient of gas "A" in brine "8" (m2/yl) 
Th di sion coefficients of gases are evaluated in 
th broutine DIFCOEF of the Design Analysis Module 
(see Section 8.2) 

Cs.A = solubility of gas "A" in brine "8" and is equal to the (moVm3
) 

concentration of "A" at the gas-brine saturated host rock 

(B.11-1) 

interface. These concentrations are evaluated in routine VAPLIQEQ 
of the Design Analysis Module (see Section 8.9) 

CA = concentration of gas "A" at a distance x from the gas-brine 
saturated host rock interface (moVm3

) 

t = time since repository decommissioning (yl). 
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Fick's Law of Diffusion (Crank, 1975, p 2) is then used to evaluate the molar flowrate of gas "A" 
into brine at each time step, based upon an initial condition of zero within the brine, as: 

where, 

. AD acAI 
mA = £ AB -- x-0 dX 

m. = molar rate of diffusion of gas "A" into brine (moVyr) 
£ = porosity of the brine filled host rock 
A = area available for diffusion (31756 m2). 

(B.11-2) 

Differentiating equation B.11-1 with respect to distance, x and evaluating the deriva~t the gas-
brine saturated host rock interface yields: I 

e A DAB cs.A (B.11-3) 

m, • (>t o,. !)°' r 
B.12 MICROBIAL AND RADIOLYTIC GENERATI F GASES MASSGAS 

The rate and total potential amount l!s generated microbially and radiolytically are assumed 
to agree with Lappin et al.,(1989). · ce radiolysis and microbial activity utilize the same 
substrates (organics), the rate of a.8 mole/drum/yr is assumed to represent both radiolysis and 
microbial activity. Fo~s generation due to anoxic corrosion, only brine (specifically the water 
in the brine) has bee a sumed to be the source of moisture. Water which is available from the 
waste is assumed to consumed in microbial activities. Clarifying, the two competing reactions 
for water (corrosion and microbial activity) are assumed to partition the sources of water (water 
in brine and water in the waste). While this partitioning is artificial, it assures that the same 
component is not used in two different reactions. Estimates were made to determine if excess 
water available from the waste will exist to support the microbial activity. 

An initial estimate of the amount of cellulose in the WIPP inventory is 6.a7 x 1 a6 lb (Lappin et al., 
1989). Assuming a yield (mass of biomass produced per mass of substrate consumed) of a.1 
(typical yields are in the range of a.3 to a.8), degradation of the waste would result in the 
generation of 2. 76 x 1 as g of biomass. Assuming a water content of 8a% for the biomass, the 
water requirement for microbial activity is 2.2 x 1 as g, or 22aaaa liters. Assuming a total of 4 x 
1 a5 drums stored in the WIPP, the required free water requirement per drum is a.55 liters. 

In summary, the water required for anoxic corrosion is provided by, and is limited by the 
availability of brine. The water required for microbial gas generation is provided by the water in 
the waste, and is not considered to be limiting. These assumptions may be modified and updated 
when better estimates of the rates become available. 
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The ratio being used for gases expected to be generated in the WIPP repository is arbitrary and 
is based on the following assumptions: 

• The gases being generated in any significant amounts due to microbial activity are 
N2, C02, and CH4 

• Although anaerobic conditions are assumed for the repository, methane is not the 
predominant gas generated. Under ideal conditions in a digester, methane and C02 

are generated in the ratio 7:3 (Atlas, 1984). The methane generation is easily upset 
under non-ideal conditions. In the repository, the pH, carbon-to-phosphorus-to
nitrogen ratio, oxygen depletion, etc. are far from being ideal for methane 
generation. Radiolysis may generate pockets of oxygen (still under oxygen limiting 
conditions) which will favor C02 generation. Hence C02 has been assumed to be 
generated in larger quantities than methane. 

Based on the previous discussion, these are the microbial gas generation parame~used in the 
modeling: 

• During the first 100 years, oxygen is completely con-.C~d with an equivalent molar 
rate of carbon dioxide production taking place. Al::~rated microbial activity is 
assumed to set in only after this pe~· This is a reasonable assumption, since 
microbial activity at optimum rates ~ · s availability of substrate, nutrients and 
water. This may be possible only aft r intimate mixing of the waste in the panel. 

• Accelerated microbial avity is assumed to ensue after 100 years at the rate of 
0.85 moles/drum/year c;~ a gas production potential of 606 moles/drum (Lappin et 
al., 19~. 4-7). 

• There~ the duration of microbial generation is 713 years, beginning 100 years 
after the start of the simulation. The gases which would be generated are methane, 
carbon dioxide, and nitrogen in the molar ratio 15:20:12. 

B.13 HYDROGEN GENERATION BY ANOXIC CORROSION OF METALS (MASSGAS) 

Anoxic corrosion of the metal drums is assumed to start at time= o and proceed until the gas 
production potential (894 moles of hydrogen/drum) has been generated (Lappin et al., 1989, 
p 4-10). The maxi mum hydrogen generation rate is 1. 70 moles/drum/year if 5x10-5 m3 of water 
are available, per year, per unprocessed waste drum. This is based on the assumption that 
amakanite is produced requiring 2 moles of water per mole of iron. If brine/water availability is 
less than the amount required for maximum hydrogen generation, the hydrogen generation rate 
is scaled down based on the amount of available water contained in the brine present in the 
panel. 
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B.14 REACTIONS OF CARBON DIOXIDE WITH BRINE AND CEMENT (BRINTERACTI 

It was estimated that there are approximately 13.03 moles of portlandite (Ca(OH)2) per equivalent 
drum in a panel of 75,240 drums. Carbon dioxide, which may potentially be generated, will 
dissolve in brine and react with the portlandite to yield calcite and water by the following reaction 
(see Appendix E): 

(B.14-1) 

The geochemical modeling codes EQ3NR and EQ6 (Wolery et al., 1983; Wolery, 1984) were 
used to determine the fugacity of carbon dioxide in the brine, at equilibrium. This fugacity was 
calculated to be 0.08 atm. At equilibrium, the fugacity of a component in the liquid phase is the 
same as the fugacity in the gas phase. The fugacity of carbon dioxide in the gas phase is 
assumed to be equal to the partial pressure of the gas (true for ideal gases). The m~ of carbon 
dioxide which are available for precipitation in brine are evaluated as: I 

mole of C02 =mole of C02 - 0.08 atm f 
available in gas phase ZRT 

(B.14-2) 
where, 

v. - void volume in panel (,f:;. 
Z = compreses factor of panel gases 
R = gas law ant (8.206x1o-s atm ·m3/mol0 K) 
T = absolute temperature (300° K). 

The number of mo"° co, available is scaled down by a factor which relates the amount of 
C02 which can react to form calcite to the amount of brine present in a panel. It is assumed that 
the reaction cannot proceed in the absence of brine. 

This scale factor is evaluated through the following relation: 

SCALFACT = 1 - [ Vv ] 
(Vv + Va) 

(B.14-3) 

where, 

V8 = volume of brine in panel (m3
). 
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The actual moles of carbon dioxide which are removed from the gas phase is then: 

mole C02 = mole C02 x SCALFACT 
removed available 

(8.14-4) 

The moles of portlandite consumed is then equal to the moles of carbonate minerals precipitated. 
If there are less moles of portlandite present in the room than what can potentially be consumed, 
then the maximum consumed is equal to the moles present. The moles of calcite and water 
formed is equal to the moles of portlandite consumed. The moles of water and the moles 
comprising the liquid phase are updated based on the quantity of water generated. The total 
mass of the solids in the panel is also updated based upon the mass of calcite created and the 
mass of portlandite consumed. 

8.15 ESTIMATION OF EFFECTIVE STRESS LEVEL OF WASTE 
COMPACTION (COMPACTION) 

As discussed in Section B.4, the sum of the gas pressure an~ effective stress level of 
compacting the waste defines the rate at which rock creep (clo:r;;; occurs. Densities of the 
waste/backfill composite, as a function of applied!ss level, have been evaluated for each 
engineered alternative (Section 3.0). Regression tions relating effective stress level as a 
function of density have been derived from the den -stress data. Coefficients of the regression 
polynomials are included in the inpBta file created for each alternative. The density of the 
waste/backfill composite is evaluate each time step by dividing the mass of the solids by the 
difference of the panel volume and t e volume of the air gap clearance in subroutine VOLESTIM 
(Section 8.17). Th~~ive stress level of waste compaction is then evaluated at each time 
step using the stres~el versus density regression equations in subroutine COMPACTION. 

B.16 PRESSURE ESTIMATION USING THE LEE-KESSLER EQUATION OF STATE (LKEOS) 

The pressure of the gas mixture in the panel is evaluated using the Lee-Kessler equation of state. 
This equation is a modification of the Benedict-Webb-Rubin equation of state (Reid et al., 1987). 
The Lee-Kessler equation is recommended by Reid et al. (1987), for generalized use in the 
computation of fluid pressure at expanded ranges of temperature and pressure. The equation 
is capable of accurately representing the liquid phase. In comparing the predicted 
compressibilities with experimental data, average errors were less than two percent for both the 
vapor and liquid phases. A complete description of the equation is provided in Reid et al. (1987), 
pp. 47-49 and pp. 84-87. 

The following is a summary of the methodology. 
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The pseudocritical properties of the gas mixture are computed as follows: 

where, 

Te11 = ( Te1 Tcl12 kl/ 

0e1 = critical temperature of component "r (0 K) 
v~m = pseudocritical mixture temperature (0 K) 

kl/ = binary interaction coefficient 
Vc1 = critical volume of component "i" (cm3/mo~ 

vcm = pseudocritical mixture volume (cm3/mo~ 
y, = mole fraction component "i" 
o, = Pitzer acentric factor of component "i" 

.Qm = Pitzer acentric factor of mixture 
R = gas constant (82.057 atm cm3/mol 0 K) 

Pcm = pseudocritical mixture pressure (atm) 
NC = number of components. 

(B.16-1) 

(B.16-2) 

(B.16-3) 

(B.16-4) 

(B.16-5) 

(B.16-6) 

In practice, the compressibility factor of an actual fluid is evaluated from the properties of a 
"simple fluid" (one for which Pitzer's acentric factor is zero) and those of n-octane, which is the 
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reference fluid for this method (Reid et al., 1987). Once the mixture pseudocritical properties are 
computed, the simple fluid compressibility factor, z!.0> is evaluated as: 

1 + .!!_ + _£_ + _!?__+ c
4 

[~ + 2-] exp ( -t) 
v v.2 v.3 \1.2 v.2 

z<~ =-----'----'-----'----------'-------'~ 
(B.16-7) 

T3 \1.2 , , 

where, 

T 
T,= -

Tcm 
(B.16-8) 

1 (B.16-9) 

2 3 ~ B = b1 - b/T, - b/T, - biT, r (B.16-10) 

c - c, - c.JT/)lr,' (B.16.11) 

r< D ~ cl, • cl.JT, (B.16-12) 

where the constant~ b2, b3, b4, c1, c2, c3, c4, d1, d2, Band-care given in Table B-3 under the 
"S~mple flui~" headi g. Next, the compressibility ~actor for the reference fluid, z!.Rl is computed 
using equations (B. ) through (B.16-12), but usmg the constants b1, b2, b3, b4, c1, c2, C3, c4, d1, 

~. B and -c of the reference fluid from Table B-3. 

The compressibility factor, Z, for the gas mixture is then calculated as: 

Z = Zf.Ol + Qm (Zf.Rl - Zf.Ol) 
0.3978 

The pressure of the gas mixture is then: 
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TABLE B-3 

LEE-KESSLER EQUATION OF STATE CONSTANTS 

CONSTANT SIMPLE FLUID REFERENCE FLUID 

b1 0.1181193 0.2026579 

b2 0.265728 0.331511 

b3 0.154790 0.027655 

b4 0.030323 0.203488 

C1 0.0236744 0.0313385 

C2 0.0186984 0.05036t 
C3 0.0 0.0169 

C4 0.042724 0.0415 

d1 x 1a4 0.155488 f>. 0.48736 

d2 x 104 0.623689 0.0740336 

B o.~ 1.226 

't 0.0 16 0.03754 

D Reid et al., 1987, p 48 

where, 

V = molar volume of gas mixture (cm3/mo~. 

B.17 ESTIMATION OF VOLUMES IN PANEL (VOLESTIM) 

Several volume related parameters are calculated in subroutine VOLESTIM and are described 
here. 

Once the height, h, and width, w, of an equivalent rocim are evaluated in subroutine CREEP 
(Appendix B.4) the volume of the panel (Vpn1), at the end of a time step is evaluated as: 

Vpn1 = 7 hwlroom + 12hwwp111ar + 14hw2 (B.17-1) 
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where, 

/room = length of the room (91.44m) 
w p111ar = width of a salt pillar between rooms (30.48m) 

The volume of the air gap clearance above the waste/backfill composite stack, Vcimc is then 
evaluated based on the discussion in (Section 8.1 ). 

(8.17-2) 

where, 

hstack = height of the waste/backfill composite stack (3.3528m) 

The creep of the surrounding halite creates an additional void volume within a zoni enhanced 
porosity which the panel gases will occupy. The rate and extent of creep closure will govern the 
magnitude of this void volume. This void volume is calculated at ~h time step as the product 
of the porosity of the intact Salado Formation (0.001) (Marietta, e I., 1989, Table 3-9) and the 
difference between the initial panel volume and the panel volume at the current time step. It is 
assumed that the zone of enhanced porosity doer\.ot contain brine and that all pores are 
interconnected. r 
The void volume in the panel, Vv, is~n evaluated as: 

vv = vpn1 -~ - VB + (Vp,JO) - Vp,Jn + vMB 

where, D 
Vws = volume of the waste/backfill composite less pores (m3

) 

VB= volume of brine in the panel (m3) 
VP111 (0) = initial panel volume (m3) 

VP111 =panel volume at current time step(m3
) 

(8.17-3) 

n =porosity of the intact Salado Formation (0.001) (Marietta et al., 1989) 
V MB = cumulative void volume that is available for gas storage 

in the disturbed marker Bed 139 underlying the repository ( m3) 
(Section 8.6). 

The molar volume (for use in pressure estimation (Section 8.18)) is calculated by dividing the void 
volume in the panel by the total number of moles of gas present in the panel. 
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Finally, the density of the solids in the panel is calculated as: 

where, 

mso1c1 
Psold = V _ V 

pnl clmc 

Pso1c1 = density of the waste/backfill composite (kglm3
) 

mso1c1 = mass of solids in the panel (kg). 

B.18 SIMULATION OF BOREHOLE INTRUSION CONSEQUENCES (BOREHOLE) 

(B.17-4) 

The consequences of three borehole intrusion scenarios designated as E1, E2 and E1 E2 
(Marietta et al., 1989) were evaluated as part of the EA TF modeling effort. The eff~eness and 
relative effectiveness measures of engineered alternatives are defined in Sectio B.25. For 
consistency in evaluating the relative effectiveness measures of engineered alte atives, the 
intrusion is assumed to occur 5000 years into the simulation, for all,. s. This results in a 5000 
year time span for the release of contaminated brine, which is h ~ in dejined as the "release 
time". 

The driver subroutine in the Design Analysis Mo~dhich cooroinates the intrusion scenario 
simulations is called BOREHOLE. This subrouti alls other subroutines to calculate the 
effectiveness measure for the three scenarios, for e ch alternative studied. The sequence of calls 
to various subroutines is indicated ~l2. order of the descriptions below. A detailed description 
of each subroutine follows in the sT""Lions of this chapter. 

Subroutine ESTHCKSS is called to evaluate the hydraulic conductivity and specific storage of the 
waste/backfill com~ at the time of borehole intrusion. 

Subroutine RADAC~ evaluates the mass and activity of each radionuclide in the total inventory 
at the time of borehole intrusion. 

Subroutine CUTTINGS is called to evaluate the activity of each radionuclide released to the 
surface with the cuttings and eroded material resulting from the drilling extraction process. In 
addition the mass and activity of each radionuclide is also evaluated in this subroutine, on a panel 
basis. 

Subroutine RADSOLUB evaluates the solubility of each radionuclide in brine. 

Subroutine ISE1 evaluates the volume of contaminated brine reaching the Culebra as a result of 
intrusion scenario E1 (Marietta et al., 1989). 

Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
alternative as a result of intrusion scenario E 1. 

Subroutine ISE2 evaluates the volume of contaminated brine released to the Culebra as a result 
of intrusion scenario E2 (Marietta et al., 1989). 
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Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
alternative as a result of intrusion scenario E2. 

Subroutine ISE1 E2 evaluates the volume of contaminated brine released to the Culebra as a 
result of intrusion scenario E1 E2 (Marietta et al., 1989). 

Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
,,, alternative as a result of intrusion scenario E1 E2. 

.. , 

B.19 ESTIMATION OF WASTE/BACKFILL COMPOSITE HYDRAULIC CONDUCTIVITY AND 
SPECIFIC STORAGE (ESTHCKSS) 

During the development of physical and chemical properties resulting from the use of engineered 
alternatives, a table of hydraulic conductivity versus stress level was generated for each 
alternative. The methodology for hydraulic conductivity development is described~· ection 3.0. 
The natural logarithm of the hydraulic conductivity is expressed as a ninth ord polynomial 
function of the effective stress level of waste compaction. Therefore, from kno edge of the 
effective stress level of waste compaction at the time of boreLo intrusion, the hydraulic 
conductivity is obtained from a regression equation. 

The specific storage of a porous media such as the waste/backfil composite can be evaluated 
from the following equation (Freeze and Cherry, 191\ p 59): 

Ss = pg(cx ~ (B.19-1) 

where, 

Ss = spi storage (1/m) 
p = den i of brine (1220kg/m3) 
a = co essibility of the wastfi backfill composite 
n = porosity of the waste/backfill composite 
p = compressibility of brine (4.4x10-10pa-1) (Freeze and Cherry, 1979). 

The compressibility of the waste-backfill matrix can be evaluated through the following relation 
(Freeze and Cherry, 1979, p 338): 

-1 de a=--
(1 +e0) do 

(B.19-2) 
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where, 

e = void ratio of the waste/ backfill composite 
e0 = void ratio of the waste/backfill composite at zero stress level 
a = effective stress level of waste compaction (MPa). 

For each engineered alternative, a table of porosity at various stress levels was developed 
(Section 3.0). The void ratio corresponding to a porosity value, n, is calculated through the 
relation: 

n e = ...,---
(1 - n) 

(B.19-3) 

For each effective stress level of waste compaction, a corresponding void ratio i~mputed. A 
ninth order polynomial provides an adequate expression for the void ratio as a fu~~fi~.n of stress 
level. The derivative of the void ratio with respect to stress level (de/do) is then obtained by 
differentiating the ninth order polynomial with respect to stress levr 

: - C, + 2C,G + 3c4a' + 4t +Sc.a' + 6c,a' 

+ 1 c8a
8 

+ ac9a
7 + 9cr (B.19-4) 

where, 

c,. .• c,0 = void m~. stress level regression coefficients. 

and evaluating this en ative at the effective stress level corresponding to the time of borehole 
intrusion. The coe ci ts of this regression equation are included in the input data file created 
for each enginee alternative. 

B.20 ESTIMATION OF THE INVENTORY RADIONUCLIDE ACTIVITIES (RADACTIM} 

''I 

To evaluate the effectiveness measure of an engineered alternative, it is necessary to compute ~,a 
the activity and mass of each radionuclide in the inventory, as a function of time. The activity of 
each radionuclide can then be estimated for any assumed time of intrusion. The modified '' '' 
inventory and simplified radionuclide chains (Lappin et al., 1989, p 4-25) were used in the 111il 

calculations. 

f''t 
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The simplified radionuclide chains are: 

The following table (Table B-4) contains the differential equations describing the variation of the 
quantity of each radionuclide with time, the decay constants and the initial activity of each 
radionuclide. 

where, 

n1 = atoms of radionuclide "i" 
a = decay constant of radionuclide "i" 

The decay constants were computed from the half-lives listed 
on pp. 4-25 of (Lappin et al., 1989) using thef!ation 
a = In 2/ half-life. r 

The differential equations listed in Table B-4, above,~- solved analytically. The activity of each 
radionuclide at the time of intrusion was calculatx;e product of the atoms of each nuclide 
and the decay constant of the nuc~A The evaluation of radionuclide activities and masses is 
performed in the subroutine RADAr·~· of the Design Analysis Program. 

B.21 ELEMENT SOLUBILITIES RADSOLUB 

The solubilities spe ed in the input data file of the Design Analysis Model are given by individual 
element and are not isotope (radionuclide) specific. To provide estimates of specific radionuclide 
solubilities, the following dimensional analysis relation is assumed valid: 

S, = M. AW, mt, 1000 //m3 

(B.21-1) 
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S, = solubility of radionuclide "i" in brine (g "i "I m3
) 

M. = solubility of element "e" in brine (mo/ "e"I I brine) 
Aw; = atomic weight of radionuclide "i" (g "i "I mo/ 1) 
mfi = mass fraction of radionuclide "i" 

= mass of radionuclide "i" in waste divided by the sum of masses of all 
isotopes (radionuclides in the waste of the element 
which includes isotope "i"). 

D 
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Radionuclide 
Constant 

240Pu 

23au 

241Am 

231Np 

233u 

~h 

238Pu 

234u 

2aoi-h 

226Ra 

210Pb 

239Pu 

TABLE B-4 

ACTIVITY DIFFERENTIAL EQUATIONS, INITIAL ACTIVITIES 
AND DECAY CONSTANTS OF RADIONUCLIDES 

ID Activity Differential Initial Activity 
index Equation (curies) 
"i" 

1 dn/dt = -°'1 n1 1.05 x 10 5 

2 dn/dt = °'1 n1 - ~n2 0 

3 dn/dt = -aan3 7.75 x 10 5 

4 dn.Jdt = aan3 - Cl4n4 8.02 

5 dnJdt = a4n4 - «sn5 7.72 x F 
6 dnJdt = «sn5 - aana 0 

7 dn,ldt = -~n7 j>. 3.90 x 10 6 

8 dn,/dt ~7 - a,n, 0 

9 dng/dt = n8 - agn9 0 

:o dn11/dt = agn9 - °'1on10 0 

dnnfdt = °'1on10 - °'11n11 0 

12 dn1/dt = -°'12n12 4.25 x 10 5 

[Lappin et al., 1989] 

Decay 
(a) 

(yr -1) 

1.060x10·4 

2.962x10·8 

!x10' 

39x10·1 

4.395x10·5 

9.329x10·5 

7.904x10·3 

2.841x10·5 

9.002x10·5 

4.332x10·4 

3.108x10·2 

2.876x10·5 

The mass fraction of 210Pb is evaluated by dividing the mass of 210Pb in the inventory at the time 
of intrusion by the total lead in the inventory. The mass of stable lead in the inventory used in 
the calculation was 513,000 kg (Drez and James-Lipponer, 1989). 

The specific radionuclide solubilities are evaluated in the subroutine RADSOLUB of the Design 
Analysis Model program. 
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8.22 ESTIMATION OF RADIONUCLIDE RELEASES WITH CUTTINGS (CUTTINGS) 

The activity of each radionuclide released to the surface (with the cuttings and eroded 
waste/backfill material) during the drilling process is evaluated in the subroutine CUTTINGS. 

The radionuclides are assumed to be evenly distributed in the waste and in the backfill existing 
between the waste containers and on top of the waste (i.e., it is assumed no radionuclides exist 
in the backfill on the sides of the waste stack to be conservative since this maximizes the activity 
density (Section 3.0). For each alternative, this effective waste volume (denoted by the variable 
VOLWST) is expressed by a ninth order polynomial equation. This equation was obtained by 
regressing the effective waste volume versus the effective stress-level of waste compaction data. 
The regression coefficients from this analysis are included in the input data file created for each 
individual engineered alternative. 

At the time of borehole intrusion, the effective waste volume is estimated using ~his egression 
equation (from knowledge of the effective stress-level of waste compaction). T most recent 
estimate of the number of drum equivalents in the repository is 5.56 x 105 (Lappin et al., 1989, 
p 5-9). The activity of each radionuclide in the total repository at the time of borehole intrusion 
is evaluated in subroutine RADACTIM (Section 8.19). The activityr:ach radionuclide for each 
drum equivalent is then established. The number of drum equiva s per panel is specified in 
the input data file. The activity of a radionuclide per panel is then e aluated as the product of the 
activity of that radionuclide per equivalent drum and the number of equivalent drums per panel. 
The activity density (curies of a radionuclide per cubfyleter of waste and backfill on top) is then 
the ratio of the activity of that radionuclide per panttt"the value of VOLWST. 

The activity of each radionuclide ret:.d to the surface with the cuttings and eroded material 
resulting from the drilling of a single hole (assumed to have a cylindrical shape) is evaluated 
in the subroutine CUTTINGS as: 

where, 

f) 1t (rf rbo)2 hroomA. .... , 
A ·~· x 

5.56 x 1 05 drum equivalents/ repository 

NDE 
VOLWST 

(8.22-1) 

ACl.(1 = activity of radionuclide "i" released to the surface with the cuttings 
and eroded material from a single borehole (curie) 

rf = radius factor (see below for description) 
rbor = radius of the intrusion borehole (m) 

hroom = height of room (m) 
A19p,1 = activity of radionuclide "i" in the entire repository (curie) 

VOL WST = effective waste volume ( m3) 
NDE = number of drum equivalents per panel. 

The radius factor will vary with the waste form to reflect the anticipated amount of erosion. For 
waste forms which are cemented and vitrified, one borehole radius was assumed (i.e. rt = 1 ). 
For all other waste forms a radius factor (rt) of 2 was assumed, except for supercompacted waste 
forms for which a radius factor of 1.5 was assumed. 
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The mass and activity of each radionuclide are then evaluated as: 

M = M,.p..J NDE _ Acut.1 

P-'·
1 

5.56 x 1 as drum equivalents/repository SA, 
(B.22-2) 

and 

Arep.,i NDE _ A 
Apane1,1 = cut.1 

5.56 x 1 as drum equivalents/repository 
(B.22-3) 

where, 

Ap-1,/ = activity of radionuclide "i" in a panel after removal 
of activity with cuttings (curie) ~ 

Mp-1,1 = mass of radionuclide "i" in panel at the time of borehole int 1 n (g) 
M,..,,,, = mass of radionuclide "i" in entire repository 

at the time of borehole intrusion (g) 
SA, = specific activity of radionuclide i (curie/g). 

B.23 CONTAMINATED BRINE VOLUME RELEAS DUE TO E1 INTRUSION SCENARIO 
(ISE1) 

Intrusion scenario E1 is modeled aitiingle borehole penetrating a waste-filled area located at 
the intersection of a room and dri arietta et al., 1989). The borehole passes through the 
repository and continues penetratin u til a pressurized brine pocket in the Castile Formation is 
struck. This scenario was modeled as a two-dimensional problem using the SWIFT-Ill flow code. 
The hydraulic condEty of the waste/backfill is assumed to be homogeneous and isotropic, with 
impermeable boun ri s at the room edges. The borehole is also assumed to be homogeneous 
and isotropic, with nductivity of 1 x 1 a ·3 mis. In addition, the borehole is assumed to have 
fixed pressures at the top and bottom of the repository. These pressures were evaluated by 
hydrostatic interpolation assuming a.92 x 1a 6 Pa in the Culebra (located 44a m above repository) 
and 16.a x 1 a 6 Pa in the Castile formation (located 27a m .below repository) (Marietta et al., 
1989). Preliminary sensitivity runs indicated that steady state conditions are attained in a short 
time span relative to the release time. 

Multi-parameter least-squares regression (Box et al., 1978) was used to derive parametric 
equations for the steady state flowrate (Q.) of Castile brine through the waste/backfill composite. 
These equations were based on data obtained from a series of SWIFT-Ill runs varying the 
hydraulic conductivity (K) of the composite and the intrusion borehole radius (r). The developed 
equations are given below: 

For K < 1 x 1 a -e mis 

ow x 1 as = a.2752 - a.4831 r + 92.675r2 - a.a276(-log K) (B.23-1) 
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For 1 x 1 O -a mis ~ K ~ 1 x 1 O ·6 mis 

Qwx105 =131.4734 + 6.5171r 
+ 81.2264r2 - 34.78(-log K)- 2.2282 (-log K)2 

For K > 1 x 1 O •9 mis 

Qw x 1()4 = 1608.0937 + 25.7528r - 847.4249(-log K) 
+ 149.0608(-log K)2 

- 8. 7619(-log K)3 

(B.23-2) 

(B.23-3) 

The volume of waste through which brine flows is termed the "wash-through volume". This 
volume is computed as an ellipsoid whose semi-axes are half the room height, an effective radius, 
and the effective width. The effective radius, r.11, is defined as the maximum di~san e from the 
borehole where the fluid velocity is 1 o ·12 mis. The effective radius is comp through a 
regression equation developed from SWIFT-Ill computer code runs using various aste/backfill 
hydraulic conductivities (K in units of mis). This parametric equation takes the fo : 

, .. - 41.8976 - 3.84383(-log K) + 0.064002f log K)' (B.23-4) 

If the effective radius is less than half the room wi~e effective width is equal to the effective 
radius; otherwise it is set to half the room width (thi e maximum lateral axis radius possible). 
The fraction of radionuclides available for release RLSFRAC, see Section B.25) is defined as: 

RLSFRAC = wa h- hrough volume - volume of cuttings 
total panel volume 

(B.23-5) 

The volume of brinQlch flows through the waste/backfill Is the product of the flowrate through 
the waste/backfill and the release time. 

B.24 CONTAMINATED BRINE VOLUME RELEASED DUE TO E2 INTRUSION SCENARIO 
(ISE2) 

Intrusion scenario E2 is modeled as a single borehole penetrating the center of a waste-filled 
panel (Marietta et al., 1989). It is assumed that no additional sources of water or external 
pressurized brine pockets are intersected during the drilling process. An analytical solution is 
used to evaluate the cumulative volume of brine released during the release time. This equation 
is derived by solving the one-dimensional radial flow equation: 

(B.24-1) 
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where, 

ti> = dimensionless hydraulic head = [h(r,O) - h(r,t)] 
h(r,O) 

r = radial direction coordinate (m) 
D = hydraulic diffusivity (m2/yr). 

with the following initial and boundary conditions: 

where, 

tj>(r,t = 0) = 0 

tj>(r = a,t) = ti>. [fixed pressure head of brine in the borehole 
based on the distance to the culebra] 

aq, i(r = b,t) = 0 [no flow at the edge of the pane~ ar 

a = radius of borehole (m) /\ 
b = equivalent radius of paner 

r 
= [(91.44m x 7w + 30.48m x 12w + 14w2)ht]112 (m). 

The initial hydraulic head in the paf h(r,O) is evaluated as: 

where, 

D h(r,O) = P(r,O) 
pg 

h(r,t) = hydraulic head at radius, r (m) 
P(r,O) = gas pressure in panel at the time of intrusion (Pa) 

p = density of brine (1220kg m3
) 

g = gravitational acceleration (9.80665m's2). 
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The solution to equation (B.24-1) subject to the initial and boundary conditions (B.24-2a,b,c) is 
given by (Crank, 1975, p 86) 

cl> = cl>• [1 -1t i e<-aa~ J/(.ba,,) Jo(nx,,) Yo(aa,,) - Jo(aa,,) Yo(nxn)] (B.24-4) 
n-o .if(.ba,,) - .fo(aa,,) 

where a" are the roots of the equation 

an [J1(.ba,,) Y0(aa,,) - J0(aa,,) Y1(.ba,,)] = 0 (B.24-5) 

where the J's and Y's are the Bessel functions of the first and second type respectively. 

The flowrate, a out of the panel and into the borehole is then from (Freeze and~rry, 1979, 
p 1s) I 

where, 

D 

dh dh 
Q = Av = -AK-I = -2rcaHK -Ir: 

ar ~· ar ~ 

Q • volumetric flo~m'lyl) 
A = ~of flow (m2) 
v = ific discharge (m'yt) 
K = y u/ic conductivity (m'yt) 
w = width of rooom in panel ( m) 
H = height of room(m). 

(B.24-6) 

The flowrate to the borehole as a function of time is evaluated from equation (B.24-6) as: 

Q(t) = 2cj> .n2-aHKhf.r,O) iexp(-Da.~t) f (an'a,b) (B.24-7) 
n-1 

where, 

( 
~ _ a,,J1 

2(.ba,,){ ~(aa,,)J0(aa,,) - J1(aa,,) Y0(aa,,)} 
f an'a,b, - ---------------

J/(.ba,,) - Jo 2( aa,,) 
(B.24-8) 
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The total volume of fluid released from the panel during release time, tri is evaluated by 
integrating equation (B.24-7) with respect to time which gives: 

- 1 - e<·Da!t) 
V,~tJ = 2c!> .1ilaHKh(r,O) E f (an'a,b) [ 

2 
] 

n-1 [Jan 
(B.24-9) 

The panel is assumed to be saturated with a homogeneous fluid with the properties of WIPP 
brine. Since the majority of the released fluid consists of generated gases, the actual volume of 
brine released is evaluated as: 

(B.24-10) 

where, 1 
V{t) = volume of brine released to Culebra over the release time (m3

) 

V,vJt) = total fluid (brine + panel gases) released to pg'ebra during 
the release time, t,. evaluated in equation (f24-9) (m3

) 

V""*' = void volume in panel at intrusion time (m3
) 

v_ = volume of brine in panel at imrp::n Ume (m'). 

The maximum quantity of brine av~e for release is the total volume of brine present in the 
panel at the intrusion time. This ~~ach neglects the effects of the gas expansion up the 
borehole. 

~ B.25 CONTAMINAQ BRINE VOLUME RELEASED DUE TO E1E2 INTRUSION SCENARIO 
(ISE1 E2) 

Intrusion scenario E1 E2 is modeled as two boreholes which fully penetrate opposite ends of a 
room filled with waste/backfill (Marietta et al., 1989). One borehole penetrates the pressurized 
brine in the Castile Formation and is assumed to be plugged between the repository and the 
Culebra. The second borehole penetrates the same panel but does not penetrate the Castile 
Formation and is plugged above the Culebra. A pathway is then established for the flow of brine 
from the Castile Formation through the waste and up into the Culebra. The boreholes are 
assumed to remain at fixed hydraulic heads neglecting slight changes in elevation from the 
bottom to the top of the panel. The volume of brine which flows through the waste is evaluated 
from the solution to the one-dimensional flow equation: 
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d 

with the following initial and boundary_ conditions: 

h(x,O) = h0 = h1 
(B.25-2a) 

,,, 
The hydraulic head initially in panel is equal to the hydraulic head in the borehole penetrating the 111i 

Castile Formation. 

h(O,f) = h1 = 1337.3 m (B.25-2b) 

flit! 

The hydraulic head of the second borehole is due to the pressure in the culebra plus the 11 • 

elevation. 

h(l,f) = h2 = 787.9 m (B.25-2c) 

where, 

h = hydraulic head (m) ~ 
x = distance from the borehole penetrating the Castile ong 

the line connecting the two boreholes 

1 
I= separation of the two boreholes (on~m length is arbitrarily chosen 

as the distance separating the two o holes, i.e., 91.44 m) 
D = hydraulic diffusivity (m2/s). 

The solution to equation (B.25-1) su~ to initial and boundary conditions (B.25-2.i,b,c) is given 
by (Carslaw and Jaeger, 1959 pp 99-100) as: 

h(x,l) - D (h, - h,) x + 3. !; (h,cos111t - h,) sin( llltX) exp/. -DnYt) 
I 1t n-1 n I 12 

2 ;. . ( mx) ( -Dn27t2t) hof (1 -cos(m)) 
+ - .£JSm - exp ---

1 n-1 I 12 m 

(B.25-3) 

The volumetric flowrate of brine leaving the repository and flowing into the Culebra may be 
expressed as: 
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Q = volumetric flux of brine into the Culebra at time, t (m3/yf) 
K = hydraulic conductivity of the waste/backfill composite (mlyf) 
A = cross-sectional area of the borehole connecting the waste 

with the Culebra (m2} 

The total volume of fluid released to the Culebra during the release time, t r, is computed by 
integrating equation (B.25-4} with respect to time. 

The cumulative volume of brine released to the Culebra during the release time, tr• is thus: 

V{ 
, K." (h2 - h1}t, 21 - (h2cos(mt}-h1}cos(mt) '"' -Dn2n.2t,} t,, = - ,., - _ l: [ exM - 1] 

I Drt2 n-1 n2 /2 
_ 2hol i (1-cos(mt})cos(mt) [exp( -Dn

2rc2t,} _
11 

,,(' 

0rt2 n-1 n2 /2 I 

c (B.25-5} 

The quantity of radionuclides which can potentially be released is rmited to the quantity present 
in the volume between the two boreholes. This fract"2· (ALSFAAC, see Section B.26} of the total 
radionuclides in the panel is evaluated as: 

RLSFRAC = room width at time o borehole intrusion 
x roor!r§f_ght at time of borehole intrusion 
x roonr~gth I panel volume at time of intrusion. 

(B.25-6) 

The measure of effectiveness of an engineered alternative is evaluated for each alternative and 
for each of the intrusion scenarios in the subroutine SUMAULE of the Design Analysis Model. 
The measure of effectiveness is the sum (over all isotopes} of the ratios of the cumulative activity 
release of isotope "i" into the Culebra to that of the allowed activity release of isotope "i". The 
total activity of the WIPP radionuclide inventory was estimated by summing the activities of each 
radionuclide in Table 4-2 of Lappin et al. (1989). This sum is equal to 5.21 MCi. The allowed 
release for each radionuclide based on the CH-TAU waste inventory for the WIPP is obtained by 
multiplying the values in Table 1 of 40 CFA Part 191 by the factor 5.21 since the release limits 
(allowed releases} are based per MCi. The allowed releases of the radionuclides are shown in 
Table B-5, below. 

The release limits of radionuclides are stored in array AL in the subroutine SUMAULE. A call is 
made to SUMAULE after the cumulative volume of brine released to the Culebra , V(~}. and the 
fraction of radionuclides in the panel available for release (ALSFAAC) is evaluated for intrusion 
scenarios E1 and E2. The entire panel radionuclide inventory is available for release in Scenario 
E2; thus, the value if ALSFAAC for this scenario is equal to 1 . 
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TABLE B-5 

ACTIVITY RELEASE LIMITS OF WIPP INVENTORY RADIONUCLIDE$ 

RADIONUCLIDE 

240Pu 
238u 

241Am 
231Np 
233u 

2~h 
238pu 
234u 

2»rh 
22t1Ra 
210pb 
239Pu 

(Ci) 

521 
521 

521 
521 
521 
521 
521 

ACTIVITY RELEASE LIMIT 

521 

52 r 521 
521 
521 

If the summed release is being ev~ for intrusion scenarios E1 or E1 E2, then the mass of 
each radionuclide which can poter 'f "~ be released is scaled down as: 

where, 
M.va1i,1 = MP-'.J RLSFRAC 

M,Q- mass of radionuclide •1• available for release (g) 
Mpane1,1 = mass of radionuclide "i" in a panel at the time 

of borehole intrusion(g) 
RLSFRAC = ratio of the wash-through volume 

to the total panel volume (Appendices 8.23 and 8.25). 

(B.26-1) 

The dissolution of radionuclides in brine is assumed to be an instantaneous process. The 
solubility of each radionuclide in brine is evaluated in routine RADSOLUB (Section B.21). 

The released volume, V(~). is multiplied by the radionuclide solubilities, S1, to evaluate the 
maximum mass of radionuclides which could dissolve in the released brine. If the available mass, 
MavauJ is less than what could potentially dissolve in the brine, the mass released is inventory 
limited. The activity of radionuclide "i" released to the Culebra with brine, A,11118,1 is calculated by 
multiplying the mass released by the specific activity of the radionuclide. 

The activity of each radionuclide released with the cuttings from a single borehole, ~.1 is 
evaluated in subroutine CUTTINGS (Section B.22). If the summed normalized release is being 

WP51 :EATF.1991 :R-1ns-e B-54 

,, 

flit 

llil 

1iil 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

computed for intrusion scenario E1 E2, then the activity released with the cuttings is twice what 
it is for a single borehole. 

The measure of effectiveness (SUM RAD) of an engineered alternative with respect to an intrusion 
scenario is evaluated as: 

12 

SUMRAD = :I:(ACIA,/ + Abrl,.,JIRL, 
1-1 

(8.26-2) 

where, 

SUMRAD = effectiveness measure 
RL1 = activity release limit (allowed release) of radionuclide "i". 

The value of SUMRAD for an engineered alternative being studied is divided b~e value of 
SUMRAD evaluated for the baseline case design to obtain a measure of effecti~et~ss for the 
particular engineered alternative. These numbers cannot bet.s d to show or disprove 
compliance with EPA 40 CFR 191 for the following reasons: 

• Probabilities associated with intrusion events hav not been factored into the 
calculations made in these analyses. f\ 

• In these evaluations, EPA Summedfero'rmalized Releases are evaluated at the 
Culebra and not at th~t boundary since far-field modeling of flow and transport 
in the Culebra Dolomr ~ not being performed as part of the EATF project. 

D 
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The basic goal of the sealing system is to limit fluid migration in, through, and out of the 
repository. A multiple component system allows individual seal components to serve different 
functions, to be effective over different time spans, and to exist in different locations and 
formations in order to ensure sufficient redundant barriers are in place at all times (Stormont, 
1988). The seal system objectives are accomplished by a combination of short-term and long
term seals. The short-term seals are to function for approximately 1 00 years after emplacement, 
the time of instib.Jtional control over the facility and the approximate time required for long-term 
seals to become functional (DOE, 1990c). 

The short-term seals in drifts consist of concrete plugs and possibly crushed salt. The current 
design indicates that short-term seals in the upper portions of the shafts consist of swelling clay 
material confined by concrete bulkheads. The disturbed rock zone (DRZ) around the seals 
represents a potential flow path for brine. Indirect evidence that the permeabil~· f salt may 
increase in the vicinity to an excavation is obtained from laboratory tests whic ndicate that 
permeability is dependent on confining stress. Kelsall et al. (1984) presents variation in 
permeability with radius from the excavation. Due to the surrou~· g salt creep closure, the 
stress is expected to build up rapidly on the concrete plug 'ch consequently reduces 
permeability of the DRZ and the plug-salt interface. The long-ter seals are made of crushed 
salt (DOE, 1990c) which is chemically and mechanically compatible with the host formation. The 
creep closure of the surrounding intact salt will co~lidate and density the crushed salt to a 
condition comparable to intact salt. Recent sb.Jdies ~rmont, 1988) show that when the porosity 
of the crushed salt decreases to 5 ~nt or less, its permeability approaches that of intact salt 
(Figure C-1). This information indLr that crushed salt provides a tight seal in the long-term. 

Two separate computer programs have been developed to model the short-term and long-term 
seals. The progra~EAL models the behavior of short-term seals, and the program SEAL 
simulates that of I n term seals. There are a number of assumptions and simplifications 
involved in this mo ling effort: 

• 

• 

• 

Analyses are for an idealized circular geometry and a homogenous media. Shafts 
are modeled more accurately because of geometry and the effects of stratigraphic 
layering on deformation. Therefore, these models should be cautiously applied to 
drift and panel seals. 

The backfill is emplaced to completely fill the opening . 

The temperab.Jre at any given time is assumed to be uniform for both the intact salt 
and crushed salt backfill for all time. 
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Figure C-1. Permeability Versus Fractional Density for Two 
Consolidation Tests on Wetted Crushed Salt 

(Stormont, 1988) 
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• Thermoelastic stresses and their influence on consolidation and closure are 
neglected. 

• Crushed salt backfill is assumed to consolidate homogeneously. 

• Pore pressure will not develop as a result of wet crushed salt backfill consolidation. 

• 

Furthermore, the result of the tests on wet crushed salt backfill material do not 
show a strong correlation between the consolidation rate and the moisture content 
(Sjaardema and Krieg, 1987). 

The stress field at each time step is the stationary, or steady-state stress field, 
which is a function of internal pressure and the far-field stress. 

Intact salt, crushed salt, and concrete were modeled in the programs. The beha~of concrete 
has been assumed to be linear and elastic in the range of stresses expected in 1t~e repository. 
For the behavior of moist crushed salt, the proposed model by Sjaardema and Krieg (1987) for 
the hydrostatic loading of crushed salt has been used (crushedE will not be subjected to 
deviatoric loading since the cross-section of seals are assumed e circular and the crushed 
salt is assumed to be consolidated homogeneously). Sjaardema d Krieg (1987) calculated the 
stress on crushed satt at the end of a time step, P ;>. follows: 

PF=~{~. [e-B, P. - ~ A ]exp {-t (K+S)}} 
81 a.+K+B a.+K+B 

D 
where: 

A, 80, 81, Ko, K1 are material constants 
P0 = is the pressure at the beginning of the time step 

r = is the volumetric strain rate during the time step 
B = B B K ePo(A+K,)/p 

0 1 0 0 

K = s
1 
KareK,p. 

a. = (K,Po + Apo - 2)r 
~ = K,por 
t = length of time step 

And the following assumptions were used: 
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{ 
<0.5 for <10% error 

at, ~t. rt <0.1 for < 1 % error 

Norton's law was used to model the creep behavior of the intact salt, and has been expressed 
by Munson et al. {1989) in the following form: 

where, 

f:.c = steady-state strain rate 

1 ~M = ~M exp{-C¥R7) 
~M = creep constant 

µ = salt shear modulus 
Q = activation energy r 
R = universal gas constant 
T = absolute temperature 
n = stress ex~nt 
a = generalizer 'f8SS 

{C-2) 

Chabannes {1982) proposed a clo~rm solution for a thick-wall cylinder of salt in plane strain 
condition. Allowing the external *i~\ to go to infinity, a solution is obtained for a circular 
opening in an infinite medium of salt. The solution accounts for the secondary creep of salt which 
was modeled by No~ law. Chabannes calculated the radial displacement (u r) rate (w) at any 
radius, r, as followsV 

w = du, = -~M [/3]n • 1 r 2a21n (Po-P)]n·r 
dt 2 t nµ ·r21n 

(C-3) 

where "a" is the radius of opening, P 0 is the farfield stress and P1 is the internal pressure. 

The program TSEAL, which models the behavior of the temporary seal, uses Chabannes' solution 
to model the surrounding intact salt and assumes a linear elastic model for the behavior of 
concrete plugs. From the consistency of the rate of deformation between intact salt and a 
concrete plug, the rate of pressure change on the plug can be calculated in the form of a first
orc:ler nonlinear differential equation. This differential equation is then solved using a numerical 
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integration scheme, and the pressure on the plug is calculated as a function of time. As a 
consequence of stress build-up on the concrete plug, the mean compressive stress in the DRZ 
will increase. Therefore, the porosity, and in turn the permeability of the DRZ, will decrease. The 
change in porosity at each point in time is calculated using the relaxed volumetric strain from the 
virgin state due to creep. The permeability of salt is then calculated using a relationship between 
porosity and permeability proposed by Lai (1971 ). 

The behavior of long-term seals is modeled by the SEAL program which uses the Chabannes 
solution to model the surrounding intact salt. The proposed model of Sjaardema and Krieg (1987) 
is used to model the compaction of backfilled wet crushed salt. At each time step, the stress 
increase on the crushed salt due to its compaction is calculated using Equation (C-1) through an 
iterative procedure. The effect of stress build-up in crushed salt on the rate of creep closure is 
considered by modifying the internal stress in Equation (C-3) at each time step. Permeability of 
crushed salt at the end of each time step is obtained using a relationship4'tween salt 
permeability and its fractional density (Figure C-1). The change in permeabilitt' of DRZ is 
calculated as in the TSEAL program, and as explained in the previous paragraph. 

r 

D 
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To examine the potential gas pressurization in the WIPP repository, all potential gas sources 
and sinks must be evaluated. One potential sink is the migration of the gases into the 
anhydrite layers which lie above and below the repository. The lower layer known as Marker 
Bed 139 (MB 139), is located approximately 1 meter below the repository (Figure D-1). The 
upper layers, anhydrite beds "a" and "b", are located approximately 4 meters and 2 meters 
respectively, above the repository. These anhydrite beds are considered to be made up of 
a disturbed zone and an intact zone. The disturbed zone is made up of fractured anhydrite 
caused by the repository excavation, and will exist beneath and above the entire repository . 
The intact zone is the undisturbed anhydrite, and exists beyond the area stressed by the mine 
operations. The anhydrite beds "a" and "b" overlying the repository are treated as a single 
composite layer for modeling advection. The program logic described below for MB 139 has 
also been used for the "a" and "b" composite bed. 

Once the gas pressure in the repository has exceeded the pressure in an anhydrite bed, the 
gas will begin to migrate through the disturbed halite above and below the ~*o and drifts 
into the disturbed zone of MB 139. The gas pressure will then drive the brin cated in the 
disturbed zone (Figure D-2) into the intact marker bed, due to the pressure gradi nt developed 
by increasing gas pressure in the room. The brine is easily displaced as the saturated 
capillary or threshold pressure in the disturbed marker bed ~i elatively small due to its 
enhanced penneability. However, as the brine reaches the un · rbed zone of Marker Bed 
139, there is a large increase in the threshold pressure resulti from the lower permeability 
of this region. This threshold pressure must be exceeded in addition to the MB 139 pore 
pressure in oroer for gas to flow from the distt.Ad marker bed into the intact anhydrite 
(Figure D-3). The lower permeability does not al.l~e gas to displace the brine in the intact 
marker bed as freely as it does in the disturbed marker bed. 

ASSUMPTIONS r< 
To model the gas ~ion from the repository through the disturbed anhydrite beds into the 
undisturbed anhyd.[./"'_ds, the following assumptions were made: 

• Eacti room in the repository is directly connected with the disturbed anhydrite 
beds above and below it (this implies that the rooms are a linked network and 
that the network is equalized with respect to pressure). 

• 

• 

• 

• 

• 

The gas displaces some brine in the disturbed anhydrite beds before the gas 
can migrate into the undisturbed zone 

The intact anhydrite beds are initially saturated 

The gas has the properties of hydrogen 

The capillary pressure of the undisturbed anhydrite beds are always equal to 
the threshold pressure (saturated capillary pressure) 

The disturbed anhydrite beds are a cylinder with a 400 meter radius 
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Figure D-1. Conceptual Model of Anhydrite Beds 
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Figure D-2 . Brine Migration After Panel Pressure Exceeds 
MB 139 Pore Pressure 
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GAS FROM 
REPOSITORY 

DISTURBED 
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Figure D-3. Brine and Gas Migration After Panel Pressure Exceeds 
MB 139 Pore Pressure and Threshold Pressure 
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• The flow is radial 

• The anhydrite beds have a constant thickness of 1 meter and 0.27 meters 

• The anhydrite beds are homogeneous and isotropic 

• The relative permeability curves for the intact anhydrite beds are the same as 
for the intact halite 

• The pressure in the room remains constant 

• The far-field pressure in the intact anhydrite beds remains constant 

• There is no localized depressurization of the host rock. 

Assuming that the gas has the physical properties of hydrogen permits the r·mum flow 
rates of gas into the intact anhydrite beds. 

Program Description 

A two-phase computer model was developed to simulate the C. advection into the intact 
anhydrite bed. The program developed is a versatile two-phase f1::t~ difference program which 
calculates the flow rate of gases in cubic metersisecond, mass per second, and moles 
per second. The program uses the IMPES (IMpli it ressure Explicit Saturation) method for 
solving two-phase partial differential equations. is program is based upon a radial two
phase flow equation, a detailed dep;>tion of which can be found in PARC (1990). 

The program allows the user to ~~ the important parameters such as the size of the 
disturbed zone, permeability of the intact anhydrite, capillary pressures, fluid properties, gas 
properties, bounda~essures, relative permeability curve, and the thickness of the marker 
bed. This flexibility fa litates the performance of sensitivity analyses on the listed parameters. 
This capability is p cularly useful to determine the dependence of the gas advection on the 
different hydrologic parameters of the system. 

The program was used to develop parametric equations for the gas advection rate (in moles 
per second) dependent on the permeability of the anhydrite beds, the far field pressure of the 
anhydrites and the pressure of the room. These equations were used in the Design Analysis 
Model to compute the gas advection rate. 
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The subroutine BRINTERACT was written to address the possible role of brine as a 'sink' for the 
gas carbon dioxide (COJ. Carbon dioxide will be produced by microbial activity in the waste 
panel rooms. If brine is available and in contact with cemented waste forms, the soluble masses 
of carbon dioxide and portlandite, Ca(OH)2, are available to react and produce calcite (CaC03) 

and water (H20) according to the reactions: 

(E-1) 

(E-2) 

Combining these two reactions yields the overall reaction for the consumption piss as: 

CO, + Ga( OH), --> caco, + H,O r {E-3) 

The overall reaction progress (i.e., moles of p~d CaC03 and H20) is limited by the 
availability of carbon dioxide, portlandite and brine~ J(';;y one of these components is exhausted 
or unavailable, the reaction progres~I terminate. 

The subroutine BRINTERACT begin~~ establishing the molar volumes of portlandite, calcite and 
water, and then determines if the carbon dioxide produced from microorganism respiration is 
greaterthan the equ~m fugacity of carbon dioxide in the brine. The fugacity of carbon dioxide 
in the brine (0.08 at~as been calculated with the EQ3NR/EQ6 (Wolery, 1983; Wolery, 1984) 
speciation/reaction-path program by equilibrating the brine with excess carbon dioxide, portlandite 
and calcite. A mass balance is also carried out on portlandite and water to determine if these 
components are present in excess and, therefore, available to react with the carbon dioxide. If 
all of the above conditions are met, the subroutine will continue. However, if the carbon dioxide 
produced by the microorganisms is less than the fugacity of carbon dioxide in the brine, or there 
is insufficient portlandite or water, the subroutine will terminate at this point (i.e., the reaction 
cannot take place). Assuming the above conditions are met, the subroutine will continue by 
calculating a scale factor, which relates the amount of carbon dioxide that can react to the amount 
of brine present. The scale factor is multiplied by the carbon dioxide present in excess of the 
fugacity equilibrium value to determine the number of moles available to react. It accounts for 
the relative proportions of void volume in the waste and brine volumes to estimate the fraction 
of waste that would be contacted by the brine (i.e., the fraction of cemented waste available to 
react). The scale factor (SCALFACT) has the form: 

WP51 :FLOPPY:R-1775-E E-1 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

(E-4) 

where Vv is the void volume and V8 is the volume of brine. Therefore, if the void volume is very 
large relative to the volume of brine, the term in brackets approaches one and the scale factor 
approaches zero (i.e., the reaction will consume very little carbon dioxide if brine is limited). If 
the volume of brine is very large relative to the void volume, then the term in the brackets 
approaches zero and the scale factor approaches one. A scale factor of one would allow 
complete reaction of all available carbon dioxide, if not limited by portlandite. 

After the number of moles of carbon dioxide available for reaction have been determined, the 
subroutine reacts these moles with portlandite to produce calcite and water (reacti~-2). Mass 
balance calculations are then performed to determine the number of moles of carbo dioxide and 
portlandite remaining and the number of moles of calcite and water produced. he mass of 
portlandite consumed is subtracted, and that of calcite added, to ~total mass of solids in the 
panel. Water produced from the reaction is added to the total mr of liquid in the panel. 

Changes in the void volume are also calculated. ~id volume will decrease as this reaction 
progresses because water is produced and added t t volume of brine, and because the molar 
volume of calcite (a reaction product) is slightly gr: ater than that of portlandite (a reactant). 

After completing the mass and vol•sQbalances, the subroutine passes the moles of remaining 
carbon dioxide, water, portlandite,~Jci and total mass of solids, void volume, and volume of 
brine back to the DS subroutine. This terminates the subroutine BRINTERACT. 

WP51 :FLOPPY:R-1775-E E-2 

'"' 

I"' 

,, f 

,,, ,j 



',~· 

APPENDIX F 

DESIGN ANALYSIS MODEL PROGRAM vef CATION 

.·jij-j 

~~'i 

D ""' 
Ol 

,g 

,.,.. 

,(ljj 

-



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The EATF modeling objectives have been performed in accordance with the Quality Assurance 
(QA) program used by International Technology Corporation (IT Corporation). The title of the 
document governing this program is the "Quality Assurance Procedure for Software 
Development And Use At The International Technology Corporation Albuquerque Modeling 
Center". The purpose of this appendix is to explain how the QA program was applied to 
program verification and validation for the Design Analysis Model. Verification is the process 
by which the output (numerical results) of a computer program are determined to be "correct". 
Verification implies that the program solves the numerical problem as intended by the program 
author. Validation implies that the theory and assumptions used in constructing the program 
logic constitutes a correct representation of the process· or system being simulated by the 
program ROOM-SCALE, the main component of the Design Analysis Model, as it was 

· ,. developed by IT Corporation. The software QA procedure requires that such programs be 
verified using one, or some combination, of the following methods, depending on the intended 
use of the program: 

.. , 

• 

• 

• 

Independent manual calculations can be performed to verify prog~algorithms . 
Manual calculations must be documented and verified accordi~gl t~ Sections 
6.2.1 and 6.3.1 (included below) of the International Technology Corporation, 
Environmental Projects Group, Engineering O~tions Quality Assurance 
Manual, Revision 1, July, 1987 (referred to as thr11 EO QA Manual). 

The program results can be co,.med to the results of an "independently 
developed" program which perfo the same calculation. The term 
"independent development" can m a program developed outside IT or by an 
independent interna~rking group. If avoidable, a program should not be 
verified against ano program developed within the originating group unless 
the methodology a a pproach are entirely different. The input to both the 
program being venfied and the program used for verification should be 
indeMently checked. 

The ~gram results can be compared to analyses published in textbooks and 
journals or to the results of applicable experiments. A complete reference for 
such material should be provided. This method includes verification with closed
form analytical solutions. 

In addition, verification procedures are completely documented. This documentation includes, 
as appropriate: 

• Description of verification method used 

• Identification of the specific options verified 

• Set of verification comparison materials (e.g., checked manual calculations) 
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• Verification runs, (i.e., checked copy of the computer output) 

• Results. 

Validation documentation, as necessary, consists of published conclusions comparing model 
predictions with data from laboratory experiments, field experiments, natural analogues, and 
published conclusions made by external review groups. Information regarding the conditions 
for which the model is valid will be documented. 

The following are Sections 6.2.1 and 6.3.1 of the ITEO QA Manual which pertain to 
calculations. The relevant procedures listed in those subsections were applied to the EATF 
project. 

Calculations 

For many projects, calculations represent the most important source of inform~ when the 
work is completed. They shall be legible and in a form suitable for reproduc;~~~ filing, and 
retrieval. Documentation shall be sufficient to permit a technically ~lified individual to review 
and understand the calculations and. verify the results. r 
Calculations shall be performed on IT standard calculation paper whenever possible. 
Exceptions to this are items such as computer out! and graphs drawn on oversized paper. 
All calculation pages shall be individually identified · the exception of large computer output. 
IT calculation paper provides spaces for the origin tor's name and date of work, the checker's 
name and date, calculation subject~ject number, and page number. All of this information 
shall be completed for each pag · a uniform manner. For extra pages, such as large 
graphs, this information shall also included. 

Calculations should~ appropriate, include: 

• State~nt of calculation intent 

• Discussion of modeling requirements 

• Description of methodology used 

• Assumptions and their justification 

• Input data and equation references 

• Numerical calculations, including units 

• Results. 

Ull 

ff''' 

'"' 

f11 

Referencing input data, particularly input data obtained externally, is extremely important as '"' 
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it provides the basis for calculation checking. If initial parameters are supplied by an external 
source, the source shall be documented. Data that are provided by telephone shall be 
documented using an IT telephone record sheet. A request shall be made for formal written 
confirmation of critical data to serve as the final documentation. Input data may provide: 

• 

• 

• 

• 

• 

• 

Design program or regulatory requirements 

Performance and operational requirements under various conditions 

Data previously generated for a specific site or region (e.g., geological, 
hydrogeological, geochemical, geotechnical, meteorological, seismological, and 
man-made facilities and practices) 

Data previously generated for specific materials or chemical compounds (e.g., 
physical, chemical, geochemical, mechanical, thermomecJJffical, and 
toxicological) I 
Loadings 

Results of fleld and laboratory testing or other ca~tions 
• Other information obtained from the A._ent or literature/information surveys. 

Computer printouts that become an integral part /r;f;e calculations and shall be referenced 
in the calculations by the run num5r other unique means of identification. Short computer 
runs and spreadsheets can be dire incorporated into the calculations by affixing the output 
to IT paper or directly including o ut of standard sheet size (8-1/2 x 11 inches). 

At the end of a ca~a ion, the results should be summarized, if this will provide clarity. Also, 
all pages shall be secutively numbered. On IT calculation pages, the page numbers of 
individual calculati s shall be completed with the indexing of sheet _ of _. For the 
compilation of a set of calculations, the combined set should be consecutively numbered in 
the circles in the upper right corner of the calculation pages. 

Calculations which are preliminary in nature (i.e., those not contributing to final project 
information) shall be marked "preliminary". If "preliminary" calculations are retained for future 
reference, each page shall be clearly marked "preliminary". Quality control requirements with 
final calculations, such as checking, are not applicable to "preliminary" work. Calculations 
which are superseded or replaced shall be marked "void" or destroyed. If "void" calculations 
are retained for future reference, each page shall be clearly marked "void" and the calculations 
should include, as necessary, an explanatory note as to why they are "void". The explanatory 
note shall be signed by the originator. 

For calculations, the standard IT checking process is outlined as follows. 
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Assignments for checking shall be made or approved by the Project Manager. Verifications 1 ''! 
shall be performed by an individual(s) other than the person who performed the original work ,,,.1 
or specified the method or input parameters to be used. The individual(s) selected shall have 
the technical expertise in the calculation subject necessary to verify, as appropriate, that: 1181 

• Applicable design program, regulatory, and technical requirements have been 
properly identified and referenced and that these requirements have been met. ~'"! 

• Appropriate modeling and calculational methodology have been used 

• Assumptions have been adequately described and, when necessary, justified 

• 

• 

• 

• 

Input parameters have been correctly selected and incorporated into the 
calculation 

lnfonnation and equations from external sources have been refe~d 
Numerical calculations are correct and have been ~pletely documented 

Results are reasonable considering the input. r 
It is emphasized that a numerical check is not suffiJl\r,t. The checker is responsible for every 
item on every sheet -- including the completion r/Y'ffi_e title block and page numbers. The 
importance of a complete and thor~ review cannot be overemphasized. 

To properly check calculations: r 
• The ~· ·nator supplies the designated checker with a machine copy of the 

calcu ti s. Originals should not leave the originator's possession until they are 
read r final checker signing. 

• The checker marks the calculation copy with a yellow marker for all items he 
approves. 

• If the checker disagrees, for any reason, the checker crosses through the item 
with a red marker and writes the recommended correction or comment above 
it. 

• The checker signs and dates all pages of the checkprints. 

• The checker returns the checkprints to the originator who, in turn, reviews all 
recommended changes. Agreed-to corrections may be marked with check of 
a third color. If a disagreement still exists, the originator adds comments to the 
checkprints using the third color, initials and dates the checkprints, and then 
confers with the checker until all differences are resolved. 
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The originator corrects, or "scrubs", the calculation originals so they agree with 
the checkprints. A one-to-one correspondence between the originals and 
checkprints must exist. 

• The originator gives the originals and checkprints to the checker who compares 
them to verify all agreed-to corrections have been made. 

• When the checker is satisfied, the checker signs and dates the originals. 

Checkprints shall be maintained as a part of the project file, of equal importance as the 
originals. 

Under no circumstances shall calculations be altered after final signature by the checker. If 
it becomes necessary for calculations to be revised, the new pages shall be formally checked 
as described above. /'(' 

Verification of the Design Analysis Model I 
The room/panel behavior simulation portion of the Design Ana!' Model is comprised of a 
number of subroutines which are called by a main program. he shaft-seal portion of the 
Design Analysis Model is comprised of two programs. Each su routine of the ROOM-SCALE 
model was checked individually according to on:µthe three methods described above, as 
summarized in Tables F-1 and F-2. Each of the aft-seal programs were verified through 
independent hand calculations. 

Due to time constraints, the Design Analysis Model has not been compared to the 
Performance Ass~ent models which are currently under development by SNL. The EATF 
recognizes the im rt ce of such a comparison, and plans to explore methods of comparison 
with the Performa e Assessment models in the future, with appropriate input from SNL 
personnel. 

Additional Quality Assurance for This Report 

An independent review group was formed to review this report. The group consisted of an 
engineering and management consultant, and two professors in the fields of chemical 
engineering and geology. The modeling procedures were reviewed by the group for 
consistency, and termed by them to be a technically correct representation of the process in 
the repository, given the limitations involved. 
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TABLE F-1 "'f: 

ROOM-SCALE COMPONENT OF THE DESIGN ANALYSIS MODEL 

SUBROUTINE METHOD OF VERIFICATION 

ROOM SC AL Independent hand calculation 

READAT Independent hand calculation 

INITIALIZE Independent hand calculation 

DIFCOEF Independent hand calculation 

BRIN FLOW Independent hand calculation 

COMPACTION Independent hand cal:f:on 
CREEP Independent hand calcu ation 

MASS GAS lndepeEI hand calculation 
DIFFUSION lndepe nt hand calculation 

ADVECTION lndepe dent hand calculation 

VISCO RR p. Independent hand calculation 

SHFTSEAL Independent hand calculation 

MB FLOW Independent hand calculation 

BRINTERACT Independent hand calculation 

VOLESTIM Independent hand calculation 

LKE~ Independent hand calculation 

BOR LE Independent hand calculation 

RADACTIM Independent hand calculation 

RADSOLUB Independent hand calculation 

ESTHCKSS Independent hand calculation 

CUTTINGS Independent hand calculation 

ISE1 Independent hand calculation 
'''! 

ISE2 Independently developed program 

ISE1E2 Independent hand calculation 

SUM RULE Independent hand calculation "'I 

PRINTOUT Independent hand calculation 

TIMEDATE Not Applicable 
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TABLE F-2 

SHAFT-SEAL COMPONENTS OF THE DESIGN ANALYSIS MODEL 

SUBROUTINE 

SEAL 

TS EAL 

D 
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METHOD OF VERIFICATION 

Independent hand calculation 

Independent hand calculation 
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PREFACE 

The Expert Panel On Applications Of Cement Materials for use at the WIPP, was convened 
by the EATF from May 15-17, 1990, and was composed of individuals representing many 
disciplines and organizations. The participants included: 

CHAIRMAN AND FACILITATOR 

Jonathan Myers, IT Corporation 

PANEL MEMBERS 

D. R. (Rip) Anderson 
Ned E. Bibler 
John Boa 
Barry M. Butcher 
Mark Gardiner 
Hamlin Jennings 
Lawrence Johnson 
Chris Langton 
Ken E. Philipose 
Lillian Wakeley 

OBSERVERS 

Don Blackstone 
Tod Burrington 
Andrew Peterson 
John Valdez D 
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ORGANIZATION 

Sandia National Laboratories 
Westinghouse Savannah River Company 
U. S. Army Corps of En_gf('eers 
Sandia National Laborato1es 
IT Corporation 
Northwe~te University 
AECL R rch/Whiteshell 
Westing se Savannah River Company 
AECL Research/Chalk River j>. US Army Corps of Engineers 

DOE/WIPP 
Westinghouse/WI PP 
Sandia National Laboratories 
IT Corporation 
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EXECUTIVE SUMMARY 

An expert panel was convened as part of the Engineered Alternatives Task Force to determine 
whether cementitous materials should be considered further for use at WIPP to improve 
long-term performance and reduce uncertainties in key performance parameters. The panel 
included eleven members from organizations including the Army Corps of Engineers (2), 
Savannah River (2), Atomic Energy of Canada Ltd. (2), Sandia National Laboratories (2), 
Northwestern University (1 ), and IT Corporation (2). Observers were also present from 
Westinghouse and the DOE WIPP Project Office. 

Specific applications of cement-based materials considered are for use as backfill, waste 
forms, and container material. The panel was confident that a methodology can be developed 
to evaluate long-term performance of cementitous material formulations for use at the WIPP, 
and agreed that properly formulated cement-based materials are likely to m;;e long-term 
performance criteria including permeability and shear strength. The panel also utioned that 
the development of proper formulations for these applications should consider the specific 
environment and must take into account waste and repository characteristics. 

In the case of backfill, the ~anel recommended the use of a co~e with a high percentage 
of salt aggregate to provide deformability and maintain low p~~ability. Several reactive 
components were suggested for evaluation for use~a binder, including reactive alkalis such 
as Cao or MgO, hygroscopic glass, Portland cem zeolite, expansive clays, and aluminate 
cements. It is anticipated that such a formulation ave plastic properties that will self-seal 
and maintain acceptably low perme~ities under the conditions of 2,000 psi confining stress 
in the repository environment. r 

D 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is an underground 
repository designed for the safe geologic disposal of transuranic (TRU) wastes. TRU wastes 
are generated from defense-related activities of the U.S. Department of Energy (DOE). The 
underground storage area of the WIPP repository is located 2, 150 feet below the surface in 
the Salado Formation, composed of a bedded salt (halite) of Permian (250 million year) age. 
After emplacement of the waste in the WIPP storage rooms, closure of the repository occurs 
by the creep (plastic flow) of the surrounding salt formation. This creep is in response to the 
pressure gradient that exists between the far-field pressure away from the repository (referred 
to as the lithostatic pressure, or the pressure at the depth of the repository due to the 
overlying rock), and the pressure in the repository which is initially at atmospheric conditions. 
In a freshly excavated room, this creep rate is of the order of a few inches p~ar. Under 
ideal conditions, creep results in complete closure of the repository and t e waste is 
permanently encapsulated in salt and isolated from the surrounding environmen . 

The waste to be disposed consists of materials such as l~tory hardware, inorganic 
sludges, protective clothing, plastics, rubber, resins, and tools thf h~ve become contaminated 
with transuranic elements, mostly plutonium, with minor amounts of americium, uranium, 
neptunium, and thorium. The specific isotopes o~ese elements that are present in WIPP 
waste are generally alpha emitters with long half- and minimal heat production, although 
a small volume (less than 3 percent) of the invent ry is categorized as "remote handled" waste 
which has moderate heat produ! from short-lived fission products. The waste to be 
disposed is presently stored in 55 a on steel drums and a lesser number of steel boxes at 
major DOE waste generation and torage sites across the country. 

The anticipated environmental conditions in the WIPP repository are summarized as follows: 

• Temperature - The temperature in the repository is expected to remain constant 
at approximately 26°C. The average decay heat generation from the waste is 
less than 0.1 watt per drum which does not significantly raise the temperature 
above ambient. Remote-handled TRU (RH-TRU) waste has greater heat 
generation, however the volume of RH-TRU is less than 3 percent of the total 
inventory. 

• Humidity - Limited volumes of brine have been observed to flow into the 
repository (Deal and Case, 1987). After the facility is sealed, the humidity of 
the room will be controlled by the thermodynamic activity of H20 in the brine. 
Assuming there is a small volume of saturated brine in the sealed repository 
with gas above the brine, then the relative humidity in the repository will be 
buffered at approximately 70 percent. 

• Oxvgen - Although the repository will initially have an oxic environment, this 
oxygen is expected to be consumed in the process of microbial degradation of 
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organic materials present in the waste, thereby eventually leading to an anoxic 
environment. Some oxygen is also expected to be consumed by corrosion of 
the mild steel drums. However, some oxygen could also be generated within 
the repository from the radiolytic decomposition of brine. Overall, the rate of 
generation of oxygen by radiolysis is expected to be less than the rate of 
consumption of oxygen by microbial degradation and corrosion, therefore an 
anoxic environment is expected to be eventually established within the repository. 

• Stresses - The creep closure of salt surrounding the waste will eventually result 
in isostatic (non-directed) stress equal to the lithostatic pressure of about 2000 
psi (15 MPa). However; since the storage rooms are 33 feet in width and only 
13 feet in height, the closure rate in the ceiling-to-floor direction is greater than 
the closure rate in the horizontal direction. This will result in some directed 
stress until complete closure has taken place. Once the room has completely 
repressurized, isostatic conditions are expected to return. 

• Brine Composition - The major elements present in the bri~nclude er 
(-200,000 mg/I), Na+ (-85,000 mg/I), Mg+2 (-18,000 mg/I), ~ (- 8,000 mg/I), 
and SO/ (-17,000 mg/I). Br and B are also present at concent ation above 
1,300 mg/I. The pH is 6.1, and the total dissolved solids equal -350,000 mg/I. 
The brine is saturated with respect to the mineral&lite (NaCl) and anhydrite 
(CaS04). r 

1.3 REGULATORY CONSIDERATIONS 

The geologic disposal of TRU waste is governe 4 U.S. Environmental Protection Agency 
(EPA) Standard 40 CFR Part 191 ~Ee , 1985). ~!-regulation sets limits on the cumulative 
allowable releases of radioactivity o e accessible environment over a 10,000 year period 
based on predictive modeling ana referred to as performance assessment (PA). Both 
undisturbed performance as well a the consequences of inadvertent human intrusion in the 
form of future expl~ drilling through the storage rooms must be considered, as mandated 
by the EPA Standa . n addition, the Standard requires that the uncertainties in the predicted 
10,000 year cumul · e release be developed by propagating uncertainties in input parameters 
through the calculations. 

The performance assessment for the WIPP repository is being conducted by Sandia National 
Laboratories (SNL), and is expected to be completed by 1994 (DOE, 1990d). Work currently 
in progress at SNL has suggested that there might be potential problems with the current 
waste forms and/or repository design, and that some modifications may be necessary to 
demonstrate compliance with the EPA Standard. In response to this concern, and based on 
the recommendations of the National Academy of Sciences (NAS), the DOE WIPP Project 
Office established the Engineered Alternatives Task Force (EA TF) in September 1989. The 
charter of the EA TF was to evaluate the effectiveness and feasibility of various modifications 
to the WIPP facility design and waste forms that would improve the long-term isolation 
capability of the repository and/or reduce uncertainties in key performance parameters (Hunt, 
1990). Preliminary assessments of the long-term performance of the disposal system have 
identified three key parameters that affect disposal system performance: (1) gas generation, 
(2) waste form and backfill permeability, and (3) waste element solubility. The importance of 
these parameters is discussed in the following section. 
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1.4 GAS GENERATION 

Preliminary assessments of the long-term performance of the disposal system have identified 
gas generation as one of the key parameters that might affect performance of the disposal 
system {DOE, 1990a). Lappin et al. {1989) discusses the possibility that up to 1,500 moles 
of gas can be generated per drum (or drum equivalent) of waste from anoxic corrosion, 
microbial degradation, and radiolysis, at rates that may be as high as 2.55 moles/drum/year. 
Although processes exist to dissipate excess gas pressure, these processes are currently 
believed to be slow relative to the current estimates of gas generation rates, resulting in gas 
pressures in storage rooms that may temporarily exceed lithostatic pressure. The 
consequences of exceeding lithostatic pressure are currently being evaluated by SNL (Lappin 
et al., 1989). Unless these evaluations conclusively demonstrate that either excess pressures 
will not occur, or that excess pressures will not degrade the performance of the disposal 
system, some type of facility or waste form modification may be required to either eliminate 
or reduce the rate of gas generation. 

The three main mechanisms for the generation and consumption of gases in tl~nderground 
environment are: {1) corrosion of metals, {2) microbial activity, and {3) radiolysis. ~he potential 
for these mechanisms to generate gases is discussed below. 

Corrosion of Metals - The primary metals that are of concern "'respect to gas generation 
are ferrous alloys (iron and steel) and aluminum. These metair ~re present in the inventory 
as metallic waste as well as the 55-gallon steel drums and steel boxes that contain waste. 
There are two general mechanisms for corr~o of metals that may operate in the 
underground WIPP environment. Oxic corrosion rs when iron reacts with oxygen to form 
corrosion products, usually iron oxides. Anoxic orrosion occurs when iron reacts with brine 
or water vapor to form iron oxide~ oxyhydroxides plus hydrogen. The net effect of oxic 
corrosion is the consumption of gen, and the net effect of anoxic corrosion is the 
production of hydrogen. Water, n either a liquid or vapor state, is required for anoxic 
corrosion and is consumed in the process, suggesting that the availability of moisture may 
be the rate-limiting ~ in this process. Cement containers can be used to replace the steel 
drums and boxes, h eliminating a major source of metal in the inventory. The use of 
cement waste form and/or cement backfill will raise the pH of any brine in the storage room 
to values which tend to reduce the corrosion rates of iron-based alloys. The use of low 
permeability waste forms and backfill will limit the availability of brine for corrosion. 

Microbial Activity - Microbial activity can potentially break down organic materials such as 
paper, plastic, and wood, consuming oxygen and generating carbon dioxide and methane in 
the process. Sulfate reducing bacteria, if present, can generate hydrogen sulfide from sulfate 
present in natural brine, and nitrate reducing bacteria, if present, can generate nitrogen from 
nitrate salts present in the waste. The large mass of organic materials in the WIPP inventory, 
plus the presence of sulfate and nitrate suggest that there is a potential to eventually generate 
large amounts of gases. However, the rate at which these gases are generated is a key 
factor in predicting pressurization of the waste storage rooms. The use of a cement waste 
form and/or a cement backfill may raise the pH of any moisture present in the storage room 
to a range where the rates of microbial activity are reduced . 
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Radiolysis - Radiolysis has the potential to generate hydrogen and oxygen from the 
decomposition of water; and carbon dioxide, carbon monoxide, hydrogen, and methane from 
the decomposition of organic materials. Oxygen that is generated by the decomposition of 
water will probably be consumed by microbial or chemical reactions, but the accumulation of 
hydrogen, methane, and carbon dioxide is of potential concern. The dominant form of 
radiation present in TAU waste is the emission of alpha particles which have a very limited 
range. A "matrix depletion effect" is commonly noted in alpha radiolysis experiments where 
the gas generation rate decreases with time as the material that is in close proximity to the 
alpha source becomes depleted in volatile components. However, the matrix depletion effect 
has not been observed in situations where the alpha emitters are dissolved or are otherwise 
in intimate contact with aqueous solutions. The potential for the generation of radiolytic gases 
from unprocessed or incinerated waste immobilized in cement needs to be evaluated. 

1.5 PERMEABILITY 

A second potential problem with demonstrating regulatory compliance ie s to the 
consequences predicted from future inadvertent human intrusion events. ome of the 
preliminary evaluations of compliance with the containment requirement of 40 FR Part 191 
(EPA, 1985) performed by SNL suggest that some of the current waste forms (under current 
interpretations of human intrusion provisions) may eventually be~nd to be unacceptable for 
disposal at the WIPP (Marietta et al., 1989). This may be ue to uncertainties in key 
performance parameters of the waste forms. Key paramete that control the release of 
radionuclides during human intrusion scenarios ar~rmeability of the waste and backfill in 
the storage rooms and radionuclide solubilities. r 
The consequences of release sce!ari s involving the inadvertent exploratory drilling by future 
generations are critically depende the permeability of the waste storage rooms. Panel 
member B. Butcher (SNL) estimat t t the average permeability of the materials in the room 
needs to be within 5 orders of ma nitude of the intact host rock to demonstrate compliance. 
However, sensitivi~alyses performed subsequent to· the panel meeting suggest that five 
orders of magnitud is in fact too high. Currently, a reduction in permeability to 10"18 m2 for 
the backfill is reco nded, and a value of 10·1a m2

, if possible, is preferred. Both crushed 
salt and crushed salt with bentonite are predicted to reach 10-1

a m2 within 100 years. Some 
proposed alternative designs that lower the permeability of the waste and backfill involve the 
use of cemented waste forms and/or cement backfill. A key question here is whether a low 
permeability cement can be relied upon to maintain an adequately low permeability in the 
repository environment over the 10,000 year regulatory period. 

1.6 WASTE ELEMENT SOLUBILITIES 

The solubilities of waste elements in the repository environment have been identified as a 
critical performance parameter in SNL preliminary performance assessment analyses (Marietta 
et al., 1989). Solubility in this case is defined as the maximum amount of a waste element 
that can be dissolved in brine that may contact the waste. Most release scenarios involve the 
transport of contaminated brine from the waste storage rooms to the environment. Two critical 
parameters that determine the consequences of such scenarios are the volume of brine 
available for transport and the solubility of waste elements in that volume of brine. The 
radionuclide releases predicted from design analysis and performance assessment models are 
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linearly dependent upon the values chosen for waste element solubilities. Increasing the 
assumed solubility of a waste element by a factor of two for example, will increase the 
predicted release of that element by roughly the same factor. Thus, the uncertainty in release 
estimates are directly proportional to the uncertainty in solubility assumptions. 

Existing data on actinide element solubilities are available for dilute ground waters, but data 
appropriate for the brine environment at WIPP are not available, nor is there a valid method 
of extrapolating solubility data obtained from dilute systems to high strength brine 
environments. The current performance assessment calculations performed by Sandia National 
Laboratories use a range of actinide solubilities from 10-3 to 10·11 moles/liter (Rechard et al., 
1990). 

Some engineered alternatives under active consideration involve the use of cemented waste 
forms, the use of grout backfill, and the addition of lime (CaO) to the waste drums. 
Advantages of cemented waste, grout, and lime is that any brine that comes in contact with 
these materials will undergo an increase in pH from the ambient value of apR~mately 6.0 
up to a value of approximately 11.5. It is known that, in general, the solubilitie of actinide 
elements are several orders of magnitude lower at pH values above 9 than a neutral pH 
conditions, however, the exact decrease in solubilities over thi~ range in WIPP brines is 
unknown. The relative merits of these types of alternatives c nly be fully evaluated by 
obtaining estimates of waste element solubilities both at the ant ipated pH conditions and at 
the elevated pH conditions offered by these alternatives. 

It should be noted, however, that the pH of the _f'>l. environment can only be controlled by 
the use of a buffer if there is no significant movTm:t of fluid through the repository. Such 
movement would eventually dissolv.gd remove the buffer material, limiting its effectiveness. 
No such migration of fluid through repository is anticipated under undisturbed conditions. 
However, human intrusion scenari s that involve the connection of a storage room with an 
underlying brine re~seir in the Castile Formation may provide sufficient migration of brine 
through the room o ventually remove the buffer. In this case, the pH of the room 
environment would dominated by the pH of the Castile brine. 
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2.0 EVALUATION OF CEMENT-BASED MATERIALS 

The m1ss1on of the Cement Materials Expert Panel is to determine whether cementitous 
materials should be considered further for use at WIPP to improve long-term performance 
and reduce uncertainties in key performance parameters including gas generation and 
permeability of the waste/backfill composite. 

Specific applications considered for cementitous materials are for use as backfill to lower the 
permeability of the storage rooms, waste forms to immobilize waste elements in a low 
permeability medium, and for use as a container material to eliminate hydrogen generation 
from anoxic corrosion of the steel drums. 

There is little doubt that cementitous materials will, at least initially, perform adequately in 
these roles as backfill, container, and waste forms. The critical issue is on~ longevity. 
Values for critical parameters such as permeability of the cement must re in within an 
acceptable range for the 10,000 year regulatory period. The EPA standard re ognizes the 
difficulty in quantifying the performance of a disposal system over a long period of time and 
allows the use of "expert judgement" in estimating performancer:::' 

A working assumption that the Panel used in evaluating candid[e materials is that the more 
closely the materials resemble the host rock,~ more they reduce chemical potential 
gradients, thereby minimizing any driving force o degradation of the material. Risk or 
uncertainty can be reduced by minimizing the u of unlike materials. It was also assumed 
that in the case of backfill and wa~rms, rigid materials are not necessarily the best choice 
since a plastic material will have r..ealing properties under confined conditions. 

The Panel also cautioned against using conventional construction thinking when considering 
the longevity of cera-based materials in the WIPP environment. The major processes that 
affect the physical s bility of these materials in a surface environment are changes in 
temperature and h 1dity, cyclical wetting/drying and freeze/thaw, directed stresses, exposure 
to wind, and exposure to flowing water which can selectively remove leachable phases in the 
cement. However, these processes that can promote physical degradation do not occur in the 
WIPP repository environment. The constant temperature and humidity, isostatic (non-directed) 
stress, and low permeability of the host rock (which precludes flowing ground water) offer an 
environment that will tend to maintain the physical properties of cement-based materials. In 
this environment, chemical durability is the main issue. The dehydration of cement phases 
or the reaction of cement phases with C02 are processes that lead to a decrease in volume 
of solids. In rigid materials, these processes may lead to increases in porosity and 
permeability over time. However, if the material is plastic under the applied isostatic stress, 
then any· chemical reactions that lead to a volume reduction will not necessarily result in a 
corresponding increase in porosity. 

The following sections summarize the recommendations of the Cement Panel with respect to 
use of cement-based materials as a backfill, waste form, and waste container. 
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2.1 BACKFILL CONSIDERATIONS 

A backfill material will be emplaced between and around the waste containers and will be 
required to eventually consolidate under lithostatic stress to a low permeability and porosity, 
thereby encapsulating the waste. The requirements of the backfill are as follows: 

• Maintain permeability within three orders of magnitude of the intact host rock. 
This range of permeability will reduce the release of radionuclides in response 
to human intrusion events. 

• Fill voids as completely as possible. This will lead to rapid reconsolidation and 
will minimize the accumulation of brine in the storage rooms. 

• Maintain acceptable shear strength. This will reduce the volume of waste that 
may be brought to the surface if the storage room is breached by 7xploratory 

drill hole. ~ I . 
• Minimize residual free water. This will reduce the volume of contaminated fluid 

that may be available for transport away from the ~age room environment. 

The current reference backfill is crushed salt which has many fvorable properties and may 
prove to be acceptable. One potential drawback however, is that crushed salt has an initially 
high porosity and will require a certain length o~f· , ranging from approximately 50 to 150 
years, to reconsolidate and achieve acceptably lo rmeability and porosity. If performance 
assessment studies indicate that it is necessa to maintain low permeability and porosity 
during this early post-closure peri~en an alternate material may need to be selected. 

The recommendations of the PanJ fo~ such an alternate material is as follows: 

• 

• 

• 

Use ~ent with a high percentage of salt aggregate. This will provide 
defo~lity, will be self-sealing, and will maintain low permeability under the 
anticipated 2,000 psi isostatic confining stress. Concretes with aggregate 
contents as high as 95 percent have been used in underground applications at 
the Nevada Test Site, although concretes with high salt content have not been 
produced to date. 

Use a WIPP brine composition as the makeup water. This will minimize 
concentration gradients between the backfill and the host rock. 

Use the minimum volume of brine necessary to form an emplaceable grout. This 
will minimize the volume of residual brine. Water/cement mass ratios of less 
than 0.3 have been achieved, although not with brine. 

• Add the minimum amount of reactive component necessary to absorb most of 
the added brine when set. This will ensure that the backfill will have mechanical 
properties similar to that of consolidated salt. The Panel agreed that low 
modulus (50 - 100 psi), self-sealing concretes have been prepared before for 
other applications. 
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Reactive components that should be considered for evaluation include: reactive alkalis such 
as Cao or MgO, hygroscopic glass (silica fume), hemihydrite (partially hydrated gypsum), 
Portland cement, zeolites, expansive clays, and aluminate cements. The Panel advised that 
simpler systems such as aluminate cements are less complex than Portland-type formulations 
and therefore have more predictable behavior. Experiments will be required to select the 
reactive component and optimize the proportions of salt, brine, and reactive components. The 
objectives of these experiments may include the following: 

• Determination of hydration capacity 
• Characterization of hydrated phases 
• Development of optimal emplacement techniques 
• Determination of residual free brine volume 
0 Measurement of permeability under confining stress 
• Evaluation of set time 
• Determination of shear strength 
• Optimization of dry mix grain size 
• Measurement of initial viscosity. 

1! 1~1 

llil 

The following points were · made by the Panel on the ant~ted performance of the n 
recommended backfill formulation: re llit 

• 

• 

• 

Cement-based grouts can be formu1A to have plastic properties that will self-
seal and maintain acceptably low ;<rmeabilities under a 2,000 psi confining 
stress. 

Penneabilily and c~ropertles of this tonnulatlon will be similar to salt . 

No Enism that may degrade permeability could be identified under the 
antici t repository environmental conditions of constant temperature and 
humi · , lithostatic confining stress. Also, no ground water flow is anticipated 
that may dissolve and remove backfill material, with the possible exception of a 
human intrusion event that provides a connection with the room and a Castile 
brine reservoir. 

2.2 WASTE FORM CONSIDERATIONS 

The WIPP waste inventory can be divided into three main categories: sludges; organics (paper, 
plastic, wood, rubber, etc.); and inorganics {glass, metals, ceramics, etc.). If it is determined 
through the Performance Assessment process that the gas generation rates, permeability, 
shear strength, or waste element solubilities for some or all of the three waste categories are 
unacceptable, then some form of waste processing may be necessary to produce alternate 
waste forms with acceptable properties. The use of cemented waste forms provides the 
following potential advantages: 

• Low permeability and porosity, especially if a high salt aggregate formulation of 
the type proposed for use as backfill is used (see section 2.1 ). 
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• High shear strength, which will m1mm1ze release of waste in response to 
inadvertent exploratory drilling through the repository by future generations. 

• Establishment of a more favorable chemical environment. Portland-type cement 
will buffer the pH of any brine that comes in contact with the waste to values 
in the range of approximately 12. These conditions will reduce the anoxic 
corrosion rate of ferrous alloys, reduce the rate of microbial degradation, and 
lower waste element solubilities. 

Potential applications of cement-based waste forms are discussed below. 

Shredding and Cementing of Organic Waste - This waste form will have a lower 
initial permeability and porosity than unprocessed organic waste forms, and the pH 
buffer effect will reduce microbial degradation rates and lower waste element 
solubilities. 

Shredding and Cementing of Inorganic Waste - Glass, ceramic, and -;;J:mc waste 
forms can also be shredded or crushed and then cemented to produce a low 
permeability waste form. The elevated pH environmenet this waste form creates 
will reduce the corrosion rate of ferrous-based metals, t can increase the anoxic 
corrosion rate of metallic aluminum. If hydrogen gen ration from anoxic corrosion 
is determined to be a problem, then ce.entation of metallic aluminum should be 
avoided. 

Cemented Incinerator Ash - If it is det rmined that microbial gas generation must 
be eliminated, then som~e of thermal treatment may be required to destroy the 
organic component of t~t:,~ste. The resultant ash will need to be incorporated 
into a matrix to eliminate any hazard from airborne alpha particles. Cementation of 
incinerato~h from medical waste and low-level radioactive waste incinerators is a 
well esta is technology that can produce a low permeability, low porosity waste 
form with · e or no gas generation potential. The pH buffering effect of portland
type cement will have the added benefit of reducing waste element solubilities. 

Cementation of Sludges - Sludges consisting of chemically precipitated metal oxides 
and hydroxides comprise approximately 20 percent by volume of the total WI PP 
inventory [based on (DOE, 1988b)]. If it is determined that the permeability of these 
sludges are too high, then cementation of the sludges may be required to produce 
a waste form with a lower permeability. Cementation of newly-generated sludges can 
easily be accomplished by modifying the waste streams. Stored drums of sludge will 
need to be opened, broken into chunks, cemented and repackaged. 

One concern regarding cemented waste forms is that the intimate contact between the alpha 
emitters and free (unbound) water in the cement matrix may yield hydrogen and oxygen from 
the radiolytic decomposition of the water. The Panel recommends that the gas generation 
potential from this process be evaluated, and if necessary, investigate methods to reduce 
radiolytic gas generation. These methods may include the following: 

• The addition of nitrite salts to inhibit gas generation 
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• The use of heat to reduce the volume of unbound water 

• The use of a self-desiccating formulation to minimize unbound water 

• The application of mechanical force during the curing process to press excess 
water from the matrix. 

The panel cautioned that the influx of brine into the waste storage rooms should be avoided 
since such influx may cause additional radiolytic gas generation. 

The following summarizes the recommendations of the Panel on the applications of cement 
materials for use as waste forms. 

• Cemented waste forms will be effective in reducing the initial~ vi volume of 
the storage rooms, thus leading to more rapid repressurization o e repository 
environment. Rapid repressurization will minimize the volume of b ne that may 
seep into the storage rooms under a pressure gradient. 

• Formulations similar to those suggested for backflr:ould be evaluated. 

0 Grouting of metallic aluminum waste fi...ay generate hydrogen. 

The heterogeneous nature of the waste suggests~ the chemical interactions between the 
various waste components as they~ and degrade will probably be quite complex. For this 
reason, the longevity of cement waste forms is less certain than longevity of the 
recommended backfill formulation . The Panel cautioned that the chemical interactions 
between the waste and the ceme t matrix needs to be clearly understood or there will be 
no assurance thatBemented waste form will maintain desirable properties such as low 
permeability for 10 0 years. The Panel also stated that they have no reason to believe 
that aging reaction ill degrade the performance of cement waste forms. However, lacking 
a quantitative basis for long-term waste form permeability, greater reliance should be placed 
on the recommended backfill formulations rather than cement waste forms. 

2.3 CONTAINER CONSIDERATIONS 

Waste containers are required for ease of handling and to contain the hazardous and 
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radioactive materials, thus providing protection for workers and the environment. The current 1111 

containers are standard 55-gallon drums plus a lesser number of steel boxes. These 
11111 

containers provide adequate protection, however, if hydrogen generation from anoxic corrosion 
of steel is determined to be a problem in long-term performance of the repository, then an ff1I 

alternate container may need to be employed. , .,~ 

The requirements of such an alternate container are as follows: ,n1 

• The material should be easily fabricated into a container of the required shape. This 
can be a drum, rectangular box, or hexagonal cylinder. 
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• The containers should not degrade in any way that will significantly increase the 
permeability of the storage room environment. 

• The cost of the alternate container should not be greater than a container fabricated 
from a non-corroding metal such as titanium. 

• The container should be able to show compliance with the Department of 
Transportation (DOT) Type A Packaging Tests (DOT, 1989). Compliance is 
demonstrated by surviving a drop test and a puncture test with no loss of containment. 

• The container material should either not generate gas or have an acceptably low gas 
generation rate in the repository environment. 

• The container material should be chemically compatible with the backfill and waste 
forms. 

The panel agreed that cement-based containers should be considered aloqwith other 
materials for use as alternate containers. A wide range of properties is achievable with 
cement-based materials including high flexural and compressivr::::'rength, and low porosity 
and low permeability. r 
The challenge in designing a cement-based conta~·n r will be to utilize high-strength low-cost 
materials to minimize wall thickness and weight a II as maximizing payload volume while 
maintaining compliance with the DOT containmen uirements. The Panel agreed that this 
goal is probably achievable through the use of reinforcement materials embedded in the 
cement to increase strength. This ~oach will allow a lighter design with thinner walls than 
would be possible with non-reinforfd';cement. 

2.4 COMPARTMEN LIZATION CONCEPT 

The Panel suggest at a compartmentalization concept should be considered where waste 
is emplaced in a series of compartments that are isolated from each other by some low 
permeability material. With this approach, the total volume of waste that can be released by 
any single event (such as intrusion by an exploratory drill hole) is limited to the volume· of 
waste that is contained within the compartment that is breached. They further advised that 
the waste should be compartmentalized on several scales including: pieces of waste within 
containers embedded in cement, waste containers embedded in backfill, waste compartments 
within rooms periodically separated by zones of thick backfill, and individual waste panels 
isolated by panel seals. This "fractal compartmentalization" will provide engineered upper 
bounds on releases resulting from a wide range of intrusion events. 
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3.0 PANEL CONCLUSIONS 

The Panel is confident that a methodology can be developed to evaluate the long-term 
performance of cementitous material formulations for use as backfill, waste forms, and 
containers at the WIPP. They also agree that properly formulated cement-based materials 
are likely to meet long-term performance criteria including low permeability and high shear 
strength required for backfill and waste forms, and high impact resistance required for waste 
containers. 

In the case of backfill, the Panel provided guidance on the development and testing of a high 
salt aggregate formulation that will have plastic properties that will self-seal and maintain low 
permeabilities under a 2,000 psi confining stress. 

For waste forms, the Panel recommended that shredded and cemented organic ~inorganic 
wastes, cemented incinerator ash, and cemented sludges will produce superio aste forms 
if properly formulated. They did however caution that the development of effective rmulations 
for waste forms must take into account the repository environment as well as the physical and 
chemical characteristics of the waste to be effective for the 1 O,O~ear regulatory period. 

For containers, the Panel agreed that cement-based containers rhould be considered along 
with other materials for use as alternate containe'!rsA wide range of container properties is 
achievable with cement-based materials including h" lexural and compressive strength, and 
low porosity and low permeability, especially by in orporation of reinforcement techniques. 

D 
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PREFACE 

The Waste Container Materials Panel, described in this report, was composed of individuals 
representing many disciplines and organizations. The participants included: 

CHAIRMAN AND FACILITATOR 

Hans Kresny, President, Solmont Corporation 

PANEL MEMBERS 

NAME 

Barry Butcher 
Noel C. Calkins 
Frank W. Clinard, Jr. 
F. H. Froes 
Hamlin M. Jennings 
Daniel C. Meess 
Jonathan Myers 
Rodney Palanca 
R. E. Westerman 

OBSERVERS 

Ravi Batra 
Doree Donovan 
Sayan Chakraborti 

AFFILIATION 

Sandia National Laboratories 
Calkins R&D Inc. 
Los Alamos National Laboratory 
University of Idaho 
Northwestern University 
West Valley Nuclear Services 
International Technology Corp. 
Westinghouse Electric Corp. 

Pacific Northwest Laborat.o~ 

Department of Energy (DOE) 
Westinghouse Electric Corporation D International Technology Corporation 
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EXECUTIVE SUMMARY 

The Waste Isolation Pilot Plant (WIPP) is an underground repository designed for the safe 
geologic disposal of transuranic (TRU) wastes generated from defense-related activities of the 
U. S. Department of Energy (DOE). The WIPP storage rooms are mined in a bedded salt 
(halite) formation, and are located 2, 150 feet below the surface. Once the waste is disposed 
in the storage rooms, complete closure of the repository occurs by the creep (plastic flow) of 
the salt formation, and the waste is permanently isolated from the surrounding environment. 

The geologic disposal of TAU waste is governed by the U. S. Environmental Protection Agency 
(EPA) Standard - 40 CFR Part 191 (EPA, 1985), which sets limits on the cumulative allowable 
releases of radioactive isotopes to the accessible environment over a period of 10,000 years. 
The study done to show compliance with this regulation is referred to as performance 
assessment. The performance assessment for the WIPP repository is being ~ucted by 
the Sandia National Laboratories (SNL), and is expected to be completed in . .J:~4 {DOE, 
1990d). Preliminary analyses performed at SNL indicate that the current waste forms may 
need some modifications in order to demonstrate compliancel!i· the EPA Standard. In 
response to this concern and based on the recommendations the National Academy of 
Sciences, the DOE WIPP Project Office established the Engin ed Alternatives Task Force 
(EATF) in September 1989. The charter of the EA TF was to evaluate the effectiveness and 
feasibility of various modifications to the current w~orms and/or WIPP facility design which 
would improve the long-term isolation capability of~ repository (Hunt, 1990). 

The ongoing performance assess~studies have identified gas generation as one of the 
three key parameters that might aff he performance of the disposal system (DOE, 1990a). 
The three mechanisms for the ge eration and consumption of gases in the underground 
repository are: n 

• Corro~ of metals 
• Microoial activity 
• Radiolysis. 

The corrosion of metals could take place by two general mechanisms; oxic corrosion, when 
iron reacts with oxygen to form oxides or oxyhydroxides, and anoxic corrosion, where iron 
reacts with brine or water vapor to form oxides/oxyhydroxides and hydrogen. Microbial activity 
has the potential to attack organic materials such as paper, plastic, and wood present in the 
WIPP waste inventory, consuming oxygen and generating carbon dioxide and methane in the 
process. Radiolysis can potentially generate hydrogen and oxygen from the decomposition of 
water; and carbon dioxide, carbon monoxide, hydrogen, and methane from the decomposition 
of organic materials. 

The gases produced by the above mentioned mechanisms may result in higher than 
acceptable pressure in the repository, because although the excess gas pressure can be 
dissipated by advection through the surrounding rock, the rate of advection is believed to be 
slow relative to the current estimates of gas generation rates. The effect of any excess gas 
pressure on the performance of the repository has not yet been conclusively determined, and 
is presently being studied by SNL. 
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The carbon steel drums and boxes that are presently being used for the storage of TAU waste 
are expected to corrode if they come in contact with the brine in the repository, and generate 
hydrogen by the process of anoxic corrosion. Although the effect of excess gas pressure is 
still to be determined by SNL, the EATF is studying alternate waste container materials, so 
that if necessary, modifications to the existing container materials can be addressed in an 
effective manner. 

The Waste Container Materials Panel (WCMP) was convened by the EATF from August 20-21, 
1990, for the preliminary identification and evaluation of alternative materials for manufacturing 
waste containers that would not generate gas in the WIPP environment. The panel comprised 
a group of technical experts from the following disciplines: 

• Basic Ceramic Research 
• Ceramic Fabrication 
• Cementitious Materials 
• Concrete Container Fabrication 
• Physical Metallurgy 
• Metallurgy/Corrosion 
• Geochemistry 
• Performance Assessment 
• Was1e Handling and Repository O~ons. 

The specific objectives of the WCMP were to: 

• Identify container m-Cf-ls that will not generate gas in the WIPP repository 
environment, or genf :: gas at substantially lower rates as compared to the 
exisE· ontainer material, and can be fabricated to the requirements for 
cont n nt, handling, and transportation of Contact-Handled Transuranic 
(CH- ) waste. 

• Evaluate the identified materials with respect to various design requirements for 
a waste container such as fabricability, availability, mechanical properties, etc. 

This report describes the methodology used by the WCMP to accomplish the above objectives, 
the evaluation of the different materials, and the conclusions reached by the WCMP regarding 
the possibility of using alternative waste container materials that would satisfy the gas 
generation requirements (if gas generation is determined to be a problem by the ongoing 
performance assessment studies). 

METHODOLOGY FOR WCMP EVALUATION 

The panel members were briefed on the WIPP repository, the different constituents of TAU 
waste, the regulations governing the disposal of TAU waste, performance parameters such as 
gas generation, permeability, etc., and the possible outcomes of excess gas pressure in the 
storage rooms. The existing configuration for the handling and transportation of TAU waste, 
the U. S. Department of Transportation (DOT) Type A Packaging Tests (DOT, 1989), and the 
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environmental conditions within the repository such as temperature, humidity, oxygen, stresses, 
and brine chemistry which are likely to be encountered by the waste container materials, were 
also explained to the panel members. 

The WCMP defined the following criteria for evaluation of the alternative waste container 
materials: 

• 

• 

• 

• 

• 

" 

• 

• 

Fabricability - The ease with which the material can be fabricated into a 
container with a size and shape similar to the existing 55-gallon drums. 

Availability - The availability of material to manufacture the required number of 
containers per year. 

Fabrication Capacity - The existing capacity to fabricate waste containers from 
the given material. ,{' 

Status of Technology - The current state of technology for fabric~tion of the 
material. 

Cost - .The overall cost for marufacturing a wastef§:ntainer including material 
and fabrication costs, but excluding any research and development costs that 
might be necessary for some materio/\_ 

Mechanical Properties - The ability ra~ontainer made of an alternate material 
to survive the DOT T A packaging tests. 

Gas Generation Pot ntial - The total moles of gas that can be theoretically 
generated by thermodynamically favored reactions between the alternative 
materirrtlnd all other species present in the repository environment. 

Gas c!(n'eration Rate - The rate at which gas might be expected to be generated 
from the material by either anoxic corrosion, microbial activity, or radiolysis. The 
panel members agreed that the rate of corrosion under anoxic conditions was 
a good indicator of the rate of gas generation. 

Since the existing waste containers are made of mild steel, the WCMP established mild steel 
as the reference standard material, and evaluated each alternative material by comparing it 
to mild steel with respect to the criteria mentioned above. 

Apart from the evaluation criteria mentioned above, the WCMP set forth the following general 

'''P! 

'"! 

design requirements for waste containers to be built from alternative materials: 1t·1 

• Eliminate or minimize gas generation from container material for the regulatory 
period of 10,000 years. _.,,, 

1"1 
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• Maintain complete containment of the waste for a minimum of 25 years, (the 
duration of the operating life of the repository). 

• Meet DOT Type A requirements. 

The WCMP also made the following assumptions about the waste containers made from 
alternative materials: 

• The alternative waste containers would be subject to the same regulations which 
apply to the existing containers. 

• The alternative waste containers may be "free-standing" (similar to a SS-gallon 
drum or box), or it could be "formed" around the waste by isostatically pressing 
a container material such as cement around a monolithic block of processed 
waste. 

The different classes of materlals and their subcategories evaluated by the W~P were as 
follows: 

• Metals 

• 

Copper and alloys 
Titanium and alloys 
High-nickel alloys 
Zirconium and al~ 
Stainless steel r 

Ceramics 

~ceramics 
C:{i;(mically bonded ceramics 
Glass 

• Cements 

Nonreinforced cements 
Discontinuous reinforcement 
Continuous reinforcement 

• Coatings 

Corrosion retardation 
Containment enhancement for monolithic waste forms 

• Polymers 

Polyethylene. 
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The WCMP assumed that all the brittle materials such as ceramics, cements, and glass, will 
be reinforced as required to provide whatever mechanical properties are deemed necessary 
to satisfy the DOT Type A packaging tests. 

RESULTS OF WCMP EVALUATION 

The evaluation of five different groups of materials (listed above) indicate that there are quite 
a few candidate materials which are likely to satisfy the design requirements for alternative 
waste containers. The WCMP believed that subsequent to the preliminary evaluation, with 
respect to the criteria defined earlier, there are two important characteristics that need to be 
verified for each of the candidate materials through development programs; the degree to 
which the material can satisfy the "no gas generation" requirement, and whether it can be 
fabricated into a container satisfying the appropriate transportation and handling requirements. 
Therefore, apart from cost, the WCMP summarized its evaluations of alternative materials in 
terms of four other criteria closely related to the verification of the above char~stics: 

• Time likely to be needed to establish the effectiveness of the materiJI in meeting 
the "no gas generation" requirement. ~ 

• Time likely to be needed to develop fabrication tfchnology, and make a full
scale fabricated container. 

• Probability of success in terms of th_fi..MP's best judgement that the material 
will satisfy the "no gas generation" ~~ement. 

• Probability of succesaerms of the WCMP's best judgement that the material 
can be fabricated intf ~~ontainer satisfying DOT Type A requirements. · 

• Cost fJintainer in comparison to mild steel. 

It was noted by the panel members that if DOT Type A requirements are to be met, then 
containers made of metals and polymers would probably carry the maximum payload per 
container. The WCMP also came to the conclusion that any research involving microbial gas 
generation is likely to become a long-term project because of the uncertainty associated with 
microbes. Therefore, whenever possible, experimental schedules for establishing the 
effectiveness of a material, and efforts to establish a full-scale product, should be planned in 
parallel to make the most efficient use of time. 

The conclusions of the WCMP are presented in Table HES-1. It should be noted that the cost 
estimates do not include any developmental costs, or the costs of building any new facilities 
that might be required for some materials. Also, the estimates of schedules do not include 
programmatic planning time likely to be associated with the planning of research strategies, 
approval of schedule and budget, etc. 

The summary presented in Table HES-1 is based on preliminary evaluation of these materials, 
therefore represents best estimates rather than precise values. The figures in Table HES-1 
provide relative estimates of the probability of the materials in meeting the effectiveness and 
fabricability requirements for a container, as well as the time required to verify these 
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Time to 
Establish 
Effectiveness 

Copper & Alloysb 1-2 yrs. 

Titanium & Alloys 1-2 yrs. 

High-Nickel Alloys 1-2 yrs. 

Zirconium Alloys 1-2 yrs. 

Stainless Steelb 1-2 yrs. 

Free Standing O yrs. 
Ceramicsc (validate) 

Chem. Bonded O yrs. 
Ceramicsc (validate) 

Glassc O yrs. 
(validate) 

Cementsc 1-2 yrs. 

Polymers 5 yrs.d 

a Relative to a mild steel container. 

TABLE HES-1 
SUMMARY OF RESULTS 

Time to 
Establish 

~-Scale Cost 
duct Factor' 

2 yrs. 5-8 x 

2~~ 10-20 x 

2 yrs. 15-35 x 

2 yrs. 35 x 

0-1 yrs. 5-8 x 

4-8 yrs. ~-30x 

3-5 yrs. 1-10 x 

2-4 yrs. 1-10 x 

\\ 
2-4 yrs. 2-8 x 

0-1 yrs. 5-10 x 

b Uncertainty associated with effect of microbes - not considered in duration. 
c Reinforced as required. 

t ~ 

Probability of 
Success In 
Establishing 
Effectiveness 

90% 

95% 

97% 

98% 

50% 

99.9% 

99.9% 

99.9% 

99.9% 

Indeterminate 

---\ 
d Should be dropped from consideration if effectiveness cannot be proven within 5 years. 

! .. 
" 

Probability of 
Success in 
Meeting DOT 
Type-A 
Reguirements 

100% 

100% 

100% 

100% 

100% 

30%-90% 

30%-85% 

20%-90% 

30%-85% 

100% 

~ 
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probabilities. The WCMP decided that copper, titanium, high-nickel alloys, zirconium alloys, 
ceramics, glass, and cements are all viable materials which could possibly satisfy the design 
requirements for an alternative waste container. However, there are some concerns associated 
with each material that need to be resolved. 

The WCMP noted that although ceramics and cements have excellent gas generation 
properties as compared to metallics, and are inexpensive, waste containers made from these 
brittle materials are likely to have smaller internal volumes due to the thicker container walls 
required to satisfy DOT Type A requirements. This will result in a smaller TRU waste payload 
per container. In addition, if the container weight is heavier than the existing drums, then 
fewer containers will make up the TRUPACT-11 payload, leading to increased number of waste 
shipments from the storage sites to the WIPP site. These factors can have large impacts on 
the overall program cost beyond the low unit costs required to fabricate the containers. It 
should also be noted that with the possible exception of cements, there is no technology 
presently in place to fabricate large containers from the nonmetallic materials. ~efore, the 
fabrication of an acceptable nonmetallic container that would satisfy the ocpT Type A 
requirements, is likely to require long-term research and development efforts. 

Among the metallics evaluated by the WCMP, with the exc~n of copper, there are 
expensive metal alloys (titanium, high-nickel, and zirconium) J'f h.~t have relatively fewer 
uncertainties associated with them, especially with respect to fabncability, and payload volume 
per container. Once their low anticipated corrosio~ns are validated under WIPP conditions, 
these alloys have the potential of immediately sati g the design requirements. Whereas, 
the higher end high-nickel alloys (e.g., Hastello C-276), and the zirconium alloys would 
substantially escalate program cos~ghly by $1 billion based on 600,000 mild steel drums 
at a cost of $50 per mild steel dru , e WCMP felt that the lower cost titanium alloys would 
be adequate for the purpose. Besi es, under the relatively mild temperatures expected in the 
repository environm~n (- 30°C}, there is not likely to be any notable differences in corrosion 
properties between e relatively inexpensive titanium alloys and the more expensive ones 
such as zirconium n higher end high-nickel alloys. 

The results of the WCMP should be used to: 

• Select a few promising alternative materials for detailed testing regarding their 

"'' 
d 

",, 

'"' 

fabricability and corrosion/gas generation properties •1 
'' 

• Evaluate, with the help of appropriate experiments, the effectiveness of the 
selected materials for meeting the "no gas generation" requirement •"' 

IL11i 

• Design and demonstrate the fabricability of the selected materials (reinforced as 
required} into a container satisfying all transportation and handling requirements ,,,, 

"''' • Estimate the total cost per container, and its impact on overall program cost for 
the selected materials based on the annual fabrication requirements. •wr 

Thus, the right choice of material would have to be decided by tests on a few promising 
materials for effectiveness and feasibility, and would also be determined by applicable cost, 
schedule, and transportation constraints. 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is an underground 
repository designed for the safe geologic disposal of transuranic (TAU) wastes. Transuranic 
wastes are generated from defense-related activities of the U.S. Department of Energy (DOE). 
The underground storage area of the WIPP repository is located 2, 150 feet below the surface 
in a bedded salt (halite) formation. After disposal of the waste in the WIPP storage rooms, 
closure of the repository occurs by the creep of the surrounding salt formation. This creep 
is in response to the pressure gradient that exists between the far-field pressure away from 
the repository (referred to as the lithostatic pressure, or the pressure at the depth of the 
repository due to the overlying rock), and the pressure in the repository which is initially at 
atmospheric pressure. In a freshly excavated room, the creep is of the order o~a w inches 
per year. Under ideal conditions, complete closure of the repository occurs du creep, and 
the waste is permanently isolated from the surrounding environment. 

The waste to be disposed at WIPP consists of materials sEas laboratory hardware, 
inorganic sludges, protective clothing, plastics, rubber, resins, tools that have become 
contaminated with transuranic elements, mostly plutonium with inor amounts of americium, 
uranium, neptunium, and thorium. The specific i~pes of these elements that are present 
in WIPP waste are generally alpha emitters with I half-lives and minimal heat production. 
The waste is presently stored in 55-gallon steel d s and a lesser number of steel boxes at 
ten major waste generation and sto e sites across the country. 

The geologic disp~o TAU waste is governed by the U.S. Environmental Protection Agency 
(EPA) Standard - C R Part 191 (EPA, 1985). This regulation sets limits on the cumulative 
allowable releases radioactive isotopes to the accessible environment over a period of 
10,000 years. The study done to show compliance with this regulation is referred to as 
performance assessment. Both undisturbed performance as well as the consequences of 
inadvertent human intrusion in the form of future exploratory drilling must be considered, as 
required by the EPA Standard. 

The performance assessment for the WIPP repository is being conducted by Sandia National 
Laboratories (SNL), and is expected to be completed by 1994 (DOE, 1990d). Work currently 
in progress at SNL has suggested that some modifications to the current waste forms may be 
necessary to demonstrate compliance with the EPA Standard (DOE, 1990a). In response to 
this concern, and based on recommendations of the National Academy of Sciences (NAS), the 
DOE WIPP Project Office established the Engineered Alternatives Task Force (EATF) in 
September 1989, to evaluate the effectiveness and feasibility of various modifications to the 
WIPP facility design and waste forms which would improve the long-term isolation capability 
of the repository (Hunt, 1990). Preliminary assessments of the long-term performance of the 
disposal system have identified gas generation as one of the three key parameters that might 
affect performance of the disposal system (DOE, 1990a). The different gas generation 
mechanisms are discussed in the next section. 
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1.3 GAS GENERATION 

The three main mechanisms for the generation and consumption of gases in the underground 
environment are: ~ 1 

Uili 

• Corrosion of metals 
• Microbial activity 
• Radiolysis 

Corrosion of Metals - There are two general mechanisms for corrosion that may occur in the 
underground WIPP environment. Oxic corrosion occurs when iron reacts with oxygen to form 
corrosion products such as iron oxides or oxyhydroxides. Anoxic corrosion occurs when iron 
reacts with brine or water vapor to form iron oxides or oxyhydroxides and hydrogen. The net 
effect of oxic corrosion is the consumption of oxygen, and the net effect of anff ocorrosion 
is the production of hydrogen. Water, in either a liquid or vapor state, is requi~ for anoxic 
corrosion and is consumed in the process, suggesting that the availability of mois re may be 
the rate-limiting step in this process. f. 
Microbial Activity - Microbial activity can potentially break dow · o~anic materials such as 
paper, plastic, and wood, consuming oxygen and generating ca n dioxide and methane in 
the process. Sulfate-reducing bacteria, if present~n potentially generate hydrogen sulfide 
from sulfate present in natural brine, and nitrate-~ ·ng bacteria, if present, can potentially 
generate nitrogen from nitrate salts present in the aste. The large mass of organic materials 
in the WIPP waste inventory, toge~th the presence of sulfate and nitrate, suggest that 
there is a potential to eventually gT~te large amounts of gases. 

Radiolysis - Radiolysis has the potential to generate hydrogen and oxygen from the 
decomposition of w~r and carbon dioxide, carbon monoxide, hydrogen, and methane from 
the decomposition anic materials. Oxygen that is generated by the decomposition of 
water will probably consumed by microbial or chemical reactions, but the production of 
hydrogen, carbon dioxide, and methane is of potential concern. The form of radiation present 
in TAU waste is the emission of alpha particles which have a very limited range. 

The carbon steel drums and boxes currently in use are expected to corrode if they come in 
contact with brine in the repository. The gases produced by anoxic corrosion and other 
mechanisms such as microbial activity and radiolysis, may result in higher than desired 
pressure in the repository,"because although processes exist to dissipate excess gas pressure 
by advection through the host rock, these processes are believed to be slow relative to the 
current estimates of gas generation rates. The effect of excess gas pressure on the 
performance of the repository is presently being studied by SNL. Whether gas generation is 
a problem has not yet been conclusively determined. Nevertheless, alternate container 
materials are being considered now by the EATF, so that if necessary, modifications can be 
made in a timely manner. 
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1.4 THE WASTE CONTAINER MATERIALS PANEL AND ITS OBJECTIVES 

The Waste Container Materials Panel (WCMP) was convened by the EATF for the preliminary 
identification and evaluation of alternative materials for manufacturing waste containers that 
would not generate gas in the WIPP environment. The panel comprised a group of technical 
experts from different areas of materials science, and from certain areas associated with the 
WIPP repository and its environment. The following disciplines were represented on the panel: 

• Basic Ceramic Research 
• Ceramic Fabrication 
• Cementitious Materials 
• Concrete Container Fabrication 
• Physical Metallurgy 
• Metallurgy/Corrosion 
• Geochemistry 

1 • Performance Assessment 
• Waste Handling and Repository Operations . 

A description of the qualifications of the members of the WCMP ~rovided in Attachment A. 
The objectives of the WCMP were to: r 

• Identify container materials that wil~t generate gas in the WIPP repository 
environment, or will potentially gen r e gas at substantially lower rates as 
compared to the existing container aterial, and that can be fabricated to the 
requirements for co~ent, handling, and transportation of Contact-Handled 
Transuranic (CH-TR r' a.ste. 

• Evaluate the identifiea materials with respect to various design requirements for 
a wa.f:Jontainer such as fabricability, availability, gas generation, mechanical 
propv, etc. 

This report describes the methodology used by the WCM P to accomplish the above objectives, 
the results of the WCMP deliberations, and the conclusions reached by the WCMP regarding 
the possibility of using alternative materials to manufacture waste containers that would meet 
design objectives . 
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2.0 METHODOLOGY USED BY THE WASTE CONTAINER 
MATERIALS PANEL (WCMP) 

The WCMP was convened from August 20-21, 1990. The panel members were briefed on 
the WIPP repository, the different constituents of TAU waste, the applicable regulations, 
performance parameters such as gas generation, permeability, etc., and the possible outcomes 
of excess gas pressure in the storage rooms. In addition, the existing configuration for the 
handling and transportation of TAU waste in the TRUPACT-11 package {NuPac, 1989), and the 
U.S. Department of Transportation {DOT) 49 CFR Part 173.465 Type A Packaging Tests (DOT, 
1989) were explained to the panel. 

2.1 ENVIRONMENTAL CONDITIONS WITHIN THE REPOSITORY 

The various environmental conditions in the WIPP repository which are mos~ely to be 
encountered by the waste container materials were outlined as follows: I 

• Temperature - The temperature in the repository isEx cted to remain constant 
around 26°C, which is the ambient rock temper e at the facility horizon. 
Radiogenic heat generation from the waste is min al {less than 0.1 watt per 
drum). Remote-handled TAU (RH-TAU) waste ge erates a greater amount of 
radiogenic heat, however it constituteo/1'f11Y three percent of the waste inventory. 

• Humidity - Limited amounts of brit:'~ave been observed to flow into the 
repository, and afte~ facility is sealed, the humidity of the room will be 
controlled by the ev :tion of the brine. Assuming there is saturated brine in 
the sealed repository "th air at atmospheric pressure above the brine, then the 

umidity in the repository will be approximately 70 percent. 

• Although the repository will initially have an oxic environment, this 
oxyge s expected to be consumed in the process of microbial degradation of 
organics present in the waste, thereby eventually leading to an anoxic 
environment. Some oxygen is also expected to be consumed during the 
corrosion process of the mild steel drums. However, some oxygen could also 
be generated within the repository from the radiolysis of brine. Overall, since 
the rate of generation of oxygen by radiolysis is expected to be less than the 
rate of consumption of oxygen by microbial degradation and corrosion, an anoxic 
environment is expected within the repository after the depletion of the initial 
oxygen. 

• Stresses - The reconsolidation of salt, which is plastic, will result in an isostatic 
stress equal to the lithostatic pressure of about 2000 psi {15 MPa). However, 
since the storage rooms are 33 feet in width and only 13 feet in height, the 
reconsolidation of salt in the ceiling-to-floor direction occurs much faster than the 
reconsolidation in a horizontal direction. This will result in some unidirectional 
stress until complete closure has taken place. Once the salt has completely 
reconsolidated, the stress is expected to be isostatic throughout the repository, 
and equal to the lithostatic pressure. 
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• Brine - The major elements present in the brine include Cl (-200,000 mg/I), Na 
(-85,000 mg/I}, Mg (-18,000 mg/I), K (-18,000 mg/I), and SO/ (-17,000 mg/I). 
Br and B are also present at concentrations above 1,300 mg/I. The pH is 6.1, 
and total dissolved solids equal -350,000 mg/I. 

2.2 EVALUATION CRITERIA FOR MATERIALS 

The WCMP defined the following criteria for evaluation of alternative waste container materials: 

• 

• 

• 

• 

• 

• 

Fabricability - The ease with which the material can be fabricated into a 
container with size and shape similar to a 55-gallon drum. Rectangular and 
hexagonal shapes were also considered. 

Availability - The availability of the raw material to manufactur=tt required 
number of containers per year (thousands of waste container er year for 
several years). 

Fabrication Capacity - The existing capacity to faE· te waste containers from 
the given material (i.e., whether there are faciliti vailable today which can 
accept a bulk order and start delivering waste c tainers within a reasonable 
time). 

Status of TechnolQ9Y - The curre.Ae of technology for fabrication of the 
material (i.e., whethe~t different techniques for fabrication are well understood 
for commercial-scale duction purposes, or if the technology needs further 
research and develo m t for implementation). 

Cost ~e cost of a material was defined as the overall cost for manufacturing 
a wa te container including both material and fabrication costs. Since the 
objec of this panel was primarily a preliminary evaluation of different 
prospective materials, the WCMP decided against subdividing the total cost into 
materials and fabrication because this would have complicated the process of 
evaluation to an extent well beyond the nature and scope of this panel. The 
WCMP also refrained from including developmental cost because of the 
difficulties in estimating the uncertainties associated with any research and 
development program. Any estimates of developmental cost at the onset could 
be significantly altered, if for example, there is an unexpected breakthrough in 
the research program. Therefore, developmental costs were not included as part 
of the overall cost. 

Mechanical Properties - These refer to the ability of a container made of an 
alternate material to survive the DOT Type A Packaging Tests (DOT, 1989). 
The WCMP decided to evaluate the materials in terms of certain mechanical 
properties (e.g., tensile strength, fracture toughness, etc.) which are required to 
satisfy the DOT Type A requirements. Although the WCMP could not evaluate 
whether meeting Type A would be a requirement or not in the future, it was 
decided that these requirements should be included in view of the existing WIPP 
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Waste Acceptance Criteria (DOE, 1989b) which list the DOT Type A packaging 
tests as a requirement for waste containers. It was decided that any material 
judged to be at least equivalent to mild steel in overall mechanical properties 
would be rated as "adequate." 

• Gas Generation Potential - This refers to the total moles of gases that can be 
theoretically generated by thermodynamically favored reactions between the 
alternative material, and all other species, given the repository environment (i.e., 
pressure, temperature, humidity, presence of brine, etc.). The WCMP agreed 
that given the potential complexity of the WIPP repository environment coupled 
with the regulatory period of 10,000 years, it is probably safer and conservative 
to assume that all reactions which are thermodynamically favored might 
eventually go to completion, unless adequate kinetic data is available to 
demonstrate that favored reactions will not occur. 

• Gas Generation Rate - This is defined as the rate at which gas i~pected to 
be generated from the material by either one of the three mechanis~x~iscussed 
earlier in Section 1.3. Whereas the gas generation~ntial gives an indication 
of the total amount of gas that could be generated ovided all reactions go to 
completion), the gas generation rate provides a m asure of how fast (or slow) 
this potential might be achieved. Thus, even if a given material has a high 
potential for gas generation, it can~be ruled out from consideration. An 
alternative container material might a rate of gas generation which is low 
enough that the rate of advection fro the repository is adequate to prevent high 
gas pressures in the;esitory. The WCMP was not in a position to address 
how low the gas ge ion rates need to be relative to the advection rates. 
However, for quanti tive comparisons, the WCMP agreed that the rate of 
corro~of a material under anoxic conditions was a good indicator of the gas 
gene L} rate for that material. 

Considering the broaa spectrum of materials being evaluated (ranging from metals to ceramics 
to concrete), the WCMP established mild steel as the reference standard material to facilitate 
easy comparison between the materials. The selection of mild steel was based on two 
re.asons: 

'"' 
1111 

• Since mild steel is being used for the existing waste containers, a comparison ,11, 

with mild steel provides an indication of the merits and disadvantages of each 
alternative material relative to the presently used container material. '"' 

• Since mild steel is a commonly used material for a wide variety of purposes, its 
properties are well documented and hence provide a firm basis for comparison. rq 

Thus, the WCM P decided to compare all alternative materials to mild steel with respect to 
each evaluation criteria discussed earlier. As an example, while evaluating the fabricability of 
a material, the WCMP would judge whether its fabricability is easier, the same, or more difficult 
in comparison to mild steel. 
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2.3 DESIGN REQUIREMENTS FOR WASTE CONTAINERS 

Apart from the specific criteria defined above for evaluation of materials, the WCM P also 
agreed to some general design requirements for waste containers to be built from alternative 
materials. These requirements were outlined as: 

• Minimize or eliminate gas generation from container material for the regulatory 
period of 10,000 years. 

• Maintain complete containment of the waste for a minimum of 25 years, (the 
duration of the operating life of the WIPP repository). 

• Meet DOT Type A requirements. 

• The containers should not degrade in any way that will significant~rease the 
permeability of the storage room environment. I 

In addition, the WCMP also made the following assumptions regarding the waste containers: 

• The waste containers fabricated from alternative .C.:::rials will be subjected to 
the same regulations which apply to the existing ~~ners. 

• The container may be "free-standing~e., similar to a 55-gallon drum or box), 
or it could be "formed" around ttft'Wast.e (i.e., by isostatically pressing a 
container material such s cement around a monolithic block of waste). 

2.4 MATERIALS SELECTED FO 

The WCMP initially~ted five different classes of materials for evaluation. Each class of 
material was furthe s ivided into its own categories by appropriate classification schemes. 
Metals were classifi by each metal and its alloys. Since ceramics are strongly bonded, they 
are all very stable materials from a gas generation standpoint, and therefore do not have any 
significant chemical properties to distinguish one from another. Therefore, ceramics were 
classified by their manufacturing method because there is a distinguishable difference between 
the processing techniques for different ceramics. In a similar manner, the WCMP decided to 
classify cements in terms of the reinforcements used in them because these lead to significant 
differences in cost and properties. The different classes of materials and their subcategories 
evaluated by the WCMP were as follows: 

• Metals 

Copper and alloys 
Titanium and alloys 
High-nickel alloys 
Zirconium and alloys 
Stainless st.eels 
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• Ceramics 

Fired ceramics 
Chemically bonded ceramics 
Glass 

• Cements 

Non-reinforced 
Discontinuous reinforcement 
Continuous reinforcement 

• Coatings 

Corrosion retardation 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Containment enhancement for monolithic waste forms 

• Polymers 

Polyethylene. 

Each of the above materials were evaluated with ~ect to the criteria described earlier in 
Section 2.2. The results of the evaluation are de~d in the next section. 

D 
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3.0 RESULTS OF THE WCMP EVALUATION OF 
ALTERNATIVE MATERIALS 

The WCMP evaluated all the materials by comparing them to mild steel (as explained in 
Section 2.2), for each of the evaluation criteria described earlier. It should be noted that 
these evaluations were to a large extent judgmental, and are preliminary in nature. If 
performance assessment studies identify gas generation as an impediment to demonstrating 
compliance with the regulatory standard described in Section 1.2, then the evaluations of the 
WCM P could be used as a basis for any detailed future studies on alternative container 
materials. 

The WCMP also established rough estimates for the cost of mild steel to set up a baseline 
for cost comparison of alternative materials. It was agreed by the WCM P that based on a 
material cost of 27 to 37 cents per pound of mild steel sheet, and a:fal cost of 
approximately $50 for a 60-lb. drum, a fabrication cost of 50 cents per und was a 
reasonable assumption based on fabricating a 60-lb. drum. Thus, for cost co parisons, all 
materials were compared with the baseline of 77 to 87 cents pe~und of finished mild steel 
product. . r 
3.1 COPPER AND ALLOYS 

• Fabricability - Copper is a little hardA weld than mild steel because of its high 
thermal conductivity, and therefore jrng and handling of copper might be more 
difficult than mild st~owever, bearing in mind that the technology was well 
established, the WC rated the overall fabricabi lity of copper to be about the 
same as that of mil steel. 

• Avail ih - Assuming that any drums fabricated would use sheet metal as the 
starti aterial, the availability of copper and alloys was deemed to be plentiful, 
and quivalent to the availability of mild steel. 

• Fabrication Capacity - Although the technology for fabricating copper is well 
established, the WCMP did not think that there are facilities available today 
which could start manufacturing copper drums at a short notice. Therefore the 

• 

• 

fabrication capacity of copper and alloys was judged to be "limited" in 
comparison to mild steel. 

Status of Technology - Since the metallurgy and fabrication of copper are quite 
well understood, the status of technology was deemed adequate and equivalent 
to mild steel. 

Cost - The cost would depend on the type of copper or its alloys being used . 
The cost of electrolytic copper is about $1.50/lb. Assuming the fabrication cost 
to be close to $50 for a 60 lb. drum, the WCMP estimated the total cost of a 
copper drum to be roughly $150. This works out to be approximately 3 times 
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• 

• 

that of mild steel. The WCMP also consulted the report on container materials 
for high level waste (Braithwaite and Molecke, 1980) where cost per unit weight 
of a manufactured copper container was 8.2 times that of mild steel. However, 
the dimensions of the container cited in this report were much larger than a 55-
gallon drum, and the WCMP decided that for a smaller container the increase 
in cost is more likely to be 5 times that of mild steel. Overall, the WCMP 
agreed that a conservative estimate of 5 to 8 times that of mild steel would be 
a reasonable estimate for the cost of copper. It should be noted that this figure 
is very likely to increase if copper is alloyed with other materials. 

Mechanical Properties - Cold rolled copper will have mechanical properties very 
similar to that of lightly cold rolled low carbon steel, and if alloyed with 10% 
nickel, the properties could be very similar to mild steel. Bai on these 
assumptions, the mechanical properties of copper were rated to equivalent 
to that of mild steel. However, the WCMP agreed that the mechani I properties 
of a copper drum need to be verified after fabrication to determine whether 
copper needs alloying to enhance the propertif{ The alloying materials 
suggested for improvement were Ni (10%) or Zn f5%). 

Gas Generation Potential and Rate~opper or copper-alloys have been found 
to be stable and resistant to corrosi deaerated neutral pH conditions even 
under prolonged (2 months) expo re to brine at high temperature (150°C}. 
Therefore, under de~ed conditions, it is not a gas generator (Westerman, 
1988). However, t resence of any oxygen, sulfates, nitrates, or carbon 
dioxide open up a w e range of possibilities. The WCM P expressed concerns 
at t~hossibility of sulfates being reduced to sulfides by sulfate-reducing 
bact a, hich could then react with copper, resulting in the formation of copper 
sulfid d hydrogen. Similarly, the nitrates present in the sludges could be 
redu to ammonia which in turn could cause stress corrosion cracking in 
copper. There were other concerns expressed about the corrosion of copper 
in low pH (2.0) carbonic acid solutions which could potentially form from 
microbial activity. The study by Braithwaite and Molecke (1980) reported 
corrosion rates of copper to be 25 times less than mild steel. Therefore the 
WCMP rated the gas generation rate of copper to be low in comparison to mild 
steel. Limited experiments may be required to verify these low rates. 

The above scenarios notwithstanding, the potential for gas generation from copper depend~ 
entirely on the presence of a few microbially or radiolytically generated components such as 
C02, 0 2, H2S, N0"3, etc. The WCMP acknowledged the fact that the simultaneous presence 
of these species can at best be termed uncertain, and therefore agreed to rate the gas 
generation potential for copper as low. The WCMP recommends, however, that the effect of 
these species on gas generation potentials be resolved by appropriate experiments if copper 
is chosen as an alternative material for waste containers. 

WP:EATF.1991 :R-1 ns-APPH H-10 

"'! 

'"' 



•• 
1'1"• 

lib 

*"* 

M 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

3.2 TITANIUM AND ALLOYS 

• 

• 

• 

• 

Fabricability - Titanium is a difficult material to weld, forge, or join for a variety 
of reasons. It has a tendency to weld to the tool during machining, leading to 
chipping and premature tool failure. Its low heat conductivity could increase the 
temperature at the tooVworkpiece interface, thereby adversely affecting tool life. 
Also, the surface of titanium alloys is easily damaged in machining operations, 
especially during grinding, resulting in lower fatigue strength (Kahles et al., 1985). 
The WCMP agreed that the fabricability of titanium is more difficult than mild 
steel. 

Availability - It was estimated that based on a requirement of 600,000 drums 
over a period of 25 years, and a weight of 60 lbs/drum, the m~teri I required 
would be approximately 1.44 million lbs/year. However, it shoul noted that 
because of the excellent corrosion resistance of titanium and its allo , the actual 
amount of material required could be less than the estimated figure of 1.44 
million lbs/year. This is only about 2% of the curre U.S. production capacity, 
and therefore availability of titanium was consid to be adequate for the 
purpose. 

Fabrication Capacity - Facilities are ~able at this time to manufacture titanium 
drums, and there are a few co ies who have fabricated drums with 
TiCode-12 and Grade 2 titanium. owever, these have been done only on a 
pilot-scale, and at pr~t no such facility exists to start delivering thousands of 
drums per year at a f!.~~ notice. A considerable amount of scale-up effort may 
be required, and so the current fabrication capacity can at best be termed 
"limite " 

Statu Technol - Since titanium can be fabricated, and has been 
demonstrated for drum fabrication on a pilot-scale, the WCMP rated the 
technological status to be equivalent to that of mild steel. 

• Cost - The report by Braithwaite and Molecke (1980) quoted the cost of a 
titanium container to be approximately 13 times that of mild steel. On this basis, 
the WCMP agreed that a cost of 10 to 20 times that of mild steel would be a 
reasonable assumption for titanium containers. The WCMP also noted that any 
alloying will increase the cost. 

• Mechanical Properties - Titanium has yield stress and ultimate stress values of 
approximately 40% higher than those of mild steel. However, the term 
"mechanical properties" as defined by the WCMP also included other properties 
like resistance to tear (for surviving a drop test). Therefore the WCMP agreed 
that considering all the variables involved, the mechanical properties of titanium 
and its alloys are not substantially better than mild steel and rated them to be 
equivalent to mild steel. 
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3.3 

• Gas Generation Potential and Rate - Titanium is susceptible to crevice corrosion 
under low pH conditions and temperatures ranging from 80°C to 150°C 
(Westerman and Telander, 1986). The product of crevice corrosion is titanium 
dioxide, but under anoxic conditions hydrogen will be released on the outside 
of the crevice. At the relatively low temperatures in the repository (around 26°C), 
the possibility of crevice corrosion is extremely low, especially if an alloy like 
TiCode-12 is used which is more resistant to crevice corrosion than the pure 
metal. However, it cannot be guaranteed that crevice corrosion would not occur. 
for 10,000 years. Also, considering the definition of gas generation potential, the 
WCMP decided that titanium could have a relatively high gas generation 
potential. 

Braithwaite and Molecke (1980) reported that the rate of unifor~rosion of 
titanium was 70 times less than copper which in turn was 25 tim s less than 
mild steel. On this basis, the rate of corrosion (and therefore gas generation) 
from titanium and alloys was rated low compared ~ild steel. 

HIGH-NICKEL ALLOYS r 
These alloys, which are often called "superalloys"~ically contain 40 to 75% nickel, 12 to 
20% chromium, 3 to 12% molybdenum, 1 to 45% 1 , and minor quantities of other metals 
as required for enhancing appropriate properties. 

• 

• 

Fabricabilitv - Althouganing or welding of these alloys is not considered to be 
a significant problemf t~y present major problems during cutting, sawing, or 
lathe-turning operations. The WCMP readily agreed that the fabricability of high
nickel ~s is more difficult than titanium, and definitely much more difficult than 
mild 5t"· 
Availability - The required amount is roughly equal to 2% of the existing capacity 
to produce these alloys. Also, since numerous facilities for producing these 
alloys exist in the U.S., the WCMP considered the availability of high-nickel 
alloys to be adequate. 

• Fabrication Capacitv - The fabrication technology of these alloys are well 
understood, but the alloys are primarily used for other purposes which have more 
stringent requirements (such as steam generators, etc.) There has been no 
need, so far, for drums made of these expensive superalloys, and therefore there 
is no existing fabrication capacity for superalloy drums. Although no major 
problems were anticipated by the WCMP, the implementation of high- nickel 
alloys as waste container material will definitely require the establishing of 
fabrication capacity. 

• Status of Technology - The WCMP agreed that the metallurgical and fabrication 
technology for of these alloys is well established, and the feasibility of scale
up to thousands of drums is not in doubt. However, fabrication technology may 
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have to be tailored to the production of containers depending on the chosen 
alloy. Since it is merely a question of time before proper facilities are 
constructed leading to scale-up, the status of technology for high-nickel alloys 
was rated to be adequate, and equivalent to mild steel. 

Cost - These alloys are very expensive and their costs exhibit a wide range of 
variation, depending upon the chosen alloy. lnconel-825, which is probably the 
cheapest of the group, is roughly 12 times more expensive than mild steel, 
whereas Hastelloy C-276 costs about 34 times more than mild steel. Thus, a 
cost of 15 to 35 times that of mild steel was considered to be a reasonable 
estimate by the WCMP. However, the WCMP noted that even the least 
expensive of these alloys might be adequate as a solution, if gas generation is 
determined to be a problem. , 

Mechanical Properties - These alloys have excellent mechanical pr~rties. Their 
tensile and yield stresses can range from 60-140 psi and 30-140 psi, 
respectively, depending on the alloy. Overa~ WCMP agreed that the 
mechanical properties were adequate for the pu. T and better than mild steel. 

Gas Generation Potential and Rate -~Compared to mild steel, the partial pressure 
of hydrogen in equilibrium with nick lower. If indeed the equilibrium partial 
pressure is low enough (2-3 atm.), e any corrosion reaction will stop at an 
early stage before any appreciable amount of hydrogen has been generated. 
However, the WCM~R recognized that apart from nickel there are chromium 
and iron present in t high-nickel alloys. Since both of these are much more 
susceptible to oxid ion than nickel, the overall gas generation potential of 
sup~r s was rated as moderate. The lower end superalloys have been 
show t crevice corrode in sea water. If the lower alloys are used, they need 
to · estigated for pitting and crevice corrosion. Although the report by 
Braithwaite and Molecke (1980) cited that lnconel-825 (low end) had almost 
similar crevice corrosion rates as Hastelloy C-276 (high end) for an experimental 
period of 28 days, it did mention that the rates are dependent on the dimensions 
of the specimen, duration of experiment, etc. Since the lower alloys also had 
corrosion rates which were much lower in comparison with mild steel, the gas 
generation rate for all of these alloys was rated low by the WCMP. 

3.4 ZIRCONIUM ALLOYS 

• Fabricability - The fabricability of zirconium is very similar to titanium. It is a 
difficult material to machine, and was rated to be ·much more difficult than mild 
steel for the same reasons outlined earlier for titanium and alloys in Section 3.2 . 

• Availability - The WCMP agreed that there are plenty of facilities in operation for 
making zirconium sheet. However, the WCMP did not have any rough estimate 
of whether the production of thousands of drums would have any major impact 
on the present supply of zirconium. Therefore, the availability of zirconium was 
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assumed to be adequate, provided it does not make an impact on the present 
capacity. 

• Fabrication Capacity - At present there is no existing capacity for making ti ii 
zirconium drums (i.e., there are no facilities fabricating drums made of zirconium 
at this time). However, since sheet metal technology for zirconium is well "' 
understood, the WCMP believes that the development of drum fabrication ti~ 
technology should be relatively straightforward. 

• Status of Technology - The technological status for fabrication of zirconium Mil 
drums was considered to be adequate by the WCMP. 

• 

• 

Cost - The Office of Civilian Radioactive Waste Management inve~ations on 
containers for high-level waste (Russell, et al., 1983) estimatea costs of a 
container made of zirconium alloy (Zircaloy-702) to be 35 times that mild steel. 
The WCMP thought that this was a reasonablertimate, especially when 
compared to the cost estimates for titanium and hi - ickel alloys discussed in 
Sections 3.2 and 3.3, respectively. 

Mechanical Properties - Since zirco:!· alloys are used for fuel cladding in 
nuclear reactors, the WCMP agreed t s mechanical properties were definitely 
adequate for the purpose of contain ent of TRU waste for 25 years as well as 
for meeting DOT Type requirements. 

• Gas Generation Pot tia and Rate - The WCMP used the thermodynamic 
arguments similar to the ones used for evaluating the gas generation potential 
of tita~ to conclude that zirconium also has a high gas generation potential. 

The c~sion rate of zirconium has been studied by Russell et al, (1983). 
These studies show that zirconium has exceptional corrosion resistance, and is 
predicted to be resistant to corrosion even at high temperatures for long periods 
of time. The extremely low rates of corrosion led the WCMP to conclude that 
zirconium will also have a very low rate of gas generation. 

3.5 ALUMINUM AND ALLOYS 

In view of the very low corrosion resistance of aluminum in brine, the WCMP could not justify 
the possibility of using aluminum as an alternative waste container material. By a unanimous 
decision, the WCMP eliminated aluminum from further consideration. 

3.6 STAINLESS STEELS 

The WCMP did express some doubts about considering stainless steels for evaluation, 
because of their known susceptibility to stress-corrosion cracking in solutions containing 
chlorides. However, keeping in mind that the conditions at WIPP are not going to be very 
extreme in nature, i.e., the temperature is expected to be below 30°C, and the fact that many 
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stainless steels will probably adequately resist stress-corrosion cracking in the WIPP 
environment, the WCM P agreed to consider stainless steels for further evaluation. Also, on 
the basis of the study by Braithwaite and Molecke (1980) which reported that the corrosion 
rates of stainless steel at high temperatures in brine similar to WIPP brine is 100 times less 
than mild steel, the WCMP decided that the gas generation rates for stainless steel are low 
enough to justify its further evaluation. 

• 

• 

• 

• 

• 

Fabricabilitv - The fabricability of stainless steel is not much different from mild 
steel, and for the purposes being considered, was rated to be the same as mild 
steel. 

Availability - Stainless steels are widely available materials, and there is 
adequate supply for manufacturing thousands of drums per year. 

Fabrication Capacity - Stainless steel drums are presently produi (although 
not in large quantities), and Oak Ridge National Laboratory uses them on a 
regular basis. Although the installation of additionrpacity might be needed, 
this is attainable, and therefore the WCMP consi ed fabrication capacity of 
stainless steel to be adequate. 

Status of Technology - The techn~y has been well demonstrated on a 
commercial scale, and is adequate '/t'f?Jrum fabrication. 

Cost - The cost of s~ss steel will depend upon the particular alloy chosen . 
Based on the study raithwaite and Molecke (1980) which quoted stainless 
steel to be 6 times ore expensive than mild steel, the WCMP decided that 
consi~· g the wide range of stainless steels available, a range of 5 to 8 times 
that ild steel would be a reasonable estimate for the cost of 300 series 
stainl steel. It should be noted that the cost of 400 series stainless steel will 
be lower. 

• Mechanical Properties - The WCMP decided that the mechanical properties of 
stainless steel were better than mild steel although not by a wide margin. 
Therefore, the properties were rated as "adequate." 

• Gas Generation Potential and Rate - The WCM P agreed that the overall gas 
generation potential from stainless steel would not be much different from mild 
steel, and therefore rated the gas generation potential as high . 

On the issue of rate of gas generation, the Braithwaite and Molecke (1980) study 
was quoted as having reported that the corrosion rates of stainless steel were 
100 times lower than mild steel when exposed to high magnesium brine at 250°C 
for 28 hours. The WCMP was hesitant to extrapolate such short-term data to 
the lower temperature conditions expected at the WI PP site, because it was 
noted that corrosion rates do not necessarily increase with higher temperatures. 
Therefore the WCM P questioned the applicability of the data from Braithwaite 
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and Molecke (1980) under WIPP conditions, and decided that the gas generation 
rate of stainless steel should be judged as moderate compared to mild steel. 
Additional testing under the WIPP conditions may be appropriate to clarify the 
gas generation rates from stainless steel. 

3.7 FIRED CERAMICS - FREE STANDING CONTAINER 

The majority of the WCMP initially expressed doubts about the fabricability of ceramics into 
free-standing containers (similar to a drum). It was suggested that using ceramic materials 
might cause a total redesign of the container (i.e., a deviation from the standard concept of 
containers which are normally visualized as initially "empty" with the waste packed inside later). 
In contrast, ceramic containers would probably be much more attractive for a processed 
monolithic waste form where the container will actually gain in mechanical propefoE from the 
monolithic waste inside it. Some advantages of using alternative shapes were po ted out as 
well. As an example, the current cylindrical design of drums allows more void pace when 
stacked in a storage room than a rectangular or hexagonal design. A reduction in void space 
using an appropriate shape (e.g., cubic) would decrease the re~d time for storage room 
reconsolidation, thereby reducing the time available for brine inflf into the repository. 

Finally, the WCMP believed that given the rapid! a ces in the science of ceramics, there 
is a high probability that a fired ceramic could be fo ated that can be fabricated into a free
standing container. In addition, all forms of cera ics, as well as glass and cements, could 
be reinforced as necessary to im~. mechanical properties. On this basis, the panel 
members proceeded to evaluate a rsstanding container made out of fired ceramics. 

• Fabricability - The possibilities of firing large monolithic pieces using available 
micro~ technology (especially for thick-walled vessels encountering 
tempe a re gradients) are becoming technologically manageable. However, 
althou promising technologies exist, the fabrication of these materials into free
standing containers has not yet been demonstrated. Also, since these containers 
have to be sealed, joining the lids to the body of the containers may present 
considerable challenges. Therefore, the WCM P rated the fabricability of these 
materials to be much more difficult than mild steel. 

• Availability - The basic material (i.e., fired ceramics) is widely available, and 
therefore its availability was judged to be adequate by the panel members. 

• Fabrication Capacity - There is no current fabrication capacity for free-standing 
containers made out of fired ceramics. However, alternative container designs 
based on existing ceramics fabrication capabilities should be investigated, 
because there might be alternate designs which are more feasible to fabricate 
from ceramics than a 55-gallon drum. 

• Status of Technology - The WCMP took note of the fact that although the 
fabricability of a 55-gallon drum has not been demonstrated, smaller pieces of 
alumina which have been extruded and then fired, have been obtained on a 
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laboratory/bench-scale setup. However, it was also noted that a common rule 
of thumb for ceramics is that the larger the piece, the lower the quality of the 
ceramic. Nevertheless, the WCMP concluded that although a ceramic drum has 
not yet been fabricated (probably because of cost and lack of need for one), the 
technology does exist to make a free-standing container and appears to be 
adequate. 

Cost- There was not enough information available regarding developmental cost; 
therefore, the WCMP only considered raw materials. Since the cost of alumina 
is approximately $1 O/lb and most other fired ceramics are more expensive, a 
figure of 25 to 30 times that of mild steel was deemed reasonable by the panel 
members. 

Mechanical Properties - The majority of the panel member~t that the 
mechanical properties of fired ceramics were much worse than mtd steel, and 
expressed doubts over whether a container made of a fired ceramic would 
survive the DOT Type A requirements. In a cerai:the atomic bond between 
metal and nonmetal is so strong and direction oriented that there is no 
mechanism for deformation. As a result, even hough the material may be 
strong in tension, brittleness willJ mt likely render a container vulnerable to 
damage from a 4-foot drop on an "elding surface. Thus, the WCMP rated 
the mechanical properties of fired amics to be much worse than mild steel. 

• Gas Generation Pot · I and Rate - The WCMP decided that since all these 
ceramic materials a ides, there is no chance of their generating any gas, 
and for all practical urposes, the gas generation potential is zero. However, 
since~e could be hypothetical scenarios of zirconium hydride present in the 
wast r: cting vigorously with an oxide ceramic, the WCMP was conservative 
and led the potential as "near zero" instead of zero. 

3.8 CHEMICALLY BONDED CERAMICS 

In a fired ceramic, the high-temperature process of firing strengthens the ceramic by allowing 
diffusion and shrinkage to fill the gaps in the material. The process succeeds, but introduces 
cracks in the material (Birchall and Kelly, 1983). Unlike fired ceramics, chemically bonded 
ceramics are processed at low temperatures and use water as a solvent for ions and as a 
medium for their diffusion. The process is similar to that of hydraulic cements (e.g., portland 
cement) where solids set and harden irreversibly in the presence of water. 

Application of chemically bonded ceramics to form a container around the TAU waste would 
probably depend heavily on the waste form. If the waste is converted to a solid monolithic 
form, it might be possible to compact specially prepared powders around the waste. If the 
waste remains in its present loose form, compacting powder around a mold instead of the 
waste, to create a free standing container, might be feasible. A container made of such 
reactive materials as tricalcium silicate, or a mixture of tricalcium silicate and a zeolite, will 
combine with free water, and will also react with carbon dioxide. These characteristics can 
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be advantageous in the repository. Some panel members expressed concerns about the 
permeability of the material, and also about the possible cracking of the material due to the 
development of nonuniform stresses when the material solidifies in contact with moist air. 
However, since the material has been reported to be denser than concrete or cement paste, 
the WCMP decided that the permeability is sufficiently low and would not be a drawback. 
Also, based ·on the fact that inspection under a confocal microscope had failed to reveal any 
changes in a 1/4-inch thick ceramic disk before and after immersing in water, the WCMP was 
assured that the material was not prone to cracking during solidification. 

The WCMP recognized that the application of this concept to the containment of TRU waste 
requires considerable research and development. Also, the installation of a filtered vent in 
each container (a transportation requirement) poses significant engineering challenges. 
Nevertheless, the WCMP evaluated chemically bonded ceramics as candidate ~rials. 

• Fabricabilitv - The fabricability of chemically bonded ceramics is noj difficult on 
a laboratory-scale, but definitely needs scaling up f~oanufacturing a container 
similar to a 55-gallon drum. However, assuming th he ease of fabricability of 
the material under laboratory-scale could be duplic ed on a commerciat scale, 
the WCMP rated the fabricability of this material be similar to that of mild 
steel. {\ 

• Availability - The basic materials useKr making this type of ceramic are certain 
silicates and zeolites ~are widely available, and therefore the availability of 
raw material is compr"e to mild steel and adequate. 

• Fabrication Ca aci - The fabricability of chemically bonded ceramics has been 
limit laboratory-scale, and there are no existing facilities which fabricate 

from these materials. 

0 Status of Technology - The technology needs to be developed for successful 
scale-up from laboratory-scale fabrication of these materials. The WCMP felt that 
a lot of research and development needs to be done in this area, and at best, 
the status of technology for chemically bonded ceramics can be termed as being 
"under development." 

• Cost - Since the material has been fabricated only on a laboratory-scale, it was 
difficult for the WCMP to establish a range of cost for its commercial fabrication. 
It was suggested that since the cost of the raw material is approximately 2 to 
3 cents per pound, a total cost of 1 O cents per pound might be reasonable, 
including the cost of the cold-isostatic pressing needed during fabrication. 
However, there was strong disagreement among the panel members regarding 
the cost of cold-isostatic press, and according to some panel members this step 
could cost as high as 25 cents/pound. Finally, the WCMP agreed that based 
on a conservative estimate of 25 cents/pound for the cold-isostatic press, the 
total cost would be close to 30 cents/pound, which was still considerably lower 
than the cost of mild steel. Since the cross-sectional area required for this 
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material to satisfy DOT Type A requirements is likely to be much more than mild 
steel, the WCM P decided that the lower unit cost of chemically bonded ceramics 
would be offset by the lower amount of material required for a mild steel drum. 
Therefore the overall cost was rated to be similar to mild steel. However, these 
cost estimates should be viewed in light of the uncertainties involved in the wall 
thickness and weight of any container made from this material. 

Mechanical Properties - The WCMP unanimously concluded that in general, the 
mechanical properties of this material would not be any better than that of fired 
ceramics, and therefore rated these to be "much worse" as compared to mild 
steel. 

Gas Generation Potential and Rate - The WCMP readily agreed th~t is material 
will be exceptional in satisfying the requirements for no gas gene on, because 
it does not generate gas by itself, and in addition also absorbs c rbon dioxide 
and, possibly, adsorbs hydrogen as well. Thus, both gas generation potential 
and gas generation rate were judged to be "near 'f!!.:" The WCM P also noted 
that this material might be useful as an effective rckfill in the repository. 

3.9 GLASS 

Glasses are more sensitive to radlaflon than cera~, and this was a concern to some panel 
members. However, given the fac~t t the majority of the isotopes of the elements present 
in the waste inventory are mostly a emitters, the WCMP decided that at such relatively 
low levels of radiation, the sensitivi o glass to radiation should not pose a problem. Another 
concern of the panel members w s the possible increase in the storage room permeability 
resulting from crusEglass rubble after the reconsolidation of waste storage rooms. If the 
small broken chun s f glass cannot be further compressed by lithostatic stress, then a 
tortuous, interconn ed path may develop for flow of brine through the waste stack. 

• Fabricability - The WCMP decided that glass containers were a well established 
technology, and the fabricability is equivalent to mild steel. 

• Availability - The availability of glass was rated to be the same as that of mild 
steel. 

• Fabrication Capacity - Products made of glass are being fabricated widely in the 
U.S., and therefore the fabrication capacity was considered to be the same as 
that of mild steel. 

• Status of Technology - This was considered to be the same as that of mild steel 
because of the same reasons outlined above. 

• Cost - The cost of a glass container was deemed to be similar to mild steel 
pending confirmation of exact cost figures . 
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• Mechanical Properties - The mechanical properties of glass are not likely to 
satisfy DOT Type A requirements because of the brittle nature of glass. 
However, the WCMP felt that if reinforced, glass might be able to withstand DOT 
Type A requirements. 

• Gas Generation Potential and Rate - For reasons similar to those outlined under 
the ceramics discussed earlier, glass was also rated to have a gas generation 
potential or rate near or equal to zero. 

3.10 NONREINFORCED CEMENTS 

The WCMP decided to evaluate cements as a general category instead of considering different 
types of cements (e.g., Portland cement, alumina-based cements, etc.) separ~ because 
the characteristics of all these cements related to the criteria for evaluation are luite similar. 

• 

• 

• 

Fabricability - The fabricability of cements, in general was rated by the panel 
members to be as easy as fabricating mild steel, ·~aps even easier. 

Availability - All basic materials needed for manufaJuring cement containers are 
widely available, and therefore avai~lity was not considered to pose any 
problem. r 
Fabrication Capacity ~mentitious materials are widely fabricated all over the 
U.S. Specific fabrica capability to produce TAU waste containers may need 
to be built depending on the final container design. 

echnolo - The technology is believed to be established well enough 
status of technology equivalent to mild steel. 

• Cost - Assuming a thick-walled structure and a cost of material of 2 to 3 
cents/pound, the total cost of a drum was not expected to be high in comparison 
to mild steel. Some panel members did express concern about the greater wall 
thickness likely to be required for a cement drum iri order to satisfy DOT Type A 
requirements, resulting in increased total cost. However, it was pointed out that 
fabrication does not have to produce a free-standing container. Rather, the 
waste could presumably be suspended in a bag at the bottom of a large tube 
that acts as a mold, and then free-flowing liquid cement poured around it. If 
such a fabrication process is adopted, then it has to be ensured that the density 
of waste in the bag is greater than the density of the liquid cement, otherwise 
there is the possibility of the waste floating up during container fabrication. The 
WCMP noted that this would be a good example of a "formed" container where 
the container will actually gain in strength, if the waste inside it is in monolithic 
form (e.g., shredded and cemented). This method would probably not require 
the extra wall thickness required by a "free-standing" cement container, and 
based on this assumption the panel members estimated the cost to be similar 
to that of mild steel. 
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Mechanical Properties - The mechanical properties of nonreinforced cement 
would be very similar to the ceramics discussed earlier, i.e., brittle and unlikely 
to survive a DOT Type A drop test. Therefore, the WCMP rated nonreinforced 
cement to be much worse than mild steel with respect to its mechanical 
properties. 

• Gas Generation Potential and Rate - Since cement is a porous material, it might 
absorb water leading to potential for gas generation by radiolysis if alpha-emitters 
are in close contact with the water. However, the WCMP assumed very little 
free water present, and rated nonreinforced cement to have low overall gas 
generation potential and rates. The WCMP noted that Portland or alumina-based 
cement will also result in higher pH values of any brine that~ come in 
contact with the containers, thereby causing decreased microbial generation, 
a reduction in the corrosion rate of ferrous materials, and a de ease in the 
solubility of actinides. The one drawback of cements, noted by the WCM P, is 
a possible increase in the corrosion rate of any al~num present in the waste 
caused by the increased pH. r 

3.11 REINFORCED CEMENTS 

A nonreintorced cement container can probably · 4eslgned to meet the DOT requirements. 
However, the payload volume may be small and td:ontainer weight quite high. The primary 
objective of using reinforcements i~-mprove the mechanical properties so that thinner walls 
can be used to satisfy DOT reqt_e~ents, thus increasing usable volume and decreasing 
container weight. Reinforcements that were considered were subdivided into two groups: 

• 
• 

Disc~uous reinforcement (e.g., particulates, transformation toughening, etc.) 
Cont~us reinforcement (e.g., wire, mesh, cage, etc.) . 

3.11.1 Discontinuous Reinforcement 

The WCMP agreed that discontinuous reinforcement of cements would not change the 
fabricability, availability, fabrication capacity, or status of technology in comparison to the base 
material (i.e., nonreinforced cements). Therefore, the WCMP rated all of these properties to 
be similar to mild steel, and hence adequate. 

• Cost - The cost will be a function of the cost of the material used for 
reinforcement. As an example, if rocks are used then cost will be relatively low, 
whereas, if the reinforcement material is carbon fibers, then cost will increase. 
The WCMP estimated that the cost using different reinforcement materials would 
range from 1 to 2 times that of mild steel. 

• Mechanical Properties - The WCMP felt that the mechanical properties of 
reinforced cements would be adequate to meet DOT Type A requirements. 
However, the WCMP noted that there were a lot of uncertainties about shape, 
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wall thickness of the container (which would probably be smaller due to 
reinforcement), and limitations on the maximum payload due to weight of 
container. All of these and their effects on the DOT Type A requirements need 
to be evaluated in detail. 

• Gas Generation Potential and Rate - This will almost be the same as that of the 
base material (i.e., cement) being reinforced, with marginal variation according 
to the gas generation properties of the material used for reinforcement. 
However, due to the reinforcement, the amount of cement required per container 
might be less than that required for a nonreinforced container thereby decreasing 
the total potential for gas generation to an even lower value than nonreinforced 
cement. 

3.11.2 Continuous Reinforcement 

• 

• 

• 

Fabricability - The WCMP judged continuous reinforge ent to be a more difficult 
and labor intensive process than discontinuous reinf cement. Automation of the 
reinforcing process (i.e., forming a cage/mesh, pu mg it in a mold, and then 
pouring concrete around it) is likely to be difficult, nd so the WCMP rated the 
fabricability to range from "more diffi~cto "much more difficult" in comparison 
with mild steel, depending on the tee · e used for reinforcing and the material 
used for reinforcement. 

Availability - There is Qshortage of cements or reinforcing materials, and the 
availability of materialr;~ termed adequate by the panel members. 

Fabric o Ca aci - Facilities are available for fabrication of reinforced concrete 
shape . owever, specific capabilities can be built only after a final container 
has b n designed. 

• Status of Technology - The WCMP had some doubts whether anything similar 
to a fiber-glass cage has ever been fabricated. However, they decided that this 
was more a question of engineering and set-up of fabrication facilities rather than 
technological development. Therefore, the status of technology was termed 
adequate. 

• Cost - There are a wide variety of technologies available for continuous 
reinforcement of cements (e.g., injection molding), and therefore the cost could 
vary over a wide range -- perhaps 2 to 3 times that of mild steel. 

• Gas Generation Potential and Rate - This was rated to be low for the same 
reason as presented under the discussion on discontinuous reinforcements in 
Section 3.11.1. The WCMP also noted that using metallics as reinforcement 
materials should not be a cause for concern from the standpoint of corrosion, 
because a lot of the reinforcing material will be embedded in cement and may 
never come into contact with the environment. In addition, the cement is likely 
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to raise the pH of any brine that might infiltrate through the container, and thus 
retard the corrosion rate. 

3.12 COATINGS 

Although coatings by themselves do not fall under the category of "waste container materials," 
the WCMP considered coatings from the standpoint of providing additional protection to the 
base material used for alternative waste containers. Coatings were subdivided under two 
categories depending on the purpose of the coating: 

• Corrosion retardation for metals and alloys 

• Containment enhancement for structurally weak containers (e.g.ice amics) or 
monolithic waste forms during waste handling and transportation 

After a brief discussion, the panel members agreed that coating metallics (especial mild steel) 
enhances their corrosion resistance. However, this only decreas=e rate of gas generation, 
but has no effect on the gas generation potential. It was also p · ed out by the WCMP that 
coatings are, at best, a temporary retardant on a time-scale of 1 ,000 years. Once the drums 
get crushed upon total reconsolidation of salt, it i~sry likely that part of the base metal will 
be exposed, and thereafter coatings would not be mpletely effective for stopping corrosion 
over a period of 10,000 years. In fact, it is extre I difficult to quantify or justify protection 
by coatings over such a long period of time. In view of these arguments the panel members 
eliminated coatings from any furthl?:luation, but noted that coatings that reduce corrosion 
rates could be a valuable approac rformance assessment studies can quantify the extent 
to which gas generation rates n d to be reduced. The WCMP also noted that certain 
coatings could be bl for enhancing the strength of cementitious or ceramic materials for 
fracture toughness. an example, solidified monolithic waste forms inside a cementitious 
container, may be ted with various materials such as polymers, to assure containment 
during transportation and handling until the WIPP repository is decommissioned. 

3.13 POLYMERS 

A significant problem with polymers is proving their stability over a period of 10,000 years 
under the processes of microbial degradation as well as radiolysis. Obtaining the proof of 
stability will require a substantial investment in research and development, and even then could 
not be guaranteed to be successful. Even if a polymer could be shown to withstand microbial 
attack in the short-term, the validity of such data is questionable over a 10,000 year period, 
because given the time, the microbes have the capability of adapting to new environments and 
attacking the organic materials present. Also, organic materials could break down by other 
mechanisms such as radiolysis, and then become susceptible to microbial attack. The WCMP 
took note of all these drawbacks of polymers, but decided that they have many desirable 
properties (no corrosion, toughness, etc.) to be discarded from consideration. Instead of 
generalizing for all polymers, the WCMP decided to evaluate polyethylene specifically, because 
many of its properties relevant to this evaluation were known. 
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Since status of technology for polymers is quite advanced, the WCM P did not have any doubts 
about the fabricability, availability, fabrication capacity, or the mechanical properties of 
polymeric containers. In fact, TRU waste stored in 55-gallon drums is actually contained in 
90-mil polyethylene liners inside the drums. Although it was estimated that the cost of such 
a container would be 5 to 10 times that of mild steel, the WCMP expected these containers 
to pass DOT Type A requirements. The major concern about the use of polymeric materials, 
as mentioned before, was that the gas generation potential and rates were unknown to panel 
members. Although a lot of information is available about the radiolysis of polymers and a 
substantial research and development effort might not be needed in this area, the WCMP felt 
that these materials would require detailed investigation for microbial degradation before they 
can be used as a container material. 

3.14 OTHER MATERIALS ~ 

Apart from the materials already discussed in Sections 3.1 to 3.13, the WCMP a1Jo examined 
a different material suggested by one of the panel members. 

This material Is based on a 10 to 20-year old technology popul€f known as impregnation 
into metal." The existing 55-gallon drums are impregnated from both sides with a non-oxide 
ceramic containing no free oxygen {such as boron~de) up to a thickness of 0.003 to 0.015 
inch. Since radiation is not a prime concern fo -TRU waste, there are a number of 
alternatives {e.g., manganese oxide, silicon oxide, tc.) that are cheaper. After impregnation, 
the metal surface can be coated wiE polymer {polyvinylidine) for additional protection. The 
impregnation is done by ion-bondin e ceramic to the metal by a proprietary method. The 
purpose of the ion-bond is to co vert the surface of the metal into a ceramic, thereby 
preventing corrosion. 

The WCMP expresO a lot of concerns about this material, especially about its corrosion 
properties when c~ed during the reconsolidation of salt. Although the panel members 
agreed that impregnation could provide corrosion protection for the metal surface {if 
impregnated on both sides), they were very much concerned about the region of 
unimpregnated metal sandwiched between the inner and outer surfaces ot the drum. The 
WCMP argued that after reconsolidation, the drums are most likely to rupture, leaving the 
unimpregnated metal at the center exposed to the corrosive environment in the repository. 
Once unprotected metal is exposed the corrosion process will start, and although the rate of 
corrosion might be low, the impregnation techniques will be rendered ineffective in the long 
run. Another concern of the panel members was about the ductility of the impregnated Jayer. 
Most panel members questioned the ability of this material to withstand the bending stresses 
expected during room closure without developing cracks or exposing unimpregnated metal. 

Overall, the panel members recognized that this could be a very promising material, especially 
for the purpose of reducing the rate of gas generation from corrosion, although it would not 
reduce the total potential of gas generation from mild steel drums. However, it appeared to 
the panel members that due to the proprietary nature of the technology, there was not enough 
information available about the material at this stage for a complete evaluation. Therefore, due 
to the lack of adequate information, the WCM P was unable to decide whether this technology 
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merits further evaluation. If performance assessment studies determine that merely controlling 
the rate of gas generation would ensure that there is no gas generation problem, then this 
could be a very promising material. 

A summary of the results for each material with respect to each evaluation criteria is presented 
in Table H-1. 

D 
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TABLE H-1 

EVALUATION OF ALTERNATIVE MATERIALS 

CRITERIA FOR EVALUATION 

GAS GENERATION 
FABRICATION STATUS OF MECHANICAL 

MATERIAL FABRICABILITY8 AVAILABILITY8 CAPACITY8 TECHNOLOGY• cosr PROPERTIES• POTENTIAL RATE 

Copper & Alloys Same Same D Limited Same 5-Sx Same Low Low 

Titanium & Alloys Much more difficult Same Limited Same 10-20x Same High Low 

High-Nickel Alloys Much more difficult Same None Same 15-35x Same Moderate Low 

Zirconium and Much more difficult Same None Same 35x Same High Low 
Alloys 

~ Stainless Steels Same Same Same 5-Sx Same High Moderate 

Fired Ceramics Much more difficult Same None Appears to 25-30x Much worse Near zero Near 
be same zero 

Chem. Bonded Same Same None Being Same Much worse Near zero Near 
Ceramics ~eve loped zero 

Glass Same Same Same ame Same Much worse Near zero Near 
zero 

Nonreinforced Same Same Same Same Same Much worse Low Low 
Cements 

Reinforced Cements Same Same Same Same 1-2x Probably Low Low 
Discontinuous 

Sam~ 
same 

Continuous Worse Same Same 2-5x Probably Low Low 
same 

Polyethylene Same Same Same Same 5-10x Same Requires Requires 
lnvestiga- lnvesti-

-\ 
ti on gation 

8 1n comparison with mild steel. 
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4.0 CONCLUSION 

The WCM P concluded that the evaluation of five different groups of materials showed that 
there are several candidate materials available which are capable of satisfying the design 
requirements for waste containers to varying degrees. In order to summarize the evaluation, 
the WCMP decided that there are two basic criteria that need to be addressed in detail for 
each one of the evaluated materials. One is the effectiveness of the material for meeting the 
"no gas generation" requirement; the other criterion is whether the material can be fabricated 
into a container satisfying the appropriate transportation and handling requirements. 

The effectiveness and fabricability of different materials would have to be established through 
development programs of varying durations for the different materials. As an example, 
materials like ceramics which are brittle, are likely to take a lot more development time than 
a metal like copper, to establish their fabricability into an acceptable container. ~efore, the 
WCMP summarized its evaluations of alternative materials with respect to the fo .. _ring criteria: 

• Time likely to be needed to establish the effectiveness of the material in meeting 
the "no gas generation" requirement. r,; 

• Time likely to be needed to develop fabrication tekhnology and actually make 
a full-scale fabricated container. 

• Probabiity of success in terms of ttACMP's best judgment that the material 
will satisfy the "no g~aeneration requirement." 

• Probability of succes i terms of the WCMP's best judgment that the material 
can be fabricated int a container satisfying DOT Type A requirements. 

• Cost Efontainer in comparison to mild steel. 

The WCMP assumed that all the brittle materials such as ceramics, cements, and glass will 
be reinforced as required to provide whatever mechanical properties are deemed necessary 
to satisfy the DOT Type A requirements. Thus, all materials evaluated earlier under the 
"reinforced" prefix were not summarized separately, but rather assumed to be included in their 
respective base material groupings. It was noted by the panel members that if DOT Type A 
requirements are to be met, then containers made of metals and polymers would probably 
carry the maximum payload per container. The WCMP also came to the conclusion that any 
research involving microbial gas generation is likely to become a long-term project because 
of the uncertainty associated with microbes. Therefore, whenever possible, all experimental 
schedules for detailed evaluation of materials should be planned in parallel to make the most 
efficient use of time. 

The conclusions of the WCMP are presented in Table H-2. It should be noted that the cost 
figures are taken directly from Table H-1, and do not include developmental costs, or costs 
of building any new facilities which might be required. Also, the estimates of schedules do 
not include programmatic planning time associated with planning of research strategy, approval 
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Time to 
Establish 
Effectiveness 

Copper & Alloysb 1-2 yrs. 

Titanium & Alloys 1-2 yrs. 

High-Nickel Alloys 1-2 yrs. 

Zirconium Alloys 1-2 yrs. 

Stainless Steelb 1-2 yrs. 

Free Standing 0 yrs. 
Ceramicsc (validate) 

Chem. Bonded 0 yrs. 
Ceramicsc (validate) 

Glassc O yrs. 
(validate) 

Cementsc 1-2 yrs. 

Polymers 5 yrs.d 

a Relative to a mild steel container. 

TABLE H-2 
SUMMARY OF RESULTS 

Time to 
Establish 
~Scale Cost 

uct Factor" 

2 yrs. 5-8 x 

2yr~ 10-20 x 

2 yrs. 15-35 x 

2 yrs. 35 x 

0-1 yrs. 5-8 x 

4-8 yrs. ~30x 

3-5 yrs. 1-10 x 

2-4 yrs. 1-10 x 

\\ 
2-4 yrs. 2-8 x 

0-1 yrs. 5-10 x 

Probability of 
Success in 
Establishing 
Effectiveness 

90% 

95% 

97% 

98% 

50% 

99.9% 

99.9% 

99.9% 

99.9% 

Indeterminate 

--\ 
b Uncertainty associated with effect of microbes·- not considered in duration. 
c Reinforced as required. 
d Should be dropped from consideration if effectiveness cannot be proven within 5 years. 
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Probability of 
Success in 
Meeting DOT 
Type-A 
Reauirements 

100% 

100% 

100% 

100% 

100% 

30%-90% 

30%-85% 

20%-90% 

30%-85% 

100% 
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of schedule and budget, etc. The conclusions of the WCM P for each material are discussed 
below. 

Copper 
It would not take a significant amount of time to evaluate the effectiveness of copper in order 
to reduce some of the uncertainties associated with its corrosion. Most experiments will take 
one to two years, depending on the extent of evaluation. However, as discussed earlier, 
copper could corrode if microbes reduce sulfates and nitrates in the repository. It should be 
noted that this uncertainty has not been included in the one to two year estimate of 
experimental duration. Full-scale production can probably be established in about two years, 
and might be done in parallel with effectiveness evaluation. 

The WCMP rated the probability of success for meeting the "no gas generation" requirement 
using copper or its alloys to be about 90 percent. Since this figure was based purely on 
qualitative judgment, the WCMP decided to assign probabilities to all the mate~rials and then 
later compared them to each other in order to be assured that the relative p entages for 
probabilities between different materials were reasonable. The WCM P did n have any 
doubts about the ability of copper to satisfy DOT Type A requirements and rated the 
probability of success at 100 percent. ~ 

Titanium r 
The time to establish the effectiveness of titanium w~ld be about one to two years. However, 
unlike copper, there is no microbial uncertainty wit anium. Some experiments are needed 
at high C02 overpressure in concentrated brine at e maximum temperature expected in the 
repository, and may be conducted at a higher tern rature to accelerate data acquisition. The 
WCM P was confident that these e~_ments could be done in one to two years. The time 
to establish full-scale fabrication car~ity was estimated to be similar to that of copper, i.e., 
approximately two years. 

The probability of sQss in meeting the "no gas generation" requirement for titanium was 
estimated to be 95(.p/rcent. Some panel members expressed concern at this high figure 
because of the high potential for gas generation from titanium. However, it was pointed out 
that the potential and probabilities are quite unrelated. As an example, even though diamond 
has a very high potential for oxidizing, the probability of this actually happening is very low. 
Also, titanium is known to be extremely corrosion resistant in a variety of environments 
because of a protective layer of titanium dioxide, which rapidly forms again if the surface is 
scratched. Although crevice corrosion can occur in brine this normally occurs at much higher 
temperatures than that expected in the repository. Like copper, titanium was not expected to 
face any problems in satisfying DOT Type A requirements and was rated to have a 100 
percent probability of success. 

High-Nickel Alloys 
As mentioned earlier, if these alloys are to be considered as candidate container materials, 
then pitting and crevice corrosion of these alloys needs to be investigated as well as data 
about the equilibrium partial pressure of hydrogen which will stop the corrosion reaction. 
These alloys are extremely corrosion resistant, so that any experiments to quantify their 
corrosion rates will take a long time. In addition, there is also the issue of finding the 
optimum alloy for the given conditions. The WCMP noted these issues, and decided that it 
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would take one to two years to establish the effectiveness of high-nickel alloys. The time for 
full-scale fabrication and the probability of success in meeting DOT Type A requirements were 
judged to be equivalent to that of copper and titanium based materials, i.e., two years and 100 
percent, respectively. Since the rates of corrosion of high-nickel alloys are slower than 
titanium, these were judged to have a slightly higher probability of success for gas generation 
requirements compared to titanium, and rated at 97 percent. 

Zirconium Alloys 
These were considered to be similar to the high-nickel alloys, except that in recognition of their 
exceptional corrosion resistance, these materials were rated to have a higher probability of 
success (98 percent) for meeting gas generation requirements. 

Stainless Steels 
The time for verifying the effectiveness of stainless steel should take no more than one to two 
years. However, like copper, uncertainties about microbial attack are also a~sated with 
stainless steels. These uncertainties are not included in the above estimates for xperimental 
duration. The time for full-scale production would be less than any of the ther metals 
discussed before, because drums are being produced now for~o ercial purposes. Since 
the present production capacity is not at a level required for man uring thousands of drums 
per year, the WCM P estimated a period of approximately one ye r for full-scale production of 
stainless steel drums. Like all metals, the probability for meetin DOT Type A was rated at 
100 percent. The relatively higher corrosion rates ~ainless steel in comparison to titanium, 
zirconium, etc., reduced the probability of success eating gas generation requirements to 
50 percent. 

Free Standing (Fired) Ceramics (2 
The WCMP felt that there was [o ~eed for any experimental studies to establish their 
effectiveness for m~ee· the "no gas generation" requirement. For all practical purposes these 
materials were cons e to have a 99.9 percent probability of success in not generating gas.· 
On the issue of tim quired for full-scale production, a broad range was noted because of 
a wide variety of m terial that can be used. As an example, a lower end material like low 
grade alumina could take a total of four years (two years to develop and another two years 
to scale-up), whereas a higher end material like toughened zirconia could take eight years. 
The same wide range would also apply to the probability of success in meeting DOT Type A 
requirements as well. The WCMP decided that the probability for low grade alumina would 
be about (30) percent whereas it would be considerably higher (90 percent) for a higher end 
material like toughened zirconia. 

Chemically Bonded Ceramics 
The gas generation characteristics were deemed to be similar to fired ceramics, i.e., they also 
were rated to have a probability of success of 99.9 percent and would not require any 
experimental time for verification. For full-scale production, it is conceivable that some sort 
of isostatic pressing technology might be developed quickly (one to two years). Once the 
technology for fabrication has been developed, the scaling up could take two to three years. 
Therefore, full-scale production could take anywhere from three to five years. Since this type 
of ceramics is not as tough as fired ceramics, the WCMP rated their probability of success for 
meeting DOT Type A to be 30 to 85 percent. 

WP:EATF.1991 :R-177S-APPH H-30 

»'t 

'''! 

to11I 

..,,, 

"'" 
lill 

.,,, 
Ioli 



'''" 

-

... 

.... 

-

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Glass 
The WCMP considered the fabrication of glass to be a well-established technology, easier than 
any other ceramic evaluated. Full-scale production of glass containers should take one to two 
years. However, recognizing the fact that glass needs to be reinforced, and that design and 
evaluation of mechanical properties cannot be done in parallel, the WCMP estimated that two 
to four years is probably a more realistic figure for full-scale production. All other criteria (i.e., 
probability of success, etc.) were judged to be equivalent to fired ceramics for similar reasons. 

Cements 
If cements are to be considered as candidate materials for alternative waste containers, then 
the chemistry of exposing cement to brine needs to be investigated in detail. This could take 
one to two years. There is also the need for verifying the stability of cement for 25 years. 
Using some kind of accelerated degradation process, the stability could probably be verified 
within two years. Therefore, the WCMP felt that two to fours years would be a reasonably 
conservative estimate for the full-scale production of a cement container. 

The pmbabllily of success for meeting gas generation requirements was rated ~.9 percent 
provided that proper reinforcements (such as glass) are chosen which do not generate gas 
themselves. For meeting DOT Type A requirements, the WCMrlt that these can be met, 
although a lot will depend on a cost effective compromise betw wall thickness, amount of 
reinforcement, and payload constraints. 

Polymers I\ 
The main problem with polymers is their possibr,aegradation under microbial attack, and 
radiolysis. The WCMP recognized that a given polymer might be effective, and be able to 
withstand microbial attack for 1 O~ years. The difficulty lies in the verification of their 
effectiveness, because short-term s arch data showing lack of microbial degradation does 
not guarantee that such degradati n would not take place over 10,000 years. Since there is 
a lot of uncertainty s· lved, the WCMP decided that if the effectiveness cannot be established 
within a period of ive years, polymers should be dropped from further consideration as an 
alternative waste c iner material. If they are selected, the polymers should not have any 
problem in meeting the DOT Type A requirements, and considering their well-established 
technology, it should not take more than one year for full-scale production of polymer 
containers. 

Coatings 
The WCMP did not discuss coatings with respect to criteria used for summarizing other 
alternative materials, because coatings were considered to be a subcategory of other 
alternatives (a part of the process rather than a container material by themselves). It should 
be noted that these coatings are for surface containment of solid wastes to facilitate handling 
and transportation, and for retarding the corrosion rate of metallics. For example, in the case 
of chemically bonded ceramics there is a possibility of contaminating the powder during the 
process. So an option is to paint or coat the surface to isolate any contamination. Thus, 
coatings should be used when and wherever applicable if it indeed improves the characteristics 
of the container material. 

It should be noted that the information presented in Table H-2 is based on preliminary 
evaluation of these materials, and represents educated estimates rather than precise values. 
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The figures in Table H-2 provide relative estimates of probability of the materials in meeting 
the effectiveness and fabricability requirements for a container, as well as the time required 
to verify these probabilities. The WCM P decided that copper, titanium, high-nickel alloys, 
zirconium alloys, ceramics, glass, and cements were all viable materials which could possibly 
satisfy the design requirements for an alternative waste container. However, there are some 
concerns associated with each material that need to be resolved. 

The WCMP noted that although ceramics and cements have excellent gas generation 
properties, and are inexpensive, waste containers made from these brittle materials are likely 
to have smaller internal volumes due to the thicker container walls required to satisfy DOT 
Type A requirements. This will result in a smaller TRU waste payload per container. In 
addition, if the container weight is heavier than the existing drums, then fewer containers will 
make up the TRUPACT-11 payload, resulting in increased number of waste shipments from the 
storage sites to the WIPP site. These factors can have large impacts on the overall program 
costs beyond the low unit costs required to fabricate the containers. It should ~ be noted 
that with the possible exception of cements, there is no technology present y in place to 
fabricate large containers from the nonmetallic materials. Therefore, the fabri tion of an 
acceptable nonmetallic container that would satisfy the DOT Tyr.p requirements, will very 
likely require long-term research and development efforts. . 

In contrast to the nonmetallics, and with the exception of coppe, there are expensive metal 
alloys (titanium, high-nickel, and zirconium) that ha'Erelatively fewer uncertainties associated 
with them, especially with respect to fabricability, payload volume per container. Once 
their low anticipated corrosion rates are validated under WIPP conditions, these alloys have 
the potential of immediately satisfyi~ design requirements. Whereas, the higher end high
nickel alloys, and the zirconium all ould substantially escalate program costs (roughly $1 
billion, based on 600,000 drums an a cost of $50 for an existing mild steel drum), the WCMP 
felt that lower cost titanium alloys would be adequate for the purpose. Besides, under the 
relatively mild condi~n at WIPP, there is not likely to be any notable differences in corrosion 
properties between t titanium alloys which are relatively inexpensive, and the more 
expensive ones sue as zirconium and higher end high-nickel alloys. 

These results of the WCMP should be used to: 

• Select a few promising alternative materials for detailed testing regarding their 
fabricability and corrosion/gas generation properties 

• Evaluate, with the help of appropriate experiments, the effectiveness of the 
selected materials for meeting the "no gas generation" requirement 

• Design and demonstrate the fabricability of the selected materials (reinforced as 
required) into a container satisfying all transportation and handling requirements 

• Estimate the total cost per container, and impact on overall program cost for the 
selected materials based on the annual fabrication requirements. 
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Thus, the right choice of material would have to be decided by tests on a few prom1smg 
materials for both effectiveness and fabricability, and would also depend on applicable cost, 
schedule, and transportation constraints. 

D 
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Mr. Kresny is the President of Solmont Corporation, and a consultant to IT Corporation, with 
over 33 years of multidiscipline technical and managerial experience in the nuclear industry. 
His background includes engineering and project management involving major nuclear facilities 
and programs, institutional issues resolution between the WIPP project and 23 States, shielding 
and radiation analysis, and nuclear space systems and power plant design. He was also the 
chairman of the WIPP Engineered Alternatives Multidisciplinary Panel. Education: Bachelor 
of Marine Engineering. 

PANEL MEMBERS 

Dr. Barry M. Butcher (Performance Assessment) 

Dr. Butcher is currently the Principal Investigator at Sandia Natl Laboratories (SNL) for 
WIPP programs related to the selection of backfill for the dispo I rooms, development of a 
model for the mechanical and hydrological response of the dispo I rooms, and investigation 
of engineered alternative concepts. He has over 3~ars of experience in investigation of the 
dynamic behavior of materials, and is the author er 30 publications on the subject. At 
SNL, he has held positions as Supervisor of th Stress Wave Research Division, and as 
Supervisor of the Geo mechanics Df<'vi · n providing rock mechanics support to the WI PP and 
Yucca Mountain projects. Educati · B.E., Civil Engineering; Ph.D., Engineering Materials 
(Materials Science). 

Mr. Noel Calkins (C~ic Fabrication) 

Mr. Calkins has 33 rs of experience as a mechanical engineer working in various areas 
of management, re arch and development, and production. The last 10 years of his 
experience have included working in Los Alamos National Laboratory. He has worked 
extensively in the area of fabrication of several materials including metals, ceramics, and 
composites. His process experience encompasses all traditional and non-traditional metal and 
ceramic removal systems, including water jet cutting, ultrasonic impact grinding, free abrasive 
machining (FAM), etc. He also holds patents in the areas of ceramic processing and ceramic 
armor. Education: B.S., Mechanical Engineering. 

Dr. Frank W. Clinard. Jr. (Basic Ceramic Research) 

Dr. Clinard is a Senior Laboratory Associate at Los Alamos National Laboratory {LANL) with 
over 25 years of technical and managerial experience in a variety of areas in materials 
science. His experience in LANL includes 17 years as a Project Leader for research in the 
area of ceramics for fusion reactor application, and as a Section Leader for irradiation effects, 
advanced materials, and physical ceramics. He has also been a consultant to various 
companies in the areas of physical properties of metals, ceramics, polymers, and ceramic 
composites. Education: . B.S., Mechanical Engineering; M.S., Metallurgical Engineering; Ph.D., 
Materials Science. 
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Dr. F. H. Froes (Physical Metallurgy) 

Dr. Frees is the Director of the Institute for Materials and Advanced Processes at the 
University of Idaho, and has been active in the fields of physical metallurgy, powder 
metallurgy, metal matrix composites and intermetallics for over 23 years. Before assuming his 
position at the University of Idaho, he has held various positions supervising research in the 
areas of titanium, aluminum, and superalloys at the Air Force Materials Laboratory in Dayton, 
Ohio. He also holds in excess of 40 patents in Material Science and related fields. 
Education: B.S., M.S., and Ph.D., Physical Metallurgy. 

Dr. Hamlin M. Jennings (Cementitious Materials) 

Dr. Jennings is an Associate Professor in the Department of Civil Engineering and the 
Department of Materials Science and Engineering at Northwestern University. He has 15 years 
of teaching and research experience in the area of cementitious materials. His research has 
included the study of microchemistry and microstructure of various ceramics and cement
based materials using mathematical modeling and transmission electron micros~. He has 
also been a member of the WI PP Cement/Grout Expert Panel which discussee1 he stability 
of cement-based materials in the WIPP environment for a period of 10,000 years. Education: 
B.S., Physics; Ph.D., Materials Science. 

( Mr. Daniel C. Meess (Concrete Container Fabrication) 

Mr. Meess is currently the Design Manager of the Nuclear Waste Department, Illinois LLW 
Project for Westinghouse Electric Corporation.1]; Hs over 15 years of project leadership 
experience in goal-oriented development of ced energy technologies, and the 
management of hazardous, low-level radioactive nd mixed wastes with a focus on project 
management, developmental engin;s· , and technical operations. He was the Project Leader 
for the development, testing, and mercialization of the SUREPAK modules for the safe 
storage and disposal of low-level ra ioactive and hazardous wastes. Education: B.S., 
Mechanical Engineering, and Public Affairs; M.S., Mechanical Engineering. 

Dr. Jonathan Myers~chemlstry) 
Dr. Myers is a Senior Technical Associate at IT Corporation with over ten years of geologic 
and geochemical experience solving technical problems in the field of hazardous and nuclear 
waste management. He has been actively involved in the WIPP and Yucca Mountain nuclear 
waste disposal projects, as well as the Swedish and Canadian waste disposal programs. He 
has also been a member of the WIPP Engineered Alternatives Multidisciplinary Panel, 
chairman of the WIPP Cement/Grout Expert Panel, and a participant in the WIPP Performance 
Assessment Program. Education: B.S. and M.S., Geology; Ph.D., Geochemistry. 

Mr. Rodney Palanca (Waste Handling) 

Mr. Palanca has 27 years of experience with the operation of nuclear submarine and land
based nuclear plants. He attained the rank of Lieutenant Commander in the U.S. Navy, and 
has supervisory and technical experience in nuclear reactor operation and testing, nuclear 
instrumentation and controls, nuclear chemistry and radiological controls, training curriculum 
planning and scheduling. He was also a member of the WIPP Engineered Alternatives 
Multidisciplinary Panel. He is currently a senior engineer in the WIPP Engineered Alternatives 
Group. Education: B.S., Chemical Engineering, plus numerous U.S. Navy nuclear training 
programs . 
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Dr. R. E. Westerman (Metallurgy/Corrosion) 

Dr. Westerman is a Senior Staff Scientist and Technical Leader of the Components Analysis 
Group at the Pacific Northwest Laboratories (PNL). He has 30 years of experience in the 
metallurgical and corrosion research of various materials, and has been involved in nuclear 
waste package development programs since 1977. At PNL, he has led a group involved in 
the selection and evaluation of metallic materials including nickel-, iron-, copper-, titanium-, and 
lead-based alloys, for application to engineered barrier systems for the long-term containment 
of nuclear waste. He has also acted in the capacity of Technical Leader of the chemical 
Metallurgy and Metallurgy Research Sections at PNL, either directing or contributing to a 
variety of programs, including the effect of hydrogen on the mechanical properties of titanium 
alloys and the manufacture and evaluation of alloy steel specimens made by various powder 
metallurgy techniques. Education: B.S., Metallurgical Engineering; Ph.D., Metallurgy. 
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EXECUTIVE SUMMARY 

The total risk associated with various waste treatments is an important component in the 
evaluation of the feasibility of alternatives conducted by the Engineered Alternatives Task Force 
(EATF}. Treatment of the wastes, prompted by the desire to improve long-term performance 
of the WIPP repository, will lead to some increases and decreases in different contributions 
to the total risk of the WIPP. It is the purpose of this study to evaluate numerically the 
balance between the changes in the short-term risk components and compare them to the 
expected improvement in the long-term risks. 

This study evaluates the total risks from treating, handling, transporting, and emplacing waste 
in the WIPP. It then compares the total risks associated with no waste treatment (baseline 
case) with those associated with the four selected waste treatments, carried out at four 
selected site combinations. The total risk of the WIPP operations, as envisaged in the Final 
Supplemental Environmental Impact Statement (U.S. Department of Energy, 199Qff and Final 
Safety Analysis Report (U.S. Department of Energy, 1989a) results in the evalu+tion of 124 
different contributions to the total risk or risk components. These components anse from the 
analysis of 73 scenarios (Appendix I, Section 4.3). The risk=ponents are written in 
mathematical form and their properties for different levels of tre ent activities are studied. 
According to these properties, all risk components are then aled appropriately to the 
treatments selected. Thus total risks of the WIPP for 16 treatment and location options are 
calculated. fJ... 
The comparison of these multi-component quan~s· is not a trivial operation. Only two 
numbers can be compared at one ! and only if they are measured for the same quantity, 
given in the same units. A no rocedure for comparing multi-component risks was 
developed for this purpose, using s me of the tools of Multi-Attribute Utility Theory (Appendix 
I, Section 3). As tznsequence of inserting only risk components as attributes into this 
theory, and due to m special characteristics common to all risk components, a special form 
of utility function is ed. Based on the properties of this function, two related quantities 
are then defined: the consequence reduction index and its inverse, the consequence 
augmentation index (Appendix I, Section 3.2.2). Both indices can be interpreted as the 
weighted geometric average of all contributions to the ·total risk, relative to the same 
contributions to the baseline risk. A reduction index larger than one indicates a decrease in 
overall risk; or, more precisely, in overall consequences, an index less than one, indicates an 
increase. Conversely, a consequence augmentation index larger than one is an indication for 
an increase in overall consequences, whereas an index less than one indicates a decrease 
in consequences . 

These indices are single, dimensionless numbers that can be compared directly. They are 
composites of all the risk components, weighted with a societal valuation of each particular 
component. Thus, a fatality will be weighted differently from an injury or the risk of some 
monetary losses. In deriving these societal valuations, the future application of this analysis 
is taken into account. In Section 6.4 and 9 of the main report, it becomes an integral part of 
the data base needed to decide between the feasibility of different treatment alternatives and 
the plant locations. This is, thus, a technical decision. Into this decision, the societal 
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valuations of different risk components need to be embedded. In the limited scope of this 
investigation it is assumed that there is one decision maker who consults with some experts 
to help him establish his own set of weights {Appendix I, Section 5.1 ). The decision maker 
then uses these weights in the procedure outlined to rank the total risks of the 16 
treatment/location options. 

In most cases, a risk comparison is part of a larger evaluation that will make a decision on 
engineered alternatives based on a number of criteria, among them total risk. The decision 
maker in that process will need to inspect the weighting process and possibly influence it in 
such a manner that it reflects the needs of his own multi-criteria decision analysis. In this way 
he becomes one of the most important members of the circle of experts consulted by the 
decision maker for the risk comparison, decisively influencing the weighting used in the ranking 
of treatment/location options. 

As an additional aid in making this ranking, the relevant standard errors of all p~eters are 
followed throughout the calculation, using algebraic methods of error propagation. The result 
is a set of risk reduction and augmentation indices with standard errors. Two athematical 
criteria are employed to establish significant and insignificant Fi ences between indices. 
More important, however, are the groupings of alternatives a the trends within groups 
established in this analysis (Appendix I, Section 5.1 ). 

The results of the decision maker's evaluation~ shown in Table l-ES-1, where the 
consequence augmentation indices are listed in x 4 array for all 16 treatment/location 
options. The four location options are listed horizo ally in increasing decentralization; the four 
treatment options are listed vert~iin increasing complexity of the treatment. The left 
column lists the consequence aug tion factors for a single treatment center at the WI PP. 
For treatment at the WIPP, trans rtation risks are thus unchanged from the baseline case, 
and the sharp increa~f the indices for Level Ill treatments {Treatment Option 4) reflects the 
rising influence of e reatment risks. For Treatment Option 4, the location dependence 
reflects the rising ence of the transport risks, mostly the reduction in normal traffic 
accidents due to the reduction in the number of transports when wastes are treated prior to 
shipment. The cells with the highest augmentation indices {greatest increase in risk due to 
treatment) have the lightest pattern; those with the lowest indices {here given as inverse 
values, that is, as consequence reduction indices) have the darkest shadings. 

ft!' 

' 

For Level II Treatment Options 1 and 2, the consequence augmentation indices are found to 'l!l J 

be closely grouped with overlapping errors. This signals a near independence from location 
and a general increase in the composite risk augmentation index to 1.5, resulting in an even '' 1

! 

shading of all the cells. 1111i 

For both Level Ill treatments {Treatment Options 3 and 4), clear trends with location are " 1
1 

evident. Level Ill treatments tend to significantly reduce the required number of TRUPACT- ai1I 

11 transports 
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relative to the baseline, untreated waste case. For Treatment Option 3, consequence 
augmentation indices of about 1.6 for treatment at the WIPP decrease to indices of 1.2 for 
decentralized treatment. An augmentation index of 1 means equivalence with the overall 
baseline risk. For Treatment Option 4, this trend is much stronger and the consequence 
augmentation indices range from the lowest to the highest value in the array. For this 
manpower intensive treatment, the increased treatment risk and the reduced transportation risk 
lead to an augmentation index of 2 for treatment at the WIPP, and to reductions with indices 
near 0.8 or 1 /1 .2 for treatment near the originators of the waste. 

In this context, it is important to realize that, although an index larger than 1 indicates an 
increase in consequences, the relationship is nonlinear and does not indicate an increase by 
this amount over the baseline risks. In fact, by virtue of the method used here, no absolute 
risks can be calculated for the treatment/location options. 

For an evaluation of the influence of each consequence component on the value~he index, 
the sensitivity study in Appendix I, Section G.4 lists the factors by which each component 
contributes to the result. These trends and their causes show that the radiologi al risks are 
among the smallest contributions to the total risk, both i~ the base~in risks given in the FSEIS 
(U.S. Department of Energy, 1990a) and in the risk comparison re. This arises from the 
valuation of society, which discounts traffic fatalities and njuries strongly, discounts 
occupational fatalities somewhat less, but puts strong emphasis on radiation injuries resulting 
in cancer and other health effects. The small~ and influence of radiation risks is a 
testimony to effective intervention by health phy s in this respect. Thus the low but 
generally much larger occupational and transporta on accident risks are expected to dominate 
most of the discussion. a 
Thus, in summary, Level II treatmbnt~ lead to an increase in consequences, which is not 
sensitive to the lo~· n of that treatment. Level Ill treatments, on the other hand, are 
sensitive to location v ing from large increases in total risk to moderate decreases. This 
general insight is f be insensitive to most of the biases encountered here; robust even 
with regard to the largest source of bias, the decision maker. 
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1.0 INTRODUCTION 

A key component in evaluating the feasibility of alternatives identified by the Engineered 
Alternatives Task Force (EATF) is the assessment of risk associated with the various waste 
treatments. Waste treatment will increase or decrease some components of the total risk of 
managing and transporting transuranic (TAU) wastes and of operating the WIPP. Most notably, 
decreases in the long-term risk components such as those due to human intrusion scenarios, can 
only be achieved at the price of increasing some short-term risk components, such as cancer 
risks; other short-term components, such as transportation risks, are decreased by some of the 
treatments proposed. It is the objective of this investigation to evaluate the balance of the short
term risk components and to weigh them against the improvements in the long-term risk 
components. 

This evaluation compares the total risks inherent in managing, transporting, ~ emplacing 
differently treated wastes in the repository relative to the baseline risks asso~i-cf ed with the 
shipment and emplacement of "as received" wastes. It also uses current WIPP waste container 
and repository designs. From the many possible treatments of th~astes, a few options were 
chosen to represent the span of characteristics of treated wastes, ith the various components 
of each compared against the "baseline" to arrive at a relative ris reduction factor. One of the 
primary tasks of this comparative risk assessment wAto scale all components of the total risks 
to the level of activity required by the different trea~t options. 

A relative risk assessment of thef!e WIPP operation over its operating lifetime and the 
subsequent post-closure period incl e risks for a variety of operations, incidents, and accidents. 
Most prominent among them are t ose connected with the transportation of the wastes, the 
corresponding hand~ operations, and the emplacement of the wastes underground. While 
these factors are a dr ssed in the "baseline" risk, selection of any waste treatment leads to 
additional risks due handling and transportation, in addition to the risks due to the treatment. 
Consequently, the relative risk assessment must consider all components of the total risk. 

Factors addressed by the relative risk assessment include transportation and occupational 
accidents, exposure to radiation either due to direct external exposure or incorporation of 
radioisotopes by the inhalation or ingestion route, and exposure to toxic chemical agents in the 
wastes. With the exception of traffic and occupational accidents not involving the radioactivity or 
chemical toxicity of the wastes, the risk components are all small. Traffic and occupational 
accidents pose larger risks, but these are essentially on the same scale as accidents in industrial 
operations of similar scope. For all risk components, both routine exposures and exposures 
under accident conditions are addressed and the corresponding risks to the public and the work 
force are considered. These short-term risks are evaluated both during the operational phase and 
as carcinogenic risks in 5 to 20 years. Long term risks are those associated with the hypothetical 
human intrusion event 5,000 years after decommissioning of the WIPP (see discussion of the 
Design Analysis Model in Section 2.4 of the main body of this report). These include the risks 
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to workers involved in human intrusion scenarios and to nearby residents that are. exposed to 
radionuclides released as a result of the intrusion. 

Increased handling due to waste treatment, and thus an increase in the work force, leads to an 
increase in the incidence of work-related accidents, resulting in both occupational injuries and 
fatalities. Among these accidents, forklift accidents are quite prominent because they contribute 
only 1 percent to the incidence of accidents but result in 1 O percent of the injuries with workdays 
lost (U.S. Department of Labor, 1986). Also, some waste treatments will result in an increase in 
the number of TRUPACT-11 shipments to the WIPP (because the treatment increases the weight 
of the waste form, which reduces the number of drums per transport), while others decrease the 
number of transports relative to the "baseline" case of no waste treatment. Of all risk 
components, transportation risks have the largest number of expected fatalities and injuries (U.S. 
Department of Energy, 1990a), and even relatively small increases/decreases will result in 
significant changes of both the short-term and overall risks. ~ 

The transportation risk components consist of the risks of death or injuries in accide~ts involving 
TRUPACT-11 transports, as well as the health effects due to direct ex~ures of the transport crew 
and of the public to penetrating radiations. The two components d to traffic accidents are the 
largest risk components projected for the entire WIPP activity ( .S. Department of Energy, 
1990a). In routine transportation, public and occ~uional radiation exposures are limited to 
persons on or near the highways traveled. In accid scenarios, however, the public at larger 
distances downwind or downstream may also be at risk. For these rare accidents, waste 
treatment may offer significant risk ~ctions if the fraction of wastes that are released as 
airborne particles is minimized. r '\ 
The largest contributi.io to the relatively small radiation risks of the actual disposal operations 
in the WIPP arise fr m irect irradiations of the work crew. These risks are not expected to be 
strongly affected be se the same amount of radioactivity has to be handled and emplaced 
underground, regardless of whether the wastes are treated. In the incident and accident 
scenarios, however, these smaller risk components could be significantly reduced. For radiation 
exposures, the changing risk of cancer as well as of genetic damages is addressed. For 
chemical toxicants, the reduced risks of both cancer and non-cancer health effects due to the 
destruction of Volatile Organic Compounds (VOCs) are discussed. Both the risk to workers and 
those to the public are addressed. 

All components of the overall risk that involve the actual treatment of the wastes will lead to a 
small increase in the number of injuries and fatalities. These risks arise here from routine 
treatment operations and from regular maintenance activities. Both the workers and the public 
are at risk, but it is mostly occupational risks that increase when wastes are treated. This is due 
to the deposition of airborne wastes in the interior of the plant, the filtration, and environmental 
dilution which are expected to reduce public exposures substantially. 
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Routine exposures can be assumed to be low due to the health and safety procedures instituted 
at the treatment facility. The requirements of the As Low As Reasonably Achievable (ALARA) 
concept (International Commission on Radiological Protection, 1959) are expected to be followed 
rigorously. Nevertheless, penetrating radiations will lead to a low-level radiation exposure in the 
workplace and, consequently, an occupational risk of cancer and of genetic damage is assumed 
to exist. Accidental events will lead to an increase of direct external and internal exposures but 
for a short duration only and with a relatively low probability. 

Fugitive emissions of radioactive aerosols from the enclosures of the treatment devices during 
routine operations will lead to a potential incorporation of radioisotopes by inhalation and 
ingestion, resulting in relatively small risks of cancer and genetic effects. The potential for such 
exposures is somewhat greater during routine maintenance operations, although personal 
respiratory protection and the enforcement of strict health and safety rules are expected to keep 
these risks low as well. 

The risk of exposure to volatile chemical toxicants, both carcinogenic and non-clnogenic. in 
treatment activities is expected to be higher than in any other operation because all waste 
enclosures such as plastic bags are opened at one point or anot~uring treatment, allowing 
the volatile organics to escape. Entraining the fumes in ventilating r streams will protect worker 
health, and adsorptive filters in the exhaust will protect the publi . The fraction of gases that 
penetrate to the outside may lead to health ~cts according to the carcinogenic or 
non-carcinogenic action of the toxicants. Escap substantial amounts of VOCs during 
accidental events may lead to increases of these e posures, but again for a short duration only 
and with a low probability of occurr~ 

The basic mathematical operation in evaluating different treatment options and the location of the 
corresponding faci~i · is a comparison of the total risks for two or more different 
treatment/location o tio s. This comparison is made difficult by the fact that the total risk is a 
multicomponent qu 1ty. Numerical comparisons, however, can only be carried out for two 
quantities of the same kind, measured in the same units. Consequently, only comparisons 
between the same components of two total risks are possible, falling short of the goal of 
comparing two total risks. For that purpose, it is useful to apply some of the tools of multicriteria 
decision analysis to risk comparison. Formerly a branch of economics, decision analysis has over 
the last few decades grown into an independent discipline, which offers the basic tools needed 
for an application to the comparison of multicomponent total risks. 

The method chosen here is based on Multi-Attribute Utility Theory (MAUT; Keeney, 1978) but 
modified and adapted to reflect the facts that all attributes are components of a risk and thus of 
a similar nature, and that risks are uncertain quantities, a characteristic that needs attention in 
the process of comparison. In the application of some of the tools of MAUT developed here, 
unusual restrictions and special considerations are imposed on the evaluation, leading to a new 
method of comparing and quantitatively ranking multicomponent quantities such as risks. 
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2.0 BASIS FOR EATF RISK COMPARISON 

2.1 GENERAL CRITERIA FOR COMPARISONS 

The EATF selected 14 combinations of alternatives for analysis, far too many to be subjected to 
a Comparative Risk Assessment. Four forms of waste treatments were selected for assessment 
of risk, primarily to span the range of treatment options. Similarly, multiple choices for the 
location of the Treatment Facilities (TF) are being considered. Four combinations of locations 
were chosen, again more to span the range of options than to represent four proposed or even 
feasible sitings. Since the risks of transporting the wastes are the largest contributions to the total 
risk of WIPP activities, it is important to study a wide range of possibilities in order to be able to 
make use of any significant risk reductions that may arise. 

The scenarios studied comprise all those discussed in the FSEIS (U.S. Departrrdt'of Energy, 
1990a) and in the RADTRAN Ill code (Madsen et al., 1986), except for the ;,·~~~~ intrusion 
scenarios that occur after the WIPP is decommissioned. These were treated using the Design 
Analysis Model (Section 2 of the main body of the report) plu~mplifying assumptions for 
radionuclide transport to the accessible environment. r 
In this analysis, routine operations, maintenance~rations, and accidents are considered 
whenever the treatment requires a change relative e baseline case. Baseline risks are not 
calculated in this study, but instead are taken from e risks discussed in the FSEIS and in some 
cases from the FSAR (U.S. Depart~of Energy, 1989a). Thus a risk comparison involves the 
detailed discussion of a particular e t, once with waste "as received," and once with waste 
treated in accordance with one of t e four options discussed. All other parameters that define 
the risk of the evenrarr kept exactly the same and cancel when calculating the relative risk 
reduction. V 
The risk comparison, therefore, is based on the evaluation of the complete mathematical 
expression approximating the risk and a study of the treatment dependence of each parameter. 
From this discussion, the scaling properties of the risk can be deduced. These properties 
determine how the risk will change when these parameters are given the values characteristic of 
the treated wastes or the treatment of the wastes . 

In the FSEIS, different phases of the overall WIPP activities are distinguished. This procedure 
is not followed here, because to do so would incur efforts outside the limited scope of this study. 
In particular, it is assumed here that the WIPP activities reach an equilibrium phase in which the 
total activity in the wastes produced during a year is the same as the activities of the wastes 
transported, treated, and emplaced in the repository during that year. All risks are, therefore, 
expressed in terms of risk per year of equilibrium operation. 
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2.2 ALTERNATIVES SELECTED FOR ANALYSIS 

Treatment and location alternatives are selected to span the range of options discussed in more 
detail in the main report. 

2.2.1 Basic Considerations 

The baseline case and the treatment/location alternatives selected for evaluation are described u 

here at the minimum level of detail necessary to perform a risk analysis. 

2.2.1.1 Baseline Repository and Waste ("As Received") 

The baseline case for this analysis is the "proposed action" of the FSEIS, and in some cases from 
the FSAR. For the risk assessment, the most important assumptions about the Tsitory are: 

• Each room in a panel is filled with 6,000 drums containing "as received" waste and 
backfilled with crushed salt. G 
After repository closure, all panel and shaft seals fe in place, with crushed salt 

backfill. /\ 

These assumptions do not change with the four tr~ents selected for evaluation. In all four 
cases the1 activity in 6,000 drums F?ieated wastes is assumed to be higher than that for 
untreated wastes, the relative differe being a function of the extent to which radionuclides are 
concentrated during treatment. 

For the ri:;k assess'@, "as received" waste is defined as follows: 

• Sludges have some cement added as solidifying agents in a 208 L (55-gallon) 
drum. However, this does not result in a concrete monolith. 

• 

• 

Solid organics, metals, and glasses are in their original form, wrapped in multiple 
layers of high-density polyethylene inside a 2.3 mm (90-mil) liner in a 208 L 
(55-gallon) steel drum. 

The average drum contains 477 PE-GBq (12.9 PE-Ci) alpha activity and the 
corresponding average activities for emission of beta, gamma, and neutron 
radiation. 

2.2.1.2 Treatment Alternatives For Comparison 

In Section 3 of the main body of this report, 14 combinations of alternatives for waste treatment, 
waste container, backfill, and repository design are discussed. These combinations represent the 

Appendix I 1-5 

'"' 

ilJJ 

lld 

ltJ,f 



•• 

llu 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

range of alternatives that might improve the long-term performance of the WIPP with regard to _ 
gas generation (from anoxic corrosion of steel or microbial degradation of organics) or human 
intrusion. Depending on the aspect that turns out to be most critical, there is thus a set of 
alternatives representing different levels of effort to effect an improvement. The span of 
treatments is represented by the four combinations of alternatives included in this risk 
assessment. 

In Table 1-2-1 these four treatment options are summarized. The alternatives are arranged in 
increasing complexity and effort. Treatment Option 0 is the baseline case involving handling, 
transport, and emplacement of wastes as they are planned today. In Treatment Option 1, sludges 
are not treated at all, but combustibles, metals, and glass are shredded and cemented. 
Treatment Option 2 is basically the same, except that sludges are cemented as well. Treatment 
Options 1 and 2 are, therefore, Level II treatments, which denote a reduction in gas generation 
rates but no change in gas-generation potential. 

Treatment Options 3 and 4, on the other hand, are Level Ill treatments involvingi sorting of 
the waste and a reduction in gas-generation potential by elimination of organics through 
incineration and encapsulation of the ashes by cementation or vi~r:' · ation. Treatment Option 3 
cements the sludges, and after sorting, shreds and cements the m /glass fraction, whereas the 
combustible fraction is incinerated and its ashes cemented. Tr atment Option 4 is the most 
complex treatment considered. It vitrifies the sludge~·ncinerates combustibles and vitrifies their 
ash, and finally decontaminates the metals by mel them with frit, disposing of the metal as 
low-level waste, and sending only the slag enriche in radioactive isotopes to the repository. 

In all of these treatments, the closuQ-erations in the repository are assumed to be identical, 
i.e., the same backfill (crushed sal~ ; used, and the same seals for panels and the entire 
repository are puta place. In this form, Treatment Options 1 and 2 correspond to 
Alternatives 1 and 2 ft e main report, whereas Treatment Option 3 corresponds to Alternative 4, 
and Option 4 to Alt ative 8. 

2.2.2 Process Descriptions for Treatment Alternatives Selected 

The process descriptions given here are generic, based on general information and on some 
details available from similar processes . 

2.2.2.1 Shred and Cement Combustibles, Glass, and Metals 

Risks are calculated using the following approach to shredding and cementing as one approach 
to waste treatment. Waste will be removed from the drums, sorted if necessary, and gravity fed 
into a shredder. Shredded waste will then be loaded into a feed hopper. Shredded waste and 
portland cement will be simultaneously loaded into 208 L (55-gallon) drums, and mixed with an 
in-drum mixer. This device consists of a motor and shaft attached to the drum in place of a lid. 
The shaft goes into the waste/cement mixture and rotates to form a homogenous waste form. 
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The mixer is removed and drum lid installed. The shredding process results in an increased 
waste loading of 20 percent, with the cement occupying the void space within the shredded 
waste. The average weight of a processed drum is approximately 430 kg (950 lbs). This final 
waste form can be described as shredded waste encapsulated in cement. 

2.2.2.2 Cement Sludges 

Treatment risks assume the following approach to cementing sludges. The sludge is removed 
from the drums and pulverized into a granular form. The granular sludge is then mixed with 
cement either as an in-drum procedure or as a batch process. Cementing sludges will not result 
in a volume reduction. It is assumed that the volume of added cement is equivalent to the void 
spaces that exist in the sludge prior to reprocessing. The average weight of a processed drum 
is approximately 350 kg (760 pounds). The final waste form can be described as a concrete-like 
monolith with a homogeneous distribution of contamination. The material will be indistinguishable 
from cement within the monolith. For newly generated sludges this process is ~dy in use. 
There may be a need for refining the process to meet particular specifications. For +tared waste 
a new process would be required. 

2.2.2.3 Incinerate and Cement Combustibles 

Risks are evaluated based upon the following ;;:,cedure for incinerating and cementing 
combustibles. Waste is removed from the contain sorted, and fed into a shredder. After 
shredding, the waste will be directly fed into the i cinerator. Incinerator ash is collected and 
mixed with cement either as an in-dEprocess or as a batch process. This process results in 
an increased waste loading of thr one. The average weight of a processed drum is 
approximately 480 kg (1,050 lbs). T e final waste form can be described as a concrete block with 
a homogeneous dis~tion of contamination. The ash will be indistinguishable in the cement 

block. ~ 

2.2.2.4 Vitrify Sludges 

Risks are less well defined for vitrifying sludges because the process is not fully demonstrated. 
For newly generated sludges it may be possible to add a melter to the end of the process that 
generates the waste. For stored waste, the process is new. The sludge will be removed from 
the drums and pulverized into a granular form that can be fed into a microwave melter. Once 
processed, drums filled with melted sludge are removed from the microwave cavity and stored 
until cool. This process results in an increased waste loading of 9.1 to 1. The average drum of 
vitrified sludge weighs approximately 450 kg (1,000 lbs). The final waste form can be described 
as a borosilicate glass nugget. The sludge will be indistinguishable within the glass. 
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2.2.2.5 Incinerate and Vitrify Combustibles 

Waste will be removed from the containers, sorted, and fed into a shredder. The shredding 
process will be the lead-in for the incinerator. After incineration, the ash will be collected and fed 
into the vitrification process. The vitrification process will consist of feeding ash into a microwave 
melter in a continuous or batch mode. Drums will then be removed from the microwave cavity 
and allowed to cool. This process results in an increased waste loading of 13 to 1. The average 
drum of processed waste is approximately 520 kg (1, 150 pounds). The final waste form can be 
described as a borosilicate glass nugget. The incinerator ash would be an integral part of the 
glass. 

2.2.2.6 Decontaminate Metals and Glass by Melting 

The beginning of this process will involve removing all metallic compon~ from the 
combustibles. This involves a sorting process in which drums will be emptied ant all metallic 
components removed for decontamination. The remaining waste would be removed for 
incineration and vitrification (see Treatment Option 4). The cEmination from the metal 
components would be homogeneously contained within a borosilic lass nugget. This process 
involves melting metals and a preferential migration of the radian elides into the slag material 
(borosilicate glass). The metallic waste is eliminatet!;,om the waste inventory with this process. 
The process results in an increased waste loading 4 to 1. In the final product, the waste is 
in the form of a slag instead of a metal. The a erage weight of a drum containing slag is 
approximately 520 kg (1, 150 lbs). a 
2.2.3 Location of Treatment Plants ~e~cted 

The risk assessmentrofdie Engineered Alternatives considers the different numbers and locations 
of treatment plants t~ovide insights into the influence of these parameters on risk. According 
to the FSEIS, the transportation risk is the largest component of the total baseline risk. For each 
treatment option, the location options are varied from a single, centralized treatment facility 
located at the WIPP to a relatively decentralized option with local treatment facilities at all larger 
generator sites. The actual sites are chosen so as to best represent the multitude of possible site 
combinations for calculational purposes only. No other considerations were taken into account. 
If treatment should be required in the future, other influences and aspects would determine facility 
locations. The sites considered here are: 

Idaho National Engineering Laboratories (INEL) 
Rocky Flats Plant (RFP) 

• Hanford Reservation (HAN) 
Savannah River Site (SAS) 

Appendix I 

Los Alamos National Laboratories (LANL) 
Oak Ridge National Laboratories (ORNL) 
Nevada Test Site (NTS) 
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Argonne National Laboratories - East (AN L) 
• Lawrence Livermore National Laboratories (LLL) 
• Mound Laboratories (MOUND). 

Four facility siting options are described in Table 1-2-2. Only waste shipments from these ten 
originators will be considered in the risk assessment. 

Location Option 1 (Figure 1-2-1) has one treatment facility at the WIPP where all wastes are 
processed. This option corresponds to the baseline case as every waste generator currently 
plans to send its waste to the WIPP in an untreated state. Location Option 2 (Figure 1-2-2) has 
three regional treatment facilities located at the WIPP, Rocky Flats Plant, and the Idaho National 
Engineering Laboratory. The INEL processes its own waste as well as the waste generated at 
Hanford. The RFP processes only its own waste and the WIPP site all other wastes. 

Location Option 3 (Figure 1-2-3) has five treatment facilities. The WIPP processdwaste from 
smaller generators such as LANL, LLL, and NTS. The SRS acts as a regional tr~alment facility 
in the east and services ANL, MOUND, and ORNL facilities. The RFP, INEL, and HAN sites all 
treat their own waste before shipment to the WIPP. C 
Location Option 4 (Figure 1-2-4) has seven treatment facilities, on~ at each of the major waste 
generators. Only smaller waste generators such as Af\. MOUND, NTS, and LLL would ship their 
wastes directly to the WIPP for processing. r 
2.3 SCENARIOS SELECTED FOR K COMPARISONS 

Both routine and accident exposur scenarios are considered in the risk comparison. The 
following descriptiontz either summarized from information in the FSEIS or used in the analysis 
of the new treatmen ri s. No credit is taken for recently improved operating procedures, such 
as the use of a vent ood during the unloading of the TRUPACT-11 containers . 

2.3.1 Routine Scenarios for Baseline Risks 

Routine scenarios, denoted here by the letter N, describe the day-to-day exposures to radiation 
and chemical toxicants. 

2.3.1.1 Routine Scenarios for Handling and Disposal at the WIPP 

For this assessment, routine exposures are those that occur without detection by the radiation 
monitoring devices such as the Continuous Air Monitors (CAMs). Routine inhalation exposures 
that occur during waste handling operations are considered to be a continuous, chronic exposure, 
and workers are assumed as taking no respiratory protection. 
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TABLE 1-2-2 

LOCATION OF TREATMENT FACILITIES 

LOCATION 
OPTION INEL HAN RFP LANL ORNL SAS WIPP 

1 x 

2 x x x 

3 x x x x x 

4 x x x x x x 1 x 

x - Denotes the presence of a treatment facility. 
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2.3.1.1.1 N 1 Routine Exposure Scenario 

Drums may contain surface contamination at levels below those defined in the Waste Acceptance 
Criteria (U.S. Department of Energy, 1989b). Through routine handling, some contamination can 
be mobilized and suspended in the air. Occupational exposure results from inhalation and 
deposition of the suspended particles in the lung. Public exposures result from suspended 
particles which penetrate the High Efficiency Particulate Air (HEPA) filters and escape to the 
outside environment. 

2.3.1.1.2 N2 Routine Exposure Scenario 

In this scenario, a drum is perforated before it reaches the Waste Handling Building (WHB). 
During handling, but before assay and certification, small amounts are released from the drum, 
resuspended in the air, and subsequently inhaled by the work crew, resulting in a~o upational 
risk. Again the public may be exposed to the particulates that escape depositio n the HEPA 
filters resulting in the public risk component. There is no further risk after the dr m has been 
assayed and certified, as it is assumed that any perforation is detected by these procedures and 
remediated by overpacking. Recent changes in procedures (vent ~d) significantly reduce this 
small risk. r 
2.3.1.1.3 N3 Routine Exposure Scenario {),._ 

This scenario is identical to N 1 except that the routi/;; e~posure occurs underground and results 
in both occupational and public risk~ponents. 

2.3.1.1.4 N4 Routine Exposure scina~o 
This scenario incorOtes the risk from external radiation during the unloading, assay and 
certification, and tra~rt procedures in the WHB. All other elements of the scenario are the 
same as for Scenario N1. 

2.3.1.1.5 N5 Routine Exposure Scenario 

This scenario is identical to N4 except that the routine external exposure occurs underground 
during the unloading, transport, and disposal operations. 

2.3.1.2 Routine Scenarios for Waste Transport 

The routine exposure scenarios for the TRUPACT-11 transports are those evaluated in the 
RADTRAN-111 code (Madsen et al., 1986). They consist of a number of public and occupational 
exposure models designed to evaluate radiation exposures below regulatory limits for the general 
population. These models are used as baseline scenarios . 
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2.3.1.2.1 Routine Public Exposures Near Road Taken by the TRUPACT-11 Vehicle 

The public living or working in close proximity to the roads traveled by the TRUPACT-11 transports 
are routinely exposed to the low-intensity penetrating radiations emitted by some of the 
radioisotopes in the wastes. Exposures depend on the distance from the road, the speed of the 
transport, and the population density along the road for rural, suburban, and urban sections of 
each route used. 

2.3.1.2.2 Routine Public Exposures During Stops 

During stops, due to regulation breaks or caused by road conditions, a small portion of the public 
will be in relatively close proximity of the TRUPACT-11 transport, and will be exposed to the 
low-level penetrating part of the radioactivity in the wastes. These exposures can be of 
somewhat lengthy duration but are distributed among relatively few persons. 1 
2.3.1.2.3 Routine Exposures Due to Public Traveling in the Opposite Direction 

The publi.c traveling in vehicles in a direction opposite to that of the~UPACT-11 transport is also 
exposed to the penetrating radiations from the wastes. These lofi~~el exposures are of very 
short duration due to the high relative velocities ~j,\~urce and receptors, and take plac13 at 
relatively large distances, depending on the type ofrd. 

2.3.1.2.4 Routine Ex osure Due to P lie Travelin in the Same Direction 

Again, an exposure of the public to he low-intensity penetrating gamma and neutron radiations 
of source radioisotopf1in the wastes occurs. In this case, however, the exposure times may be 
considerably longer u to the low relative velocities and the proximity of the vehicles during 
passing. 

2.3.1.2.5 Routine Exposure of Crew During Transport 

During most of the time spent in transit, the crew is exposed continuously to the penetrating 
radiations emanating from the wastes in the TRUPACT-11 containers. Although still relatively low, 
considerably below occupational exposure limits, theirs are among the highest individual 
occupational exposures. 

2.3.1.2.6 Routine Exposures of Warehouse Personnel 

Warehouse personnel at both origination and destination points are exposed to the penetrating 
radiations of up to a full load of drums, however, without the shielding effect of the TRUPACT-11 
walls. This is mitigated by a larger distance and potentially some shielding required by health and 
safety regulations and ALARA concerns. 
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2.3.2 Accident Scenarios: Assumptions and Descriptions 

In this analysis, accidents are assumed to produce short exposures because extensive health and 
safety precautions are in place and assumed to be followed. Each accident scenario considered 
directly or indirectly by the risk assessment in the FSEIS will be described briefly here. 
Conservative assumptions are made with respect to the amount of radioactivity or chemical agent 
released per accident and the fraction available in respirable form. The assumptions made are 
uniformly on the conservative side leading to a bias in risk comparisons by overestimating the 
accident risks. No credit is taken for the measures planned for mitigation and control of the 
accident consequences. A dose calculation and a risk assessment are then made for each 
accident scenario postulated. Risks are calculated for both the public and occupationally exposed 
persons. Only accidents considered by the risk assessment in the FSEIS will be described, as 
others have been discounted because of extremely low probability of occurrence or because no 
release is postulated. 

2.3.2.1 Accidents During Handling and Disposal 

The accidents during handling and disposal are those denoted by ~etter C in the FSEIS. The 
descriptions are given only in the detail required for a risk compa'fon. 

2.3.2.1.1 Drum Oro from a Forklift in the WHB C 

With a certain frequency, a waste drum will be dro ed from a forklift in the WHB. Waste drums 
are Type A packages and are desig~ withstand a 4 foot drop without being damaged enough 
to release activity. However, it is ~f'~s~~rvatively assumed in the FSEIS that the drop results in 
the loss of the lid, the inner plastic liner tears, and part of the drum content is spilled. Of the 
wastes spilled, a fra~ is suspended and available in inhalable form. The drum is assumed to 
contain the 477 PEG (12.9 PE-Ci) cited as the average alpha radioactivity per drum. It is 
further assumed th the Waste Acceptance Criteria (WAC) limit of 5 percent of the total 
radioactivity in the drum is contained in the one weight-percent of particles with diameters less 
than 10 µm. Particles greater than this size are not considered to be respirable. Resuspension 
is assumed to cancel the depletion of activity in the room air by sedimentation or plate-out, so the 
total amount of suspended radioactivity in the room air reaches an equilibrium value. Between 
the WHB and the outside, HEPA filters are on-line that would reduce the source term to the 
environment by a factor of about one million. 

Worker doses are estimated assuming established operating procedures and facility design. It 
is also assumed that the workers in the immediate area will respond as trained and immediately 
evacuate the area. The contamination will spread slowly and the internal deposition is, therefore, 
not considered to be part of the exposure. Where applicable, these assumptions will be 
transferred to other scenarios. 
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2.3.2.1.2 Two Drums Punctured bv= Forklift, One Drum Dropped in the WHB (C3 Accident) 

It is postulated that a forklift accidentally punctures two drums with its forks and the lid of a third 
drum falls off as it falls from the stack. Withdrawing the forks from the drums is not advisable but 
is assumed to happen. For the drum with lid loss, a C2 scenario is involved; for each of the 
punctured drums another fraction of the waste is spilled, but from then on the probability of 
suspending an inhalable fraction of the activity and other assumptions are the same. 

2.3.2.1.3 Transporter Hits a Pallet in the Underground Storage Area (C4 Accident) 

A transporter is assumed to hit a pallet of waste drums in the underground storage area, causing 
the drums to fall. As in the C2 scenario, it is conservatively assumed that the lid of one of the 
drums is knocked off and the inner liner tears. This accident is identical to the C2 scenario with 
the exception that it occurs underground. HEPA filters are not assumed to be on-li~s they are 
assumed not to be activated by the radiation detection instruments. Workers dow tream from 
the accident would receive an inhalation dose. This part of the assessment di fers from a 
C2 accident above ground in that there is a higher rate of air flow Ei · the repository and there 
is probably a longer distance between the point of release and th orkers. It is assumed that 
the plume is homogeneously distributed in a volume equal to 4. by 3.5 by 6.1 cubic meters. 
Conservatively, the workers are assumed to not be w/\ring a respirator and to be in an area not 
normally occupied. r 
2.3.2.1.4 Drum Oro s from Forklift i e Under round Stora e Area C5 Accident 

This accident and its ramifications a e bounded by the previously described C4 'scenario. 

This scenario is identical to the C3 accident scenario except that it occurs underground and that 
the HEPA filters are assumed to be off-line. It is further assumed that a depletion of activity 
occurs by plate-out and sedimentation before release to the environment. The subsequent risk 
to the public can be calculated from this information. The occupational worker exposure is 
modelled after the C4 accident scenario. 

2.3.2.1.6 Fire Within a Drum Underground (C10 Accident) 

Spontaneous ignition within a drum is postulated to occur only in the Underground Storage Area, 
because the probability rate is very low and the residence time in the WHB is brief. It is not 
assumed that such an event would spread to adjacent waste drums. It has been estimated that 
the probability of spontaneous ignition within a drum is less than 1 per 1.8 million drum-years. 
The drum involved in this accident is assumed here to have an average radioactivity content, 
contrary to the FSEIS which assumes a total alpha activity, in excess of 37 PE-TBq (1,000 
PE-Ci). The spontaneous ignition is postulated to suspend some of the radioactivity content into 

Appendix I 1-19 

I' 'I 

•• ,1 

fl I 

'"' 

.... 1 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

the air underground. The deposition rate is high due to the fact that the suspended particles are 
in a heated state and will react with the cooler surfaces within the facility. The release to the 
environment and thus the amount of activity available for public exposure is estimated, assuming 
no HEPA filtration. There is no occupational dose postulated for this event because the waste 
is emplaced and stored downstream from the workers. 

2.3.2.2 Accidents During Waste Transports 

The accidents described here are the scenarios given in the RADTRAN code used in the FSEIS 
for TRUPACT-11 transports. 

2.3.2.2.1 Direct Consequences of Traffic Accidents 

Traffic accidents, involving a TRUPACT-11 transport, its crew, and members of the p~b · and their 
vehicles are the largest contribution to the total risk of WIPP operations (U.S. partment of 
Energy, 1990a). The number of traffic fatalities and injuries is directly related to t e number of 
transport-kilometers and is thus sensitive to the location of the Treatment Facilities. These are 
the consequences of typical traffic accidents, not modified in an6ay by the radioactivity or 
chemical toxicity of the cargo. r 
2.3.2.2.2 Nondis~ersal Trans~ortation Accidents h. 
Nondispersal accidents mainly constitute a source of penetrating radiation with a limited range 
of significant exposures due to the ~ease of radiation dose rate, roughly with the inverse of 
the square of the distance. In rare as s, close-in exposures may be incurred that cause early 
and late health effects such as radi tion sickness, cancer, somatic, and genetic effects. Here, 
the averages for acc_Mt severity, taken over the entire waste transport system and given in the 
FSEIS, are assumev 

2.3.2.2.3 Transportation Accident with Waste Dispersal 

In this scenario, an average over large parts of the transportation system is assumed for the 
typical severe accident with an atmospheric suspension and dispersion of a fraction of the wastes 
(see U.S. Department of Energy, 1990a). Dispersion will subject the public to inhalation 
exposures and to direct exposures due to airborne radioactivity and activity deposited on the 
ground. 

... 2.3.3 Routine Scenarios for Treatment Options 

... 
The modular composition of the TF allows the relatively simple evaluation of the risks for routine 
operations and maintenance. The same standards for health and safety, as well as ALARA, used 
for WIPP operations are assumed here also. Similarly, exposures to volatile chemicals are limited 
by forced ventilation, filters, and chemicals traps. 
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2.3.3.1 Occupational Accidents Typical of Industry 

Risks of occupational fatalities and injuries are evaluated for the crew of the TF and the WHB. 
As no direct incidence data are available, information for similar industries are used. With forklift 
movements an integral part of the operations in handling the wastes, forklift accidents are given 
special attention. 

2.3.3.2 Routine Radiation Exposures During Normal Operations 

For routine operations with each one of the treatment devices for different waste forms, exposures 
to penetrating radiations are incurred. Shielding designed to satisfy health and safety criteria 
reduces this exposure to ALARA levels, taking into account duration of treatment and time-motion 
studies for the device. 

Despite airlocks, some low-level airborne activity is assumed to escape from the ef ure of the 
device and inhaled and ingested by unprotected workers outside the enclosure. Risks are 
evaluated by calculating Cumulative Effective Dose Equivalents (Es). The activity levels in 
air are assumed to be minute because they are low enough not e detected by any of the 
monitors. After passing through the HEPA filters, the residual airb rne activity, further diluted by 
atmospheric dispersion, can lead to low exposures~he public. Similarly, fugitive emissions 
from the device enclosures are assumed to le o occupational exposures. Residual 
concentrations of voes after passing through filter and traps are carried outside the plant and 
are attenuated further by atmosphe~ispersion, leading to very small public exposures to 
chemical toxicants. r \ 
2.3.3.3 Routine Ex os res Durin Normal Maintenance 

In routine maintena , both external and internal exposures occur. External exposures arise 
from the surface contaminations of device and enclosure. Internal exposures occur by 
penetration of or bypassing of the respirator and by ingestion. The CEDE is the quantity needed 
to evaluate the risk of cancer and genetic effects. Resuspended activity, after passing through 
HEPA filters and diluted by environmental dispersion, will lead to some public inhalation 
exposures. The routine exposure to chemical agents during maintenance will be very low 
because treatment will reduce the presence of voes to negligible levels. 

2.3.4 Accident Scenarios for Treatment Options 

Due to the limited scope of this study and the effort required for the accident risk assessment of 
the six treatment devices and the appropriate accident scenarios for each, accidents in the TF 
are not considered in this study. Routine exposures to radiations and chemicals, as well as non
radiation, non-chemical work accidents typical of this type of industry are the only contributions 
to the risks of treatment taken into account. Neglecting the accident risk will lead to an 
underestimate of the treatment risk, and will thus introduce a bias in favor of the treatment options 
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over the baseline case, although the bias is not considered severe enough to invalidate solid 
conclusions. 

2.3.5 Human Intrusion Scenarios 

The repository in an undisturbed state poses no direct risk of significance to man or environment 
(U.S. Department of Energy, 1990a, 1990c). Human intrusion is needed to bring noticeable 
amounts of radioactivity or chemicals to the surface. 

2.3.5.1 General Considerations 

Human intrusion scenarios are based on the assumptions discussed in Sections 2 and 4 of the 
main report. Most important for the risk comparison are the following characteristics: 

• The intrusion occurs 5,000 years after decommissioning of the repos1-

The hydraulic conductivity of the waste/backfill composite is the weighted geometric 
mean of the waste forms and backfill properties. C 

• The borehole conductivity is 1·10·3 meters/second (clein sand/gravel) obtained from 
Table 2-2 in Freeze and Cherry (1979). /'J.,_ 

• Waste element solubilities have been ast:m~d to be 1 •1 O -6 mol/liter from Table 3-1 O 
in Marietta, et. al. (1989)a 

The three scenarios used here are bes:ribed in detail elsewhere (Marietta, et al., 1989). The 
details relevant for a~ assessment are given here. 

2.3.5.2 The E1 Sce~o 
The E1 scenario, shown schematically in Figure l-2-5a, assumes a borehole penetration through 
a waste-filled panel and continuing into or through a pressurized brine pocket existing in the 
Castile Formation underlying the repository. Afterwards, the drillhole is assumed to be plugged 
near the surface and just above the Culebra aquifer. Risks to man arise from three sources: 
drilling, cuttings in the drilling mud from the repository exposing the drilling crew directly; wind 
erosion of the dried drilling mud leading to an inhalation exposure of the nearby public; and 
radioactive wind and/or brine contaminating the Culebra aquifer and a stock well drilled into it. 
This results in contaminated beef and an ingestion exposure of the public. 

The model for the drill cuttings is straightforward, as is the model for the wind erosion of the 
dried-up mud pool and the subsequent atmospheric dispersion. The relevant quantity in both 
cases is the activity contained in the cross-section of the borehole and the depth of the repository 
(3 drums). Pressurized brine flows through the borehole and through an ellipsoidal volume of the 
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wastes, transporting additional activity to the surface (see Section 2.2 and Appendix B.18). The 
contamination of the Culebra aquifer is modeled using a parametric equation relating flow rate 
through the waste/backfill composite to the hydraulic conductivity of the composite. This equation 
was developed for Section 2.2 of the main report using data from a transport model (Reeves et 
al., 1986). 

2.3.5.3 The E2 Scenario 

Scenario E2, shown in Figure l-2-5b, assumes a borehole penetrating just into the repository, not 
passing through. After penetration the borehole is assumed to be plugged, once near the surface 
and once above the Culebra aquifer. The scenarios exposing the drilling crew to direct radiation 
from the drill cuttings in the mud, and the subsequent public exposures are essentially 
unchanged. The scenario leading to the contamination of the Culebra aquifer is modeled using 
an analytical solution for the radial flow equation through a porous medium, ~ulating the 
borehole and the panel as concentric circles (Walton, 1989). The model is discu ed in more 
detail in Section 2.2 of the main report and in Appendix B.18. The same model s in the E 1 
scenario is used to estimate the contamination in the Culebra aqu~and the stock well. 

2.3.5.4 The E 1 E2 Scenario r 
The E1 E2 scenario, shown schematically in Figure 1-./\c, assumes a combination of the first two 
scenarios; two boreholes penetrate the repository irf'(h; same panel. One borehole provides a 
pathway for brine flow from the C;raa· Formation brine pocket directly into the panel. After 
drilling through the repository and th ine pocket, it is assumed to be plugged near the surface 
and between the repository and th Culebra. The other borehole provides a pathway for the 
contaminated brine t~r ach the Culebra aquifer, as it is plugged near the surface and above the 
aquifer. Both bore ole provide separate sources for the exposure of the drilling crew and 
subsequently of the lie by activities derived from drill cuttings. The contamination of the 
Culebra occurs by way of a flow path from the E1 borehole through the wastes to the E2 borehole 
and up to the Culebra. The model for the contamination of that aquifer and the stock well is the 
same as the one used in scenario E1. 

2.4 ASSUMPTIONS FOR RISK ESTIMATES AND COMPARISONS 

The assumptions presented and discussed in this section are limited to those that apply to all risk 
models in this study. More detailed assumptions are made the the need arises. 

2.4.1 General Assumptions 

Risk components may be dependent on several variables. These include treatment options. 
location options, routine scenarios, accident scenarios, and human intrusion or late effect 
scenarios. Variables such as routine and accident scenarios use the baseline cases as detailed 
in the FSEIS as a basis for comparison (U.S. Department of Energy, 1990a). As stated before, 
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the baseline cases for the human intrusion scenarios are those of the main body of this report. 
Treatment and location options vary the risk components but again the baseline case is used as 
a basis for comparison. 

This study uses the same information given in the FSEIS when describing accidents, events, 
locations, severities, environmental conditions, and dose-effect relations. As in most of the 
FSEIS, risks are given as risks per year of operation, but they refer to the equilibrium phase. 

The following assumptions are made for the purposes of the risk comparison mostly due to the 
limited scope of this study or due to lack of information on baseline risks. 

• Only CH-TRU waste is considered; RH-TRU waste is not included. 

• 

• 

All CH-TRU waste is exclusively transported by truck . 

Risks are estimated for the equilibrium phase of operations only. 

All waste is shipped and handled in 208 liter (55-gallo~ums; no other packaging 
is considered. ·ru• 
No drums with more than average alphJ:\tivity 477 PE-GBq (12.9 PE-Ci) and the 
corresponding beta-, gamma- and neut~ctivities are taken into account. 

t'ff 

,,,,, 

,,,,, 

f' '111' 

Maximally exposed indiQals are not specifically analyzed; they are, however. fl'' 
included in the averaginf ~ ••it 

Somatic t"ts of radiation other than cancer are not evaluated. 

• Human intrusions scenarios lead to the only post-closure effects considered. 

• The FSEIS, the FSAR, and corresponding calculation briefs are the only sources used 
for calculation of baseline risks. 

A constant value is assumed for the annual rate of activity emplacement in the repository. The 
annual rate of activity emplacement is an important factor for radiological risk assessment. 

2.4.2. Treatment Assumptions 

,, ,, 

,,,, 

ti,, 

A treated waste has properties different from those of untreated waste resulting in changes of ,.,, 
radiological risks. However, the following simplifications will be assumed: 

• The gamma radiation spectrum and the neutron spectrum emitted by the variety of 
isotopes do not change with the waste form. 
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The treatment of the waste is assumed not to affect isotopic leachability or isotopic 
composition. 

• There is no attenuation of gamma radiation within the waste or its containment. 

• The particle spectrum and the mean aerodynamic diameter of inhalable aerosols 
generated in an accident does not change with waste treatment, although the number 
of particles does. 

All of these assumptions are basically conservative or at least neutral, because they apply to 
treated and untreated waste alike. However, due to their sometimes overly conservative nature, 
these assumptions do introduce biases, so that they should be eliminated, if possible. The 
spectra and the source-absorption of the gammas are conservative assumptions that can be 
removed by relatively simple calculations. The latter are not done here becaus*'ef he limited 
scope of the study. The assumption of the generated particle spectrum being i ependent of 
waste treatment is borne out by the empirical particle generation model used here nd thus has 
a low priority for replacement. The assumption of constant leachability, however, is more difficult 
to replace because, due to the preliminary nature of the treat~t descriptions, the waste 
properties are not known sufficiently well. Note that it is a conservrve assumption, which does, 
however, lead to an anti-treatment bias. 

2.4.3 Location Assum~lions P.. 
The baseline case, transportation~· s received" waste only, is the same as the Location 
Option 1, with the TF at the WIPP nsequently, transportation risks are the same in both 
cases. Other options involve the se of additional sections of road, not traveled over in the 
baseline case. The ~mption is made here that the fractions of travel in urban, suburban, and 
rural regions and all ot r parameters are given by the same regional averages as those given 
in the FSEIS. 

As treatment changes the density of the wastes, and thus the number of waste shipments, there 
is a reduction or increase in transport-kilometers, both loaded and empty, and thus a 
corresponding change of the risks in some of the contributions to the total transportation risk. 

2.4.4 Weight Restrictions Due to Treatment 

The entire waste shipment consisting of three TRUPACT-lls, waste, and truck/trailer assembly, 
must not exceed 36.2 metric tons (80,000 lbs.). according to 23 CFR 658.17 (U.S. Department 
of Transportation, 1975). Treatment, with the corresponding volume reduction of the waste, may 
increase the weight of the waste form, thereby making complete utilization of the TRUPACT-11 
containment unlikely. Each treatment option has an associated volume and weight reduction or 
increase, and from this information a utilization of the TRUPACT-11 is obtained. Clearly, 
cementing of wastes increases weight to the point that complying with weight restrictions 
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becomes an issue. The chances are greater that an increased number of shipments, above the 
much smaller number calculated using the volume reduction only, is required for Level II treated 
wastes. 

Weight restrictions also seem to apply to forklift operations and forklift loading capacities. 
Depending on the treatment alternative, the number of forklift operations increases due to 
treatment. Yet, although treated drums are much heavier, a heavy-duty forklift is assumed to take 
care of the same number of drums as before without significant increase in accident rates. 

2.4.5 Cause-Effect Functions 

The cause-effect relationships for cancer due to radiation are assumed to be of the linear no
threshold type (National Research Council, 1990). Although some of the calculations in the 
FSEIS are using the linear-quadratic approximation of BEIR Ill (National Research Wncil, 1980), 
the differences at the low doses encountered here are insignificant (U.S. Departmert ?f Energy, 
1990a). The choice of the linear no-threshold hypothesis is made here, because the linear
quadratic model does not allow the use of the person-Sievert (pers~m) concept. The inability 
to use this concept would needlessly complicate the calculation. r 
2.4.6 Significant Figures Given {\ 

The final values calculated are given with a numbraf digits determined by the standard error. 
Regardless of the precision of the inEata, all intermediate data are given with at least one digit 
more than significant. This will avo mulation of rounding errors. Final results are normally 
given to one significant digit in the rror because errors are rarely known to a better accuracy. 
This then determine(}e corresponding number of significant digits for the value. 
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3.0 COMPARISON OF MULTI-COMPONENT RISKS 

3.1 COMPARISON OF MUL Tl-COMPONENT RISKS 

3.1.1 Definition of Risk 

The concept of risk gives rise to many different definitions, which are mostly dependent on the 
immediate application. One of the more general definitions is that of Kaplan and Garrick (1981), 
which is used here. It defines risk in terms of a triplet of quantities: a scenario, a consequence, 
and a corresponding probability (for a more detailed description see Attachment B.21 ). 

As an example, a risk can be defined by a scenario that postulates an exposure of the whole 
body of an individual to penetrating gamma rays for a short time, resulting in the consequence 
of leukemia five to ten years later with a probability of 0.1 percent. While more in~or ation such 
as the radiation dose absorbed by the body may be necessary to calculate the r bability, it is 
implied by the value of that probability and is, therefore, not an absolutely necessary atum. Less 
information than the triplet, however, will result in ambiguities berau e. the same scenario can 
also lead to acute radiation sickness in the short term or several r types of cancer, such as 
lung cancer, in the long term. 

These different consequences illuminate an importeaoperty of almost all risks of an event or 
an activity: Such risks consist of a number of dif t components. Only rarely is a single 
individual the subject of a risk assessment, and imilarly, only rarely is an event completely 
described by one scenario. Thus, ~hree quantities that define a risk usually have a multi
component structure. An activity su<f ~the operation of the WIPP entails hundreds of activities, 
events, and possible consequences. Also, it involves tens to hundreds of workers and, 
potentially, hundre~f:olthousands of persons in the general population. Total risks of activities 
such as the WIPP ~nus quantities with a multi-component structure. 

This multi-component structure of the total risk of an activity presents problems when the total 
risks of two alternate approaches, such as different waste treatments, are to be compared. 
Basically, it is only possible to compare two numbers, thus restricting a comparison to the values 
of two quantities measured in the same units. For any multi-component risk, this means that a 
formulation must be found to reduce the multitude of component values to one characteristic 
measure which then can be compared for two alternatives. 

In this context, it is important to note that many decision makers prefer to compare all 
components of two total risks in a "seat-of-the-pants" procedure. While this may work well in 
many cases, it is not transparent and is, therefore, of dubious value in adversarial proceedings 
or other situations where decisions and their basis must be documented. The measures for risk 
comparison proposed here are fully transparent without unnecessarily fettering the valuation 
process of the decision maker. In order to accommodate decision makers that want to work with 
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the raw data for each component or for a decision maker on a higher level, these data are 
provided and discussed. 

3.1.2 Uncertainties in Risk Assessment 

Usually, risk calculations are beset by considerable uncertainties, which can be expressed 
numerically by assigning or calculating random and systematic standard errors (see for instance, 
Seiler, 1990). Random or statistical errors arise from many possible causes; their signs cannot 
be predicted, nor can they be prevented. These kinds of errors can be decreased, however, by 
increasing the amount of information on which the quantity is based, for example, the number of 
measurements taken. Systematic errors, on the other hand, usually have an identifiable cause, 
affect every measurement by the same mechanism, and if properly investigated, can sometimes 
be avoided or corrected for. They cannot, however, be decreased by increasing the number of 
measurements taken. "1 
A typical example of random errors are the fluctuations in the count rate of a radiJion counter 
exposed to a constant flux of particles. Typical systematic errorsEthose caused by the use 
of a defective scale, resulting in uniformly high or low measurement r those caused by the use 
of a model that does not account for a pertinent effect, and th refore, yields systematically 
distorted values. 

Both types of errors need to be taken into account i.kisk assessment, although random errors 
are easier to evaluate and handle.~ematic errors are most often based on little more than 
an educated guess or some experi al evidence using different methods of measurement or 
calculation. In a comparison of risks, these standard errors play a major role in helping determine 
whether or not a dif~ce between two risks is really significant. The fact of an insignificant 
difference in risk is v.portant datum in further evaluations using risk comparisons as input. 

3.1.3 Comparison of a Single Risk Component 

In comparing single risk components for a number of treatment/location options, it is 
advantageous to use a particular risk component as a baseline and do all comparisons relative 
to that baseline risk. In the context of the comparison attempted here, the risk component for 
waste "as received" serves as baseline risk. If the comparison of the baseline risk and the risk 
of the alternative is done in the form of a ratio, a risk reduction factor may be obtained which 
incorporates a number of advantages (Section 8.2.2 and 8.2.3). Due to the fact that risk 
components can be generally written as a product of a number of factors, all those that are 
common to both risks and do not change with_ treatment, will usually cancel. Among these factors 
are often the most uncertain ones, such as the probability of the initiating event and the 
probability of the consequence such as the lung cancer risk coefficient. 

fl'! 
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Risk reduction factors are, therefore, much less uncertain than absolute risks and often have a .,,1 
simple algebraic structure that allows the use of a simple algebraic procedure to estimate the 

Appendix I 1-29 



'..J 

... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

standard errors of the result based on the standard errors of the input parameters. This process 
is called error propagation (Brandt, 1976; Bevington, 1969; Seiler, 1987). Also, systematic errors 
in quantities in the remaining factors that appear both in numerator and denominator of the ratio 
tend to cancel, if not completely then at least in part. This can be seen by examining a ratio with 
an unknown error factor in both numerator and denominator: as long as it affects both in a linear 
manner, the factor cancels; if its effect on both is nonlinear, it will cancel at least in part. 

This risk comparison has the nature of a retrofit, imposing differently treated wastes to the risk 
assessment in the FSEIS. Evaluating the systematic errors in that assessment would, therefore, 
require an effort beyond the scope of this study. Consequently, it will be assumed that systematic 
errors also cancel for the largest part, leaving a small residual that does not contribute 
significantly to the total standard error of the risk reduction factors. The errors shown are thus 
exclusively of a random nature and will, therefore, tend to be somewhat too small. 

3.1.4 Aggregation of Risk Reduction Factors 

In order to keep the number of attributes or risk components of the multi-attribute utility functions 
to a reasonably low number, it ·is often necessary to aggregate co~ents that contribute to the 
same generic type of consequence. A typical example is the ag egation of risks arising from 
different chemicals in the same scenario, or the aggregation o various contributions to the 
occupational cancer risk due to transportation. A~swn in more detail in Sections B.3.4 and 
G.1 of this Appendix, aggregation in the first case st done at the level of risks, that is, by 
combining risks and then forming risk reduction fa tors. 

In the second case, aggregation iast done at the level of risk reduction factors. This is 
especially true in the case where Io~e the component risks are obtained from substantially 
different formulae. f}regation then requires the knowledge of the values of the component 
risks, so that a lar e sk reduction factor, applied to a very small risk, cannot dominate the 
aggregation. Weig d averaging of the components will avoid this problem. For the averaging 
process over widely spread risk reduction factors, a weighted or unweighted geometric average 
is usually preferable over a weighted or unweighted arithmetic average (see Sections B.3.4 and 
C.2.1 of this Appendix). 

In this aggregation phase, the decision maker responsible for the comparison first exerts his 
influence. It is he who decides which components to aggregate into supercomponents. This 
selection influences the societal valuation process and needs to be done in a way that takes risk 
perceptions into account. 

3.2 SOME TOOLS OF MULTI-ATTRIBUTE UTILITY THEORY 

It is important for the understanding of the risk comparisons proposed that what is done here is 
very different from multi-attribute utility theory. Only some of its tools are being used in a manner 
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that is designed to make the utmost of the similarities between risk components and avoid most 
of the criticisms of the multi-attribute utility approach. 

3.2.1 Single Attribute Utility Functions 

From the field of economics and economic decision theory, the concept of the utility of a 
commodity can be adapted for use in the comparison of risk components. A risk reduction factor 
is, according to its magnitude, assigned a utility or in other words, a usefulness or value. It 
should be noted that in epidemiology the inverse of the risk reduction factor is called the relative 
risk. According to its magnitude, it is consequently assigned a dis-utility or negative utility. 

There is a relationship between the quantity of a commodity and its utility, known as the Law of 
Diminishing Marginal Utility (LOMU). It states that the slope of a utility function decreases as the 
commodity increases (see, for instance, Samuelson, 1973). In risk assessme~he LOMU 
expresses the fact that, for example, a unit increase in the relative risk is most detri ental when 
the risk is 1; it is less detrimental when it is 1 O; and even less so when it is 100. Si ilarly, a unit 
increase in the risk reduction factor is most beneficial when it is 1 ;E swhat less beneficial when 
it is 1 O; and so on. Graphically, this type of relationship is show · Figure 8-1, in Attachment 
8, where, as an example, a logarithmic dependence is plotted as function of the argument. In 
risk management, the LOMU expresses the fact tha~unit increase in a occupational risk of one 
fatality, would almost certainly result in a change of h hand safety procedures. A unit increase 
in a projected total risk of 1,000, on the other hand ould not result in any significant change of 
procedure. The LOMU is, therefore~ integral part of this method of risk comparison. 

In a discussion in Attachment 8.3.2,t;" i~ shown that the requirements of the LOMU as applied to 
risk comparison and~needs of error propagation result in defining a class of utility functions 
of which the logarith ic ependence is the simplest example (Figure 8-1 ). It is, therefore, chosen 
as the form of the s e attribute utility function for all risk components. Pre-defining the form 
of the utility function in this manner is a departure from the usual practice of MAUT. It is justified 
by the fact that, apart from a valuation factor, all risk components are subject in the same manner 
to the influence of the LOMU and should thus have the same dependence. 

3.2.2 Multi-Attribute Utility Functions 

The combined utility function for all risk components is chosen to be a linear combination of their 
utility functions weighted by societal value judgments. This procedure is the simplest form that 
will most likely satisfy the needs of an error propagation calculation. In this manner, the value 
of the modified utility function, called the utility index, and its standard error are obtained. Larger 
utility indices are preferred over smaller ones unless the difference is insignificant. Negative utility 
indices indicate an increase in overall risk over the baseline case, positive indices signal a 
reduction in total risk. 
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The weight with which the single-attribute utility functions are multiplied in the linear combination 
are the societal value judgements for each risk component. In another departure from the usual 
form of MAUT, these weights do not give a valuation of, say, a life lost to cancer, but rather a 
reduction in the risk of lives lost to cancer. This results in a set of weights which are quite 
different from the valuations usually applied in MAUT. 

A mathematical analysis in Section B.3.3 of this Appendix shows that this multi-attribute utility 
function has a unique interpretation. It is the basis from which two quantities can be derived: the 
risk reduction index and its inverse, the risk augmentation index. These quantities are the 
weighted geometric averages of all component risk reduction factors or component relative risks, 
respectively. The weights are the societal valuations of small risk reductions or increases. In this 
report, the risk reduction index and its inverse are the quantities of choice for the comparison of 
risks . 

3.3 RANKING AND UNCERTAINTIES 

The ranking process described here is another fundamental difference to conventional multi
attribute utility theory. Here, standard errors are available and~ differences between risk 
reduction indices are a measure of preference. thus, ranking is n only an ordinal process but 
a comparison of differences and errors yields information on the sig ificance of these differences. 

3.3.1 Calculation of Standard Errors P.. 
The propagation of the uncertainty ~ssed in the standard error of a parameter or a variable 
to the value of the function in which a pears can be evaluated using different methods. Some 
of these are discussed in Attachme t C as far as they are needed in this study. Basically, the 
approach taken her~ws the derivation of an analytical expression for the standard error of a 
risk reduction factor~ utility function, and, finally, for the risk reduction index. 

For numerical procedures, numerical methods have to be used. The standard error for that 
particular factor in the risk equation can then be inserted into the analytical expression for the 
standard error of the risk. Thus, numerical procedures that evaluate the entire risk reduction 
factors should be avoided. Mostly, the errors are small enough to use the error propagation 
formula in a simple approximation for normally distributed quantities (Bevington, 1969; Brandt, 
1976; Seiler, 1987b). When the relative errors get larger, standard errors given for lognormally 
distributed quantities can be used (see Sections C.1.1.3 and C.1.2.2 of this Appendix). 
Otherwise, higher approximations for the analytical expressions may be needed (Seiler, 1987b). 

In this manner, the standard errors of the risk reduction factors and the risk reduction indices can 
be calculated. During the process of aggregating the component risks into classes, such as 
public cancer risks due to waste transportation, error propagation will be taken into account also, 
in order to provide an unbroken chain for the influence of all pertinent uncertainties. 
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3.3.2 Indifference to Ranking 

Ranking of utility indices with standard errors is a simple evaluation as long as the difference 
between two adjacent indices is large compared to either one of the standard errors. Conversely, 
if the difference between them is small compared to either standard error, the difference is 
insignificant. For differences comparable to the standard errors, the situation is more difficult. 
Here, the two criteria developed by Goodmann (1986) can be applied (see Sections B.4.3 and 
G.4.1 of this Appendix). Both are based on the fact that most of the information on the 
distributions of the utility indices is available for the central part of the distribution, not th~ tails. 
Thus, the criteria concentrate on the area of the mean and one or two standard errors around that 
mean. Using Goodmann's criteria, the utility indices are then arranged in classes of one or more 
indices that are insignificantly different with significant differences between the classes. 

D 
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4.0 SCALING AND AGGREGATION OF RISK COMPONENTS 

4.1 SCALING OF BASELINE RISKS 

Most risk components discussed in the FSEIS and the FSAR are affected in some manner by the 
treatment of wastes at some location or other. In order to evaluate the corresponding properties, 
the full algebraic expression for each risk component is given. Each parameter is then evaluated 
as to its dependence on either the waste treatment and/or the location option. This separates 
the risk into a constant and a dependent part. This property of the risk equation allows the 
appropriate scaling of the risk to the level required by the 16 treatment/location options. 

Based on the scaling properties of a risk component, the risk reduction factors and their standard 
errors can be calculated. Some of the parameters needed for that scaling are ba~ed n models 
for the processes involved in creating or modifying the risk components. The models are 
discussed in Attachment D . 

4.1.1 Risks Due to Radiation Exposures C 
The risks of exposure to external radiations have public and occu~ational components, leading 
to both cancer and genetic damage in the long t~, and for high doses, to acute radiation 
sickness in the short-term. Incorporated radioisot lead to internal organ doses with more 
focused damages and carcinogenic processes. 0 er somatic and short-term radiation effects 
are not generally considered here. a 
4.1.1.1 Radiation Risks in Routine La~dling 
Routine handling invOs a number of scenarios for internal exposures, discussed in Section E.1 , 
and external exposJ;.?s', discussed in Section E.2. For internal exposures only the inhalation 
route is considered. Due to general health and safety procedures, the ingestion route yields 
much lower risks. The baseline risks are not known for all risk components, leading to difficulties 
with aggregation later on. 

The values for the risk reduction factors show widely differing values, reflecting different scaling 
properties. Values for the risk reduction factors range from slightly above and below 1 in 
Tables E.1-1 and E.1-3, which evaluate risks due to surface contamination of the drums, to 
10,000,000 in Table E.1-2, which evaluates risks due to waste leakage out of a perforated drum. 
This risk is subject to a dramatic risk reduction, albeit in ? small risk. When these three risk 
reduction factors are aggregated in a supercomponent, it is important to weight them properly so 
as to avoid a bias due to that large value . 
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4.1.1.2 Radiation Risks Due to Handling Accidents 

Handling accidents can lead to inhalation exposure of work crews and, after passing through 
HEPA filters and environmental dispersion, to exposures of the public. These risks are discussed 
in detail in Section E.3. Sometimes the corresponding risk reduction factors are the same; mostly 
they are different. The risk reduction factors for accidents are uniformly high, due to the fact that 
these scenarios involve inhalation exposures and treatment drastically curtails airborne particle 
production. The risk reduction factors range from one hundred thousand to a million in 
Tables E.3-1 and E.3-2 to ten million in Tables E.3-3 and E.3-4 and to ten and a hundred billion 
in Table E.3-5. The baseline risks range from 1 O -4 and 10 - 5 in most of these tables to one in 
ten billion for a C10 accident. Proper weighting here will be essential because the largest risk 
reduction factors (ten and a hundred billion) are associated with an excessively small risk. 

4.1.1.3 Risks in Routine TranSQortation 1 
The definition of "risks from routine transportation of the wastes" is that these risks arise 
exclusively from exposures to penetrating radiation of the crew anEthe public using the same 
road and living or working along that road. The risk components waste transport are those 
given and discussed in the code RADTRAN Ill (Madsen et al., 1 86). These components are 
discussed in more detail in Section E.6.3. The d~t or the calculations have also been taken 
from the RADTRAN code and the FSEIS. The ris duction factors for the public along the 
transport route given in Table E.6-3 range fro 1 to 1 O; those for public risks at stops 
(Table E.6-4) have ranges that do~vary significantly from 1, nor do those for the public 
travelling in the same and the oppo irection (Tables E.6-5 and E.6-6). This is mostly due to 
the fact that, regardless of treatme , the same amount of radioactivity is transported. For the 
same reason, occupt:'f al transportation risks involving the transport crew, the handlers, and the 
warehouse personn I h ve reduction factors that do not deviate much from unity (Tables E.6-7 
to E.6-9). 

4.1.1.4 Risks in Transportation Accidents 

Serious transportation accidents are not expected to occur during the transportation period, but 
they carry the potential for population exposures. Again, the formulae and data of the RAD TRAN 
Ill code were employed to evaluate the risk reduction factors for each scenario. These are 

discussed in detail in Section E.6.4. The risks due to direct exposure during non-dispersal 
accidents (Table E.6-4) again do not reduce significantly, that is, do not have risk reduction 
factors that deviate significantly from one. Those due to dispersal accidents, all assembled in 
Table E.6-10, vary from 1 to about 15. This denotes the suppression of risks due to waste 
dispersal in the atmosphere for the fraction of the transport which is done as treated waste. 
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4.1.1.5 Risks in Post-Closure Human Intrusion 

Radiation risks in three human intrusion scenarios are evaluated using the models in this report 
rather than those of the FSEIS. There is a direct exposure of the drilling crew to radioactive 
cuttings. Later, there is the potential for an inhalation exposure from these dried-out cuttings and 
an ingestion exposure from radioactivity reaching the surface via the Culebra aquifer. This risk 
component is discussed in Section E.7, and the reduction factors are given in Table E.7-1. For 
the E1 and E2 scenarios, the factors for the drilling crew cluster closely around a value of five, 
given essentially by the activity mobilization for the baseline case as compared to any treatment. 
For the E1 E2 scenario the reduction factors for the risk to the drill crew ranges from 0.1 to about 
6 but are applied to a very small risk (Table E.7-2). The reduction factors for the public risk by 
inhalation are the same as those for the drill crew for all scenarios. For ingestion, risk reduction 
factors for the E1 scenario lie between ten and one hundred thousand for an exceedingly small 
baseline risk of 2 • 10 · 12 (Table E.7-3); for the E2 scenario they range from 1 4ao 6 but for a 
baseline risk of 6 • 10 · 11 

; and for the E1 E2 scenario, the factors range from ab a million to 
ten billion, applied to a baseline risk of 3 • 1O· 6 

• 

4.1.2 Risks Due to Chemical Toxicant Exposures C 
Exposures to volatile organic compounds lead to both public and oicupational risks. The health 
effects are cancer and noncarcinogenic health effepepending on the chemical compound. 

4.1.2.1 Risks in Routine Handling 

Volatile organic compounds in the ~e are vented through the carbon filters of the drums, 
leading to low level chronic exposures, both public and occupational. Potentially the largest 
exposures occur un~ound next to a nearly filled room with 6,000 drums. This may lead to 
exposures of person el elow ground, above ground near the exhaust, and of the public outside 
the WIPP area. H re both cancer and noncarcinogenic effects are considered. Detailed 
evaluations are given in Section E.4. The cancer risk reduction factors for above ground 
exposures are independent of the chemical and range from values near unity to about 50,000 
(Table E.4-2). These factors, however, are applied to exceedingly small cancer risks near 1 O -14

• 

Risk reduction factors for below ground emissions have about the same range, 1 to 100,000, but 
some of the risks are at least in the 1O· 7 range (Table E.4-3). 

For noncancer health effects, risk reduction factors are again in the range of 1 to 10,000 
(Table E.4-6) but the risks assigned for workers above ground are excessively low, lying in the 
range of 1o· 15 to 1o· 16

; for workers below ground, they reach up to 10 · 8 (Table E.4-8). 

4.1.2.2 Risks Due to Handling Accidents 

U4 In chemical accident exposures only non-carcinogenic effects are considered in the FSEIS, the 
short-term exposures to accidental releases being too small to result in cancer risks of any 
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significance. The accident scenarios are discussed in detail in Section E.5. The risk reduction 
factors for a C2 or C3 accident range from 2 to 7 ,000 and are applied to very small baseline risks 
near 1 O - 10 {Table E.5-2); those for C4, CS, and CS accidents range from about 20 to about 
200,000, still applied to risks of about 1o- 10 {Table E.5-4). 

4.1.2.3 Risks in Post-Closure Human Intrusion 

Only one chemical, lead, is evaluated in the post-closure human intrusion scenarios. These are 
discussed in detail in Section E. 7 .4. These morbidity baseline risks are exceedingly low and will 
not be pursued further. 

4.1.3 Transportation Accidents 

Public fatalities and injuries as direct effects of the impact in accidents involving th~r1UPACT-ll 
transports have the same risk reduction factors listed in Table E.6-2. These valu.~l,r~nge from 
roughly 0.5 to 4, but they are applied to the largest annual risks in the FSEIS, about 0.2 fatalities 
and about 3 injuries. 

4.2 SCALING OF TREATMENT RISK 

In this evaluation, general occupational risks, exteln\1 and internal radiation exposures from 
routine operations and from routine maintenance Ye'examined. For chemical toxicants, only 
routine operations are considered a~aintenance only traces of voes should be encountered. 
Due to the limited scope of this stuf \o accidental exposures of any kind are included. 

4.2.1 General Occu ational Risks 

Working in the WH r the TF puts the crew at risk for occupational accidents resulting in 
fatalities and injuries. In particular, forklift accidents are considered because they tend to have 
more severe consequences. These issues are discussed in detail in Section F.2. The risk 
reduction factors for general accidents and injuries but also for forklift fatalities and injuries lie 
between 0.26 and 0.076, that is between a factor of 4 and 14 below 1, indicating an increase in 
risk by these factors (Tables F.2-1 and F.2-2). As they are applied to sizeable baseline risks, 
they will have a strong influence on the risk comparison. 

4.2.2 Radiation Risks in Routine Operation and Maintenance 

Risks from exposure to penetrating radiations during treatment of wastes in different devices are 
discussed in detail in Section F.3.1 and F.3.2. The risk reduction factors for routine external 
exposure range from 0.1 to 0.5, that is, 2 to 12 times lower than 1; for maintenance the factors 
are 200 to 300 lower (Table F.3-2). By these factors, therefore, the risks are increased over the 
unknown baseline risk of external exposure during assay and certification. For routine internal 
exposures during operations, the risk reduction factors are 1 /200 to 1 /3000 as shown in Tables 
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F.3-3 and F.3-4. During routine maintenance, the risk increases are factors 10,000 to 100,000 
(Tables F.3-5 and F.3-6). 

4.2.3 Risks in Chemical Toxicant Exposures 

These risks are due to VOCs, mostly released during shredding or sorting of the wastes and 
penetrating through the airlocks. They are discussed in Section F.5 for both cancer and 
noncarcinogenic effects. The risk reduction factors show a strong increase in risk due to the 
mobilization of the VOCs enclosed in drums, liners, and wrappings. The risk reduction factors 
for the much smaller public risks are the same. For routine operations, occupational and public 
risks are subject to risk reduction factors of roughly 1/100,000, indicating a strong increase. The 
baseline risks during assay and certification are not available. This holds for both cancer and 
non-cancer health effects (Tables F.4-1 and F.4-2) . 

4.3 AGGREGATION OF RISK COMPONENTS 

4.3.1 Problems of Aggregation 

In this evaluation, 124 component risks are analyzed and their risk ~ction factors derived. This 
includes all subcomponents. This number is too large to handle in a comparison and must, 
therefore, be lowered by aggregation. Many of the~isks lead to the same consequence, and 
can thus be aggregated into supercomponents. E~o. it is expedient to discard some of the 
small risks because a larger risk o~t e same exposure is already being considered. Thus, 
genetic damage is usually smalle n the cancer risk from the same radiation exposure 
(National Research Council, 1980, 1 8 , 1990). Also, almost no information on genetic baseline 
risks are available in the FSEIS. These subcomponents are, therefore, not selected for 
aggregation. Similaf1'9')ealth effects of lead poisoning for post-closure risks and the non-cancer 
risks due to exposue,;o chemical toxicant are not involved in the process either. 

In this context, it is important to note that once a cure for cancer is found, cancer reverts from a 
fatality risk to a morbidity risk. Other somatic effects, such as lifespan shortening, and genetic 
effects will then become of main concern. From this point of view, genetic damages should be 
selected for aggregation. The main reason for not selecting these components is the fact that 
the genetically relevant doses and the cumulative effective dose equivalents (CED Es) are mostly 
non-linearly related and that the baseline risks are mostly unavailable. 

As discussed before, the first task of the decision maker is to decide on the extent and the 
grouping of the aggregation of risk components. This must be done in a manner that groups 
components with the same societal valuations; not too detailed so as to make relative valuations 
difficult, not too coarsely so as to erase significant differences. 
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In the case at hand, eight supercomponents are formed from the remaining 73 subcomponents: 

1 . Transportation fatalities 
2. Transportation injuries 
3. Occupational fatalities 
4. Occupational injuries 
5. Occupational cancers 
6. Public cancers 
7. Late occupational cancers 
8. Late public cancers. 

Six of these supercomponents are evaluated in the FSEIS. In addition, numbers 3 and 4, the 
occupational accident fatalities and injuries, are included here. In a comparison of treatment risks 
involving more or less personnel they are important and have thus been includeg,..{ 

In these aggregations, problems arise when no values for the baseline risk compone~ts are given 
in the FSEIS or the FSAR. In this case, the aggregation haf: be done by unweighted 
averaging. A large risk reduction factor will then tend to dominate t verage even if it is applied 
to a minute risk. This dominance can be reduced somewhat by u ing the geometrical average. 
Even so, unweighted averaging will introduce a r!s· ual bias. In the absence of data on the 
baseline risks, however, unweighted averaging m e used until a numerical risk value is 
available for the aggregate. From then on, appr riately weighted averaging will lead to the 
supercomponents without further bi(2 

After the aggregation into supercorrf"o~ents, the total risks have been in effect sorted in terms 
of consequences, betl;·n at the same time summed over all scenarios and exposed individuals. 
This is the situation o hich Equation (B.2.6) in Attachment B refers, where the total risk has 
been aggregated to a vector of consequence components. From this point in the calculation 
onward, the aggregated risk reduction factors are, therefore, more aptly termed consequence 
reduction factors. Their numerical values are listed in Table 1-4.1 as functions of treatment and 
location options. 

4.3.2 Aggregation Into Supercomponents 

4.3.2.1 Supercomponents 1 and 2: Fatalities and Injuries in Transportation Accidents 

Due to volume changes resulting from treatment and thus transportation increases for Level II 
treatments, and transportation decreases for Level Ill treatments, the aggregated risk reduction 
factors for Supercomponent 1 range from between 0.5 and 1 for Level II treatments to values 
above 1 to about 4 for Level Ill treatments. This signals an increase in risk for Level II and a 
decrease for Level Ill. Although the departures of the factors from one are not large, they impact 
on the largest risks in the study (0.2 fatalities and 3 injuries per year of operation) and the 
variations are thus of great importance. The supercomponents show little change with the 
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TABLE 1-4-1 

COMPILATION OF CONSEQUENCE REDUCTION FACTORS* 

TREATMENT OPTION "' 1 I TREATMENT OPTION .. 2 
LOCATION LOCATION 

2 D3 4 1 2 3 

0.760 ± 0.048 0.714 ± 0.057 0.715 ± 0.058 1.00 ± 0.00 0.719 ± 0.042 0.666 ± 0.048 

0.760 ± 0.048 0.714 ± 0.057 0.715 ± 0.058 1.00 ± 0.00 0.719 ± 0.042 0.666 ± 0.048 

0.276 ± 0.016 0.276 ± O.o16 0.276 ± 0.016 0.260 ± 0.015 0.260 ± 0.015 0.260 ± 0.015 

0.276 ± 0.016 0.276±~ 0.276 ± O.o16 0.260 ± 0.015 0.260 ± 0.015 0.260 ± 0.015 

0.814 ± 0.030 0.846 ± 0. 0.852 ± 0.032 0.841 ± 0.030 0.801 ± 0.029 0.833 ± 0.030 

2.64 ± O.ot 7.44 ± 0.02 9.47 ±0.02 1.13 ±0.00 2.65 ± 0.01 7.46±0.02 

4.96 ± 0.48 4.96 ± 0.48 4.96 ± 0.48 5.05 ± 0.49 5.05±0.49 5.05± 0.49 

106 (2.3) 106 (2.3) 106 (2.3) 115(2.2) 115 (2.2) 115 (2.2) 

~ 
TREATMENT OPTION .. 3 TREATMENT OPTION • 4 

LOCATION LOCATION 

2 3 4 1 2 3 

1.10 ± 0.17 1.17±0.26 1.18 ± 0.27 1.00 ± 0.00 2.00 ± 0.06 3.27 ± 0.21 

1.10±0.17 1.17±0.26 1.18±0.27 1.00 ±0.00 2.00 ±0.06 3.27 ± 0.21 

0.17 ± 0.01 0.17±0.01 0.17 ± 0.01 0.076 ± 0.0042 0.076 ± 0.0042 0.076 ± 0.0042 

0.17±0.01 0.17±0.01 0.17±0.01 0.076 ± 0.0042 0.076 ± 0.0042 0.076 ± 0.0042 

0.435 ± 0.018 o.6n ±0.025 0.699 ± 0.027 0.704 ± 0.028 0~9 0.420 ± O.o17 

7.47 ±0.02 2.65 ± 0.01 7.46 ± 0.02 9.49 ± 0.02 1.13 ± 0. 2.65 ± O.o1 

686 ± 1.36 6.86 ± 1.36 6.86 ± 1.36 9.39 ±0.99 9.39 ±0.99 9.39 ±0.99 

221 (2.4) 221 (2.4) 221 (2.4) 2030 (2.6) 2030 (2.6) 2030 (2.6) 

* Erro'rs given in braces are geometric standard deviations of lognormal distributions. 
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location for Level II treatment, a small change in Treatment Option 3, but a substantial protective 
effect for Treatment Option 4 if done in distributed facilities near the originators. The aggregated 
risk reduction factors are listed in Table 1-4-1. 

4.3.2.2 Supercomponents 3 and 4: Occupational Fatalities and Injuries 

The general occupational fatalities and injuries in working in the Treatment Facility and in the 
WHB show increases between factors of 4 to 13. These are applied to a baseline risk of 2 10 · 3 

fatalities and 0.5 injuries per year of operation. Due to the assumption of the model, there is no 
location dependence, but a steady decrease in the risk reduction factors and, therefore, a strong 
increase in risk for more complex treatments (Table 1-4-1 ). 

4.3.2.3 Supercomponent 5: Occupational Cancer 

This supercomponent aggregates the risk reduction factors of 22 components. D~o the lack 
of baseline data, they have to be aggregated without weights into four intermediate components, 
thereby introducing a bias. Further aggregation of these four i~mediate components into 
Supercomponent 5 introduces no further bias because of appropriat eighting. The values show 
risk reduction factors of about 7 for Level II treatments and abo 11 for Level Ill treatments. 
There is not much variation with the location param'Jt, indicating the expected insensitivity of 
this supercomponent to the location of the TF. With· ased level of treatment, however, there 
is a distinct gain in occupational safety. 

The supercomponen~public cancers is also aggregated from 22 risk reduction factors. Again, 
they have to be agg eg ted to four intermediate components for which baseline risk values are 
available, incurring ias in the unweighted portion of the averaging process. The fully 
aggregated risk reduction factors range from 1 to 12. Here, there is a clear trend in each 
treatment alternative for an improvement in public safety if the TFs are moved out towards the 
originators, and a trend toward an increase in these gains with more elaborate waste treatment. 

4.3.2.5 Supercomponent 7: Post-Closure Occupational Cancers 

These are the unweighted aggregates of the risks to the drilling crews in the three human 
intrusion scenarios. The risk reduction factors range from about 5 to about 10. They are, 
however, applied to an exceedingly small risk of 3 • 10 · 8 

• 

4.3.2.6 Supercomponent 8: Post-Closure Public Cancers 

This component aggregates the public cancer risks due to inhalation and ingestion of radioactivity 
transported over time to the surface. Substantial risk reductions are achieved by treatment, 
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ranging from about 100 to 2,000. The baseline risk, however, is again small with an expected 
cancer incidence of 7 • 1 O -5 

• 

D 
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5.0 COMPARISON OF THE TOTAL RISKS 

5.1 SOCIETAL WEIGHTS 

5.1.1 General Considerations Regarding Weights 

The weighting needed to give each component its proper valuation is not the same as the 
weighting used in Multi-Attribute Utility Theory. This difference arises from the fact that the 
argument is not a risk but a risk reduction factor, but also from the use of the logarithm of the risk 
reduction factor as the utility of risk reduction. The usual valuations, such as setting the 
widespread practice of an occupational fatality or injury equal to one-half of a public fatality or 
injury, have to be re-examined in the light of a risk reduction or augmentation. As discussed in 
Section B.3.5, the valuation of a particular risk reduction depends on the ma~n· de of the 
baseline risk component. In this study, most of these components are sm so that the 
valuations are relatively weak functions of the risk values. 

Within the scope of this study, and taking into account that the sel~on of alternatives for waste 
treatment is essentially a technical decision, with societal input, th decision maker charged with 
making the risk comparison will seek advice from a group of knowl dgeable persons with diverse 
interests and views. They will make their valuat~·o known to him as well as the rationales 
leading to those weights. Based on this advice, t cision maker selects his own rationales 
and arrives at his own weights. He may treat th m as decision parameters without standard 
errors or as stochastic quantities. a 
In this context, it should be borne in ~in~ that risk assessments and risk comparisons are usually 
done with an ulterio~tive such as a selection process in mind. Thus the decision maker for 
the risk comparison ks for another decision maker, charged with making that selection. The 
environment of the riteria other than risk that enter into the selection process will have an 
influence on the weighting in the risk comparison. This dependence arises from the cross
relationships such as the one between cost, feasibility, and some components of the 
consequence vector. The decision maker for the risk comparison may thus not only have to 
balance the advice received and his own rationales, but also the needs of the decision at the 
higher level. 

As an example for a weighting, a risk reduction or augmentation by a factor of two for the annual 
number of traffic fatalities and injuries depends on the absolute baseline values of 0.2 fatalities 
and 3 injuries when compared to the valuation of a risk reduction or augmentation by a factor of 
two for the occupational risk of fatalities (0.002 per year) and injuries (0.5 per year). While the 
need for a reduction of the traffic risk may seem paramount, it must be seen in the context of the 
annual deaths and injuries due to traffic accidents. In New Mexico alone, 538 traffic fatalities and 
324,962 traffic injuries occurred in 1989 (New Mexico Highway and Transportation Department, 
1990). The incremental risks due to WIPP transports is 0.04 percent for fatalities and 0.01 

Appendix I 1-43 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

percent for injuries. On the basis of these relationships and the relative valuations of fatalities 
and injuries, some of which will be severe, absolute weights of 10, 7, 5 and 4, for example, can 
be established by a particular expert for transportation fatalities, transportation injuries, general 
occupational fatalities, and occupational injuries, respectively. By considering similar relationships 
between all the supercomponents, a complete set of weights can be established (see Section 
G.2.2.1 of this Appendix). 

The normalized societal weights selected by the decision maker as decision parameters are given 
in Table 1-5-1, together with numerical values for the annual baseline risk components. These 
values are then used to arrive at the risk reduction or risk augmentation indices to be used in 
decision making. Here only the interpretation of the indices will be reported, as the use made of 
this information is outside of the scope of this study. It is contained in the main body of this 
report, where this information is put to further use. 

5.2 COMPARISON OF THE ALTERNATIVES 

5.2.1 Consequence Reduction and Augmentation Indices C 
The values of the consequence augmentation index \JI IC :1. resulti[g from the weighting of the 
previous section are given in Table 1-5-2, grouped f~'rs y treatment options (first index) and then 
by location options (second index). The augment 1 index is chosen for presentation here 
because there is a net increase in that index for 1 of the 16 treatment/location options, and 2 
of the 14 (Options 33 and 34) are cEtible with 1, which means that the overall consequence 
is about the same as that for the bas · e case. Only two options (43 and 44) show a decrease 
in the index, that is, values lower th n one. 

An application of GoosQnn's criteria of indifference (see Section G.3.1.2 of this Appendix) shows 
that only 12 of the l;.i> possible combinations of indices lead to a confirmed or possible 
indifference between indices. A better idea of the groupings within options can be obtained by 
a visual inspection of the probability distributions of the consequence augmentation indices 
(Figure 1-5-1 ). These distributions give the probability of finding a given index at a particular 
value. Here, instead of lognormal distributions, normal distributions are used (for narrow 
distributions the differences are small). For clarity, all location options for Treatment Option 3 are 
plotted as negative values. Thus for Level Ill treatments there are clear trends with regard to 
location. Options 31 and 41, with treatment exclusively at the WIPP, have the highest increases 
in the index for Treatment Options 3 and 4, respectively. For Treatment Option 3, locations near 
the waste originators lead to no substantial change in the indices, whereas for Treatment Option 
4, a location of the facilities near the originators leads to the only decrease in overall 
consequence indices. Level II Treatment Options 1 and 2, with eight distributions, have indices 
that lie very closely together. They thus lead almost independent of location to increases in 
consequence indices between 1.4 and 1.5. 
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TABLE 1-5-1 

SOCIETAL VALUATIONS, NORMALIZED WEIGHTS 

RISK SUPERCOMPONENT ANNUAL BASELINE RISK NORMALIZED WEIGHT 

1 Transportation fatalities 0.2 0.33 

2 Transportation injuries 3 0.23 

3 Occupational fatalities 0.002 0.17 

4 Occupational injuries 0.7 0.13 

5 Occupational cancers 0.005 o.~ 
6 Public cancer 0.02 0.1 

7 Late occupational cancers 3·10- 8 0.003 

8 Late public cancers 7·10- 5 r 0.007 
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TABLE 1-5-2 

RISK AUGMENTATION INDICES FOR 16 TREATMENT/LOCATION OPTIONS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

'P 1 1 1.40 ± 0.02 

'P 1 2 1.51 ± 0.04 

'P 1 3 1.41 ±0.05 

'P 1 4 1.37 ± 0.05 

'P 2 1 1.43 ± 0.02 

'P 2 2 1.58 ± 0.04 

'P 2 3 1.49 ± 0.05 

'P 2 4 1.45 ± 0.05 

'P 3 1 1.62 ± 0.02 f>. 'P 3 2 1.42 ± 0.09 

'P 3 3 1.23 ± 0.11 

'P 3 4 ~o ± 0.11 

'P 4 1 2.06 ± 0.03 

'P 4 2 

D 
1.28 ± 0.02 

'P 4 3 0.88 ± 0.03 Decrease by a factor of 1.14 ± 0.03 

'P 4 4 0.82 ± 0.03 Decrease by a factor of 1.21 ± 0.04 
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Figure 1.5-1. Risk Augmentation Indices for the 16 Treatment/Location Options 
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The same information is once again displayed in Table l-ES-1 in the Executive Summary, which 
lists facility locations in rows and treatment options in columns. There is very little variation 
between the values of the risk augmentation index of the Level II treatments. For Treatment 
Option 3, a Level Ill treatment, there is a trend toward the periphery (waste originators) leading 
down to an insignificant increase in the index. As in Figure 1-5-1, there is a dramatic location 
dependence for Treatment Option 4, the most extensive treatment of all, leading from the largest 
increase in the consequence augmentation index (2.1) to the largest decrease in overall risk (0.8). 
As an aid to the eye, the very light pattern selected in that figure for Group 1 shows the largest 
increase in consequence augmentation; Group 2 with a denser pattern is clustered between 1.2 
and 1.5; Group 3 is almost neutral, that is, almost compatible with 1, whereas Group 4 with the 
densest pattern is composed of the two options that result in a consequence reduction. 

5.2.2 Interpretation of the Results 

An analysis of the different contributions to the consequence augmentation or re:ur:on indices 
shows that the transportation risks and the occupational accident risks contribute ~~~~~antially to 
the value of the indices. The post-closure risks due to humans· sion, on the other hand, 
contribute at most a few percent to the value of the indices, that is, ut as much as the average 
standard error. For the short-term components, transportation lume increases for Level 11 
treatment options and decreases for Level Ill trea~nts. Manpower requirements and thus 
general occupational accidents and injuries increa bstantially from Treatment Option 1 to 
Treatment Option 4. 

For Location Option 1, treatment at Q WIPP, waste transport contributes the same risks as in 
the baseline case. The treatment, tk:'ever, causes additional risks which result in the highest 
indices for the two Lt? Ill treatment options but nearly the lowest for the two Level II treatment 
options. The trend f r ore decentralized facilities for Level II treatments is undefined, for Level 
Ill treatments, howe , it is clearly toward lower values. This shows the opposing influences of 
the transportation risks and the treatment risks. 

For Level II treatment options, the modest increases in both transportation and occupational 
accident consequences result in an almost uniform increase in consequences with an 
augmentation index of about 1.5. For Level Ill treatments options the opposing influence of the 
changes in risk due to transportation and manpower are responsible for the moderate spread due 
to location in Treatment Option 3, and the wide spread with locations for Treatment Option 4. 

An analysis of the eight factors that form the consequence reduction indices (see Section G.4) 
shows that the traffic accidents are responsible for most of the location-dependence in the 
treatment/location matrix, whereas the occupational accidents cause most of the treatment 
dependence. Radiological risks form only a small part of the total risk, the largest contribution 
being the public cancer risk in transportation accidents. This clearly reflects societal priorities 
according to which radiological risks are most coherently and most successfully pushed down to 
low levels, whereas occupational accidents are less vigorously suppressed, and traffic accidents 
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are attacked with only little effort. The same analysis shows post-closure cancer risks contributing 
a few tenths of a percent for occupational risks, and a few percent for public risks; altogether an 
almost negligible influence. 

5.2.3 Influence of Biases 

Additional, more detailed evaluations of the numbers generated for the indices meet with several 
difficulties. One arises from the biases due to the unweighted aggregation of many risk reduction 
factors. Another arises from the biases introduced by some of the model assumptions that do 
not give credit to treatment where credit is due, or do not assign an additional risk component 
where one should be assigned. The last difficulty is the weighting chosen here with values that 
could easily be chosen differently. 

The unavoidable use of unweighted aggregation introduces biases of unknown amounts and 
signs. It is believed that, by the choice of supercomponents and the use of tb(Q'eometrical 
averages, their influence is kept as small as possible. The model assumptions fnade for the 
entire risk comparison and for some parts of it also add biases of indeterminate signs and 
unknown magnitude. Again, they are believed to be small, but sornrJf them could be significant. 

Quite generally, these biases are due to the fact that this risk !mparison is a retrofit to the 
FSEIS; that is, it did not grow organically out of it. ;ps a lot of detail was lost, information that 
would be necessary for appropriate aggregation. In 'fferent application of this method for risk 
comparison, this bias would not arise. 

There is, however, another source as, at the same time more prevalent and more subtle. It 
arises from the widespread use of do~;ding calculations, worst-case models, and upper limits. 
Any risks values dtrei on this basis clearly overstates the risk, resulting in a bias. For risk 
comparisons it is, t er ore, imperative to have risk values derived by the use of best-science 
models as well as t r standard errors. The use of biased models and biasing assumptions 
should be minimized. 

An unavoidable third type of bias arises from the value system of the decision maker and those 
of his set of advisors. The influence of either a different decision maker or a different set of 
advisors will result in different.societal weights. The set of valuation questions have a very 
narrow scope, however, so that the valuations of the risk reduction factors for a given baseline 
risk do not vary strongly. Even that bias is not seen to be critical. 

The first two biases are expected to result in perturbations of the risk augmentation indices, 
mostly in the nature of positive or negative shifts. It is not believed that their elimination would 
lead to major differences. The third bias, however, can potentially lead to more pronounced 
shifts. The valuations of a different decision maker with a different set of advisors might well 
loosen the close association of all Level II treatment options and might even establish a small 
location trend. The main facts that arise from this analysis, however, are expected to remain. 
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In sum, then, it is not thought that these effects will lead to major changes in trends, although 
noticeable shifts within these trends are probable. 

5.2.4 Conclusions of the Risk Comparison 

The risk comparison in this study results in some clear groupings and trends among the risk 
augmentation indices for various treatment and location options: 

• The baseline risks are very small, so that even clear-cut increases in consequences 

iili! 

still result in very small risks for all treatment and location options. "1' 

• 

• 

Appendix I 

Level II treatment options show little or no discernible trends for different locations . 
However they uniformly show an increase for the consequences, that is a 
consequence augmentation index near 1 .4. In the context of inte~ng these 
indices, it is of importance to realize that consequence reduction and :f ~~entation 
indices are not linearly related to the actual set of baseline risks. Thus an index of 
1 .4 does not mean a 40 percent increase in the bastlin risks. However, it does 
signify an increase in th~ total consequences. This no · earity also means that no 
absolute treatment risks can be inferred from these in ces. 

Level Ill treatment options show a distinc~nd in location dependence with the risk 
decreasing as the TFs are located clos~ the waste producers. For Treatment 
Option 3, this results at b~in total risks about equal to that of the baseline case. 
For Treatment Option 4, ever, an actual increase to a risk augmentation index of 
1.8 and decreases dew to 0. 7 can be realized for the two most decentralized 
location options, respectively. 

These in_Qes and decreases of the societally weighted risk augmentation indices 
are almoirn~ependent of the long-term risks. This is due to the low valuation of the 
long-term risk components and their independence from the location options. It is, 
therefore, the balance between the short-term risk components that drives this risk 
comparison. 
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ATTACHMENT A 

EATF RISK ASSESSMENT GLOSSARY 

40 CFR Part 191 - EPA standard for managing and disposing of spent nuclear fuel, high-level, 
and transuranic wastes. Subpart A deals with managing and storing of wastes, while Subpart B 
covers long-term isolation and disposal. 

40 CFR Part 268 - EPA regulation governing land disposal restrictions; consists of five subparts 
as follows: Subpart A - General; Subpart B - Schedule for Land Disposal Prohibition and 
Establishment of Treatment Standards; Subpart C - Prohibitions on Land Disposal; 
Subpart D - Treatment Standards; and Subpart E - Prohibitions on Storage (Code of Federal 
Regulations). ~ 

Accessible Environment - The accessible environment means to (1) the atmosp~ere, (2) land 
surfaces, (3) surface waters, (4) oceans, and (5) all of the lite:hs here that is beyond the 
controlled area (see 40 CFR Part 191 .12[k]). 

Activity - The number of nuclear disintegrations occurring in an ar itrary quantity of material per 
unit time. {),._ 

Advection - The transport of fluid by bulk motion furo~gh a porous solid due to a difference in 
absolute fluid pressure across the~ 

AIRDOS - A computer code used to calculate health risks due to the atmospheric dispersal of 
radiaoctivity. Q 
Alpha Particle - Pl. positively charged particle made up of two protons and two neutrons 
(therefore, identical to a helium nucleus). Emitted in the radioactive decay of certain nuclides. 
It is the least penetrating of the three types of radiation: alpha, beta, and gamma . 

Anhydrite - A mineral consisting of anhydrous calcium sulfate (CaS04}. It is equivalent to 
gypsum without water, and is denser, harder, and less soluble than gypsum. 

Anoxlc - Without oxygen. 

Argillaceous Rocks - Rocks containing appreciable amounts of clay. 

Argillaceous - Pertaining to, largely composed of, or containing clay-sized particles or clay 
forming minerals. 

Attribute - the value of utility assigned to a particular component of the risk. 
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Backfill - Material (such as crushed salt or grout) placed around the waste containers to fill the 
open spaces in the room. 

Becquerel (Bg) - The SI unit of radioactivity. One Bq equals one disintegration per second. 

Bell Canyon Formation - A sequence of rock strata (sandstones, shales, and limestones) that 
form the uppermost unit of the Delaware Mountain Group; of significance because it is the first 
regionally continuous water-bearing formation beneath the WIPP underground workings (Lappin, 
et al., 1989). 

Bentonite - A commercial term applied to clay materials containing montmorillonite (smectite) as 
the primary mineral. 

Biomass - The dry weight of living matter, including stored food, present in a spe~population 
and expressed in terms of a given area or volume of the habitat. I 
Borehole - (1) A manmade hole in the wall, floor, or ceiling o~ubsurface room used for 
verifying the geology, observation, or the emplacement of waste isters. The horizontal wall 
holes are used for remote-handled transuranic (RH-TRU) wast , (2) A hole drilled from the 
surface for purposes of geologic or hydrologic testin~r to explore for resources. 

Brine Pocket - Pressurized brine of unknown origi~~ of limited extent contained in fractured 
anhydrite within the Castile Formati~cated 210 m below the WIPP repository. 

Cancer Risk Coefficient - The fac~r ~sed to convert radiation dose in Sievert (Sv) to Latent 
Cancer Fatalities. Narical value taken from the BEIR Ill (National Research Council, 1980) 
Report is equal to 0.[:31 Sv -1

• 

Carcinogens - A substance that causes or enhances the processes which turn a normal cell into 
a cancerous cell. 

Castile Formation - A formation of evaporite rocks (interbedded halite and anhydrite) of Permian 
age that stratigraphically underlies the Salado Formation. 

Cement/Cementitious Material - A dry powdered mixture of silica, alumina, lime, iron oxide, and 
magnesia. 

CH-TRU Waste - Contact-Handled TRansUranic waste, packaged TRU waste whose external 
dose rate does not exceed 2 mSv (200 mrem) per hour. 

Cloudshine - The exposure from cloudshine is the direct external dose from the passing cloud 
of atmospherically dispersed radioactive material. . 
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Committed Effective Dose Equivalent (CEDE) - The weighted sum of the dose equivalent to 
organs or other tissues that will be received following an intake of radioactive material for a 
50-year period following that intake. 

Compaction - Mechanical process by which the pore space in the waste is reduced prior to 
waste emplacement. 

Composite - A single, homogeneous mixture of waste and backfill material which has physical 
and chemical characteristics resulting from the application of a particular engineered alternative. 

Compressibility - The property of a substance capable of being reduced in volume by application 
of pressure; quantitatively, the reciprocal of the bulk modulus. 

Conceptual Model - The set of hypotheses and data that postulate the descriptio~ behavior 
of the disposal system. I 
Concrete - A mixture of grout and some type of aggregate (such ~one pebbles or salt rock). 

Conservative - When used with predictions or estimates, a conse~ive estimate is one in which 
the uncertain values are used in a way that maximizes their negative or undesirable impact on 
the system. In risk comparisons, this approach cr"fr a bias. 

Continuous Air Monitor (CAM) ~strument that continuously monitors the air for certain 
present concentrations of toxic subrces or radioactivity. 

Controlled Area - The controlled area means (1) a surface location, to be identified by passive 
institutional control~t encompasses no more than 100 km and extends horizontally no more 
than 5 km in any re tion from the outer boundary of the original location of the radioactive 
wastes in a disposa system; and (2) the subsurface underlying such a surface location (40 CFR 
Part 191.12[G]). 

Creep - A very slow deformation of solid rock resulting from constant stress applied just below 
the elastic limit; refers to the geologic phenomenon experienced as salt under high compressive 
loading begins to flow plastically. 

Creep Closure - Closure of underground openings, especially openings in salt, by plastic flow 
of the surrounding rock under pressure. 

Culebra Dolomite Member - The lower of two dolomite units (the other being the Magenta 
Dolomite Member) within the Rustler Formation that are locally water bearing; the first laterally 
continuous unit above the repository to display significant permeability (Lappin, et al., 1989). 

Curie - The old unit of activity. One curie (Ci) equals 3.7 • 1O 10 nuclear disintegrations per second. 
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Darcy - An English standard unit of permeability, defined by a medium for which a flow of 1 cm3/s 
is obtained through a section 1 cm2 for a fluid viscosity of 1 cP and a pressure gradient of 1 
atm/cm (one Darcy is equal to 9.87 • 10 ·11 m 2). 

Darcy's Law - The law which states that the rate at which a fluid flows through a permeable 
substance per unit area is equal to the permeability (a property of the substance through which 
the fluid is flowing) times the pressure drop per unit length of flow, divided by the viscosity of the 
fluid. 

Decay (radioactive} - Process in which a nucleus emits radiation in the form of alpha or beta 
particles, neutrons, gamma rays, or positrons, and undergoes spontaneous transformation into 
one or more different nuclei. 

Decontamination - The removal of toxic or unwanted material (especially radio~ material) 
from the surface of, or from within, another material. I 
Delaware Basin - The part of the geologic Permian Basin in s!Feastern New Mexico and 
adjacent parts of Texas where an ancient sea deposited thick laye of evaporites approximately 
200 million years ago. It is partially surrounded by the Capitan R ef. 

Design Analysis Model -The main program used t~lyze the relative effectiveness of various 
modifications to the WIPP facility and waste forms 'K'::nu compared to the WIPP disposal system 
reference design and current waste ~s. 

Deterministic - Pertaining to an ekct'mathematical relationship between the dependent and 
independent variablM a system. 

Dewey Lake Red ~ - A formation that overlies the Rustler Formation and is composed of 
reddish brown marine mudstones and siltstones interbedded with finegrained sandstone. 

Diffusion - The transport process whereby ionic or molecular constituents move under the 
influence of their kinetic activity in the direction of their concentration gradient, from higher 
concentrations to lower concentrations. 

Diffusion Coefficient - The proportionality constant in Fick's Law of Diffusion defined as the 
amount of solute material per unit time that diffuses through a unit cross-sectional area under a 
unit concentration gradient; with fundamental dimensions of area per unit time. 

Diffusive - Characterized by the transfer of chemical components from a region of higher to one 
of lower concentration. 

Dispersion Function - Function that models the dispersion of a substance through the 
environment. 
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Disposal Phase - The 20 year period by which DOE proposes to permanently emplace TRU 
wastes in the WIPP. 

Dolomite - A sedimentary rock consisting primarily of the mineral dolomite [CaMg(C03 ) 2]; 

commonly associated with limestone. 

Dose - A general form denoting the quantity of radiation or energy absorbed. For special 
purposes it must be appropriately qualified. If unqualified, it refers to absorbed dose. (The SI 
unit of absorbed dose is the gray; the old unit is the rad.) 

Drift - A horizontal mine passageway. 

§1 - An event or scenario: intrusion of a borehole through a disposal panel into a pressurized 
brine occurrence in the Castile Formation (Marietta et al., 1989). ~ 

E2 - An event or scenario: intrusion of a borehole into a disposal panel (Marietta el al., 1989). 

E1 E2 - The combined scenario involving a borehole intrusion in~ disposal panel and into 
pressurized brine followed by the intrusion of another borehole intf the same panel. 

Effective Waste Volume - The volume of the wastej>\ckfill composite minus the volume of the 
backfill along the sides of the waste stack; paramf1t9! used in the Design Analysis Model to 
calculate radionuclide releases to th;:...?rface due to the removal of drill cuttings. 

Exposure - A measure of the ioniz~ produced in air by gamma or x-ray radiation. It is the 
sum of the electrial charges on ions of one sign produced in air when all electrons liberated by 
photons in a volume~ent of air are completely stopped in air, divided by the mass of the air 
in the volume eleme(!!/The special unit of exposure is the Roentgen. 

Fick's Law - The law which states that the rate of diffusion of matter across a plane is 
proportional to the negative of the rate of change of the concentration of the diffusing substance 
in the direction perpendicular to the plane; in other words, a species "i" diffuses (moves relative 
to the mixture in the direction of decreasing mole fraction "i"). 

Fissile - Describing a nuclide that readily undergoes fission (splitting) by absorption of neutrons 
of any energy. 

Fugacity - An idealized vapor pressure; equal to the vapor pressure when the vapor behaves as 
• an ideal gas. 

Gamma - Penetrating electromagnetic radiation emitted in some nuclear decays. 

GBq - GigaBecquerel (10 9 Bq). 
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Gray - The SI unit of absorbed dose. One gray is produced by the absorption of one Joule of 
energy in a mass of one kg. 

Grout - The material which results when a cement is combined and well mixed with a fluid. 

Groundshlne - The exposure from groundshine is the direct external dose from radioactive 
material that has deposited on the ground after being dispersed from an accident site. 

Half-life - The average time required for an unstable element or nuclide to lose one-half of its 
radioactive intensity in the form of alpha, beta, gamma radiation, or neutrons. 

Halite - The mineral rock salt, NaCl. 

Hazard Index (HI) - The ratio between the daily intake of a chemical and an accept4" reference 
level. .. , . 

Hazardous Waste - Restricted nonradioactive wastes that exceed ~ards or do not meet other 
requirements of 40 CFR Part 268 with regard to toxicity or mobility rruction (DOE, 1990d, Vol. 1 , 
p. 1-1). 

Headspace - Gas volume in a closed waste drum. P.. 
HEPA Fiiters - High Efficiency Partir\e Air Filters. 

Hydraulic Diffusivity - The ratio of the hydraulic conductivity to the specific storage with 
fundamental dimensir') of area per unit time. 

Hydraulic Conducu"1<v- The rate of aqueous flow, in volume per time, through a cross-section 
of area under a unit hydraulic gradient at the prevailing temperature. 

Immediate Danger to Life and Health (IDHL) - Level or concentration of toxic agent that causes 
an immediate danger to life and health. 

Isotope - A species of atom having the same number of protons but differing in the number of 
neutrons in its nucleus. In most instances, an element can exist as several isotopes differing in 
the atomic mass. Isotopes can be either stable or radioactive (also called radioisotdpes or 
radionuclides). 

Isotropic - Having the same properties in all directions. 

Joule - SI unit of energy, equal to the energy expended by a force of 1 Newton over a distance 
of 1 meter. 
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Jig - Kilogram. 

km - Kilometer. 

Lithostatlc Pressure - Subsurface pressure caused by the weight of overlying rock or soil 
(14.8 MPa at the WIPP repository level). 

m - Meter. 

MB 139 - Marker Bed 139: one of 45 siliceous or sulfatic units within the Salado Formation 
consisting of about 1 m of polyhalitic anhydrite and anhydrite. MB 139 is located within the WIPP 
horizon. 

MBg - MegaBecquerel (106 Becquerel). 

mJ - Milli-Joule (1 o ·3 J). Subunit of energy. 

Morbidity - An early morbidity, premature death due to causal agp 
MPa - Megapascal (106 Pa). 

Newton - SI unit of force: 1 N is the force needed ~celerate a mass of 1 kg by 1 ms·'. 

Nuclide - A species of atom charact~d by the number of protons (Z), number of neutrons (N), 
and energy state. r \ 
Occu ational Risk isk of occupational work due to the treatment, transport, handling, or 
emplacement of Co a -Handled transuranic waste at the WIPP. 

Pa - Pascal; SI unit of pressure produced by a force of 1 Newton applied over an area of 1 m2
• 

Panel - Within the WIPP, a panel consists of seven underground rooms connected by 1 O m (33 
feet) wide drifts at each end. 

Particulates - Fine liquid or solid particles such as dust, smoke, or fumes found in the air or in 
emissions. 

PE-Bg - A radiactive hazard index factor; relates the radiotoxicity, a given activity, of TRU 
radionuclides to that of Plutonium-239. 

Performance Assessment - The process of assessing the compliance of a deep, geologic waste 
repository with the Containment Requirements of 40 CFR Part 191 Subpart 8. Performance 
assessment is defined by Subpart B as an analysis that (1) identifies the processes and events 
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that might affect the disposal system, (2) examines the effects of these processes and events on 
the performance of the disposal system, and (3) estimates the cumulative releases of 
radionuclides, considering the associated uncertainties, caused by all significant processes and 
events. These estimates are incorporated into an overall probability distribution of cumulative 
release to the extent practicable (40 CFR Part 191.12(q)). 

Permeability - A measurement of the ability of a rock or soil to transmit fluid under a hydraulic 
gradient dependent upon the interconnectedness of the interstices. 

Person-slevert - A unit of population dose, equivalent to man-sievert. 

Polyhalite - A hard, poorly soluble evaporite mineral: K2MgCa2(S04k2H 20. 

Porosity - The porosity of a rock or soil is its property of containing interstices or~ and may 
be expressed quantitatively as the ratio of the volume of its interstices to its total vflume. 

rad - An old measure of radiation dose absorbed by a tissue or othe~terial. 1 rad corresponds 
to the absorption of 10 mJ/kg of material. r 
Radioactivity - The property of certain nuclides of s~taneously emitting particles or energy or 
of undergoing spontaneous fission. r 
Radioactive Waste - Solid, liquid, or ~ous material of negligible economic value that contains 
radionuclides in excess of threshold Fl\ntities. 

Radiolysis - Chemicf14ecomposition by the action of radiation. 

Radionuclide lnvenle/v - A list of the types and quantities of radionuclides in a container or 
source. Amounts are expressed in the activity units of (Becquerel) or in specific activity units of 
(Becquerel perm 3). 

Radionuclide - An unstable nuclide of an element that decays or disintegrates spontaneously, 
emitting radiation. 

RADTRAN - Computer code used to calculate radiological risks of transportation (Madsen et al., 
1986). 

Reference Level - The level at which no observable effects are obtained from a certain chemical 
exposure. 

Rem - An old unit for dose equivalent. It is numerically equal to the absorbed dose in rads 
multiplied by a quality factor of the radiation type. 
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RH-TRU Waste - Remote-Handled TRansUranic waste. Packaged TRU waste whose external 
surface dose rate exceeds 200 mrem per hour, but not greater than 1,000 rem per hour. 

Risk - The product of probability and consequence. The radiological risk of a scenario is the 
population dose equivalent resulting from that scenario multiplied by that scenario's probability 
of occurence and the risk coefficient such as a cancer risk coefficient. 

Risk Assessment - Qualitative or quantitative evaluation of health and environmental risks 
resulting from exposure to chemical, radioactive, or physical agents. 

Room - An excavated underground cavity; within the WIPP, a room has the following dimensions: 
width = 1 O m (33 feet); height= 4 m (13 feet); and length = 91 m (300 feet). 

Rustler Formation - A sequence of Upper Permian age elastic and evaporite rock~t contains 
two dolomite marker beds (the Magenta and the Culebra Dolomite members), a a verlies the 
Salado Formation . 

.§. - Second. (' 

Salado Formation - A sequence of Upper Permian age evaporite rocks containing 45 numbered 
"anhydrite" marker beds (MB 101 through MB 145) irAbedded with halites of varying purity and 
accessory minerals such as clay and polyhalite. r 
Scenario - A combination of events ~processes that represent a present event or a possible 
future condition of the repository; faffo~ examined include geologic and groundwater systems 
that could contribute to the escape of radionuclides from the repository, and release into the 
accessible environmf1E} 

Sealing - Formation ~arriers within man-made penetrations (shafts, boreholes, tunnels, drifts). 

Sievert (Sv} - The SI unit of radiation dose equivalent which is the product of the absorbed dose 
(in Gray), the quality factor of the radiation, and other factors. 

Shaft - A manmade hole, either vertical or steeply inclined, that connects the surface with the 
underground workings of a mine. 

Solute - The substance dissolved in a solvent. 

Specific Activity - Total activity of a given radionuclide per gram of a compound, element, or 
radionuclide. 

Storativity - The volume of water released by an aquifer per unit surface area per unit decrease 
in hydrologic head. 
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TBg - TeraBecquerel (1O 12 Bq). 

Threshold Limit Value (TLV} - Basis for Hazard Index. A time-weighted average for an 8-hour 
period intended to protect workers over a career of exposure. 111

•' 

Threshold Pressure - The capillary pressure corresponding to full saturation under drainage 
conditions required to overcome capillary forces at the gas/brine interface and create an incipient 
interconnected gas filled pore network. 

Tortuosity - Measurement of actual path of flow through a porous medium. 

Transmutation - Any process by which a nuclide is transformed into a different nuclide, or more 
specifically, when transformed into a different element by a nuclear reaction or decaY,. 

Transuranic Radioactive Waste (TRU Waste) - Waste that, without regard to s~e or form, 
is contaminated with more than 37 Bq (100 nCi) per gram of waste of alpha-emitting transuranic 
isotopes with atomic numbers greater than 92 and half-lives greaEan 20 yr, except for: (1) 
HLW; (2) wastes that the DOE has determined, with the concurre of the EPA Administrator, 
do not need the degree of isolation required by 40 CFR Part 191; o (3) wastes that the NRC has 
approved for disposal on a case-by-case basis in a~rdance with 1 O CFR Part 61. Heads of 
DOE field organizations can determine that other a-contaminated wastes, peculiar to a 
specific site, must be managed as TRU waste. 

Treatment Facility - Place(s) at whiantact-handled waste is to be treated by different means 
either before, during, or after transpdrt~~on. 

TRUPACT-11 - The ~ Type B package designed to transport Contact-Handled transuranic 
waste to the WIPP sil7.1t is a cylinder with a flat bottom and a domed top that is transported in 
the upright position. Each contaminant vessel is non-vented and capable of withstanding a 
pressure of 345 kPa (50 pounds per square inch). Capacity of each TRUPACT-11 is fourteen 
208 L (55-gallon) drums, two standard waste boxes, or one box and seven drums. 

, .. 
Utility Index - The value of the Multi-Attribute Utility Theory function. This function describes the ,.,.: 
value assigned to a particular combination of attributes. 

,, w 

Viscosity - The resistance that a gaseous or liquid system offers to flow when it is subjected to .. , 
a shear stress. 

I' r 

Vitrification - Term which implies the melting or fusing of residue into a glass matrix. 

Void Volume - The total volume in a matrix not occupied by the matrix material. 
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Waste Handling Building (WHB) - The area at the WIPP which receives waste and where waste 
is assayed, if necessary, to prepare for emplacement. 

Waste Form - The condition of the waste, its type, and physical form. Provides information on 
the waste contents, how the waste is processed, and on the chemistry of the constituents. 

Waste Acceptance Criteria (WAC) - The DOE document describing the criteria by which 
unclassified transuranic waste will be accepted for emplacement at the WIPP and the basis upon 
which these criteria were established (U.S. Department of energy, 1989b). 

D 
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ATTACHMENT B 

THEORETICAL BASIS FOR RISK COMPARISONS 
USING SOME OF THE TOOLS OF MULTI-ATTRIBUTE UTILITY THEORY 

B.1 INTRODUCTION 

Scenarios considered in risk assessment rarely lead to a single consequence; usually the total 
risk of one or more events consists of a number of different components such as fatalities, 
injuries, and dollars lost. Quite generally, risks are multidimensional quantities with components 
of widely different character, measured in different units. For two reasons, this makes the 
comparison of risks nontrivial: (1) a numerical comparison can only involve two nu~rs and (2) 
only numbers measured in the same units can be compared. f 

Therefore, for a comparison of multicomponent quantities, all comt:on nts must be converted to 
the same units through multiplication by an appropriate scale conversion factor, and all 
components must be combined in a manner prescribed by so e rationale to form a single 
number. Two such numbers can then be compared unequivocally, provided that the algorithm 
used for the combination is, mathematically speakir}6\_a well-behaved function. For rationales 
such as the ones discussed here, the functions us~e rather simple and do not present any 
mathematical difficulties. 

The fields of economics and decCJ. theory offer the required rationales in the form of 
multi-attribute utility functions (Covelt~~ 987; Fishburn, 1978; Keeney, 1978; Von Neumann and 
Morgenstern, 1944)£l:se functions not only convert all components to the same units, but also 
involve societal val · dgements, for instance, by explicitly defining a dollar equivalent for a 
human life lost. Th function values are called utility indices and are the quantities to be used 
here for risk comparisons. In risk management, this generic approach was successfully used to 
select the three finalist sites for the high-level radioactive waste repository (Gregory and 
Lichtenstein, 1987; Keeney, 1987; Merkhofer and Keeney, 1987). In that selection process, a 
number of different attributes, such as aesthetic, cultural, and socio-economic impacts, as well 
as repository cost, were considered in addition to some components of the total risk. It is 
demonstrated here that this theoretical framework can not only be applied to comparing utility 
indices based on risk components alone but that the similarity of the components may be used 
to advantage. 

It is, however, important to realize that the use made of multi-attribute utility theory proposed here 
differs in several significant aspects from the conventional approach. Indeed, except for the 
derivation, this application to the comparison of total risks has few aspects in common with the 
usual multi-attribute utility approach to decision making. Most important among the differences 
is that the purpose of the procedure to be developed is exclusively to compare two or more risks, 
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which are quite similar quantities. It is not the intent to make management or policy decisions, 
such as those indicated in the last paragraph, on the basis of often widely different criteria. As 
a consequence, full advantage is taken of all similarities, particularly with regard to the valuations 
of reductions in risk. 

In the applications of multiattribute utility theory to date, ranking is based purely on the concept 
of preference without recourse to the numerical uncertainties of the utility indices; that is, the 
indices are treated as if they had no standard errors. Consequently, this approach is not able to 
make explicit use of the other basic concept of value theory: that of indifference to the ranking 
of two utility indices (Fishburn, 1978; Von Neumann and Morgenstern, 1944). In ranking risks 
using utility functions, the fact of indifference to ranking two alternatives is a highly significant 
datum, particularly if the alternatives differ in attributes other than risk, such as cost, technical 
viability, and reliability. In an additional procedure, these aspects can then be taken into account 
to make management or policy decisions. · f 
Normally, risk comparisons are not or should not be stand-alone procedures (Seiler, 1990b). 
They are more likely tied into a larger framework for the evaluE· of alternatives. In this 
environment, it is imperative that a close interaction exist betwee e decision makers at both 
levels, because the viewpoints and valuations in a stand-alone risk omparison are not the same 
as those in a risk comparison embedded into anothl:study that depends on its results. 
It is the purpose of this theoretical approach to appl e tools of multi-attribute utility theory to 
the comparison of risks, to propose a particular f rm of writing risks and utility functions for 
making these comparisons, to discuEe properties of that particular form and similar forms in 
detail, and, finally, to introduce an u ainty evaluation for the utility index and apply it to two 
indifference criteria for the ranking p ocess. 

8.2 COMPARISON@' RISK COMPONENTS 

B.2.1 Risk as a Multicomponent Quantity 

The basic quantity risk will be used here in the form defined by Kaplan and Garrick (1981), 

(B.2.1) 

where Si defines a particular scenario, Ci one of its consequences, and P; the probability of that 
consequence. The complete set of I scenarios and outcomes of a given activity describes its 
total risk. In set notation 

(B.2.2) 

The possible scenarios Si include different people at risk with individual risks R; which can be 
summed to obtain a total risk R for all J possible consequences Ci , each of which is expected 
to occur E i times. In other words, E i is the expectation value for the effects in all exposed 
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individuals. The total risk can then be written as a set of all J combinations of scenarios and 
consequences, 

(B.2.3) 

Alternately, this total risk can be written as a vector 

R = ( R1 , R2 , ••• , Ri•··· RJ) , (B.2.4) 

where the components R 1 of the total risk are given by the same expectation value of the number 
of effects E 1 as in Equation (B.2.3) 

(B.2.5) 

where the index j now has to imply both scenario and consequence. The mea~i of the real 
number E 1 can thus range from the number of traffic or latent cancer fatalities t t e number of 
dollars necessary to clean up an accident site. Potentially, the number of compon nts J is quite 
large. Methods to aggregate some of them to decrease their num~e to a manageable size will 
be discussed in the context, weighting the components in Seer B.3.4. Regardless of the 
number of components, however, the notation of Equation B.2.4) clearly indicates the 
multicomponent nature of most total risks. 

The comparison of total risks is made difficult by t~ulti-component structure, because there 
exists no unique mathematical fram~w rk for comparing these risks at the present time. Yet risk 
comparisons are needed in many ssessments and in most risk management activities. It 
is, therefore, of importance to dev op cols that allow a comparison of total risks, such as an 
index that summarizes the combined impacts of all components of the risks being compared. 

In this context, it is Qrtant to realize that the risk defined in Equation (B.2.1) and the total risk 
defined by Equatio~.2.3) or (B.2.4) are two different quantities. However, for want of a more 
appropriate term, both are usually called risks. The terminology used here is to apply the 
qualified term total risk to the second set of equations, defining the expectation values for each 
consequence. As long as the index j implies both scenario and consequence this usage will be 
maintained. 

In the aggregation mentioned above, the number of components is reduced from J to a more 
manageable number J 0 • This implies a summation (or integration) over the number of scenarios 
and over the persons exposed. The resulting quantities are more in the nature of an expectation 
value of a total risk than a risk, and call for a different term. Taking into account that Equations 
(B.2.2) and (B.2.3) contain exactly the same information, yet another formulation for this data set 
is 
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(B.2.6) 

where the components Ci are given by the analog to Equation (B.2.5). 

Ci = Ei . (B.2.7) 

Note that the only real difference between Equations (B.2.4) and (B.2.6) is the range of the index 
j, which runs from 1 to J in Equation (B.2.4) and over the much reduced range from 1 to J 0 in 
Equation (B.2. 7). In the latter, the index runs exclusively over the different consequences Ci , 

1 selected in the aggregation process. The quantity C defined by Equation (B.2.6) is, therefore, 
termed the consequence vector. 

B.2.2 Uncertainties in Risk Comparisons ~ 

In many risk assessments, the numerical analysis of uncertainties is either not peJ,rmed at all 
or then just perfunctorily, more as an afterthought. This may in p~rt e due to the fact that the 
treatment of uncertainties is often difficult; at any rate it is more inv ed and more delicate than 
the actual risk calculation (Bevington, 1969; Brandt, 1976; Iman an Helton, 1988; Seiler, 1987b). 
However, in any state-of-the-art risk assessment, an appropriate numerical error analysis is a 
central and time-consuming part of the entire effort (¥\Section B.4.2 and Attachment C). Also, 
its results should be reflected in the final quotations}'11lie risks, even if it is only by the number 
of significant digits given (LaGoy, 19~ 

When two or more total risks are co~ed, the uncertainties of each component of the total risk 
become of paramount importance, because the task of a risk comparison is not merely to rank 
risks according to soeriterion or other, but rather to do so while keeping track of risks that are 
not significantly diff re t from others. These comparable risks can only be assigned to a 
particular group but annot be ranked within it. Failure to follow this procedure can result in 
considerable losses of money or other societal goods due to more efficient alternatives which 
were mistakenly ranked lower and consequently rejected. In order to follow the procedure 
outlined here, criteria that indicate an indifference to ranking need to be applied, such as 
Goodman's criteria of an insignificant difference (Goodmann, 1986). 

The uncertainties of most risk components are usually rather large due to such uncertain factors 
as the probability of the primary event in a scenario or the risk coefficient for lung cancer due to 
high-LET irradiation of the respiratory tract by inhaled 238 Pu. However, closer inspection of risk 
comparisons shows that these errors have the character of errors of scale which can sometimes 
hide even highly significant differences (Seiler, 1990b). These scale errors should either be 
removed by appropriate methods (Seiler, 1990b) or they can be eliminated by an appropriate 
normalization of the risk component. 
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B.2.3 Normalizing a Risk Component 

The most elegant way to reduce the error of a risk component is a normalization, that is, a 
recalibration of the component in different units. In this operation, many common factors cancel. 
Quite generally, a component R J k of the total risk can be separated into a product of n i different 
factors Fi k v, often with some of the factors being sums of products, 

n, 
Rjk = Fjk1 Fjk2 ••• Fjk nj = II Fjkv ' 

(B.2.8) 
V:1 

where the indices j, k, and v stand for the risk component, the alternative being compared and 
the risk factor, respectively. For use as a normalization quantity, a number of different risks can 
serve. Convenient choices are the baseline risk components, or the average of every component 
over all K alternatives. In this context, it is important to realize that normalizatio~ a shift of 
scale that does not change relative uncertainties. I 
Denoting the normalization risk by the index k = 0, the normalized~is component r i k is the old 
risk component Rik measured in units of the normalization risk . or, in the terminology of 
epidemiology, the new risk rJk is a relative risk. In the normalizati n, a number of the factors in 
numerator and denominator will usually cancel; often only one or two factors remain. If the 
number of remaining factors is n J, the relative risk i~ven by 

r n, 
II Fjkv 
v =1 (B.2.9) = n, 
II ~ov 

The error of this r~s thus much smaller than the erro:·:, an absolute risk, and error 
propagation can be handled in the usual first-order or Gaussian approximation for small relative 
errors (Bevington, 1969; Brandt, 1976). If some relative errors are not small, higher order terms 
in the Taylor series may have to be used (Seiler, 1987b). 

Sometimes the same parameter appears in both numerator and denominator. but does not cancel 
as in Equation (B.2.9), because the factor containing it is a sum of products. In this case, the 
error propagation formula should not be used on the absolute risks Rik , but on the relative risk 
function r J k (x) = r i k (x 1' x 2, ..• , x p) with a set of P independent parameters {x P} = {x PI p = 1, P} 
that influence the uncertainty of the final result. The Gaussian approximation, which consists of 
the first correction term of a multi-dimensional Taylor (Korn and Korn, 1968) expansion of r i k (x) 
around the point x, then yields 
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(8.2.10) 

Analogously, numerical methods (Cox and 8aybutt, 1981; Helton, 1961; Iman and Helton, 1988) 
should focus on the relative risk r J k rather than on the product of the residual factors F J k v of the 
absolute risks in numerator and denominator. Some of the aspects relevant to this report will be 
discussed in more detail in Attachment C.1 . 

B.3 TOOLS OF MUL Tl-ATTRIBUTE UTILITY FUNCTIONS 

8.3.1 Decision Theory 

Decision theory is a discipline grown out of economics and operations rese~ that has 
developed rapidly in the last few decades. It is a system of concepts and ~athematical 
procedures which are helpful in making decisions while pursuing multiple objectives. Some 
approaches are based on the economic concepts of preference~d utility (Fishburn, 1978; 
Keeney, 1978), collectively often called value theory, and incorporat ndividual and societal value 
judgments in a mathematical framework combining different attribu es. 

Von Neumann and Morgenstern (1944) are crediteJ"':l.th the primary development of modern 
axiomatic theory of utility functions for decision p7o:~ses; more recent developments have 
resulted in a mature axiomatic theosentral to this economic theory are the binary relations 
of preference theory based on the co c ts of preference (the consumer prefers A to 8, actually 
he 'strictly prefers' A to 8; or in math matical symbolism: A >- B ) and indifference (the consumer 
is indifferent to a choE· etween A and 8, or in mathematical symbols: A - B ). Utility functions 
describe the consum r's aluation of various amounts of commodities such as money, goods, and 
services. The num al value of a utility function is called the utility index (Henderson and 
Quandt, 1971 ). 

B.3.2 Single Attribute Utility Functions 

Utility indices are used to rank alternatives; the differences between the values of different 
alternatives, however, are not necessarily indicative of the intensity of preference. Utility 
functions, as usually constructed, are thus deemed to have ordinal, but not necessarily cardinal 
properties (Fishburn, 1978; Henderson and Quandt, 1971; Keeney, 1978). However, for the 
purposes of comparing risks, cardinal properties are desirable in order to facilitate error 
propagation calculations and evaluate the significance of differences between utility indices. 
Utility functions with the necessary properties can be constructed in a manner that avoids sizeable 
higher-order derivatives, for example, by using linear or logarithmic functions of gains or losses. 
For these functions, it is then possible to calculate standard errors for the utility indices and use 
them in a meaningful discussion of significant differences. The discussions here are given in 
terms of unaggregated risk components but hold equally well for aggregated components. 
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From the utility point of view a risk contribution or a number of expected health or environmental 
effects Ei k are a disutility di k or a negative utility -u 1 k • If the disutility di k is assumed to be 
directly equal to the number of effects, it is given by the expression 

(8.3.1) 

where the indices j and k denote the component and the alternative, respectively. As long as 
the value of E 1 k is larger than one but not too large, the linear utility function is a good measure 
for the loss of value. If E 1 k is considerably less than one, the linear function does not give a 
reasonable measure for a risk reduction by - say - an order of magnitude; it undervalues that risk 
reduction. If E 1 k is much larger than one, on the other hand, it will tend to overvalue a risk 
reduction by the same factor of ten. The same arguments can be made for a linear utility that 
involves normalized risks. 

In economic terms, the use of the linear form disregards the relationship between ~uantity of 
a commodity and its utility, known as the Law of Diminishing Marginal Utility (Fi~fb~rn. 1978; 
Samuelson, 1973). Put in mathematical terms, it states that the derivative of the utility decreases 
as the quantity of the commodity increases. Thus the use of the~m 'marginal' in economics 
does not agree with its mathematical definition (see for instance K n and Korn, 1968). In order 
to limit the use of this term to its mathematical meaning, the aero ym LOMU will be used from 
now on to denote the law. {'),._ 

In risk management, the LOMU expresses the fJ;;t~at, for example, a unit increase in the 
relative risk is most detrimental whe~1s 1, it is less detrimental when r1 k is 10, and even less 
so when r i k is 100. Similarly, au i rease in the denominator is most beneficial when the 
relative risk is 1 , less beneficial whe it is 1/10, and so on. Graphically, this type of relationship 
is shown in Figure 1-t?, where, as an example, a logarithmic dependence f(x) = loga x is plotted 
as a function of the r ment x. Given in Figure 1-8-1 b is its derivative, df(x) I dx = 1 I (x In a) 
as a function of x. e function f(x) adds one unit of disutility for every factor, a, by which the 
argument x increases. 

Using a logarithmic form with base a for the disutility inherent in a risk component leads to the 
second form of the utility function to be discussed here. The formulation 

(B.3.2) 

removes the asymmetry about the point ri k = 1, except for a sign. It is, therefore, antisymmetric 
with respect to unity and able to cover large variations in the relative risk ri k. In fact the definition 
of a risk reduction factor pi k by 

(B.3.3) 

allows the writing of the modified utility function in the form 
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The Law of Diminishing Marginal Utility shown here (Figure 1-8-1 a for the single-attribute utility 
function U(x) = log a x. For each factor, a, by which the argument x increases or decreases, the 
utility increases or decreases by one unit. The change per unit increase of argument x, that is, 
its derivate du(x)/dx = 1/(x In a) is shown in Figure l-B-1b. As required by the LMDU, it 

continuously decreases as the argument increases. 
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(B.3.4) 

= Q In Pik ' 

with the definition of the 'modulus' of the logarithm with base a 

Q = I~ a . (B.3.5) 

This type of utility function is antisymmetric in the arguments r i k and pi k and s7etric with 
respect to risk increases and risk reductions. - I 
Utility functions that appear most useful in the comparison of total risks combine most of the 
qualities discussed above. The set of these single-attribute utility f:!lctions will be called class 
9\ s utility functions in this paper and is defined by the following prf'Perties: 

1. 

2. 

3. 

Exhibiting the behavior required by the '3~'v(U, and having a parameter that allows 
it to approximate the dependence of thf?"ity function on the risk reduction factor. 

Exhibiting antisymmetry~ respect to an argument of unity, i.e., it is symmetric, 
except for the sign, with ~ect to r i k = 1, and thus also pi k = 1. . 

Being "mathematically well behaved functions," i.e., they are continuous, monotonic, 
differenti~, and have, in addition, only small values of the higher derivatives. 

4. Being ~urable, i.e., a larger difference of the utility function for two different 
values of the argument means a larger difference in the intensity of the preference 
for the higher argument over the lower one, and vice versa (Dyer and Sarin, 1979). 

From the discussions above, the need for most of these properties is evident; the requirement 
of small higher derivatives is needed in order to justify the use of the Gaussian approximation for 
the propagation of errors. Together with the requirement of measurability, this condition assures 
a meaningful mapping of the uncertainty distribution onto the utility function. Clearly, the functions 
discussed in Equations (B.3.2) and (B.3.4) fulfill all of these requirements, whereas 
Equation (B.3.1) fails with regard to the first condition, except for small deviations of the argument 
from unity. 

B.3.3 Aggregation of Components 

Among the J components of the total risk, many involve the same incident or the same type of 
incident, say, routine occupational whole-body exposure to low-LET radiation, as well as the same 
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consequence, say, leukemia five to fifteen years later. The expected value of leukemia cases 
among the workers for several different exposure scenarios is a typical candidate for aggregating 
components into the single risk component of leukemia due to routine occupational low-LET 
whole-body radiation exposure. All contributions to this combined risk would have the same 
societal weight Yi, i.e., be subject to the same valuation. 

There are essentially three ways to aggregate similar components: (1) aggregate before forming 
the risk reduction factor; (2) aggregate risk reduction factors before forming the utility function; 
and (3) aggregate after forming the utility functions. Each method has its area of applicability, 
although in many cases the method of choice is not necessarily evident. The basic requirement 
for aggregation, however, is that the components lead to the same consequence, typically a 
health or environmental effect. 

The first method is indicated, for instance, when the index j differentiates s~ between 
individuals exposed in the same event and at risk for the same health effect. This aggregation 
is of the type that leads to the number E i of health effects in Equation (B.2. ). For the 
aggregation labeled~. which combines the n ~ components betweet: labels J ~ _, and J ~ , with 
indices given by the limits 1 :::;; J ~- 1 :::;; J ~ :::;; J, the combined risk red · n ratio becomes a sum of 
products, quite likely multiplied by some common factors. Th can be seen by rewriting 
Equation (B.3.3) as a risk reduction factor p ~ k for thX.ombined component ~ 

J~ !::' 
L Rjo f2 = i·~:-• (B.3.6) 

L Rjk 

The detailed derivaQof the algebraic form :tJ;~, and its properties are given in Attachment 
C.2, Aggregation of Risk Components. Also discussed there is the calculation of the error for the 
risk reduction factor, ~ p ~ k , which requires the application of the Gaussian approximation. 

The second method should be used when it seems justified to add risk reduction factors in some 
appropriately weighted fashion. This is indicated in some studies where only several conditional 
accident scenarios are discussed, that is, the results given are subject to the condition that the 
initiating event has occurred, but little information is available on the probability of that event. 
Also, some highly uncertain low-probability events may be more amenable to the estimation of 
the risk reduction factor than to the estimation of the absolute risk. In these cases, it may be 
useful to estimate the combined risk reduction factor as a weighted arithmetic or geometric 
average of the individual factors, 
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J~ 

P~k = L w~j Pjk 
(8.3.7) 

j: J~_, 

or 

J~ 

p ~ 1C = II ( p j ic) w~i • (8.3.8) 

j:J~_, 

Equations (8.3. 7) and (8.3.8) do not have the usual form for weighted means because the sum 
of the weights is normalized to unity. Once this is taken into account, the equations assume the 
correct form. 

The choice between the arithmetic and the geometric average depends on the ch~eristics of 
the evaluation. In risk comparisons, risk reduction factors often vary widely. 1~'Th~t case, a 
geometric mean may be preferable. For the aggregation of more densely clustered risk reduction 
factors, the arithmetic average may be preferable. r 
The problem in using Equations (8.3.7) and (8.3.8) lies in finding an adequate rationale for the 
determination of the weights w ~ 1 • It may, however, A. easier to approximate the influence of a 
particular risk reduction factor on a combined factor~ to estimate its absolute value. In some 
of these cases, the relative contribution of that component to the total baseline risk of the 
aggregation I; may be deemed appr~te, 

w~i = 

D (8.3.9) 

v ... J~-· 

In other cases, equal weights may be more adequate. Generally, the second method is indicated 
when separate risk reduction factors are needed, but there is no rationale for a separate attribute 
in the multi-attribute utility function. 

The third method should be used when component utilities should be added and weighted with 
the same societal valuation Yi. This is often the case with the risk components targeted by the 
risk reduction methods that distinguish the alternatives k. For these components a direct 
evaluation of the utilities is indicated. In some instances, however, these contributions to the 
utility index tend to overwhelm other contributions by their sheer numbers, even though they 
should be viewed more as a single contribution. To avoid this situation, the composite single
attribute utility function may be written as 
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Jt 

u~k = Q L w~v In ( Pvk) (8.3.10) 

v=Jt-• 

with relative weights w i; i . These weights are often most appropriate when set equal to each 
other, that is to 

1 
= (8.3.11) 

with a sum over the n i; weights normalized to unity. In some situations, however, another way 
of weighting may be more appropriate. Some additional thoughts on the best choice of method 
and on the implementation of that choice are presented in Attachment C.2, Aggre~on of Risk 
Components. f 

1 In the aggregation process from J different components down to J 0Eponents, the terminology 
changes because this summation leads to a quantity in the nature an expectation value (see 
Section 8.2.1, above). This is recognized by the definition of the onsequence reduction factor 

ri• = <P, ( {Ppl , (8.3.12) 

aggregated by one of the functions a Equations (8.3.7) to 8.3.8) from a subset of the set of 
all risk reduction factors. This qua~it~ is used in the formulation of the multi-attribute utility 
theory. 

Utility functions for multiple attributes, such as the risk reduction components of a relative total 
risk, can be written as some combination of their marginal utility functions, the modified 
single-attribute utilities e i k, weighted by societal value judgments (Covello, 1987; Keeney, 1978; 
Merkhofer and Keeney, 1987). The corresponding mathematical weights g i express the valuation 
by society of different components, such as cancer fatalities, monetary losses, loss of limbs, and 
workdays lost in accidents. As in the case of single attribute utility functions, the value of the 
function is called the utility index U k. 

There are many ways to decompose the multi-attribute utility function into combinations of their 
marginal utilities (French, 1986; Keeney and Raiffa, 1976; Zeleny, 1982). For risk comparisons, 
the most interesting one is the additive decomposition. In the approach used here, two forms of 
the multi-attribute utility function will be discussed: both are additive, one using linear and the 
other logarithmic marginal utility functions. Thus 
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J. 

Uk = const 'E gj ejk 
j=1 

(B.3.13) 

where the marginal utility functions are given either by Equation (B.3.1) or Equation (B.3.4), and 
where canst is a constant scale factor. 

Apart from these properties, these multi-attribute utility functions fulfill the other conditions of what 
we shall call class 9t m functions: 

1. Their marginal utilities are class 9t s utility functions. 

2. Similar to the requirements of condition 3) for class 9t s functions, they are 
mathematically 'well behaved' and represent a smooth n-dimensional s~e without 
large curvatures in (n+ 1 )-dimensional space. I 

3. The utility functions are measurable, i.e., a larger difference between the function 
values of two alternatives means a larger difference r;ne intensity of preference 
between the two alternatives. r 

The exact nature of the intensity of preference (Fre~, 1986) discussed in the third condition is 
not of direct relevance here, because, as stated re, the requirement of measurability is 
introduced in order to ascertain a meaningful mappi g of the uncertainties onto the utility indices. 
The second condition is the reason wEe multiplicative decomposition of the multiattribute utility 
function is not used here. Multipli e functions have considerably more potential for large 
surface curvatures than additive fun tions. 

The first additive fun~ to be discussed here is the weighted linear combination of linear utility 
functions for each at{otalite according to Equations (B.3.1) and (B.3.4). It leads to a multi-attribute 
function of 

(B.3.14) 

where S is an arbitrary normalization factor. If it is chosen as the sum of weights g i, 

(B.3.15) 

then normalized weights y i can be defined by 

Appendix I, Attachment B 1-75 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

g. 
'Y - 1 
j=-' s 

(8.3.16) 

resulting in a utility index Uk that corresponds to the weighted arithmetic mean of all component 
utilities, 

J. 

Uk = L 'Yj Pjk . 
i·1 

(8.3.17) 

These linear combinations of linear utility functions are best used when the total risks to be 
compared are rather similar in most components. In these cases, the linearity of utility with a 
small increase or reduction in risk is a useful concept. The range of applicabilit#restricted, 
however, because of the asymmetry with regard to the unit relative risk and the in1bility to give 
expression to the LOMU. 

If the marginal utilities 0 i k are given by the logarithm of the risk reCiion component according 
to Equation (8.3.4), the additive form yields a multi-attribute utilify~ k which is the weighted 
arithmetic mean in a logarithmic space with base, af\ 

J. r' 
~ Q ~ Y; In P;• . (B.3.18) 

This function thus has the global properties required of a class 9i m function. The wide range of 
relative risks due to f2management and remediation efforts, often many orders of magnitude, 
can be covered eas ly y assigning an appropriate base, a, to the logarithm to be used in the 
marginal utility funct1 ns. 

Intuitively, the use of the weighted arithmetic and the weighted logarithmic mean of the 
component utilities as measures of the multi-attribute utility makes sense. The first is appropriate 
when the values r J k are clustered relatively closely around the value of 1, the second is more 
appropriate when there are wide spreads between component values. 

The selection of the weighted logarithmic average in Equation (8.3.11) as the multi-attribute utility 
function of choice in this paper may be less obvious. It is mostly justified by the desirable 
properties of a class 9i m multi-attribute utility function and the fact that function (8.3.11) is the 
most slmple representative of this class. This choice is arbitrary, but it is based on a rationale 
that should be sufficient for the general purpose of comparing risks. 
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For the comparison of risks with logarithmic utility functions, the unique property of these functions 
may be used directly by defining with the anti-logarithm a risk reduction index which is the 
weighted geometric mean of all the risk reduction factors r i 1C 

J. 

E>k =auk= II (rjk)ri 
j .. 1 

or its inverse, the risk augmentation index 

1 

E>k 

It is these quantities which will be used here for risk comparisons. 
contributions from the different components are the factors 

<I>jk = (rjk) 1
i. 

so that 

J. I\ 
ek =IT K. a j:1 

(B.3.19) 

(B.3.20) 

In this form z indices, 

(B.3.21) 

(B.3.22) 

Writing the consequence reduction i~e~ as a product allows a simple analysis of the contribution 
of each component j he index. 

B.3.5 Determination 

Together with the selection of the utility function, the assignment of the weights g i is a crucial part 
of the comparison of risks or consequences, because it involves the numerical evaluation of 
societal value judgments such as the value of a human life, the true societal cost of temporarily 
or permanently displacing people from their home or workplace, or the losses incurred in 
damaging or destroying an environmental system (Covello, 1987; Edwards, 1987; Graham and 
Vaupel, 1981; Svenson and Karlsson, 1989). An appropriate representation of different technical 
and non-technical viewpoints is, therefore, of paramount importance. 

This purpose is best accomplished by eliciting the judgmental values of a group of experts. In 
this group, the viewpoint of political authorities at the local and state level, of the regulating 
agencies, and the operational engineer must be represented, as well as the concerns and values 
of the local population, and the needs and priorities of society as a whole. The group of experts 
will, therefore, have to comprise technical specialists, risk assessors and managers, as well as 
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social scientists and others that can introduce regulatory and popular concerns into the evalua 
tion. In this context, it is important to keep in mind the use to which the comparison of total risks 
or consequences is put. The composition of the group of experts will be quite different for 
different uses, such as selection of technological alternatives for a project already decided on, or 
the determination of whether to do a project or not. In the second case, much more societal input 
is needed, whereas in the first case a corresponding viewpoint needs to be represented. 

In economics and decision theory, the weights g i or y1 are often called value trade-offs or scaling 
factors, and convert the risk component given in its appropriate units into a new quantity 
measured in dollars. This leads to the difficult question of the monetary value of a human life 
(Edwards, 1987; Graham and Vaupel, 1981; Gregory and Lichtenstein, 1987; Keeney and Raiffa, 
1976; Merkhofer and Keeney, 1987), and to the problem of the appropriate discount rate for that 
value if the life is lost to cancer in 10 or 20 years instead of being lost in an occupational accident 
today. These problems become paramount, if not insoluble, when - as an examlt- the risk 
comparison involves different versions of a repository for radioactive wastes, and th s needs to 
balance the values of money and lives lost today and 5,000 or 10,000 years from n w (Graham 
and Vaupel, 1981; Svenson and Karlss.on, 1989). C 
This difficulty, however, seems to arise not so much from havir{;' to make the actual value 
judgment, but from the practice of expressing the r~lts of that judgment in dollars and using 
traditional economic methods to discount them. Re e t experience has shown that monetary 
values are not an adequate measure of many socie issues such as health and environmental 
risks (Keeney, 1990a; Keeney, 1990~; enson and Karlsson, 1989). In public perception, many 
risks carry a price that cannot be ured in dollars (Slavic, 1987; Svenson and Karlsson, 
1989). The concern for the safety o future generations is a typical example: Since our society 
has decided to worry about lives that may be lost in the far-off future, it clearly assigns weights 
which are largely ind(p6),dent of absolute dollar values or meaningful discount rates. By many 
people, weights are (!pire likely to be assigned on the basis of a rationale such as: Every 
generation should take care of its own wastes and not burden future generations with problems 
caused by less than optimal methods of disposal. 

The normalization of risk components used here side-steps the difficulty of assigning absolute 
dollar values. Using either the relative risks r i k or the risk reduction factors r i k for disutility or 
utility, respectively, involves dimensionless quantities. In weighting them, there is also an 
important change in the question posed: It is no longer "What is the value of a human life lost 
today relative to the dollar?" but rather "What is the value of a reduction by a factor F in the risk 
of lives lost today relative to the same reduction in the risk of monetary losses?" Appropriate 
aggregation into consequence components does not change this valuation. 

The value of a consequence reduction, however, still depends on the absolute value of the 
consequence. For a relatively large value, a reduction by a factor F is more valuable than for a 
value that is already small. In part, this is but an alternate form of the LOMU, reformulated for 
the fact that risk is a disutility. Class 9\ m multi-attribute utility functions such as the one in 
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Equation (B.3.11) account in part for this property and the corresponding weights should thus be 
assigned for the part of the function near unity, i.e., for the neighborhood of r i k = 1 and thus also 
r i k = 1. This takes care of the variability of the utility with respect to the risk reduction factor. 
The weighting, however, still depends on the absolute value of the baseline risk R i 0 for that 
component. For the relatively small values often encountered for highly controlled operations, the 
dependence is usually weak. For substantial or large total consequences, with several tens or 
hundreds of fatalities, however, that dependence is quite strong. Thus, considering the absolute 
consequence component together with the consequence reduction factor will yield a meaningful 
weight. 

There are a considerable number of methods for eliciting and evaluating expert judgment 
discussed in the literature (French, 1986; Keeney and Raiffa, 1976). However, the totally different 
type of valuation needed here will require extra care. Some aspects of importance in this 
particular type of consequence comparison are discussed in more detail in Attac~t G. 

B.4 THE RANKING PROCESS AND UNCERTAINTY I 
B.4.1 The Ranking Process and Its Robustness C 
The values of the utility indices provide a basis to establish a ranLng among alternative risks. 
Some of these rankings, however, may be spuri<IJ\ because the numerical values of the 
uncertainties in the utility indices may be larger tha~comparable to the differences by which 
preference is established. Due to the uncertainties of the utility functions, two risks may actually 
be indistinguishable and should be ~d equally. 

The ranking of the set A of K different alternatives thus leads to sorting them into B indifference 
classes I b with one f'CF}1ore members which are mutually indifferent to ranking (French, 1986). 
Thus, in set notatio1)P9 indifference class I b is defined by 

lb= {a EA I E>a-E>b}. (B.4.1) 

It can be shown, however, that there exists a strict preference relationship between the B 
indifference classes 

lb>-. lb>- .... >- lb>- .... >-.la, 
1 I 2 I I I I 

(B.4.2) 

where the strict preference between indifference classes is denoted by >-i and defined by 

Appendix I, Attachment B 1-79 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

for any (B.4.3) 

i.e., by the requirement that all elements of the preferred class are strictly preferred to all 
elements of the other class. On this basis, the classification in Equation (B.4.2) characterizes the 
ranking information needed in risk comparisons. The value of a consequence reduction index 
e k and its uncertainty ~E> k provide the data for the 1,mcertainty analysis of the ranking process. 
resulting in a ranking and a multiplicity at equal rank (French, 1986; Goodmann, 1986). The 
procedure is discussed in Section B.4.3. 

B.4.2 Standard Error of the Utility Indices 

The uncertainty ~E> k of the consequence reduction index arises from the se4,; of all P 
stochastic quantities that enter into the calculation of the index. The Gaussian ~Xr~ximation 
(Bevington, 1969; Brandt, 1976; Seiler, 1987b) yields for the stand~error 

(~ E>,J2 = t ( () E>k( { Xp}) ]2 (~xv )2r (B.4.4) 

V=1 dXV ~ 

An analogous expression can be derived for the rishu~mentation index 'I\. 

This approximation for small errors aains only the linear term of a multidimensional Taylor 
series (Korn and Korn, 1968) but sho

1

~,d suffice for most cases. If a given risk component 
involves larger unceaties, an approximation which is appropriate for large errors, may be 
required. Examples re the use of lognormal distributions for highly uncertain parameters, the 
use of higher terms i e Taylor series (Seiler, 1987b), or the use of numerical methods (Cox 
and Baybutt, 1981; Helton, 1961; Iman and Helton, 1988). 

B.4.3 Criteria for Indifferent Ranking 

Two aspects of risk comparison are important in the process of ranking relative risks or risk 
reduction factors and using that result in risk management: the preference of one alternative over 
the other, and, conversely, an indifference to ranking two alternatives. Membership in these two 
sets is determined by a comparison between the difference in consequence reduction indices of 
two risks and their uncertainties, i.e., by some kind of a statistical test. 

The problem of indifference when comparing risks with overlapping probability distributions is 
different from that encountered in the usual statistical tests. It has been discussed in detail by 
Goodmann (1986), who derived two criteria for an insignificant difference between two risks by 
assuming that only the two first moments of the probability distributions, i.e., the means and the 
standard deviations, are known. 
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The first is based on a measure of the divergence D (X1 , X2) between two distributions f 1 (x) and 
f 2 (x) derived in information theory 

(B.4.5) 

The divergence is positive semi-definite, the null value being obtained only for identical 
distributions. As long as the divergence is smaller than a limiting value D 0 , 

(B.4.6) 

the distributions have an insignificant difference. 

The second criterion is of a more statistical nature. _At a preset confidence~I V0 , the 
confidence intervals with the confidence limits x('lhi and x<

1
l10, I 

x~:1 

J ti ( x) d x = V0 • 
(B.4.7) 

x,~1 

are determined for i = 1,2. The confidence levels V ,kc distribution i within the confidence limits 
of the distribution j are then determi"y, 

D 
rx~ J f;(x) dx = vii . 

x\!l 

(B.4.8) 

From these cross-function confidence levels, the test quantities E 1 i are determined as the relative 
changes from the confidence level V 0, 

e;i - (B.4.9) 

,.,. These relative increments E 1 i in the confidence levels must be smaller than the limiting relative 
increment £ 0 , resulting in the two conditions 

(B.4.10) 

Criteria (B.4.6) and (B.4.10) for an insignificant difference between two probability distributions 
~· can be combined to sort a set of probability distributions into indifference classes. The limiting 

values for the two criteria are given in Goodmann's paper for normal and lognormal distributions. 
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Clearly, Goodmann's method can also be used to establish the indifference between two or more 
consequence reduction or augmentation indices. As long as the nature of their probability 
distributions can be estimated with a reasonable degree of confidence, Goodmann's criteria 
should yield useful results. 

Values for the risk reduction indices and their standard errors can be used with Goodmann's 
criteria for normally or lognormally distributed quantities to establish preference or indifference to 
ranking between the K indices. It should be noted in this context, that in establishing indifference 
among three or more quantities, transitivity does not necessarily hold. Therefore, indifference to 
ranking has to be established for all possible pairs of a set of alternatives. These comparisons 
then identify the indifference classes I b • 

B.4.4 Distributions of the Consequence Reduction Indices 

The errors of the risk reduction indices can be estimated using traditional me~s. If it is 
assumed that the n i remaining factors in numerator and denominator of the nor~Ii~~ed risk of 
Equation (B.2.9) are all lognormally distributed, then the multi-attribt utility function (B.3.12) is 
normally distribut ed and the standard error can be estimated dir y. According to Equation 
(8.3.19), the consequence reduction indices are then lognormally istributed. 

Remaining factors with normal or mixed distributi~ in Equation (B.2.9) can give rise to 
problems. In that case Mellin transforms can be u/t(d (Springer, 1979) or numerical methods 
such as Monte Carlo calculations. HEer, such complex methods may not be needed. As long 
as the total number I of contribution the J components of the total risk is relatively large, 
say 10 or so, and a sizeable fractio o these I terms contributes substantially to the total, the 
central limit theorem of probability theory states that the multi-attribute utility index is 
approximately normCJ11'Y)istributed (Korn and Korn, 1968). The consequence reduction indices 
are then lognormall~tributed for narrow distributions, an approximate normal distribution can 
be used. In that case, the tables for lognormal or normal distributions in Goodmann's paper can 
be used to determine the limiting criteria (Goodman, 1986). 

B.5 PRACTICAL APPLICATIONS 

B.5.1 Utility Index as Weighted Arithmetic Mean 

Practical applications of the utility function defined by Equation (B.3.10) to problems involving risk 
among the attributes already exist (Keeney and Raiffa, 1976). A similar approach has been 
suggested for the selection of routes for the transport of hazardous materials (Seiler, 1988). 
Although the marginal utilities in Equation (B.3.10) do not allow for the LOMU, the conditions for 
which linearity is a useful concept are met quite often, typically in a choice among pre-selected 
alternatives, where those with sizeable differences in important risk components are no longer 
present. 
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The evaluation of sites for the high-level radioactive waste repository, leading to a reduction of 
the number of sites from five to three (Keeney, 1987; Merkhofer and Keeney, 1987), is a typical 
example in which the less appropriate sites have already been eliminated. In this example, 
considerations other than risk were included also. However, the final decision by the Department 
of Energy dropped a number of attributes such as cost and made the decision based mostly on 
risk components. In these evaluations, no consideration was given to the uncertainty of the utility 
indices, and indices with rather small differences were ranked as different, although there is a 
suspicion that some of them might be indifferent to ranking. 

A widely used method of multiple criterion decision making that is in many ways similar to the 
linear combinations of utility functions is the Analytical Hierarchy Process of Saaty (Saaty, 1980; 
Saaty and Vargas, 1982; Zahedi, 1986). It can be viewed as incorporating most aspects of the 
utility function and its weight into the weighting of the hierarchy. Formally this can be viewed as 
setting the marginal functions in an additive value function to unity a~ery level 
(Kamenetzky, 1982). The hierarchy process is ordinal and does not allow for th 1 corporation 
of distribution functions for the parameters, which would result in a standard error for the total 
weight. 

B.5.2 Logarithmic Utility Functions 

The utility functions most likely to meet the needs ~· k comparisons are class 9\ m functions. 
Among the functions of this class, the weighted log · ic average of Equation (B.3.17) seems 
to be the easiest to use. Risk comparisons ofte involve components that are dramatically 
different due to determined attempts~sk reduction. Efforts to reduce some components of the 
total risk, however, almost always f.e~lt in increasing some other components, often by a 
considerable factor. The logarithmic dependence of Equation (B.3.17) covers these ranges quite 
easily. It is for these~ons that in the first practical application of the approach presented here, 
this function will be s d in a comparison of the total risks of engineered alternatives for the 
treatment of transur ic wastes to be emplaced in the WIPP. 

Apart from the logarithmic single-attribute utility functions, the two major differences between the 
approaches discussed in the last section and the one discussed here are the calculation of 
dimensionless relative risks or risk reduction factors, and the use of error estimates for the utility 
indices. The dimensionless approach avoids the necessity to estimate the value of social costs 
and losses in terms of dollars or some other unit, and allows a direct valuation in terms of an 
increase or decrease of a consequence reduction factor. The use of uncertainties allows the 
application of the concept of indifference to ranking, resulting in groups of indistinguishable 
consequence reduction indices. 

B.6 DISCUSSION 

Some of the tools of multi-attribute utility theory have been used to construct a framework tor the 
comparison of multicomponent risks. Contrary to its application in economics or in public policy 
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decisions, however, the aim is not to predict an optimal course of action for public policy or the 
investment behavior of an individual or a corporate entity. The intent is rather to provide a 
transparent method for ranking multicomponent risks, using a somewhat arbitrary but intuitively 
appealing rationale. 

No attempt is made to arrive at a single, 'correct' solution for all segments of society. On the 
contrary, the ranking obtained here is clearly not unique but depends on the numerical values 
assigned to the weights for each risk component. This method can thus be used by anyone with 
a different system of societal values to derive his or her own ranking of the same risks, based on 
the same set of values for the marginal utility functions in Equation (B.3.13). This approach is 
in effect an attempt to put the comparison of risks on a rational basis without ignoring different 
sets of subjective, personal, or institutional valuations. 

On the other hand, this method allows a direct evaluation of the influence of d:trent value 
judgements on the ranking process. In many cases, the information that wid ly different 
valuations that do or do not have a drastic impact on the ranking process may be n important 
datum to come out of the risk comparison. G 
In this context, it should be noted that the method introduced herers a quite general procedure 
which is applicable for the comparison of many mul!i-omponent quantities. Of course, the use 
of class 9\ m and 9\ s functions must be justified fore articular case; otherwise, other classes 
can be defined which have the appropriate proper es for the utility functions of the particular 
problem at hand. 0 
Another important aspect of the methoJ proposed here is the use of the standard errors of the 
consequence reductf.io indices to determine the significance of a difference between two total 
risks and, thus, to d ter ine a possible indifference to ranking. This is a neglected aspect of 
comparisons which e addressed here because of the normalization to relative risks and risk 
reduction factors proposed, and because both first-order and higher-order approximations are 
available for the calculations of error propagation. 

It should be noted that these error estimates only address the random but not the systematic 
errors in the risk calculations. Due to their nature, the treatment of systematic errors is difficult, 
if it is possible at all (Seiler, 1990a). However, in the normalization process, systematic errors 
may cancel entirely or at least in part. Combined with the use of class 9\ m multi-attribute utility 
functions, in particular that of Equation (B.3.17), this approach thus allows to make a routine 
estimate for the standard errors of the utility indices which are needed in this process. 

The use of the weighted geometric mean in Equation (B.3.18) as the multi-attribute utility function 
of choice is, of course, arbitrary and is defensible mainly as one of the simplest choices among 
class 9\ s and class 9\ m functions. It is important in this context, to remember that the intent of 
the method presented here is not to make valid predictions of economic or social behavior but 
to provide a framework for the comparison of risks according to different valuations. 
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Comparisons-of total risks are usually made in order to support the making of technical or public 
policy decisions. For that use of the comparison of the risks of alternatives, the main points are: 

1. A ranking of risks is merely a decision tool; it should not and cannot replace the 
decision maker. 

2. A ranking of risks is only rarely the sole basis for a decision; many other criteria enter 
into that process. 

3. The existence of an insignificant difference between some total risks allows focusing 
on the question which of the other attributes exert the largest influence on the 
decision. 

The ranking of several risks into a number of groups of insignificantly different utility indices can 
support many types of decisions. Important among them are decisions between~e nological 
options in all phases of the process of realizing a complex project. As pointed t above, an 
important facet of these decisions is the fact that risk is just one of the factors that i fluence the 
outcome and by no means the most important one. In most applications where risk is introduced 
as one of the final decisive factors, risk assessment is not used t~st advantage. A frequent 
use of risk comparisons in every decision phase of a project will rtpke more appropriate use of 
the process (Seiler, 1990b). 

In this context it is important to remember that '""-~-cision makers are involved in such a 
process: one at the level of the risk comparison a~donO: at the level of the subsequent technical 
or policy decision. The concerns 0th have to be injected into the weighting, taking into 
account the contribution of each ccf.s~uence component. This interaction between the two 
decision makers is an essential step in the integration of the risk comparison into the next higher 
decision process. D 
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ATTACHMENT C 

UNCERTAINTIES AND AGGREGATION OF RISK COMPONENTS 

C.1 PROPAGATION OF ERRORS 

C.1 .1 Gaussian Approximation 

C.1.1.1 General Considerations 

The uncertainties of parameters and variables in a function result in an uncertainty in the function 
value. This is called propagation of errors of the input values through the function. Analytical 
expressions for the propagation of errors through algebraic expressions are no~ly based on 
a number of assumptions such as the requirements that all stochastic variables ~ontributing to 
the result are normally distributed, that all partial derivatives of second or higher order are very 
small, and that the relative errors of the stochastic variablEee small. The absence of 
correlations between the stochastic variables makes the for e much more manageable; 
however, if correlations do occur, they are assumed to be limited o correlations between only two 
variables. 

The existence of an analytical expression fAe propagation of errors, although often 
cumbersome algebraically, brin~gveral advantages to the error analysis. The most important 
is that the algebraic properties e expression can be studied independent of the size of the 
contributing standard errors. no her is that the contribution of each variable to the total 
uncertainty of the result can easily be isolated, making sensitivity studies relatively simple. 

In numerical e.Oations of differential equations and other mathematical procedures, it is 
obviously impo~i'e to obtain an algebraic expression for error propagation, but numerical 
methods are available to obtain the necessary information (Cox and Baybutt, 1981; Iman and 
Helton, 1988). Often, these results can then be inserted into the algebraic expression for the rest 
of the calculation, thus restoring the advantages of the analytical solution. 

Even so, it is generally recognized that it is more difficult and often more time consuming to 
determine the standard error of a stochastic variable than to actually measure it. Similarly, error 
propagation is a more difficult and complex procedure than the direct evaluation of the numerical 
value of a risk or some other quantity. 

C.1 .1.2 Gaussian Approximation for Normally Distributed Quantities 

To study the propagation of standard errors through an arbitrary algebraic function F, it is 
assumed that all needed derivatives of that function with regard to its variables and parameters 
xi exist. Thus, 
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(C.1.1) 

where all parameters are normally distributed stochastic variables and parameters have a mean 
x 1 and standard errors Li x 1• The variables can be arranged as a vector x = (x ,, ... x" ). As long 
as the relative errors are small, i.e., Li x 1 << x 1, a multidimensional Taylor series (Korn and Korn, 
1969), can be used to approximate the function <I> (x} and terminated after the first term. 
Statistical theory requires an incoherent superposition of the amplitudes (Bevington, 1969; Brandt, 
1976; Seiler 1987b} in the expansion 

(~ F)2 = t {r a ct> (x)J ~xi}2 (c.1.2) 

/=1 l axi ~ 

Here the partial derivatives (in braces} are to be evaluated at the point x. This aJproximation is 
only valid for small errors. For larger errors, additional terms in~Taylor series expansion are 
needed. When using higher order terms, care must be take ensure convergence of the 
series. In algebraic forms, such as F = x _, , the pole near x = may lead to semiconvergence 
or outright divergence (Seiler, 1987b}. 

Expression (C.1.2) also assumes that the quant,/:;-x, and their errors /1 x, are uncorrelated. If 
the errors Li x, are correlated, ~ terms are needed (Bevington, 1969; Brandt, 1976; Seiler 
1987b}. The Gaussian approxi rn is then 

(~F)2 = t t (act> (x) J(acI> (x) Jcr~ (C.1.3) D ,., i·' l a x, a x, 

where the quantities a 1 i 
2 are the elements of the covariance matrix between the variables x 1 and 

xi, and the partial derivatives are again evaluated at the point x. The diagonal elements are the 
standard errors 

(C.1.4) 

,,, 

···~ 
and the off-diagonal elements a iJ 

2 are the covariances which measure the degree of correlation "i 

between the corresponding variables. 

C.1.1.3 Gaussian Approximation for Lognormally Distributed Quantities 

A lognormal distribution for a variable x is a distribution with the property that the distribution for 
log a x is a normal distribution. It is most often used in evaluating the standard error of highly 
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uncertain stochastic variables. The lognormal distribution in linear space is characterized by a 
mean X and the geometrical standard deviation cr 

9 
(X). It is related to the upper and lower 68% 

limits X + and X _ by the relations 

X. = X a
9 

(X) , (C.1.5) 

and 

(C.1.6) 

Similarly, the upper and lower 95% limits X hi and X 10 are given by 

2 x hi = x (Jg ( x ) ' (C.1.7) 

and 

(C.1.8) 
x x,o = 2 ' cr;A._X) 

Error propagation using Equations (C.1.2) or (~ can be studied by a transformation of the 
function in Equation (C.1.1) into ~ithmic space. Obviously, this is most profitable for products 
or products of powers, which rer\J\' to linear combinations in logarithmic space. 

C.1.1.4 A tions for Quantities With Different Distributions 

If an expressio ntains stochastic variables with different distributions, an algebraic approach 
is sometimes possible using Mellin transformations (Springer, 1979). Normally, however, 
numerical methods such as Monte Carlo calculations have to be used. A number of numerical 
procedures and spreadsheet codes have recently become available. They will not be used here, 
however. 

C.1.2 Basic Expressions Often Used in This Report 

C.1.2.1 Error Propagation for Normally Distributed Quantities 

From the general equation, special expressions for error propagation in simple algebraic forms 
can be generated. For more complex forms, some of the more advanced tools of calculus may 
be needed to generate the error propagation formulae. Here, only the simplest forms will be 
discussed explicitly. The assumption is made that the stochastic·variables xi are uncorrelated. 
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C.1.2.1.1 Sums and Differences 

For direct sums and differences of stochastic variables, written in a general way as 

n 

F1 =<l> 1 (x) =.E (±1)x;, (C.1.9) 
is1 

where x is the parameter vector; x = (x , , ... x ") and the factor (± 1) indicates a free choice of 
sign for every term. The general equation then yields the expression 

n 

(t1F1 )2 = L (t1x;)2. (C.1.10) 
i=1 

Thus, for sums or differences, the square of the standard error is equal to the sulthe squares 
of the standard errors for all terms. 

Often, linear combinations of stochastic variables are encountef, such as 

n 

F, = <1> 2 (x) = tp.±1) a; X;. (C.1.11) 

If the parameters a ; are non-sto~tic param~ters, the standard error is 

(t1F2)2 = L (a;t1X;)2. 
i= 1 D 

(C.1.12) 

It should be noted that the expressions above are exact, because there are no second order 
terms in the Taylor series. 

If the parameters a i are stochastic quantities with standard errors ~a i , however, the standard 
error is given by 

n 

(t1F2)2 
= .E {(a;t1x;)2 

+ (x;t1a;)2 } (C.1.13) 
i=1 

which is no longer exact, but an approximation of the Gaussian type. 
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C.1.2.1.2 Products and Ratios 

For a function <t> which is a product of the form 

n 

F3 = <D3(X) =II x~1 
I 

(C.1.14) 

; .. 1 

where the exponent (± 1) indicates a free choice of exponent for every factor, the application of 
Equation (C.1.2) yields the expression 

(C.1.15) 

F3 1=1 X; ( 
11 F3 

]' = t (~]
2 

Thus for products and ratios, the square of the relative standard error is the sumihe squares 
of the relative standard errors of all factors. More generally, for a product of power 

F. = <1>4 ( x) = IT xi' r (C.1.16) 
; .. 1 

the basic equation for the Gaussian approximati~elds 

(C.1.17) 

D 
All these equations are no longer exact but are approximations. Also. for ratios, care must be 
exercised with large errors due to the proximity of the pole for 1 /x in at x = 0. For larger errors, 
it is advisable to express standard errors as geometric standard deviations for lognormal 
distributions. 

C.1.2.2 Error Propagation for Lognormally Distributed Quantities 

The most appropriate application of lognormal distribution involves products of powers of 
variables, such as 

n 

Fs=<l>s(X)=Il 
i: 1 

Appendix I, Attachment C 1-91 

X·P; 
I 

(C.1.18) 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

In logarithmic space to base a, the function value F 5 is then a normally distributed quantity 
because the variables log a x 1 are normally distributed and the factors p 1 are non-stochastic, 

n 

log a F 5 = L P; log a X; . 
is1 

By defining the transformed variables as 

Ys = loga Fs • 

the function y, is a linear combination of nor~ally distributed stfastic variables 

y, = 'f /)/ 

(C.1.19) 

(C.1.20) 

(C.1.21) 

This expression has the same st'2ure as Equation (C.1.11) and the exact expression for error 
propagation is given by r~" 

D 
n 

(~Ys) 2 = L (P;S;) 2
• 

i=1 

(C.1.22) 

Transformation back into linear space yields 

(C.1 .23) 

bec~use of the relationship 

(C.1.24) 
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C.1.3 Useful Approximations for Error Propagation 

C.1 .3.1 Function of Normally Distributed Variables 

Writing the expression for error propagation in the Gaussian approximation in the general form, 

( ~ f) 2 = ( a ~ a }2 + ( b ~ p )2 + . . . , (C.1.25) 

can be useful to study the influence of standard errors of different relative magnitudes. Assume 
that the terms on the right-hand are rearranged with (a.Lia.) being the largest term. The expression 
can then be rearranged again to give 

1 (C.1.26) 

= (a~ a.) J 1 + ( B) 2 + ... 

= (a~a.) [1 + C] . 

This last equation can be used to obtain a l~or the ratio B which yields a negligible 
contribution C to the total error. ~s, setting B = 1 /3 shows that a term (b ~~). which is three 
times smaller than (a.Lia.}, contrib only five percent to the final error. This is due to the "sums 
of squares" structure of Equation (C .. 2) (Seiler, 1987b). For other ratios of B, the contributions 
are given in Table C.1-1 and shown in Figure C.1-1. According to the judgment of the 
investigator, the~ribution of the smaller error can be neglected for a critical ratio B, say below 
B = 1/3. In this co text, it should be borne in mind that, as second moments of a distribution, 
standard errors always more uncertain than the means themselves (first moments). It is also 
important to note that, according to Equation (C.1.2), the ratio B is not always the ratio of the 
standard errors but the ratio of the products of the derivatives with the standard errors. 

C.1.3.2 Lognormal Distributions 

Sums or differences of lognormally distributed variables are no longer lognormally distributed 
variables. An approximation useful for error propagation is to fit two different normal distributions 
to the upper and the lower parts of the lognormal distributions of each term and treat them 
separately. Thus, the lognormally distributed terms aj in the sums or differences with geometric 
standard deviations cr 

9
{a i ) have upper and lower 68% limits of 

(C.1.27) 
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TABLE C.1-1 

RELATIVE CONTRIBUTION OF THE SMALLER STANDARD ERROR IN 
THE GAUSSIAN APPROXIMATION 

RATIO B CONTRIBUTION C 

1 /1 41% 

1/2 12% 

1/3 5% 

1/4 3% 

1/5 

~ 1/6 

Figure C.1-1. Relative Contribution of the Smaller Standard Error in the Gaussian 
Approximation. 
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and 

(C.1.28) 

A normal distribution with the same limits has standard errors of 

(C.1.29) 

for the upper limit, and 

Lla. = [1 -__ 1_] 
,,10 ag (a;) 

(C.1.30) 

for the lower limit. These are assigned for every term in sums or ditterencesfrhe sum of a 
number of these terms 

n 

S=°E(±1)a;, (C.1.31) 
is1 

where the factor (± 1) indicates an arbitrary sign each term, has an upper limit of 

n 

L a ;2 [a g ( a;) - 1 ] 2 , 
(C.1.32) 

;., 

and a lower limit of 

D 
[ ]

2 
n 2 1 'E a; 1 - _ (a;) . 

;., ag 

(C.1.33) 

The distribution of S is approximately normal for a large number of terms (1 Oto 20) according to 
the Central Limit Theorem (Korn and Korn, 1968). For only a few terms, the largest term is likely 
to determine the resulting distribution. These may thus be approximately lognormal. Similarly, 
if a large number of terms is dominated by one contribution, the distribution of the sum resembles 
a lognormal distribution. 

In a lognormal approximation to the resulting distribution of the sum S, the geometric standard 
deviation is approximated by 

Appendix I, Attachment C 1-95 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The mean is best derived by the first or second expression on the right-hand side 

sh. 
S = 8 10 cr g ( S) = ' 

crg ( S) 

(C.1.34) 

(C.1.35) 

In a normal approximation to the resulting distribution of the sum S, the mean is given by 

(C.1.36) 

and the standard error by 

r (C.1.37) 

A choice between the two approximations is best made on the basis of the actual values a 1 and 
cr,(a,) involved. p. 
C.2 AGGREGATION OF RISK PONENTS 

C.2.1 Weighted Averages for th Aggregation Risk Reduction Factors 

The arithmetic mean is most often used for the process of weighted averaging 

n 

x = L W;X;' 
(C.2.1) 

;.1 

where the average is performed over the set {xn} of quantities using the normalized weights w 1 

n 
(C.2.2) 

For the aggregations encountered in this risk assessment, baseline risk components are used to 
generate the weights according to 
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(C.2.3) 

where 8 = 'o' or 'p' for occupational and public, respectively, and {n i} is the set of baseline risks 
being aggregated. The aggregated risk reduction factor then becomes 

(C.2.4) 

Note that factors common to all component risks R J 5 I(,_ cancel in Equation (C~2.3 . This is a 
characteristic common to this kind of weighting processes which are independen multiplication 
by an arbitrary factor. Consequently, in radiation risks, for instance, it is sufficie t to know the 
doses in order to perform a weighted average; there is no need to actually convert doses to risks. 
Usually weights thus have errors that are rather small comparedEthose of the risks. In many 
cases they can be neglected in comparison to those of th isk reduction factors being 
aggregated. Then, the error of the aggregated risk reduction fa tor r JI(,_ is 

(C.2.5) 

As long as the weight can be reg~d as a non-stochastic quantity, this expression is exact and 
holds even for large relative error Oil' p ~ 0 I( A. • 

In cases where etandard error of the aggregation weight cannot be neglected, it is useful to 
note that the de o inator of Equation (C.2.3), after all common factors in the numerator and 
denominator ha een eliminated, contains one term with the same factors as the numerator. 
An evaluation of the standard error using the general Gaussian error propagation formula will, 
therefore, lead to a partial compensation of the component errors. The resulting standard error 
of the weighting factor 6..w ~ can then be used to calculate the error of the aggregated risk 
reduction factor according to Equation (C.1.13) . 

(C.2.6) 

This expression is not exact and holds, therefore, small relative errors of both factors only. If the 
relative errors of p ~ 5 KA. and w ~are not small, an exact expression can be derived (Seiler, 1987b). 
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C.2.1.2 Aggregations Using Weighted Geometric Average 11 ,t. 

The geometric average is an arithmetic average taken in logarithmic space. Using the definition "'' 
y 1 = log ax 1 , the weighted arithmetic mean is given by 11 i11 

n 

Y = L wi Yi· (C.2.7) 
i-1 

A transformation back into linear space leads to the expression 

n 
X = II X ;w, . (C.2.8) 

The usual exponent of 1/n is not in evidence h::e. because the sum of the weigi normalized 
to unity according to Equation (C.2.2). Here again, the weig~hs re independent of common 
factors. This form of weighted averaging is best employed wh n he values x 1 are distributed 
over a wide range, for instance over many orders of magnitud In such cases, the arithmetic 
mean has a tendency to a bias in favor of the highest value. 

In the aggregation of risk reduction factors with w~ given by Equation (C.2.3), the aggregated 
risk reduction factor is given by 

0 A = II ( PsoicA r~ . (C.2.9) r ),c s~{n;} 
For weights wit~all standard errors that can be neglected compared to those of the risk 
reduction factortJie standard error of the aggregated risk reduction factor is 

(C.2.10) 

For non-negligible but still small relative errors of the weights w i;, the error propagation formula 
yields the expression 

(C.2.11) 

For larger relative errors, a sufficient approximation can be obtained (Seiler, 1987b). 
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ATTACHMENT D 

AUXILIARY MODELS FOR HANDLING AND TREATMENT 
OF THE WASTES 

D.1 HANDLING AND TREATMENT OF WASTE 

D.1.1 Baseline Case 

The baseline case assumes no treatment of the waste, either prior to or after its arrival at the 
WIPP facility. The waste is handled for assay and certification and transported through two 
separate areas: the Waste Handling Building (WHB) at ground level, and the Underground 
Storage Area. The baseline scenario for untreated waste comprises all routinel:.ations and 
accident events incorporated in the FSEIS (U.S. Department of Energy, 1990a). owever, only 
average drums are considered in this report, even though the FSEIS addresses ecial drums, 
such as those with an activity of 37 TBq (1000 PE-Ci). 

The handling operation that is best suited to serve as the baselin ~eration is the initial handling 
of the wastes in the Waste Handling Building, in particular the ask~~nd certify part. It is already 
included in the baseline, but can serve well as a -~~ard for risk increases. Unfortunately, it is 
a small operation and baseline risks for many asr are not available in the FSEIS. 

D.1.1.1 Operations in the WHB (2 
The waste is brought into the wrfs i~ TRUPACT-11 containers through entry air locks, inspected 
and unloaded. lne Receiving and Inspection Area, the drums are then assayed and certified, 
and loaded onto aci ty pallets. The facility pallet is subsequently transferred to the hoist air lock 
by forklift. The crew working inside the WHB consists of 12 people (U.S. Department of 
Energy, 1989a): 9 waste handlers, 2 health physicians, and 1 Quality Assurance person. Two 
forklift operations are required inside the WHB: one to transport the TRUPACT, one to transfer 
the palletized load to the hoist air lock. 

All operations in the WHB are assumed to be independent of waste treatment. Drums heavier 
due to treatment are assumed to be handled by proportionally heavier equipment at equal risk. 

D.1.1.2 Operations Underground 

Once inside the hoist air lock, the facility pallet is transferred to the underground station by waste 
hoist. Operations below ground consist of transferring the waste to the diesel transporter and 
transportation to the final waste storage area. In the final waste storage area. the drums are 
removed from the transporter by forklift, and emplaced in the selected location. Underground 
operations total two forklift and one diesel transporter operation. Total crew underground consist 
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of four people (U.S. Department of Energy, 1989a}: two waste handlers, one health physicist, and 
one Quality Assurance person. In this assessment, it is assumed that neither personnel, forklift, 
nor transporter operations are influenced by waste treatment. For heavier drums, heavier forklifts 
will be used. 

D.1.2 Treatment Facility 

In the limited scope of this study, the Treatment Facility (TF} is assumed to consist of seven 
identical modules (independent of treatment option}, each consisting of up to six different 
operational areas, according to the Treatment Option selected. In Level II treatments, that is, in 
Treatment Options 1 and 2, only two operations are needed: shredding and cementing. 
Additional operations are needed for the two Level Ill treatments. In Treatment Option 3, 
incineration and cementing of the ashes are added, resulting in a total of four ope~· ns: sorting, 
shredding, incinerating, and cementing. In the most complex Treatment Optio cementing is 
dropped and two more operations are added: smelting and vitrifying. 

The seven modules are planned to operate independently from ~another, regardless of their 
location and distribution. This model of the treatment plant, theffore, does not account for any 
economies of size, thereby introducing a slight bias in favor of decentralized treatment facilities. 
This bias is mostly monetary, but the risk is if\ienced mainly by potential economies of 
manpower, which are not addressed here. r 
In treating the waste, one additio~ssumption is made concerning the average drum. Sludges 
are usually in drums by thems e . Thus the appropriate fraction of sludge-filled drums is 
assumed (Vetter, 1990), with the rest filled by a mix of combustibles, metals, and glasses in the 
proper proportion 

D.1.3 Risk Co ents Considered Here 

The risk components associated with specific operations of handling and transportation of the 
waste during the waste treatment, that are discussed in the FSEIS, are included in that part of 
the evaluation of the total risk. The risk components considered here stem from radiation and 
hazardous chemicals encountered during the actual treatment process, and from general work 
accidents found in similar industrial operations. 

As general occupational accidents and injuries, not directly related to effects of radiation and toxic 
chemicals, are important in comparing different levels of treatment with different manpower 
requirements, two risk components are added to those considered in the FSEIS: occupational 
accident fatalities and occupational accident and exposure injuries. These components will 
change with increasing manpower needed for the more complex treatments of the waste. 

Appendix I, Attachment D 1-100 

,,,, 
i .ii 

1 'ti 

,,., 

I.! ti 

'"' 

,.,,, 
Iii~ 

• •• 1 



... 

... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

D.1.3.1 Radiation and Chemical Risk of the Actual Treatment Process 

Despite containment of the wastes and shielding against nuclear radiation, workers are exposed 
to low levels of radiation and hazardous chemicals originating from the waste. Normal operational 
releases would encompass radiation exposures at a certain distance from the waste, and 
inhalation of volatile organic chemicals present in the waste. Accident releases would encompass 
larger radiation doses due to loss of containment for radioisotopes, and larger exposure to 
chemicals in the waste. 

D.1.3.2 General Work Accidents in Similar Industry 

The majority of the operations conducted with the waste, before, during and after the treatment 
process, involve handling and transportation. Within those operations, there are risks associated 
with manual and mechanized work, which are unrelated to the nature or compositg:J· of the waste. 
Since the largest number of man-hours during transportation are spent on forklift o erations, data 
for injuries and fatalities, and correspond_ing risk components associated with fork ift operations, 
have been obtained. Other accidents, associated with malfur·ons and breakdowns of a 
mechanical nature, are not treated separately, due to the assump i that such an accident would 
not result in direct injuries or fatalities. 

Within the risk components mentioned, both pub)k\md occupational risks arising from normal 
operations (such as routine handling and mai~nce) and accident events are taken into 
account. .. 

For the actual wtt.treatment, the risks due to operational accidents are not considered in this 
report, due to t e rge effort required tor the evaluation of the overall risk associated with 
numerous paten · accidents. This decision will tend to slightly bias the evaluation in favor of 
treatment. This bias, however, should not be too noticeable because the risk of process 
accidents is usually not very large, compared to other components . 

In the evaluation of internal exposures to radioisotopes, only inhalation risks are considered. 
Direct ingestion risks are neglected, due to the much smaller probability of occupational ingestion 
of CH TAU waste. Even in the case of externally contaminated drums, where waste could come 
into direct contact with the handlers, protective clothing and initial radiological surveys would 
minimize the risk of waste ingestion. For such cases, the major component of the risk would 
arise from possible inhalation of suspended waste. 

Also not taken into consideration, but referenced in the FSEIS and FSAR documents (U.S. 
Department of Energy, 1989a), are risks arising from inhalation of diesel exhaust from the waste 
transporters, and from the operation and maintenance of electric-powered forklifts. It is assumed 
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that transporters and forklifts are electric powered and they have the appropriate power to handle 
the drums of the waste treatment chosen. Thus no changes are foreseen with waste treatment. 

D.2 MODELS FOR TREATMENT OPERATIONS 

D.2.1 General Considerations 

The basic assumption in modeling treatment operations in the TF is that the same health and 

'"' 

safety standards based on the As Low As Reasonably Achievable (ALARA) concept are observed 1t•• 
here as in the WHB. Thus, any perceived risk will be minimized within the limits generally d 
observed in nuclear research and industry, based on DOE and NRC guidelines. 

Shielding against penetrating radiation will be based on routine time-motion st~d· for normal 
operation and maintenance. Monitors for direct radiation, continuous air monit r for high- and 
low-LET radiation are in operation for an early indication of potential health and sa ety problems. 
The risk of exposure to volatile organic compounds is the only one involving chemical agents that 
is evaluated here. Exposure to metals and halogenated and oth6xic organics by ingestion or 
skin contamination is not treated in the FSEIS and will, thereforf not be considered. 

Maintenance operations are assumed to be dri~e y ALARA considerations. Their frequency 
is aimed at keeping the contamination remaining r self-decontamination of the device within 
bounds. The frequency is thus assumed to b a design parameter without uncertainty. The 
operation and maintenance of a~ment plant results in a considerable amount of secondary 
wastes from operation and, abov from maintenance (decontamination). From health physics 
operations in existing facilities, t is secondary waste is assumed to amount to 2 to 3 percent of 
the wastes trea~e A simple linear model. that accounts for secondary wastes increases the 
number of drum re eived annually from 40,000 to 41,000, that is, feeds the secondary wastes 
back into the in mg waste stream. Note, however, that the baseline load remains at 40,000 
drums annually. 

Effluent controls are needed to bring the facility into compliance with all applicable regulations. 
Ventilation air is passed through HEPA filters, liquids are processed, and filters and process 
waste added to the secondary waste. 

D.2.2 Treatment Operations 

D.2.2.1 Assay and Certify Operations 

This operation is the same for all drums that arrive at the TF and the WHB. No credit is taken 
for the easier operation at the WHB for treated waste with more reliable certification. However, 
increased forklift operations and.general industrial risks are accounted for. 
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Routine and maintenance operations are defined to serve as baseline for other operations. Intra
site transport by forklift, crane, and conveyor belts is designed to minimize human exposures. 

Assay and certify operations are assumed to need 0.6 man-hours per drum with a standard error 
of about 10 percent. For maintenance of the area, 96 ± 12 man-hours are estimated for every 
maintenance operation. Maintenance is estimated to be necessary after processing 1000 drums. 

D.2.2.2 Sorting Operations 

Sorting is needed only for Level Ill treatments, that is, for Treatment Options 3 and 4. It involves 
breaking the liners and all wrappings, allowing all gases in the headspace to vent into the 
containment. Sorting is either done in bubble suits inside the containment or by operators 
working with gloveboxes and conveyor belts. 

Routine sorting is assumed to require 1.5 ± 0.15 man-hours per drum; for the ma~ance of the 
sorter containment 96 ± 12 man-hours are estimated. It is again estimated that~:

1

intenance is 
needed after 1,000 hours. 

D.2.2.3 Shredding Operations 

The shredding operation will be doubly conta~·n with an air lock system to transfer waste 
containers to the shredder. Waste containers additional waste, assumed to be passed 
through the shredder. Shredding is a high dust reducing operation that will require an efficient 
air cleaning system, monitoring, ~ne cleanup, and maintenance. 

Risks from exposure to penetrati~g ~diation during routine operations are reduced by shielding. 
During maintenare perations, these risks are reduced by self-decontamination of devices and 
structures, short Ila able exposure times, and frequency of decontamination. Internal exposures 
can occur throu nhalation of suspended wastes outside the containment, and through leakage 
through the airlock from inside the containment. 

Chemical risks are assumed to be smaller here as most volatile organics are assumed to have 
escaped by the time the waste reaches the shredder. The rest, partly encapsulated by solids, 
is assumed to be released in this operation. 

Shredding operations are estimated to require 1.0 ± 0.06 man-hours per drum. For maintenance 
240 ± 18 man-hours are estimated. Maintenance is assumed to be needed after every 1,000 
drums. 
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D.2.2.4 Cementing Operations 

In Treatment Option 1, only shredded metals/glasses and combustibles are cemented and in 
Treatment Option 2, sludges are also cemented. In Treatment Option 3, all three waste forms 
are cemented, but combustibles only after incineration. 

The cementation process consists of metering waste and cement into drums through a system 
of feed hoppers. Waste and cement can be mixed within the feed system prior to loading into 
drums or by in-drum mixing. A protective sleeve is used to channel material from the feed system 
into an open drum. This sleeve prevents waste from spilling outside the drum and acts as a 
barrier between workers and contaminated waste. Decontamination and maintenance of 
cementation equipment will be more extensive if mixing occurs within the feed system, as 
opposed to in-drum mixing. .,.f 

The cementing operation is assumed to require 0.60 ± 0.06 man-hours per drum.I Maintenance 
is assu~ed to occur every 1,000 drums and need 48 ± 6 man-h?. 

D.2.2.5 Incineration Operations r 
After sorting and shredding, combustibles are inf'{:ated and the ashes sent to cementing in 
Treatment Option 3 and to vitrification in Treatmrption 4. 

Waste enters the incineration pEs through an air-lock. From the air-lock, waste is fed into 
the combustion chamber by gra or a mechanical ram. Ash resulting from the combustion 
process is collected in traps at t e bottom of the incinerator. Ash from the incineration process 
becomes feed m~ial for solidification or vitrification. 

An incineration Was system removes any particulates, acid gases, and radionuclides which 
pass through the incinerator. The off-gas system is a source of secondary wastes in the form of 
scrubbing solutions and filters. Filters can be recycled through the incinerator, while scrubbing 
solutions require solidification. The incinerator and off-gas systems require routine maintenance 
in the form of ash removal, filter replacement, scrubbing solution treatment, etc. Decontamination 
activities for the incineration process tend to be labor-intensive due to the complexity and number 
of components comprising the system. 

Normal operations are estimated to require 0.30 ± 0.03 man-hours per drum;, maintenance 48 
± 6 man-hours. Maintenance is postulated to be needed every 1,000 drums. 

D.2.2.6 Metal Melting Operations 

After sorting and shredding, metals and glasses are melted together with frit. This operation 
potentially involves multiple melting operations such as an induction melter (for steels) and a 
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melting pot (for lead) to accommodate ranges of melting temperatures for various WIPP metallic 
wastes. Operators will manually feed metallic wastes into the melter. Once melting is complete 
(radionuclides are assumed to partition preferentially into the slag}, slag is removed from the 
melter. The contaminated slag will not form a nonporous glass waste form and must be re-melted 
with glass frit to form the final homogeneous glass waste form. Decontaminated liquid metal will 
be poured into molds, allowed to cool, and is then packaged for disposal as Low Level Waste 
(LLW). Maintenance and decontamination activities will be labor intensive for metal melting 
processes as refractory material or the melters themselves will require periodic replacement. 

Decontamination by melting is a time-consuming operation; 8.0 ± 0.6 man-hours are estimated 
per drum treated. Maintenance is also needed often, once after every ten melting operations; 
maintenance itself is estimated to take less effort, 24 ± 3 man-hours for every operation. 

D.2.2.7 Vitrification Operations ~ 

Vitrification of sludges and incinerator ash can be accomplished through the use of L joule-heated 
melter, microwave melter, or a plasma furnace. In these proEcs waste and glass frit are 
metered into the heating chamber and melted to form a glass liqu Feed waste does not require 
handling by operators for these processes. Microwave heating i an in-drum vitrification process 
whereas joule-heated melters and plasma furnaces utilize heating chambers. Once a drum has 
been filled with vitrified ash/sludge, it is placed in ~ge where the contents are allowed to cool. 
These vitrification processes have off-gas syste~ilar to those described in Section D.2.2.5. 
Microwave melting does not involve extensive maintenance and decontamination because the 
microwave cavity is the only com~t in the system subjected to contamination (aside from the 
off-gas system). The joule-hea d elter and the plasma furnace will require labor intensive 
maintenance and decontaminati n. 

Vitrification opeOs are estimated to require 2.0 ± 0.2 man-hours, maintenance 48 ± 6 
man-hours, neeU' ~nee every 200 drums. 

D.2.2.8 Assembly of Manpower Needs for Operation and Maintenance 

Time and manpower needs estimated for each operation and given in the preceding section are 
assembled in Table D.2-1. The size of the crews and the time required are estimated using 
operational concerns from the manpower figures. As the uncertainty of the manpower was 
estimated, it can be assigned exclusively to the factor time. 

The maintenance schedule and the man-years of manpower needed are listed in Table 0.2-2. 
The throughput is 41,000 drums per year, independent of treatment. For safety reasons, the 
smelters are assumed to be small 1-drum melting pots or furnaces, leading to a large number of 
maintenance operations, requiring the largest amount of manpower . 
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TABLE D.2-1 

TIME AND MANPOWER NEEDS FOR ROUTINE 
OPERATIONS AND MAINTENANCE * 

ROUTINE OPERATIONS 
(PER DRUM HANDLED) 

OPERATION MANPOWER a 

Assay 3 

Sort 3 

Shred 2 

Cement 3 

Incinerate 3 

Smelt 2 

Vitrify 2 

' This is quantity N ,.'"1 £3 later. 

b This is~ntity t 57(u) used later. 

c This is~ntity N 07M used later. 

d This is quantity t 53(u) used later. 

TIME (hrs) b 

0.20 ± 0.02 

0.50 ± 0.05 

0.50 ± 0.03 

0.20 ± 0.02 

0.10 ± 0.01 

4.0~ 
1.0 ± 0.1 

ROUTINE MAINTENANCE 
(PER OPERATION) 

MANPOWERC TIME (hrs) d 

6 16 ± 2 

6 16 ± 2 

6 40 ± 3 

r: 16 ± 2 

16 ± 2 

3 8±1 

3 16 ± 2 

* Standard errors given here are based on an estimate of the relative error of the 
man-hours needed. Accordingly, the error is attached here to the time estimate only. 
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TABLE D.2-2 

MAINTENANCE SCHEDULE * 

NUMBER OF ANNUAL TIME SPENT ANNUALLY ON MAINTENANCE 
MAINTENANCE OPERATIONS** (MAN-YEARS) *** 

v OPERATION FREQUENCY TREATMENT OPTION TREATMENT OPTION 
(PER DRUM) 0 1 3 4 0 1 2 3 4 

0 Assay 1/1000 oa 41 41 41 41 oa 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 

1 Sort 1/1000 I 0 0 0 33 33 I 0 0 0 1.5 ± 0.2 1.5 ± 0.2 

12 I ~331 Shred 1/1000 0 33 33 0 

Cement 1/1000 I 0 33 41 0 3 30 O I 

3.8 ± 0.3 3.8 ± 0.3 3.8 ± 0.3 3.8 ± 0.3 

0.8 ± 0.1 1.0 ± 0.1 0.7 ± 0.09 b 0 

4 Incinerate 1/1000 I 0 0 0 16 16 I 0 0 0 0.4 ± 0.05 0.4 ± 0.05 

5 Smelt 1/10 I 0 0 0 0 1640..L.. 0 0 0 0 18.9 ± 2.4 

6 Vitrify 1/200 I 0 0 0 0 68c I 'O 0 0 0 1.6 ± 0.2 c 

* Assuming an annual throughput of 41,000 drums. 
** This is the function <l> 5BKM used later. 
*** This is the function <l> 60 _<ul used later. a Cement ash from combustibles. -\ 
b Vitrify ash from combustibles. 
c Maintenance is already included in baseline case. 
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D.3 MODIFICATION OF BASELINE DATA 

D.3.1 Increase in Manpower Needs Due to Treatment 

The manpower reduction factor Fm"' is defined by 

Fm"' 
N (O) 

01 
=--· 

N (1<) 
01 
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(D.3.1) 

where N 0 1 M are2 the number of workers needed for treatment K and N 0 1 (o> are the 12 workers 
in the WHB for the baseline case. The manpower reduction factor Fm"' for treatment K is smaller 
than one, denoting an increase in manpower needs. On the basis of the assumption that the 
treatment facility is subject to the same health and safety restrictions as the ~te handling 
building, the evaluation can regard it as an extension of the WHB with additional people. The 
main exposures occur during handling and equipment maintenance. 

The numerical values are estimated from the total number of~n-years for operations and 
maintenance needed to treat 41,000 drums annually. Data from fables D.2-1 and D.2-2 are used 
to generate the data listed in Table D.3-1. Since these values are annual needs in man-years, 
the totals for each treatment option can be tran~Ad directly into crew sizes, from which the 
ratios Fm"' can be calculated. r 
Included in the uncertainties ar(;{stematic errors due to the differences between potential 
treatment facilities. This is done fec\use Fm"' is a basic quantity for the treatment that appears 
everywhere. These systematic uncertainties are estimated to be equal in size to the random 
standard errors. D latter are, therefore, multiplied by a factor of .f2, according to the relation 
(Seiler, 1990b) 

S~01 = s; + s; , (D.3.2) 

where S 101 is the total standard error, Sr the random standard error, and S5 the systematic random 
error. The final values and standard errors are also listed in Table D.3-3. 

D.3.2 Reduction Factor for Public Exposure 

For the public risk due to emissions from the TF, the change in the risk equation appears in the 
function <I>; d dM and thus the number NP 1 M of exposed persons incorporated in that function. In 
a simplified model for the four locations discussed here, it will be assumed that the functions 
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TABLE D.3-1 

MANPOWER NEEDS FOR TREATMENT, MANPOWER REDUCTION FACTORS Fm" * 

ANNUAL WORKTIME FOR OPERATION AND MAINTENANCE (MAN-YEARS) 

OPERATION INDEX TREATMENT OPTION ic 

v 0 1 2 3 4 

Assay a 0 11.5 13.7±1.2 13.7 ± 1.2 13.7 ± 1.2 13.7 ± 1.2 

Sort 1 25.2 ± 2.4 25.2 ± 2.4 

Shred 2 19.6 ± 1.0 19.6 ± 1.0 19.6±1.0 16-± 10 
Cement 3 10.2 ± 1.0 12.8 ± 1.2 9.4 ± 0.9 

Incinerate 4 (7:02 2.7 ± 0.2 

Smelt 5 82 ± 5.3 

Vitrify 6 I\ 14.7 ± 1.3 

Total 11.5 43.5 ± 1.8 06.1±1.9 70.6 ± 2.9 157.9±6.1 

Workforce b, N
0 1 

{IC) 12c ("') 44 ± 3 46 ±3 71 ± 4 158 ± 9 

Fm" r ~276 ± 0.016 0.260 ± 0.015 0.170 ± 0.010 0.0760 ± 0.0042 

* Errors calc0.d using data from Table D.2-1. 
a 40,000 dru~rocessed, other entries 41,000 drums processed due to secondary wastes. No 

maintenance included in baseline, assumed to be included in FSEIS data. 
b Errors increased by .f2 due to the assumption of a systematic error of equal magnitude. 
c Manpower in WHB, baseline: 12 above ground. 
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<I>; dd(IC) are independent of treatment Kand depend only on the number and locations of the NP /"l 
persons exposed. This relation is incorporated in the public exposure reduction factor 

<I> (o) N (o) 
F = idd = p1 

91C (IC) ( ) 
<I> N IC 

idd p1 

(D.3.3) 

Due to the increase in exposed persons, the factor Fu is expected to be less than one. For 
location at the WIPP, the treatment facility will affect the same area and population. The 
dispersion function and the number and locations of the exposed members of the public are the 
same, but there are now two sources, assuming that the same health and safety concerns dictate 
the allowable releases for WHB and TF. For locations elsewhere, the same additional population 
risk is assumed to be allowed, leading to the same factor Fe", regardless of location. The 
exposure from handling operations is then estimated to be about twice that ~o the WHB 
emissions alone with a random error of about 15 percent, i.e., I 

F
9

" = 0.50 ± 0.08 . (D.3.4) 

The error is obtained f ram the observation that for similar opera~ a sp.read of ± 30% : 60% 
for a 95 percent confidence level is incompatible with the health and safety goals. This results 
in the standard random error of 15 percent used fl!i..ve. 

The systematic error of the public exposure red,io.n factors is obviously much larger and will 
have to encompass the treatmen~tion dependence of the public exposure ratio. Rather than 
estimating it, it would be more prcra~le to amend the model to show the appropriate dependence 
on treatment and location. 

In waste treatment, the large void spaces in the drums are reduced and in some treatment 
options the actual volume of the wastes is reduced also. The numerical values for the volume 
reduction factors, averaged over the different waste forms, are given by the weighted arithmetic 
average 

w 

where the definition of the weights is given by 
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11 w = (D.3.6) 

with the normalization property 

(D.3.7) 

Here W is the number of different wasteforms, n w is the number of drums of wasteform w 
produced per year, f w" is the volume reduction factor for wasteform w due to treatment K. The 
relative weights, 11 w• defined in the second part of Equation (D.3.5) add to unity.ft: values are 
11 s = 0.2 for sludges, and 11c=11 m = 0.4 for combustibles and metals, respectively Vetter, 1990). 
The volume reduction factors for different waste forms are estimated on the basis f the methods 
reviewed for the main report. Their errors, L\f w" , are assigned ort basis of prudent upper and 
lower limits for the processes. For the total volume reduction f r F v" the errors are 

w 

VIC L_,, W WK ' 
( L\ F ) 2 = 't"'J>.. L\ t ) 2 (D.3.8) 

assuming that the standard errors of the 11 w r:I~ ve weights are at least a factor of three smaller 
that those of the individual volum~duction factors f w ". 

For Treatment Option 1, which rea~es sludges unaltered while combustibles and metals are 
shredded and cetrlnted, the volume reduction factors are estimated to be f s 1 = 1 ± 0 for sludges, 
f c 1 = 1.2 ± 0.2 f r c mbustibles, and f m 1 = 1.2 ± 0.2 for metals. The combination according to 
Equation (3.15) Its in an average volume reduction factor of 

Fv
1 

= 1.2 ± 0.1 . (D.3.9) 

For Treatment Option 2, which cements sludges while again shredding and cementing 
combustibles and metals, the volume reduction for cementing sludges is again assumed to be 
1 by filling the head space with cement. All wasteforms thus have the same volume reduction 
factors as those of Treatment Option 1, 

Fv 2 = 1.2 ± 0.1 . (D.3.10) 

Treatment Option 3 cements sludges, incinerates combustibles, and cements the ashes while it 
shreds and cements the metals. The volume reduction is f s 3 = 1.0 ± O for sludges, and the 
overall volume reduction for the incineration of combustibles is estimated to be f c 3 = 3 ± 1. As 
this procedure is based on the PREPP process (Tait, 1983), which also shreds the drums, the 
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volume reduction factor for metals is somewhat higher than that for Treatment Options 1 and 2, 
and is estimated to be f m 3 = 2 ± 0.5. The composite volume reduction factor is 

Fv3 = 2.2 ± 0.5 . (D.3.11) 

For Treatment Option 4, which vitrifies sludges, incinerates combustibles and vitrifies their ashes, 
while it melts and decontaminates metals, the volume reduction factors are larger. Sludge 
vitrification by microwave heating is well known (Petersen et al., 1987), yielding a reduction factor 
offs 4 = 9 ± 1. For metals and combustibles, the maximum fissile radionuclide content of a drum 
by the WAC provides the limits. If concentration is assumed to result in an average of 80 percent 
of the limits, the volume reduction factor is f m 4 = f c 4 = 9.4 ± 1.5. The composite volume 
reduction is then 

Fv4 = 9.3 ± 0.9 . 1 (D.3.12) 

These data are assembled in Table D.3-3. 

D.3.4 Transportation Reduction Factor 

The volume reduction factor F v lC leads to a reduc°fji n in the number of barrels handled annually 
by the factor F v lC • The maximum transport wei t ·s set at 36.2 metric tons (80,000 pounds), 
however, so that the full reduction cannot be reali d. Therefore, a correction factor needs to be 
applied. 

The number of treated drums pe~PACT-11 can be calculated using the effective payload for 
the 14 drums of 3.3 metric tons (7,265 pounds) and data on the weights of treated drum (see 
main report). T"ighted average over the three wasteforms is 

v Wo 
ndlC = 3 (D.3.13) 

L fw WWK 
x~1 

where 

n d lC = Number of drums per TRUPACT-11, 
W 0 = Load limit of TRUPACT-11 (kg), 
f w = Fraction of wasteform w, and 
W w = Mass of treated drum of wasteform W. 

These numbers are given in Table D.3-2 based on the data in the main report. The load factor 
f tlC• that is the fraction of the 14 drums that can on average be loaded into the TRUPACT-11 is 
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TABLE D.3-2 

TRANSPORTATION REDUCTION FACTORS 

Treatment 
Option 

1 

2 

3 

4 

8.15 

7.58 

7.38 

6.42 

0.582 1.2 ± 0.1 

0.542 1.2 ± 0.1 

0.527 2.2 ± 0.5 

0.458 9.3 ± 0.9 

a Number of treated drums that can be transported in TRUPACT-11. 
b 

Load factor of TRUPACT-11. r 
Average volume reduction factor. 
Transportation reduction factor. 

c 

d 

D 
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(0.3.14) 

where 

n d 0 = Number of untreated drums per TRUPACT-11, 
n d IC = Number of treated drums per TRUPACT-11. 

The transportation reduction factor, F, IC , is then calculated from the number, n ?·l , of transports 
needed annually after treatment JC 

where 

n j'' = Number of untreated drums handled annually, ( 
F v IC = Volume reduction factor for treatment JC, 

. f" = TRUPACT-11 load factor for trepnt K, 

and with F v 0 = f 10 = 1. The factor F 1 IC 1s then 

niO) 
!IC = -- = FVIC f!IC • 

n(IC) 
r 

1 
(D.3.15) 

(0.3.16) 

The relative erro() the load factor f, IC, derived from the survey of a large number of drums are 
estimated to be ~smaller than those of the volume reduction factor. The error of the transport 
reduction factor is, therefore, given by 

(0.3.17) 

The numerical values for most of these factors are listed in Table 0.3-2 and also in Table 0.3-3. 

0.3.5 Ratio of Forklift Operations 

The reduction factors F 11( for forklift operations in different treatments are clearly smaller than one, 
and are based on an operations model that adds one forklift operation to the first treatment device 
and 1 /F v IC forklift operations back to the storage area to the operations in the WHB. By 
normalizing the latter to one, the reduction factors are 
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TABLE D.3-3 

SUMMARY TABLE FOR THE REDUCTION FACTORS 
F v IC 1 Fm IC 1 F • IC 1 FI IC 1 AND Ft IC 

FVIC 
a 

Fm IC 
b 

F QIC 
c FllC d 

F!IC 
e 

1-2 ± 0.1 0.276 ± 0.016 0.50 ± 0.08 0.517 ± 0.010 0.70±0.06 

1.2 ± 0.1 0.260 ± 0.015 0.50 ± 0.08 0.517 ± 0.010 0.65±0.05 

2.2 ± 0.5 0.170±0.010 0.50 ± 0.08 0.566 ± 0.010 1.2 ± 0.3 

9.3 ± 0.9 0.0760 ± 0.0042 0.50 ± 0.08 0.644 ± 0.002 14.3 ±0.4 

a Average volume reduction factor, from Equations D.3brough D.3.12. 
b Manpower reduction factor, from Table D.3-1. r 
c Public exposure reduction factor, from Equation D.3.4. 
d Reduction factor for forklift operations~~ Equations D.3.18 and D.3.19. 
e Transportation reduction factor, from r D.3-2. 

r 
D 
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F,.,. 
(0.3.18) 

where f w.,. is the volume reduction factor of treatment ic for wasteform w, and Tl w is the 
abundance of wasteform w. The standard error of this expression is 

(0.3.19) 

The parameters f w.,. and Tl w were given in the discussions of equations (O.<cf(to (0.3.12), 
resulting in the values listed in Table 0.3-3. Note the implicit assumption tha~·te' number of 
forklift operations is independent of the final drum weight. For heavier drums, heavier forklifts are 

assumed to be used. r 
0.3.6 Particle Generation in Accidents 

0.3.6.1 Particle Spectrum Generated 

In the baseline waste, some fine6icles are already present, while others may be generated 
by impacts. In treated wastes, umbers of free particles are drastically reduced, and it is 
assumed here that particles are reduced by impact. Empirical models have been made on the 
basis of experim£1,I data for the spectrum of particles produced by impact (Bennet et al., 1980). 
Using data on t e hattering of rocks, the model for the cumulative distribution function for 
particles with di ter y yields 

<I> ( ) . 4/3 2 
d-.. y =Cm-.. e.,. y ' (0.3.20) 

where cm.,. is a constant of the material impacted, e.,. is the strain or relative deformation in elastic 
deformation process, so that t.,. is the rate at which strain builds before going beyond the fracture 
limit. Static strain rates are typically 1 O -4 s -, , while rock blasting achieves 1 to 1O 3 s _,. With the 
impacted drum cushioning the impact on its contents, a strain rate of (0.1 O ± 0.03) s _, is assumed 
for creating the perforation. A comparison of dynamic tensile fracture strengths (Grady and 
Hallenbach, 1979) leads to an assignment of cm.,.= 100 for cemented and cm.,.= 200 for vitrified 
wastes. This is based on a comparison of the dynamic tensile strengths of oil shale, for which 
a cm.,. value is available and of several types of stone, such as sandstone, limestone and basalt. 
Although dynamic tensile fracture strength does not correlate well with the constant cm .,. for all 
materials, it can provide scaling between not too different materials (Grady, 1991 ). Treated waste 
forms, cemented or vitrified are inhomogeneous conglomerates, in many ways similar to oil 
shales, sandstones, limestones, and basalts. The uncertainties in these assignments for the 
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constant cm IC are obtained from a comaprison with the value 157 for oil shale. Assuming a range 
of 50 around the value of 100, and of 40 around the value of 200, yields error estimates of± 12 
and± 14, respectively. The standard error of the cumulative distribution function for the constant 
Cm IC is then 

(D.3.21) 

This model will be used to estimate the particle size distributions for all events resulting in the 
creation of particles from solidified wastes. 

0.3.6.2 Suspendability Ratio S, IC ~ 

In Section E.1.1.2 in Equation (E.1.20), the ratio of particles suspended in inhJable form for 
treated and untreated wastes is needed. These reduction factors for particle suspendability S, " 
are estimated here on the basis of some assumptions and t~odel discussed in the last 
section. The baseline risk assumes that a perforated drum rel ses one percent of the waste 
mass, that a fraction of 10·3 is suspended from the floor du to the activities in the Waste 
Handling Building, and that 5 percent of the to~activity is in inhalable form. The scenario 
implies that this release escapes detection by th nitoring devices. However, one percent of 
the mass of the average drum (U.S. Departmen of Energy, 1990a) is 1.5 kg, which can hardly 
escape visual detection and wiljS, efore, be treated as an incident and not lead to a routine 
exposure. In order to cancel the ence of this assumption, it will be assumed here that, in the 
baseline case, a certain undeter ined fraction of the inhalable waste which amounts to 5 percent 
of the activity is spilled from the perforation. 

In the incident ini;/.ction E.1.1.2 involving a pertorated drum with treated waste, the impact that 
creates the perforation also creates a certain fraction of the mass pulverized in particles of sizes 
below 10 µm. For diameters above 1 O µm, the fraction of particles that is inhaled drops toward 
zero. It is now assumed that, independent of treatment, the same fraction f 22 M of these particles 
is spilled on the floor and the same fraction f 24(1C) resuspended. Thus, these factors cancel in the 
ratio S, IC and the only remaining factor is the fraction f 23(") of particles with diameter below 10 µm, 

(D.3.22) 

with the inhalable fraction of the total activity of a drum f 23 (o) = 0.05 (U.S. Department of Energy 
1989b, U.S. Department of Energy 1990a). 
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TABLE D.3-4 

REDUCTION FACTORS S 1 " AND S 2 " IN SUSPENDED FRACTION OF 
INHALABLE WASTES IN AN N2 AND A C2 SCENARIO 

QUANTITY VALUE± STANDARD ERROR 

(0.9 ± 0.3) • 10 8 

(1.1±0.4). 10 8 

(1.1±0.4). 10 8 

(0.5 ± 0.2) • 10 8 

(5.4± 1.4) • 10 7 

(6.8 ± 1.8) • 10 7 

(6.8 ± 1.8) • 10 7 

(3.4 ± 0.9) • 10 7 

COMMENTS/REFERENCES 

Only 80% of drums affected 

1 
Only 80% of drums affected r S,,=S,.=S" 

The reduction factor S 1 " for the fr: 1 n of waste suspended in inhalable form is 
defined in Equation (D.3.22). 
The reduction fa~ 2 " for the fraction of waste suspended in inhalable form is 
defined in EquatiT ,~.3.24). 

D 
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D.3.6.3 Suspendability Ratio S 2 "' 

The suspendability reduction factors S 2 I( are needed in the evaluation of a C2 accident in which 
a drum falls off a forklift (see Section E.3.1.1 ). They are defined by 

& (0) & (0) & (0) 

S = 's1 's2 's3 
2 - ' 

IC f.(IC) f.(IC) f.(IC) 
61 62 63 

(D.3.23) 

where the factors in numerator and denominator are the fraction f 61 M of the material spilling out 
of the drum, the fraction f 62(1C) of that material suspended in air, and the fraction f 53(1Clof the activity 
that is in inhalable form, i.e., with diameters less than 1 O µm. The baseline scenario assumes 
25 percent of the drum's content is spilled, containing a fraction of 5% inhalable activity, and that 
a fraction of 10 · 3 is suspended due to the dynamics of the accident. In thefr of treated 
wastes, the particles are created in the accident by impact. The elastic deforma ion rate to be 
used in the impact model in the fall from the forklift is estimated at 0.05 s - 1 w th an error of 
20 percent. 

The cemented waste is fragmented, with a cumulative distributi~nction for the mass fraction 
with diameters below 1 O µm of ct> d IC ( 1 O · 5 

) = ( 1.8 ± O .5) 1 O -1 and for the vitrified waste the 
fraction is ct> d IC (10- 5

) = (3.7 ± 1.0) 10 - 10
, a~ding to Equations (0.3.20) and (D.3.21). 

Assuming the fraction of f 62M of suspended p~s below 1 O µm to be the same, and the 
fractions of waste spilled at 25 percent and 100 percent (upper limit), respectively, yields 

0) f (0) s 1 63 = 
2 IC (IC) ( ) 

fs1 ts; 

f (0) f (0) 
61 63 (D.3.24) 

Again, these reOion factors, given in Table D.3-4, are quite large, signalling an effective 
suppression of t~

1

orresponding component of the risk. 

D.3.6.4 Suspendability Ratio S 3 IC 

The suspendability reduction factors S 3 IC are needed in the evaluation of the C3 scenario in 
Section E.3.1.2. The factors are defined by 

tt. (0) 
'+' 31 

S3 = -- , IC (IC) 
<I> 31 

(D.3.25) 

where the factors <1> 31 M are the fractions of inhalable particles suspended in the accident. 
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TABLE D.3-5 

SUSPEND ABILITY REDUCTION FACTORS S 3 IC' S 10 IC' and S 33 IC 

AS A FUNCTION OF TREATMENT OPTION 

QUANTITY 

s 101 

s 102 

s 103 

s 104 

s 331 

s 33 2 

s 333 

s 334 

VALUE± STANDARD ERROR 

(6.4 ± 2.5) • 10 6 

(8.0 ± 3.1) • 10 6 

(8.0 ± 3.1) • 10 6 

(4.0 ± 1.5). 10 6 

(5.4 ± 1.4). 10 8 

(6.8 ± 1.8) • 10 8 

(6.8 ± 1.8) • 10 8 

(3.4 ± 0.9) • 10 8 

(4.0 ± 1.6). ~ 
(5.0 ± 2.0) • ~' a·o ± 2.0). 10

6 r 'f-·5 ± 1.0) • 1o
6 

COMMENTS/REFERENCES 

Only 80% of drums treated 

rnly 80% of drums treated 

Only 80% of drums treated 

R~u tion factor S 3 IC for fraction of waste suspended in inhalable form defined in 
E u ion (D.3.25). 
R uction factor S 10 IC for fraction of waste suspended in inhalable form defined in 
Equation (D.3.26). 
Reduction factor S 33 IC for fraction of wate suspended in inhalable form defined in 
Equation (D.3.27). 
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Numerical estimates for the parameters S 3 " are given in Table D.3-5 and are based on the same 
impact fragmentation as those in the two preceding sections. If the perforation is assumed to 
have been made by the tine of a forklift, two tines impacting on two drums will share the impact 
energy. The strain rate is thus estimated to be (0.7±0.2)s·1, and equation (D.3.20) yields (0.62 
± 0.24) • 10 · 8 for cemented waste and (1.24 ± 0.47) • 10-s for vitrified waste. The errors are 
calculated according to equation (D.3.21 ). 

D.3.6.5 Suspendability Ratio S 10 " 

The reduction factors S 10(") are needed in the evaluation of the C10 accidents (see 
Section E.3.1.6). They are defined there by 

1 
(D.3.26) 

where the factors f 11 (K) are again the fractions of activity suspended in inhalable form. 

These reduction factors are assumed to be ten times lower tha ~ factors S 2 " in the C2 and 
C4 scenarios. This assignment stems from the fact that the baselI~ni~halable suspended fraction 
is f P 0 = 1.25 • 1O· 4

, ten times higher than the ~r ion <1> 5(o) in the C2 scenario, yet for treated 
waste the aerosolization is assumed to be about ame. The fraction f P 0 is derived from the 
0.25 percent of the total activity which is aeros ized in the C1 O scenario (U.S. Department of 
Energy, 1990a) and the additionar.;umption that five percent of that activity is in inhalable form, 
that is, it has diameters below 1 . This is supported by the fact that no other drums are 
damaged, i.e., that it is a low-gra e overpressure explosion that essentially does not much more 
than break the con inment. 

, (0) 
11 

$10 =-' 

'

(K) 
11 

11it Ratio S 33 " 

The reduction factors S 33 " are needed in the evaluation of the C1 O scenario involving the self
ignition of pyrophoric material in a drum (see Section E.3.1.6). Therefore definition of the factor 
is again 

"' (0) 
'Y 33 ---
"' (1<) 
'Y 33 

,(0) ,(0) 
33 1 33 2 (D.3.27) 

'

(IC) '( K) 
33 1 33 2 

that is the reduction in suspendability of waste in inhalable form. These values are estimated 
from the baseline value of <I> 33(o) = 2 • 1 O - 4 given in the FSEIS, Vol. II, Table D.3.29 (U.S. 
Department of Energy, 1990a). If it is assumed that the accident modeled in the baseline case, 
essentially only mobilized radioactive fines already present in the waste and that f 332(

0
l = 0.05 of 

the activity is present in sizes smaller than 1 O µm, the suspended fraction is f 33 1 (O) = 4 • 10 -3
• 

As the mobilizing force of fire is the same in all cases, it is reasonable to assume that f 33 1 (IC) = 
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4 • 1 O -3 also. For cemented or vitrified waste, however, the small particles are no longer present 
and must be created by the impact. 

Equation (D.3.20) can be used to determine the fraction of particles below 10 µm 

'(K) = <l> ( 10-5) = c E4/3 ( 10-10) 
33 2 dlC mK K " 

(D.3.28) 

For truck accidents, higher loading rates are to be expected than from dropping or ramming 
drums, but here also, the overpack will soften the impac:t on the drum. The best estimate for 
t l( is (1.0 ± 0.3) s ·1• This yields the values given in Table D.3-5. 

D.3.7 Probability of a C1 O Accident 

A C10 accident involves the self-ignition of pyrophoric material in a drum, lea~o the drum 
bursting open and releasing toxic materials (see Section E.3.1.6). The reduction ~ctors F Pl( for 
the probability of a C1 O type event is defined by 

p(O) 

F = _10_ 
PK p(K) 

10 

(D.3.29) 

where P 10
101 is the baseline probability for self-ign·/). nd P 10(K) is that probability after treatment. 

This reduction factor is estimated on the basis t~i! pyrophoric material is not removed from 
the waste except by smelting an~ontamination in Treatment Option 4. Shredding increases 
the surface of the pyrophoric ma~i_:l',on the one hand and cementing or vitrification reduces the 
oxygen available for combustion on the other. In the model used here, no credit is taken for 
removal of orgE· because they may not be needed for ignition. It is assumed that the 
pyrophoric mate ial ill ignite in the presence of oxygen. In the baseline case, the one event in 
1.8 • 1 O 6 drum ars (U.S. Department of Energy, 1990a) will be used to assign an annual 
probability of 6 • 1o· 7 per drum. The reduction of the probability of ignition is assigned to the lack 
of oxygen to generate enough pressure to burst the drum. The reduction of connected void 
space is, therefore, assumed to be proportional to the reduction in the probability of a drum 
bursting open. Only in the case of removing the pyrophoric substance by decontamination will 
an additional reduction of the probability by a factor of 100 ± 20 be assumed. The void space 
decreases from 147 Lin the baseline case to three to five percent of the drum volume of 0.25 
m 3 , i.e., down to (1 O ± 2 L). Numerical values are listed in Table D.3-6. 

D.3.8 Emission of VOC Through Carbon Filter 

Routine emissions of VOCs through the carbon filter of the drum are discussed in Section E.4.2.1. 
The reduction factors for the routine emissions of a single drum are defined by the ratio 
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TABLE D.3-6 

VALUES FOR THE REDUCTION IN SELF-IGNITION RISK IN A C10 ACCIDENT 
AS A FUNCTION OF THE TREATMENT OPTION 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

F p1 12 ± 2 Only 80 % of drums treated 

F p2 15 ± 3 100% of drums treated 

F p3 15 ± 3 100% of Is treated 

F p4 1500 ± 400 100% of dr ms treated 

- The reduction factor for the probability of self-ig ion F P" is defined in Equation 
(D.3.29). 

D 
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(0) 

F . = q,2i 
c re} (re) 

q12j 
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(D.3.30) 

where q 1 2(rcl is the emission rate for chemical j. These ratios are estimated on the basis of the 
baseline emission rates and the rates after incineration of the wastes. The model used here 
assumes that shredding and cementing does not change the vapor pressure (saturation) in the 
void space, it just retards its attainment. The corresponding emission values q 12 tl for chemical 
j are, therefore, constant 

(0) (1) (2) 
q12j = q12/ = q12j' 

(D.3.31) 

Fc 1 i = Fc 2 j = 1 ± E , 1 (D.3.32) 

and thus 

where E is a small fraction. Due to the model assumption abo~e is set to zero. It is small 
enough to warrant this assumption without loss of accuracy in th error calculation [see equation 
(C.1.26)]. Similarly, the fact of incineration to regulatory level which requires 99.99 percent 
destruction effectiveness for organics (U.S. Envir~ental Protection Agency, 1989b) or better 
leads to r 

qgli = qj~li , (D.3.33) 

An approximation for Equation (D~) can be obtained by assuming that the quantity of organics 
in the void connected spaces is at least sufficient to maintain saturation vapor pressure and by 
taking no credit t(r'ijie safety margin that burning aims to achieve below regulatory limits. Thus 

v Fc3j = Fc4j = ( 1.0 ± 0.3) · 104 
' (D.3.34) 

None of these ratios, with a large error assigned due to the uncertainties in the assumptions 
above, depend on the compound, and the estimates for numerical values are listed in 
Table D.3-7. 

D.3.9 Ratios of VOC Mass in Headspace 

·'''!" 

. ,,. 

It if 

'"' 
Verifying the headspace of a drum in an accident leads to the emission of the gases acculnulated "11 
there. The reduction factors Fq rci for the mass of gas j in the headspace are defined by 

(0) 

F . = q,ai 
q re 1 (re) 

q,6j 

where the quantities q ,6 t) are the quantities of gas j contained in the void spaces. 
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TABLE D.3-7 

VALUES FOR THE REDUCTION FACTORS F c " 1 FOR CHEMICAL EMISSIONS 

CHEMICAL QUANTITY VALUE± ERROR COMMENTS/REFERENCES 

;r.11! 

All voes F c1 J 1±0 
considered 

F c 21 1 ± 0 

F c 3J ( 1.0 ± 0.3) • 10 4 

F c4i ( 1.0 ± 0.3) • 10 4 1 
Reduction factor for mass of gas j in headspace atreftreatment option K, according 
to Equation (D.3.35). r 

,,4,';i<f 

~· D 
"" 

"" 
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The numerical values for the parameters F g IC i are again estimated by assuming a combustion 
efficiency of 99.99 percent for organics and by taking into account the reduction of connected void 
volume from 147 L to (4.0 ± 0.5) percent of the drum volume of 208 L (Butcher, 1989). The factor 
F g ICJ for alternatives K = 1 and 2 is then given by the ratio of the void volumes, and for Treatment 
Options 3 and 4 by the product of that ratio with the burn escape ratio. The numerical values are 
listed in Table D.3-8. 

D.3.1 O Location Function for Treatment Plant 

In loading and unloading the TRUPACT-11 containers, the handling crew is exposed to penetrating 
radiation from the drums. The handling is increased when the TF is located between the 
originator and the WIPP. This is taken into account by the location/function factor <I> 28 3 (J)(d.) used 
in Section E.6.3.7. Numerical values for this function are given in Table D.3-9~their errors 
in Table D.3-10. For treatment at the WIPP, one load/unload unit is incurred, q ivalent to the 
baseline risk evaluated in the FSEIS. For treatment at the originator co, the numbe of transports 
is reduced by the transportation reduction factor F 1 IC of the tre~tm nt option. For the location 
options with regional treatment facilities, outside suppliers incur o unit of loading and unloading 
of wastes "as received" and one unit reduced by the volume red ti on factor F, IC of the treatment 
option. This evaluation is based on the assumption that the ALA A concept is fully implemented, 
minimizing both doses and dose-rates for the sh;:.· ents reduced by the factor F 1 IC the higher 
dose-rates will then be reduced by different he and safety protocols, leaving the gain in 
exposure reduction intact. 

D.3.11 Extension Function for S e Time 

The personnel i~n warehouse used for temporary storage of the drums until they can be 
transported is ex os d to additional penetrating radiation if the frequency of transports decreases 
due to treatment is effect is taken into account in Section E.6.3.8, where the time extension 
function <l> 292 (J)(d.) is used. Effective use of the ALARA concept is again assumed, leading to the 
same dose rates, but longer storage times lead to a proportionate increase in dose. 

For the time extension functions <I> 29 n(d.l, the model assumes that for treatment at the originator, 
no additional storage is incurred except that mandated by the volume reduction, i.e., the additional 
time required to fill the 42 drums in a TRUPACT-11 transport measured in units of the baseline 
storage time ~ts , 

""' (!CA.) F 
'V 29 2 (J) = llC • 

(D.3.36) 

For treatment at the WIPP site, the storage time is again that of the baseline case, ~ts· For an 
originator going to a regional treatment facility and from there to the WIPP, the storage time at 
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TABLE 0.3-8 

VALUES FOR THE REDUCTION FACTORS F g IC 1 FOR CHEMICAL EMISSIONS 

'" 

VALUE± COMMENTS/ 
CHEMICAL QUANTITY STANDARD ERROR REFERENCES 

All five F g1 J 17.7 ± 2.2 
chemicals 

F g 2J 17.7 ± 2.2 

F g 3J (1.8 ± 0.2). 10 5 

F g4J (1.8 ± 0.2). 10 5 

IA•! 

Ii\<'~· 

,~~ 

, .... D 
"'' 
,.,., 

.... 

... 

Appendix I, Attachment D 1-127 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE 0.3-9 

LOCATION FUNCTION <I> 28 am<KA.> 

ORIGINATOR ro A. <I> 28 3 Q) 

(id.) ORIGINATOR ro A. Cl> 28 3 Q) 

(id.) 

Idaho National 1 1 1 Oak Ridge 6 1 1 
Engineering 1 2 1/F t IC National 6 2 1 
Laboratory, 1 3 1/F t IC Laboratory, 6 3 1 + 1/F t IC 

Idaho 1 4 1/F t IC Tennessee 6 4 1/F t IC 

Rocky Flats 2 1 Nevada Test 7 11 
Plant, Colorado 2 2 1/F t IC Site, Nevada 7 2 

2 3 1/F t IC r 7 3 
2 4 1/F t IC 7 4 

Hanford 3 1 /J:;,rgonne National 8 1 
Reservation, 3 2 1 + 1/F t IC boratory - 8 2 
Washington 3 3 1/F t IC East, Illinois 8 3 1 + 1/F t IC 

3 4 ~IF,. 8 4 1 

Savannah River 4 1 1 Lawrence 9 1 
Site, South Q 2 1 Livermore 9 2 
Carolina 3 1/F t IC National 9 3 

4 1/F t IC Laboratory, 9 4 
California 

Los Alamos 5 1 1 Mound 10 1 1 
National 5 2 1 Laboratory, Ohio 10 2 1 
Laboratory, 5 3 1 10 3 1 + 1/F t IC 

New Mexico 5 4 1/F t IC 10 4 1 

The location function <I> 28 3 00
<1C 1..) evaluates the increase in handling after treatment K 

of the wastes at location A.. 
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TABLE D.3-10 

STANDARD ERRORS OF LOCATION FUNCTION Ll <I> 28 3 co(id.) .... 

ORIGINATOR (I) A. Ll <I> (IC A.) ORIGINATOR (I) A. Ll<I> 28 3 co 
(ICA.) 

28 3 co 

Idaho National 1 1 0 Oak Ridge 6 1 0 
Engineering 1 2 A National 6 2 0 
Laboratory, 1 3 A Laboratory, 6 3 A 
Idaho 1 4 A Tennessee 6 4 A 

Rocky Flats 2 1 0 Nevada Test 7 ~1 0 
Plant, Colorado 2 2 A Site, Nevada 7 0 

2 3 A 7 3 0 
2 4 A r 7 4 0 

Hanford 3 1 0 Argonne 8 1 0 
Reservation, 3 2 A p.. National 8 2 0 
Washington 3 3 A Laboratory - 8 3 A 

3 4 A East, Illinois 8 4 0 

Savannah River 4 1 f3 Lawrence 9 1 0 
Site, South 

D 
2 0 Livermore 9 2 0 

Carolina 3 A National 9 3 0 
4 A Laboratory, 9 4 0 

California 

Los Alamos 5 1 0 Mound 10 0 
National 5 2 0 Laboratory, 10 2 0 
Laboratory, 5 3 0 Ohio 10 3 A 
New Mexico 5 4 A 10 4 0 

A = LlF t IC I F t IC 
2 
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the originator remains the same, but the storage time at the treatment facility has to be added. 
It consists of pre-treatment storage assumed to be 1/2 ~ts and post-treatment storage assumed 
to be 1/2 ~ts F 1 IC" Thus the total time is <I> 29 2 ro(KA.l~t s with the functions are tabulated in Table 
D.3-11 and their errors in Table D.3-12. 

D.4.1 Models For Treatment Operations 

D.4.1.1 Occupational Accidents 

Occupational fatalities and injuries in various industries are published by the U. S. Department 
of Labor (1986, 1990). For the evaluation of risks of workers in the WHB or the TF, data for 
warehouse workers were used. The average annual rate of injuries per worker over the years 
1987 and 1988 is 6.6 1o- 2 with an error of 5 percent (Tables 3 and A-1 of Ref·~ U.S. apartment 
of Labor, 1990). For fatalities, the same report provides data for the years 19 and 1988 for 
transportation and public utility workers. The average annual rate of occupational f alities is 1.29 
10 -4 with a standard error estimated to be about 1 O percent. 

D.4.1.2 Forklift Accidents 

Forklift accidents are particularly severe occup;;,ai al events. Although they make up only 1 
percent of the accident incidence, they are res ible for 10 percent of the workdays lost 
(U.S. Department of Labor, 1986). For occupati al injuries, the incidence of these accidents is 
separated from the incidence of Eral occupational injuries and considered separately with a 
ten times higher risk coefficient. rationale for this decision is that severe accidents are ten 
times more likely, but disappear i the statistical averaging in the tables. For fatalities, the same 
procedure is adopted, using the rationale that if accidental injuries are ten times more severe, 
fatalities are likeltybe ten times more frequent. 

D.4.2 Manpower Needs for Treatment 

1• 
ltf! 

111f! 

Uli 

Ut 

•• 
• 11 

•• 
•• 
•• 

""' 

The manpower requirements to treat one drum of waste form w in device u are needed in Section ... 
F.4.1.1. The quantity <!> 57 l((w u) denotes that effort measured in manhours expended, 

(wv) _ N (v) 
<l>s1" = 'Tlw 06 fs1 · 

(D.4.1) 

Here Tlw is the wasteform weight defined in Equation (D.3.5), N 06 is the manpower to handle one 
drum (Table D.2-1 ), and t 5 7 k(vl is the time required for the operation of device v. The associated 
standard error is approximated by the largest contribution 
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TABLE D.3-11 

TIME EXTENSION FUNCTION <I> 29 2 ,}IC '-l 
',. 

ORIGINATOR (1) A. <I> (ICA.) 
29 2 (I) 

ORIGINATOR (1) A. <I> (ICA.) 
29 2 (I) 

. ; 

Idaho National 1 1 1 Oak Ridge 6 1 1 
Engineering 1 2 FtlC National 6 2 1 
Laboratory, 1 3 FtlC Laboratory, 6 3 1 + 1 /2 ( 1 + F t IC ) 
Idaho 1 4 FtlC Tennessee 6 4 F,IC 

Rocky Flats 2 1 1 Nevada Test 7 1 1 1 
Plant, 2 2 Ft IC Site, Nevada 7 2 1 
Colorado 2 3 F !IC 7 3 1 

2 4 Ft IC r 7 4 1 

"' Hanford 3 1 1 Argonne 8 1 1 
Reservation, 3 2 1 + 1/2(1 + F 11C) Aational 8 2 1 
Washington 3 3 Ft IC aboratory - 8 3 1+1/2(1+F 1J 

3 4 

~ 
East, Illinois 8 4 1 

.. Savannah 4 1 Lawrence 9 1 1 
River Site, 

~~ 
Livermore 9 2 1 

'ciJt"Ji 

South F !IC National 9 3 1 
Carolina F,IC Laboratory, 9 4 1 

California 

toe>n 

Los Alamos 5 1 1 Mound 10 1 1 
National 5 2 1 Laboratory, 10 2 1 
Laboratory, 5 3 1 Ohio 10 3 1+1/2(1+F 11C) 
New Mexico 5 4 Ft IC 10 4 1 

·~· 

,tH The time extension function <I> 29 2 (l)(icA.) evaluates the extension of the total storage time due 
to treatment ic of the waste at location A. according to Equations (D.3.36) and (D.3.37) . 

.i.·H 

Appendix I, Attachment D 1-131 



J;!life1 

&,~,,;r 

1'1'' 
DOE/WIPP 91-007, REVISION 2, APRIL 1991 

~" 

'~if! 

TABLE 0.3-12 
1,~ll 

ERROR OF THE TIME EXTENSION FUNCTION d <l> 29 2 "'<I( A.J 
'f'!' 

i~tl 

•1!11 

ORIGINATOR co A. d <l> (!CA.) 
29 2 (J) 

ORIGINATOR co A. d<l> (!CA.) 
29 2 (J) 411 

1111!1 

Idaho National 1 1 0 Oak Ridge 6 1 0 
;Jiil 

Engineering 1 2 d F 1 1( National 6 2 0 
Laboratory, 1 3 d F 1 1( Laboratory, 6 3 1/2dF 1 1( 

"~ Idaho 1 4 d F 1 1( Tennessee 6 41 d F 1 1( 

itli 

Rocky Flats 2 1 0 Nevada Test 7 0 
'!IF 

1 
Plant, Colorado 2 2 d F 1 " site. Nevp:- 7 2 0 'ill~ 

2 3 d F 1 1( 7 3 0 
2 4 d F 1 " 7 4 0 ···~ 

, 1il!I 

Hanford 3 1 0 /> Argonne 8 1 0 I'{!! 

Reservation, 3 2 1/2 d F 1 1( National 8 2 0 11il 

Washington 3 3 

~: 
Laboratory - 8 3 1/2 dF t IC 

3 4 East, Illinois 8 4 0 "'! 
I 111 

Savannah Rivero: 1 0 Lawrence 9 1 0 ''fl 
Site, South 4 2 0 Livermore 9 2 0 
Carolina 4 3 d F 1 1( National 9 3 0 iit&r 

4 4 d F 1 1( Laboratory, 9 4 0 
California 

11111: 

Ii•• 

Los Alamos 5 1 0 Mound 10 1 0 ~It 

National 5 2 0 Laboratory, 10 2 0 !iii 

Laboratory, New 5 3 0 Ohio 10 3 1/2dF 1 1( 

Mexico 5 4 d F 1 1( 10 4 0 "'' 
•11i 

,q 

ll il 

,11, 

11111 

t! 'I 
( 
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(D.4.2) 

The numerical values derived for the effort <1> 57 "'(w v) and its error which are needed in 
Section F.4.1.1, are tabulated in Table 0.4-1. The two entries with footnotes are due to the ashes 
from incineration being added to the cementation and vitrification flow. 

D.4.3 Manpower for Maintenance 

The manpower needed for maintenance, defined by the manpower factor 

<J>~:icv) = llw No(7 <l>~;)ic d~) • ..,.(' (D.4.3) 

where the quantities 11 w are the waste fractions given in Equation (0.3.5), N 0 ti fhe number of 
persons needed for maintenance, <1> 58 "M the number of maintenance operations needed annually, 
and t 58(v) the time needed for maintenance of device v. Allrthese values are given in 
Table D.2-1 and their product is listed in Table D.4-2. Again, otnotes identify ashes being 
cemented or vitrified. 

D.4.4 Releases Into Device Containment j>. 
Some of the treatment devices a~e · ely to generate inert and radioactive breakup particles and 
suspended particles. Although treatment apparatus must contain self-cleaning devices, a 
certain fraction will adhere to surf ces, leading to direct exposures to penetrating radiations during 
maintenance. The release fraction f 58 2(w v) is estimated for the baseline case (v= 0) from the 
releases arisin~go punctured drums during the process of assay and certification. It is 
assumed that t tire release postulated in the FSEIS for such an event occurs during the 
assay and certif cation phase. The baseline case assumes that only a fraction of 1 O · 3 of the 
drums is perforated and releases one percent of its total mass. It is assumed here that the 
release thus contains a fraction of 1o· 5 of a drum mass per drum handled. For the other devices, 
it is assumed that health and safety concerns, particularly for maintenance, are the driving factors. 
Releases, therefore, have to be kept low, in order to keep maintenance frequency and the 
radiation dose budget of the maintenance crew low. The relatively large uncertainties in the 
release factors are accounted for by using a broad symmetrical Gaussian distribution but pushing 
it toward the upper limit of the range estimated for the quantity. The numerical values estimated 
for the release fractions are listed in Table D.4-3. 
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~I AVERAGE EFFORT cp sh.1"''" PER DRUM (IN MAN-HOURS) 
:J" ON DEVICE v FOR TREATING WASTEFORM w IN ALTERNATIVE K 3 
CD a 
0 

I 

ASSAY ~ORT SHRED CEMENT INCINERATE SMELT VITRIFY 
* I 0 1 2 3 4 5 6 lC w v 

0 1 0.12 0 0 0 0 0 0 
2 0.24 0 0 0 0 0 0 
3 0.24 o~ 0 0 0 0 0 

1 1 0.12 0 0 0 0 0 0 
2 0.24 0 0.4 0.24 0 0 0 .. 3 0.24 0 0.4 0.24 0 0 0 

~ 

~ 
2 1 0.12 0 

~ 
0.12 0 0 0 

2 0.24 0 0.24 0 0 0 
3 0.24 0 0.4 0.24 0 0 0 

3 1 0.12 0 0 0.12 0 0 0 0 
0 

2 0.24 0.6 0.4 o.osa 0.12 0 0 m 
~ 

3 0.24 0.6 0.4 ~24 0 0 0 =o 
-0 
ID 

4 1 0.12 0 0 0 0 0 0.4 
~ 

6 
2 0.24 0.6 0.4 0 0.12 0 0.267 b 

0 
:.J 

3 0.24 0.6 0.4 0 0 3.2 0 JJ 
m 
< 
(ii 

* w = 1: sludges; : 0.24 I f c 3 = O.O~ent ash. 6 
w = 2: combustibles; 

z 
0.8 I f c 3 = o.o , v1 rr ash. _!\) 

w = 3: glass/metals. )> 
-0 
~ 
r 
~ 

'° ~ 
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~ TABLE 0.4-2 
g, 
)( 

;:: AVERAGE ANNUAL MAINTENANCE EFFORT cp sa l(<wu>(IN MAN-YEARS} 
~ ON DEVICE u FOR TREATING WASTEFORM w IN ALTERNATIVE K 
::r 
3 
CD a 
0 I ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 

K w* v 0 1 2 3 4 5 6 

0 1 0.37 0 ~ 0 0 0 0 0 
2 0.74 0 A.) 0 0 0 0 0 
3 0.74 0 0 0 0 0 0 

1 1 0.38 0 0 0 0 0 0 
2 0.76 0 1.90 0.38 0 0 0 

ii 3 0.76 0 ~ 0.38 0 0 0 

2 1 0.38 0 ~ 0.19 0 0 0 
2 0.76 0 1.90 0.38 0 0 0 
3 0. 76 0 1.90 0.38 0 0 0 0 

0 
m 

3 1 0.38 0 0 ~19 0 0 0 ~ 
2 0.76 0.76 1.90 ~-fii a 0.37 0 0 ~ 
3 0.76 0.76 1.90 0.38 0 0 0 ~ 

6 
0 ...,, 

4 1 0.38 0 0 0 0 0 0.94 ":a 
2 0.76 0.76 1.90 0 0.37 0 0.63 b ~ 
3 0.76 0.76 1.90 0 ~ 0 18.9 0 ~ 

\ z 
• w = 1 : sludges; a Cement ash from incineration. I ~ 

w = 2: combustibles; b Vitrify ash from incineration. I ~ 
w = 3: glass/metals. I ~ 

(() 
(() 

,, 
"'. 



)> 
"O 
"O TABLE D.4-3 CD 
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g, 
>< 

FRACTION f592<wu> OF THE WASTE RELEASED INTO THE CONTAINMENT OF DEVICE u -
)> 
::i 
Ill 
0 
::I" 
3 
CD 
a 
0 

ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 
K w* I v 0 1 2 3 4 5 6 

0 1 A 

~~ 
0 0 0 0 0 

2 A 0 0 0 0 0 
3 A 0 0 0 0 0 0 

1 1 A 0 0 0 0 0 0 
2 A 0 c c 0 0 0 

~ 

3 A 0 i> c 0 0 0 w 
O> 

2 1 A 0 c 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 c c 0 0 0 

0 
0 

3 1 A 0 0 \{a 0 0 0 
m 
~ 

2 A c c c 0 0 =ti 
""O 

3 A c c c 0 0 0 ~ 
6 
0 

4 1 A 0 0 0 0 0 c -" 
2 A c c 0 c Bb :a 

0 m 
< 

3 A c c 0 

~ 
0 c 0 Cii 

0 
z 

* w = 1: sludges; A= (1.0 ± 0.3) • 10· 5 a Cement ash from incineration !'> 
)> 

w = 2: combustibles; B = ( 1. 0 ± 0 .3) • 10 -4 
b Vitrify ash from incineration ""O 

:a 
w = 3: glass/metals. c = ( 1 .0 ± 0.3) • 10 3 ;=: 

-6 

ID 

~ 
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D.4.5 Releases From Containment 

A certain fraction of the waste suspended in the containment device v is assumed to penetrate 
airlocks and reach the air inside the treatment unit (see Section F.3.2.1.1 ). The quantity f 59 " (v) 

is the fraction of waste in form w suspended and released from containment in inhalable form due 
to treatment v in alternative K. This release fraction for every drum treated is estimated to be 
1o- 9 in the drum. In Table D.4-4, the fraction of the drums treated at each device and the fraction 
escaping from containment are listed. 

D.4.6 Suspension During Maintenance 

During maintenance and deconamination, a certain fraction of the contamination is resuspended 
(see Section F.3.2.2.1 ). The fraction f 603(wv) of the waste which is resuspended during cleanup 
of device v is a quantity needed in that part of the risk assessment. ~ 

Numerical values of fractions f 60 3(w v) which are needed in the following are given i~ Table D.4-5. 
The baseline value here assumes that in maintenance operationt:fraction of about (1.0 ± 0.3) 
1 O - 4 is resuspended. Similarly, the values from Table D.4-4 r multiplied with this factor to 
assess the activity remobilized during maintenance. The standa d errors of the combination are 
estimated in the Gaussian approximation. 

For shredding and sorting, the ~s and the liners and wrappings are opened, letting all 
accumulated gases escape. Thf g\s release function <I> 61 /IC l for agent j and alternative K, is 
defined by 

D <I> (0) 
F = 61 j 

f!Cj - -(IC-) ' 

<I> 61 j 

(D.4.4) 

where the functions <I> 61 / "l account for the gas releases from the void space. Also accounted 
for are the fractions of drums not opened (sludges in Treatment Option 1 ). The baseline releases 
are taken to be those through the carbon filter on the drum during the assay and certification 
process. Table D.4-6 lists, in the second column, the release rates for the five chemical agents 
given in Table 5.35 of the FSEIS (U.S. Department of Energy, 1990a). During the 0.2 hours of 
the process, the mass of gas given in the third column is released. The concentrations of the 
chemicals in the void space of the drums (147 liters) are taken from Table 5.33 of the FSEIS 
(U.S. Department of Energy, 1990a) and are given in the next column together with the total mass 
of gas for agent j. 
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TABLE D.4-4 

FRACTION f59 KM OF WASTE ACTIVITY SUSPENDED 
AND RELEASED FROM CONTAINMENT OF DEVICE u 

FRACTION f 59 •
1•l OF WASTE ACTIVITY 

TREATMENT OPTION 

FRACTION OF 41,000 DRUMS 
HANDLED ANNUALLY (PERCENT) 

TREATMENT I TREATMENT OPTION 
v Operation O 1 2 3 4 0 2 3 4 

0 Assay 100 100 100 100 100 (1.0-± 0.3)•10" 5 (1.0 ± 0.3)•10 -5 (1.0 ± 0.3)•10. 5 (1.0 ± 0.3)•10 -5 (1.0 ± 0.3)•10 -5 

Sort 0 0 0 80 80 0 0 0 (0.8 ± 0.3)•10" 9 (0.8 ± 0.3)•10" 9 

2 Shred 0 80 80 40 0 0 ~-8 ± 0.3)•10 ' (0.8 ± 0.3)•10"' (0.4 ± 0.1)•10"' (0.8 ± 0.3)•10"' 

3 Cement 0 80 100 80a 0 0 (0.8 ± 0.3)•10 -9 (1.0 ± 0.3)•10" 9 (0.8 ± 0.3)•10 -9 (0.4 ± 0.1 )•10 -9 

4 Incinerate I 0 0 0 40 40 I 0 0 0 (0.4 ± 0.1)•10" 9 0 

I 40 I 
0 

5 Smelt 0 0 0 0 0 0 0 0 (0.4 ± 0.1)•10" 9 ffi 

~ ~ 
6 Vitrify I 0 0 0 0 24 b I 0 0 0 'ti 

9 -0 
(0.24 ± 0.07)•10 ~ 

6 
0 
:" 

a Cement ash from combustibles. :n 
m 

b Vitrify ash from combustibles. < 
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TABLE D.4-5 

~ ! ~ 
~ 

' 

FRACTION OF f603
1wu> OF THE WASTE RELEASED WHICH IS RESUSPENDED IN MAINTENANCE OPERATIONS 

I ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 
w• v 0 1 2 3 4 5 6 

1 A 
~~ 

0 0 0 0 0 
2 A 0 0 0 0 0 
3 A 0 0 0 0 0 0 

1 A 0 0 0 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 

~ 
c 0 0 0 

1 A 0 c 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 c c 0 0 0 

1 A 0 0 c 0 0 0 
2 A c 0 ~ c 0 0 
3 A c c 0 0 0 

1 A 0 0 0 0 0 c 
2 A c 0 0 c 0 Bb 

3 A c 0 0 0 c 0 

• w = 1: sludges; A= (1.0 ± 0.3) • 10· 9 ~ment ash from incineration 
w = 2: combustibles; B = (1.0 ± 0.3) • 10-s b Vitrify ash from incineration 
w = 3; glass/metals. c = (1.0 ± 0.3) • 10 - 7 
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TABLE D.4-6 

DATA ON RELEASE RATES AND MASS OF GASES IN DRUMS 

Sd 
RELEASE OF GAS MASS OF GAS 

RELEASE RATE MASS CONCENTRATION IN VOID 
CHEMICAL (g/s) a (g) b (g/L) c (g) 

Methylene chloride 2.3. 10-8 1.7·1~ 1.9. 10- 3 0.28 

Carbon 
tetrachloride 

Trichloro
ethylene 

7.8. 10- 9 

9.3. 10- 9 

5.6. 10- 6 

6.7. 10- 6 

0.5. 10- 3 0.074 

~0.7 -10- 3 0.10 

1, 1, 1-trichloroethane 1.7·10- 7 1.2 • 10 -4 13·10- 3 1.94 

1.4. 10- 8 1.0 • 10 -5 1.2 • 10- 3 0.18 

\\ Average 

Freon 

a From Table 5.35 of the FSEIS (U.S. Department of Energy, 1990a); this is the rate q 12 /
01

• 

b Mass released in the assay time of 0-2 hours. ~-
c From Table 5.33 of the FSEIS (U.S. Department of Energy, 1990a)~ q 16 /°1-

~ !'' '! !!' ':! !' "! !' '! . . !' .. !'' . !!' -~ ~ "!! I! ".'! I!' .. !!' "! 

·• '"' ,.; - - - - - .. .... .. _,,,,,. - ... -- - .... ... .. """ ;;. ,,w 
!! '.'!! - ... 

RELEASE 
FRACTION 

(12 min) 

5.9. 10 · 3 

7.6. 10· 5 

6.5. 10- 5 

6.3. 10 · 5 

5.7. 10- 5 

(6.4 ± 0.7). 10· 5 
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As expected for the slow, diffusion-limited gas release in the baseline case, the fraction of the 
total gas released in a short time is independent of the agent, with an average value of 
(6.4 ± 0.7) • 10· 5

• In Table D.4-7, the values for the reduction factors for gas release F r1eJ are 
listed. These values show the dramatic increase in releases due to handling, and demonstrate 
that the release reduction factors and, thus, the risk reduction factors are independent of the 
chemical considered. No aggregation is, therefore, needed. 

D.5 HUMAN INTRUSION SCENARIOS 

D.5.1 Radioactivity in Cuttings Brought to Surface 

Drill cuttings brought to the surface in a human intrusion scenario will contain radioisotopes if the 
repository is intersected. The activity mobilized and transported to the surface for different 
treatments of waste is reduced by a factor /("' 

<I> (0) I 
F = 40 , ( D .5 .1) 

aK -(K-) ' 

<1>401 c 
where the function <I> 40 , M is the time average of the activit~ brought to the surface. An 
approximation by a step function leads to a value~en by the total activity mobilized. The total 
activity mobilized is evaluated for baseline and alt ive waste using the methodology described 
in Section 8.22 of Appendix 8. The resulting v lues for Fa l( are given in Table D.5-1. They 
range from about 4 for Level II tr.E2.ents down to about 2 for Treatment Option 3 and to a risk 
increase by a factor of about 2 fr "eatment Option 4. 

D.5.2 Radioactivi 

After the drill ho plugged, the connection to the Culebra aquifer may still exist, or will when 
the hole casing corrodes. This contamination depends not only on waste treatment but also on 
the drilling scenario. 

D.5.2.1 The E1 Human Intrusion Scenario 

In this scenario, both the repository and a brine pocket in the Castile formation are penetrated. 
After plugging the hole, contaminated brine can still reach the Culebra aquifer, a stock well, and 
man via the consumption of beef. The concentration of radioactivity in the stock well and, 
therefore, in the beef, depends on the rate with which the activity is mobilized in the repository 
and transported to the Culebra aquifer. The reduction factor for this long-term mobilization and 
transport rate <I> 46 , ( I( 

1 is 
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fl,, 

TABLE D.4-7 

REDUCTION FACTOR F rkJ FOR RELEASE OF AGENT j 

ALTERNATIVE FRACTION OF RELEASE REDUCTION FACTOR 
1( DRUMS OPENED FRACTION F rkJ 

0 0.0 * (6.4 ± 0.7) • 10. 5 

1 0.8 0.8 (5.1±0.6).10 ·S 

2 1.0 1.0 (6.4± 0.71"' 
3 1.0 1.0 (6.4 ± 0.7). 10· 5 

4 1.0 1.0 ( (6.4 ± 0.7). 10 ., 

* No drums opened routinely. Emission is ttf\. of drum releases through vent 
during 0.2 hours r .,, 

D 
f!'f 
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TABLE D.5-1 

REDUCTION FACTORS FOR MOBILIZED ACTIVITIES 

QUANTITY 

F a1 

F a2 

Fa 3 

F a4 

D 

Appendix I, Attachment D 

VALUE± STANDARD ERROR 

3.9 ± 0.5 

4.0 ± 0.5 

2.4 ± 0.5 

0.48 ± 0.5 
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""'(0) 
'V45 1 

FblC =-- · 
lh (IC) 
'V45 1 

(D.5.2) 

The solution to the two-dimensional equation governing tantaminant migration in unfirm 
unidirectional flow from a continuous point source without adsorption or radioactive decay states 
that the activity concentration in the stock well is proportional to the product of the total 
radionuclide activity concentration entering the Culebra and the injection rate entering the Culebra 
(Walton, 1989). The total radionuclide activity concentration entering the Culebra was calculated 
by using 

(D.5.3) 

where 

Qr = Total activity concentration entering the Guieb ~ 
s a = Solubility of radionuclide i in brine (g m - 3

) ( ev?luated in subroutine 
RADSOLU8 of the Design Ana~y Model, Section 8.21 of Appendix 8), 

q a = Specific activity of radionuclide . . g - 1 
) , 

ct>w = Flowrate of brine through the aste/backfill composite (m 3 s -1
), and 

ct> 1 = Total steady-st'01jection rate entering the Culebra (m 3 s -, ). 

The steady-state flowrates ct> w a~ ~1 are evaluated through parametric equations in subroutine 
ISE1 of the Desi~nalysis Model as described in Section 8.23. The numerical values for F bk 

are given in Tabr:.J'5-2 with their geometric standard deviations. 

D.5.2.2 The E2 Human Intrusion Scenario 

In this scenario, only the repository is penetrated. The reduction factor for the long-term 
mobilization and transport rate ct> 47 , M is 

(D.5.4) 

The release of activity from a panel to the Culebra was assumed to occur as a slug point source. 
The solution to the two-dimensional equation governing contaminant migration in uniform one
directional flow from a slug point source without adsorption or radioactive decay indicates that the 
concentration at the stock well is proportional to the total activity injected into the Culebra 
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TABLE D.5-2 

REDUCTION FACTORS FOR MOBILIZED ACTIVITIES 

, .. 
SCENARIO QUANTITY VALUE GSD 

'~· E1 F b1 9.5•10 3 (20) 
F b2 9.5•10 3 (20) 
F b3 9.7 • 10 3 (20) 

•1'<11 

F b4 10.7 10 3 (20) 

'll<4i E2 F C1 1.0 

~t F c 2 1 .1 
F c 3 0.8 (5) 
F C4 7.0 (50) 

E1E2 F d 1 6. 10 5 r (80) 
F d 2 8. 10 5 (60) 
F d 3 2. 10 6 (80) 
F d 4 p. 2. 10 8 (40) 

G.S.D. - Geometri~tandard Deviation. 

D 
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(Walton, 1989). The numerical values for F c" are given in Table D.5-2 with their geometric 
standard deviations. 

D.5.2.3 The E1 E2 Human Intrusion Scenario 

In this scenario, an E1 event is postulated to occur first, then an E2 event into the repressurized 
repository. Thus, both drill holes will, after plugging, connect to the Culebra aquifer. The 
reduction factor for the long-term mobilization and transport rate <l> 48 , M is 

m. (0) 
"'4s i 

Fd" = -- . 
"" (IC) 'V48, 

(D.5.5) 

The activity concentration entering the Culebra for an alternative was assumed toWndependent 
of an alternative and equal to the saturation activity concentration. Thus the risk ~~uction factor 
f c" was calculated as the ratio of the volume of contaminated brine released to tHe Culebra for 
the baseline design to the total volume of contaminated brin~leased to the Culebra for 
alternative JC. Numerical values are given in Table D.5-2. r 

D 
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ATTACHMENT E 

ROUTINE AND ACCIDENT RISKS OF TRANSPORTING, HANDLING, 
AND EMPLACING CH TRU WASTE 

E.1 CANCER RISKS FROM ROUTINE INTERNAL EXPOSURES TO IONIZING RADIATION 

E.1.1 Basic Considerations 

The risks discussed in this section are risks associated with the inhalation of alpha, beta, and 
gamma emitters. Committed Effective Dose Equivalents (CEDE) are calculated and used to 
estimate the global lifetime cancer risks using the methodology and the data provided in ICAP 26 
and ICAP 30 (International Commission on Radiological Protection, 1977 and 11 
To determine the different risks of releases, it is essential to understand that the occupational and 
the public risks arise from the same source term, defined EQ ik) } for scenario i and 
treatment/location option k == (K, A.). This source term is denoted he formulae by the quantity 
in braces. Occupational and public risks are distinguished by diff rent exposure conditions. For 
the occupational risks, the factor f axp(k) takes into a~ount the conditions of the exposure and the 
factor f dos(kl accounts for the dosimetry conditions t e average worker. In order to convert the 
CEDE to risk in terms of latent cancer fatalities, t e risk factor a 1 must be incorporated into the 
risk formula as a cancer risk coeff~t. The basic form for the occupational cancer risk formula 
(denoted by subscript 'o') is then rfollowing 

R,
0

1< = { O)l<l} f~:~ f~~~ a
1 

• (E.1.1) 

The public canceOk formula has the same source term {Q i(k) } and cancer risk coefficient a, 
as Equation (E.1.G-r.

1

The factor f dap(k) accounts for the depletion of activity before the filter duct. 
The factor f ram(k) accounts for the removal efficiency of the high efficiency particulate air (HEPA) 
filters in the Waste Handling Buildling (WHB) or Treatment Facility (TF). The factor <I> i dd(K) 

describes the environmental dispersion from the source to the various receptors via different 
pathways and the dosimetry for each receptor. This factor also accounts for the accumulation 
of a 50-year CEDE according to the computer code AIRDOS (Moore et al., 1979). The basic form 
for the public cancer risk formula (denoted by subscript 'p') is, therefore, given as: 

R { Q (k) } f(k) (k) (k) 
ipk = i dep frem <l>idd a1 . (E.1.2) 

The function <l>idd(k) also incorporates different types and properties of all ionizing radiations in the 
source term. Further, via AIRDOS, the doses for all exposed members of the public are 
incorporated into this function. From an inspection of Equations (E.1.1) and (E.1.2), it follows that 
the risk reduction factors (i.e., the inverse of the relative risks) remain the same for occupational 
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and public risks, provided there is rio change with alternative kin the quantities of the risk formula 
other than the source term {Q ikl }. 

There are four major health effects arising from internal radiation exposures: acute radiation 
syndrome; somatic effects other than cancer; and cancer and genetic effects. In the risk 
assessments of the FSEIS (U.S. Department of Energy, 1990a) and FSAR (U.S. Department of 
Energy, 1989a}, the acute radiation syndrome is only postulated to occur in transportation 
accidents of severity category VIII (RADTRAN; Madsen et al., 1986). Somatic effects, mostly 
manifested as a shortening of the lifespan, are well known from animal experiments, but human 
data are lacking for the quantification of risk. The risks of cancer and genetic damage are 
assumed to be proportional to different parts of the CEDE. Assuming different dosimetry factors 
in Equations (E.1.1) and (E.1.2) and a risk coefficient b 1 for genetic effects shows that, for 
scenarios in which only the source term changes with the alternatives, the risk r~ion factors 
are the same, f 

(ca) (gen) 
Piok = Piok 

(E.1.3) 
(ca) (gen) 

Pipk = Pipk · 

In order to simplify the equations and keep the~ber of equations as low as possible, the 
superscripts (ca) and (gen) will not be carried ex · · y in the formulae. It should be noted that 
all quantified risks will be given in terms of per y ar of operation. 

For the routine operations addresf.2n this section, it is assumed that the quantity and dispersion 
of contamination is low and subt~e'

1 

enough so that the radiation monitors, particularly the 
Continuous Air M~· ors (CAMs) are not triggered and that normal work without special protection 
(respirators) cont nu s. This assumption results in the low-level chronic exposures implied by the 
scenarios. Once CAMs or other monitors are triggered, the workers don respirators and leave 
the area according to Health and Safety instructions, thereby ending the exposure. Such 
incidents are treated as accidents in Section E.3. 

E.1.2 Risk From Routine Internal Exposures in an N 1 Scenario 

In Scenario N1, a fraction of surface contamination of the drums allowable under the Waste 
Acceptance Criteria (WAC) (U.S. Department of Energy, 1989b) is mobilized by the handling of 
the contaminated drums and is suspended in air. Assuming constant handling activities, 
instantaneous mixing, and homogeneous distribution within the WHB, the specific activity in air 
is estimated to be at its equilibrium level. The inhalation over eight hours per workday, the 
deposition of particles in lung, and the dosimetry leading to effective dose equivalents are 
described by corresponding factors in the risk equation. The dose-effect relationship for cancer 
or genetic effects is assumed to be of the linear, no-threshold type. These risks do not depend 
on the location index A.; they vary only with treatment K. It is assumed that nobody dons a 
respirator and there is no alarm sounded by the CAMs. 
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With these assumptions, Scenario N1 leads to Risk Component 1, with four subcomponents: 
occupational and public, cancer and genetic. Using the symbols 

n r (IC) = Number of drums handled routinely per year (yr "1), 
f, , (IC) = Fraction of drums externally contaminated, 
f, 2M = Suspended, inhalable fraction of surface activity, 
q /ICl = Total alpha surface activity per drum (Bq), 
L, = Annual ventilation volume in the building (m3

}, 

V, = Annual breathing volume of worker (m3
), 

f, 3(1C) = Fraction of inhalable airborne particles deposited in lung, 
f, 4 a(IC) = Fraction of type a radiation in total activity, 
<I> , , a(IC) = Dosimetry function for type a radiation (Sv Bq "1), 
A = Total number of different radiation types a, 
N 0 , (IC). = Number of occupationally exposed persons in WHB and TF, ~ 
f, 5 = Fraction of personnel occupationally exposed, I 
C ; = Constant parts of the equations, 
a, = Cancer risk coefficient (Sv ·1), and c::;, 
R, 0 IC A = Risk of occupational cancer per year of operatir (yr_,), 

the expression for the occupational cancer risk inc~ed :or every year of operation is 

R { (IC) '(IC) '(IC) (IC)} 1 v !;:[ L f (IC) (IC) J f N(IC) 
, 0 ,, = n, ,, ,~ T; , ,, •. , "" <1>,, 0 ,, 0 , a, , 

(E.1.4) 

where the quantits· braces corresponds to the source term of Equations (E.1.1) and (E.1.2) and 
the four indices o th risk R are the component number 1, the risk type index, 'o' for occupational 
or 'p' for public, t treatment index K, and the location index A.. 

An inspection of this equation with respect to changes due to different treatment/location options 
shows that most of the factors do not change with K and now with A.. Due to the assumptions 
about suspended particle size and activity distributions, the deposition probability and the 
dosimetry factors are constant. The fraction of drums contaminated is mostly dependent on work 
practices and these are assumed to result in a constant fraction for newly generated wastes. For 
old wastes, this assumption may result in an overestimate for the treatment options. The surface 
activity q, (IC) is set at the maximum allowable limit (U.S. Department of Energy, 1990a, Table 
A.1.1, Appendix A) and thus does not change either. The number of drums treated annually n/Kl 
changes, however, because its product with the average activity per drum q 2(K) is the annual rate 
of activity emplacement Q 0 in the repository and is assumed to be a constant C 0 , i.e., 
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Q - n(K) q(K) - c 
o - r 2 - o· (E.1.5) 

The extra handling in the treatment facility, regardless of location, leads to an air concentration 
of radioactivity in that building. Assuming that the health and safety requirements lead to the 
same ventilation rates everywhere, and the modular construction of the treatment facilities, the 
same fraction f ,5 of the total personnel N 0 , M is assumed to be exposed. This is the crew of the 
module in which the exposure occurs. Therefore, the only difference lies in the number of people 
exposed, N 0 , (Kl. This dependence is incorporated in the manpower reduction factor 

N(O) 

F = 01 
mK - (K) ' 

Na, 
(E.1.6) 

which, in this simple model, is assumed to be independent of the location ~ treatment 
facilities. The numerical values for the manpower reduction factor are given i~, j~~~chment D, 
Table D.2-1. 

For the public risk component, the change in Equation ( E.1 .2) ap~rs in the tu nction <I> ,.o'" and 
within that function in the number NP 1 (k) of exposed persons. As explained in the main text, it is 
assumed that the functions <I> i dd(k) are independent~reatment Kand location A. and depend only 
on the number and locations of the NP, (K) of perF exposed. This relation is incorporated in 
the public exposure reduction factor 

f1 <I>(O) N(O) 

= 1dd = p1 (E.1.7) 
911'. - (K) (K) • 

<l>idd NP, 

The dependenceOK signifies the dependence on any of the four treatments. Due to this factor, 
the addition of ri~~mponents due to waste treatment thus leads to different reduction factors 
for occupational and public risk. Numerical values for this factor for these assumptions are listed 
in Attachment D, Table D.3-3. 

With these assumptions, the scaling property of this risk component depends only on the product 
of the number of drums handled per year, and the number of persons exposed during handling 

R - c (K) N (K) 
1 OKA - 1 n, 01 • 

(E.1.8) 

The risk reduction factor is then the ratio of the number of drums handled per unit time and the 

! " 

t'l'I 

!'Pl 

llili 

''Pl 

"'J 

ratio of the persons exposed and is thus equal to the product of the manpower reduction factor "' 
Fm I( with the volume reduction factor F v I( of the treatment defined by fl.LI 

,,,, 
•ni 

'"' 
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The explicit form of the risk reduction factor is 

P 1 OKA = 
R, ooo 

R1 OKA 

= 

n (OJ 
r 

--· 
n(K) 

r 

n (O) N(O) 
' 01 

n(IC) N(IC) 
' 01 

(E.1.9) 

= FVK F m1e • (E.1.10) 

Its standard error according to the Gaussian approximation to error propagation, 
[Equation (C.1.15), and Seiler, 1987b, Table 1] is 

1 (E.1.11) 

For this first risk component, the public risk for this release will b~cussed in detail; ;ater it will 
only be addressed if needed. Using the additional symbols r 

f rem(IC) = Fraction of activity that escape oval by the HEPA filters, 
f dep(IC) = Fraction of release that escape~position in the WHB or TF, 

ct> 1 dd(IC) = Dispersion-dosimetrY function f r all NP 1 (IC) persons exposed (Sv Sq ·1), 
R , , • , = Risk of cancer i~ public per year of operation (yr -1 ), 

it is given by the expression 

D R - { n (IC) f(IC) tM q (IC)} f(IC) f(IC) ct> (IC) a 
1p1CA - r 11 12 1 dop rem 1dd 1 • 

(E.1.12) 

The first two factors outside the source term in braces do not change with treatment option K, and 
in the source term an application of Equation (E.1.5) all but the first factor have already shown 
to be constant. There remains thus only the number of drums n /IC) handled and the number of 
people N P, (IC) exposed in the factor <I> i dl,. Except for the substitution of the public exposure 
reduction factor F e IC for the factor F m IC ' the reduction factor for the public risk p 1 p IC A and its 
standard error are thus the same as those for the occupational risks in Equations (E.1 .10) and 
(E.1.11), 

(E.1.13) 

with standard errors of 
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(E.1.14) 

The numerical values of the risk reduction factors and their errors are given in Table E.1-1. For 
the occupational risks, the risk reduction factors range from 0.3 to 0.7, signaling an increase of 
the risk from a factor of about 3 for the Level II treatments down to about 1.4 for the most 
complex treatment. These factors balance the increase of persons exposed and the decrease 
in the number of barrels handled. The public risks balances the same influences. However, the 
spread of values is wider here, ranging from an increase by a factor of 1.7 for the Level II 
treatments, to the same risk for Treatment Option 3, and an actual risk reduction by a factor of 
more than 4 for Treatment Option 4. The relative standard errors of the reduction factors for 
occupational risks range from 1 O to 20 percent, for public risks the range is 15 to .rcent. The 
only available baseline risk is relatively small. I 
E.1.3 Risk From Routine Internal Exposures in an N2 Exposur~ 

In N2 Scenario, a perforated drum contaminates the WHB and fhe handling activities lead to a 
suspension of radioactivity in the air and an inha~a ·on exposure of the work crew during a time 
interval that does not depend on the treatment of wastes. With the same assumptions as in 
the model for Scenario N1, particularly with reg to the alarms, Risk Component 2 has four 
subcomponents. With the symbols 

· n ,«> = Number of dru~utinely handled per year (yr'), 
f 2 1 (IC) = Fraction of drums perforated, 
f 2 2(1C) = ~ction of waste mass spilled from perforated drum, 
f 2 3(K) = Fr ction of activity in size fraction below 1 O µm, 
f 24(K) = raction of spilled material which is resuspended, 
q 2(1C) = Total activity in drum (Bq), 
L 1 = Annual ventilation volume in WHB and TF (m3

), 

V 1 = Annual breathing volume (m3
), 

f 1 3(1C) = Fraction of inhalable airborne particles deposited in lung, 
f 1 4 a.(IC) = Fraction of type a radiation in total activity, 
<I> 1 , a.(ICJ = Dosimetry factor for type a radiation (Sv Bq-1

), 

A = Number of different radiation types a, 
N 01 (IC) = Number of persons in WHB and TF, 
f, 5 = Fraction of personnel occupationally exposed, 
C 1 = Constant parts of the equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 2 0 d. = Occupational cancer risk per year of operation (yr-1

), 
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TABLE E.1-1 

RISK REDUCTION FACTORS FOR N1 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P1 oH 

P1 on 
P1 on 
p 104 A. 

Public: 

p, pH 

p, p2'. 

P1pn 
P1p4A. 

Annual Baseline Risks: 

Occupati~: 

Public: 

R 1 pOO 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
0.374 ± 0.088 
0.707 ± 0.079 

0.600 ± Op1 8 
0.600 ± 0. 

1.1 ± 0. r< 4.65 ± 0.87 

3.9·10-4 

1-153 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE 1990a), 
Table 5.24 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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the occupational risk equation is 

R - { n (ic) f(ic) f (ic) f(ic) 
2 OK/.. - f 21 22 23 [ 

A ) (IC (IC) 1 (IC) (IC) (IC) (IC) 
f24 q2 } - v, f,3 E f14a <I>11a f, 5 No, a, 

L, a=1 

(E.1.15) 

Note that, apart from the source term, the equation is the same as Equation (E.1.4). Assumption 
of constant annual activity disposal rate 0 0 in Equation (E.1.5) and the constant factors discussed 
in the last section, reduce the risk to the scaling form 

R C f
(K) f(K) f(K) N(K) 

2 0 K /.. = 1 22 23 24 01 ' 

(E.1.16) 

and as the first three factors after the constant are really the fraction $ ,«1 of ~otal activity 

which is suspended in inhalable for;,'.~~ :2 ;~e;;'.io~~~ ~cal(elation is (E.
1
.
171 

with 

ti\ (IC) = '(IC) /\,(IC) 
'Y 2 - 22 /{':" 24 • 

(E.1.18) 

This uses the same assumption~ut the treatment facility as those made in the last section. 
The risk reduction factors for thef d1upational risks are 

D 
f (0) f(O) f(O) N (0) 
22 23 24 01 (E.1.19) 

f(K) f(K) f(K) N(K) 
22 23 24 01 

where the reduction factor in particle resuspension, S, IC, measures the reduction in suspension 
of waste in a N2 activity, 

(E.1.20) 

The standard errors are 

(E.1.21) 

Numerical values for this factor and its errors are tabulated in Attachment D in Tables D.2-2 and 
D.2-4. 
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The public risk equation uses the same symbols as those given above, and in addition 

f dep 
(IC) 

f rem 
(IC) 

= 
= 

Activity depletion due to deposition, 
Removal efficiency of HEPA filters, 

<I> 2 dd 
(IC) = Dispersion-dosimetry factor for all exposed persons (Sv Bq ·1). 

The risk is therefore given by 

R2 a IC, = { n,( IC) f2(1K) f( K) f ( K) f( K) q (IC) } f (IC) f ( K) <I> ( K) a 
,.. 22 23 24 2 dsp ram 2dd 1 • 

(E.1.22) 

With the same constant quantities as for occupational exposure, the scaling part of the public risk 
is 

R C f
(K) f(K) f(K) (K) 

2pKA = 3 22 23 24 <f>2dd C ti\ ( K) rn, (IC) 
3 '!'2 -V2dd 1 (E.1.23) 

and the risk reduction factor for the public risk is 

. s,J:. (E.1.24) 
f (0) f(O) f(O) N (0) 
22 23 24 p1 

P2pKA = f(IC) f(K) f(IC) N(K) 
22 23 24 p1 

where the factor F,, is given in Attachment D, iAle D.3-2. The standard error is 

= ( Ll 8 1 
K ]

2 

+ ( Ll F 9 
IC ]

2 

s1 IC F9K 
(E.1.25) 

Numerical valu~r the two factors in Equation (E.1.24) are listed in Attachment D in 
Tables 0.3-2 anw.3-4. This results in the values for risk reduction factors given in Table E.1-2. 

With an exposure reduction factor of 1/2 and a suspendability reduction factor of tens to hundreds 
of million, the risk reduction factors are very large, on the order of a few million to a few tens of 
millions. The standard errors are in the neighborhood of 20 to 30 percent. For this exposure 
scenario, no baseline risks are available. As the risk reduction factors here are much larger than 
those for Component 1, unweighted aggregation will introduce a bias later on. 

E.1.4 Risk From Routine Internal Exposures in an N3 Scenario 

Except for the fact that the exposure occurs underground, Scenario N3 is the same as N1. Thus, 
although the number of persons exposed are different, that number does not depend on 
treatment. The ventilation rates can also be assumed to be different due to different tasks 
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TABLE E.1-2 

RISK REDUCTION FACTORS FOR THE OCCUPATIONAL AND PUBLIC RISKS 
IN THE N2 SCENARIOS 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P2oii.. 
P2on 
P2on 
p 2 041.. 

Public: 

P2pH 
P2pn 
P2pn 
P2pu 

Annual Baselr9:1isks: 

Occupational: 

Public: 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

(2.48 ± 0.84) • 10 7 

(2.86 ± 1 .05) • 10 7 

(1.87±0.69) • 10 7 

( 4.10 ± 1 .54) • 10 6 

(4.50 ± 1.66),£\.n 7 

(5.50 ± 2.19(:'1o 7 

a-50 ± 2.19). 10 7 r y ... 70 ± 1.09) • 1o 7 

1·156 

COMMENTS/REFERENCES 

Not available in FSEIS 
(U.S. DOE 1990a) 

Not available in FSEIS 
(U.S. DOE 1990a) 
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performed but constant. The deposition and dosimetry factors, however, are the same 
independent of waste treatment. For this scenario, no additional risk component due to treatment 
of the wastes has to be considered. Risk Component 3 has four subcomponents as did the 
previous components. With the symbols 

n (IC) 
r 

f (IC) 
11 

= Number of drums routinely handled per year (yr ·1), 
= Fraction of drums contaminated, 

f (IC) 
32 = Fraction of surface activity suspended in inhalable form by underground 

handling, 
q, (IC) = Total surface activity per drum (Bq), 
L 3 = Annual ventilation volume in Underground Storage Area (m3

), 

V, = Annual breathing volume of workers (m3
), 

f, /"') = Fraction of airborne particles deposited in lung, 
f1 4 a(IC) = Fraction of type a radiation in total activity, 
<I>1 1 a(IC) = Dosimetry function for type a radiation (Sv Bq "1), 

A Number of different radiation types a, 
N 0 2 (IC) = Number of persons occupationally exposed unrround, 
C; = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 3 0 d. = Risk of occupational cancer per 'J\.ar of operation (yr ·1), 

the occupational cancer risk can be written as r 
R { (IC) f(IC)a (IC)}· 1 (K) [ ~ (IC/ (K) J (K) (E.1.26) 

3od. = n, 11 r32' q1 L
3 

V, f13 f:', f14a <I>11a No2 a1 • 

In this scenario, ~umber of persons exposed does not depend on treatment and, again, the 
deposition fracti~nd the dosimetry factors remain constant as well as the suspended waste 
fraction f 3 2(K). Thus in the source term, only the number of drums handled per year changes with 
alternatives, and the annual risk can be scaled by 

(E.1.27) 

The risk ratio is thus the same for the occupational and public risks, 

---
n(K) 

r 

(E.1.28) 

with a standard error of 
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(E.1.29) 

Thus the numerical values of the risk reduction factors are given by the values in Attachment D, 
in Table D.3-2, and are listed in Table E.1-3. Clearly, only the Treatment Option 4 leads to a risk 
reduction factor that is substantially different from 1 . 

The baseline risk of occupational cancer is 3.1 • 1O· 4
• This value is derived from the effective 

dose equivalent given in the FSEIS (U.S. Department of Energy, 1990a, Vol. 1, p. 5-69, Table 
5.24) of 2.5 person•rem per year of operation and uses a lifetime cancer risk coefficient of 
2.8 • 10 · 4 (U.S. Department of Energy, 1990a, Vol. 1, p. 5-77, Table 5.29, Footnote B). 

E.2 CANCER RISK FROM ROUTINE EXTERNAL EXPOSURES 

E.2.1 Basic Considerations 

The risks discussed here are risks of cancer due to direct externa~e osure to low-LET radiation. 
With the public far removed from the sources of external irradia 1 , the reduction of the public 
risk components will not be calculated. There are two kinds of o erations in which occupational 
external irradiation risks arise; the first are opera~io s aboveground in the WHB and TF, and the 
second are the disposal operations undergro . Each of the components has two 
subcomponents with end points cancer and gen · amage, respectively. It is again assumed 
that the total activity handled per '/Jjr is constant (see Equation E.1.5). 

The contribution of neutrons to th~ternal dose is taken into account by the dosimetry function 
which makes the assumption that the neutron source strength is proportional to the total activity 
in the drum. It~· her assumed throughout this analysis that there is no gamma or neutron 
absorption occur in in the waste. The density of the untreated waste would reduce the external 
dose rate some at, so this assumption of no self absorption is slightly conservative because air 
gas shows very little absorption. If the waste is treated, the head space is reduced, the density 
increased and therefore the self-absorption would be greater, thus lowering the external dose rate 
and leading to an anti-treatment bias. The bias is small because consideration of self-absorption 
would make the already low risk from routine external exposures somewhat lower. 

E.2.2 Risk From Routine External Exposures in an N4 Scenario 

Scenario N4 encompasses the handling activities in the WH B and the TF. The proximity of the 
workers to different drum configurations has to be considered in the time-motion study which is 
accounted for in the dosimetry factor. This ranges from the TRUPACT-11 assembly and the 
management of single drums to multi-drum stacks for intermediate storage. The geometrical 
drum configurations factors are assumed to be independent of the waste treatment. Risk 
Component 4 has two subcomponents, cancer and genetic. With the symbols 
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TABLE E.1-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P3oH 
P3ov.. 
P3on 
p 3 o4 A. 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.2 ± 0.1 
1.2 ± 0.1 
2.2 ± 0.5 
9.3 ± 0.9 

3.1 • 10 ·4 

__ j>. 
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COMMENTS/REFERENCES 

( FSEIS (U.S. DOE, 1990a) 
Table 5.24, p. 5-69 

Not available in FSEIS 
(U.S. DOE, 1990a) 



n (IC) 
r 

q4 
(IC) 

f 4 1 
(IC) 

Ad 
f 42a 

(le) 

N 01 
(le) 

f 1 5 

<I> 4 a 
(IC) 

~to 1 a 
(IC) 

Ci 
a1 

R401C'-

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Number of drums handled annually (yr·1), 
Gamma activity per drum (Bq), 
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Gamma activity to surface dose rate conversion factor (Sv sq ·1 s ·1 m 2), 
Number of drum assemblies, 
Drum assembly factor, number of drums and geometry of assembly a, 
Number of persons in WHB and TF, 
Fraction of personnel occupationally exposed, 
Dosimetry factor for all N 0, M persons exposed by assembly a (m-2), 
Exposure time, also, time interval for r.m.s distance for assembly a (s), 
Constant parts of equations, 
Cancer risk coefficient (Sv ·1), and 
Cancer risk per year of operation (yr ·1), 

the cancer risk for occupational external exposure in the WHB and TF is 1 
R _ n(IC) q(IC) f(IC) [~ f(IC) <l>(IC) ~ t(IC) J~N(IC) a (E.2.1) 401CA. - r 4 41 L...,, 42a 4a 01a 5 01 1 

B=1 

Assuming that the inverse root mean square ~.s.) distance in <I> 4 aM and the drum 
configurations do not change, that the total acpitY. Q 0, disposed of per year is constant 
according to Equation (E.1.5), that the dosimetry aces not change, and that the influence of self
absorption on the dose rate c~nt f 4 1 (IC) can be neglected, the scaling of the risk in 
Equation (E.2.1) depends only orph~ factor N 0 1 (IC), i.e., on the number of persons exposed, 

R - c N(IC) (E.2.2) 
(} 4 OICA. - 1 01 r 

and the risk redu~n factor is, therefore, equal to 

(E.2.3) 

Its standard error is 

(E.2.4) 

The risk reduction factors are given by the data in Appendix D, Table D.3-2, and are listed in 
Table E.2-1. All values are smaller than 1, corresponding to an increase in risk between a factor 
3.6 and 13. 
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TABLE E.2-1 

RISK REDUCTION FACTORS FOR THE 
OCCUPATIONAL RISKS DUE TO ACTIVITIES IN THE N4 SCENARIO 

QUANTITY 

Occupational: 

Risk Reduction Factors: 

P4oH 
P4on 
p 4 031.. 

p 4 041.. 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.017 
0.170 ± 0.010 

0.0760 ± 0.0042 

1-161 

COMMENTS/REFERENCES 

Not available in FSEIS 
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E.2.3 Risk From Routine External Exposures in an NS Scenario 

This scenario differs from N4 only in the geometries of source and surroundings and the number 
of people exposed; all other factors are the same. Thus, the Risk Component 5 has only one 
subcomponent for cancer and one for genetic damage. Using the symbols 

n r(K) = Number of drums handled per year (yr "1), 

q 4 (1<.) = Gamma activity per drum (Bq), 
f 4 1 (K) = Gamma activity to surface dose rate conversion function (Sv sq ·1 s ·1 m 2 ), 

A' d = Number of different drum assemblies during disposal, 
f 5 2 a'(K) = Drum assembly function, number of drums and geometry of assembly a', 
<1> 5 a'(K) = Dosimetry function for all persons underground and assembly a' (m ·2), 

~t 0 2 a'(K) = Exposure time, also, time interval for rms distance for assembl1a' (s) 
N 0 2(1<.) = Number of persons working underground, 
Ci = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv ·1), and 
R 5 0 1<.1.. = Cancer risk per year of operation (yr ·1), C 

the cancer risk for occupational external exposure underground [given by the expression 

R (K) (K) f(K) ~ f ,m(K) t(K) N(K) 
501<.A = n, q4 41 a4-:i 2a' '*'5a' ~ o2a' o2 81 • 

(E.2.5) 
( 

A~ p,;. ) 

It is assumed again that the geo~al arrangements at the drums and the time-motion study 
do not change with waste treatment, and that the total activity disposed of per year is constant 
according to Equr.rnl1 (E.1.5). As the number of workers N 0 2(1<.) and the conversion factor f 41

1
"
1 

do not depend o~atment, risk in Equation (E.2.6) is independent of treatmentoption ic also 

R
50

1<.1.. = C
1 

, (E.2.6) 

and the risk reduction factor is, therefore, equal to 1 

(E.2.7) 

Its standard error is, therefore, zero 

(E.2.8) 
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This result is intuitively obvious because, regardless of treatment, the same amount of activity has 
to be handled each year. The baseline risk of cancer per year of operation is (U.S. Department 
of Energy, 1990a, Table 5.24, p. 5-69) 

Rs o a o = 1.5 . 10 - 3 . (E.2.9) 

E.3 CANCER RISKS FROM ACCIDENTAL EXPOSURES TO IONIZING RADIATION 

E.3.1 Basic Considerations 

The comments from Section E.1.1 on the differences between public and occupational risks apply 
here as well, although some factors differ from those in Equations (E.1.1) and (E.1.2). For 
accidents as well, both occupational and public risks arise from the same source~ {Qi,.,,} for 
the event according to scenario i and treatment/location option k = (K,A.). In t e formulae, the 
source term is again denoted by the quantity in braces, but the exposure condit ons are quite 
different. In both cases, the annual probability rate, P ev, of theFiniti ting event is the same and 
is enclosed in square brackets. Also, these risks do not depe n the location of the TF but 
may depend strongly on the treatment. 

For the occupational risks, the factor f exp(K) takes~ iaccount characteristics of the exposure, the 
factor f dos(ic) those of the dosimetry, and the facto 1 is the cancer risk coefficient that converts 
effective CEDE dose to risk. The basic form of he occupational risk is then 

R,,.f( [ p ;;1 i { oj •I} 1;;~ f J;; a, . (E.3.1) 

For public risks, p(e'}actor f depM takes into account the depletion of the activity due to deposition 
before the filter ~· and f rem (ic) the removal efficiency of the HEPA filters. The environmental 
dispersion from source to the various receptors via different pathways, and the accumulation of 
a 50-year committed dose is, using the code AIRDOS (Moore et al., 1979), accounted for by the 
factor <l> i dd(ic) for dispersion and dosimetry. The basic form of the public risk due to the accident 
is then given by 

R [ P (K)] { Q(lC)} f(K) f(lC) ,y,.(K) 
ipic'/.. : 9V i dap ram '-"idd a1 • (E.3.2) 

Note that the factor <l> i dd(ic) accounts for the different types and properties of radiations in the 
source term, as well as the doses for all exposed members of the public. 

As long as the last three or four factors in Equations (E.3.1) and (E.3.2), respectively, are not 
treatment dependent, public and occupational risk reduction factors will again be the same. 
However, the number of forklift operations per drum handled, the number of persons exposed, 
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and the probability of a given type of accident will in some cases depend on the waste treatment. 
This situation then results in different risk reduction factors for public and occupational risks. 

For accident analysis, only internal exposure is assumed to contribute substantially to the risk. 
External radiation will not change appreciably during the accident and exposure will cease due 
to evacuation. Inhalation exposures are supposed to occur without respiratory protection and for 
the entire time it takes for the ventilation to remove the volume of contaminated air. 

E.3.2 Above Ground Accidents 

These scenarios take place above ground in the WHB or in the TF regardless of location. 

E.3.2.1 Risk In WHB and TF Due to Accident Scenario C2 

Scenario C2 involves a drum falling off a forklift in the WHB or TF. the lid separatilnd the liner, 
if present, rupturing. Suspended particles from the debris are inhaled and deposited in lung 
tissue. Workers are present for the full dispersion and are assup;to not don respirators. The 
resulting Risk Component 6 has four subcomponents that involve cer risk and genetic damage 
from both occupational and public exposures. Using the symbol 

P 2 = Probability of C2 accident per foA.t operation, 
n r(K) = Number of drums handled per }(;;(yr_,)' 
n /"l = Number of forklE"f erations needed per drum handled, 
f 6 , (-.:) = Fraction of mat · spilled out of drum, 
f 6 2(") = Fraction of spill d material suspended in air, 
f 6 3M = Fraction of activity in respirable form, 
q 2("l = ~t I activity in average drum (Bq), 
<P 6 (-.:) = L al time-integrated dispersion function in WHB and TF (s L _,), 
v 6 = nhalation rate of workers in WHB and TF (Ls ·1), 

f, 3M = Fraction of particles deposited in lung, 
f, 4 aM = Fraction of type o~ radiation in total activity, 
<P, , a(K) = Dosimetry function for radiation type a (Sv Bq "1), 
A = Number of different radiation types a, 
N 0 , M = Number of people in the WHB and TF, 
f, 5 = Fraction of personnel occupationally exposed, 
Ci = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv _,), and 
R 6 0 ""· = Occupational cancer risk per year of operations (yr_,), 

the risk of occupational cancer per year of operation is 
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(E.3.3) 

where the dosimetry quantity in round brackets (the summation) again accounts for the effects 
of different radiation types. This model assumes that a constant fraction f 15 of the N 01 (IC) workers 
always work in the WHB and TF area and are thus maximally exposed. 

Observing a constant value of the annually emplaced activity Q 0 in Equation (E.1.5), an 
independent dispersion function <I> 6(1C), and a constant deposition fraction f 1 3M, the variable 
factors allow the risk to be written as scaling with .,.(' 

R - C f(K) f(IC) f(K) n (K) N(K) I 
Sod .. - 1 61 62 63 f 01 

(E.3.4) 

- 1 't' 6 f 01 ' 
- C th (IC) n (K) N(K) r: 

with the fraction <\> 5M denoting that part of the activity which is s pended by the C2 accident in 
inhalable form. Thus, 

th (IC) = '(IC) 0,(IC) 
't' 6 - 61 /rfi' 63 

This traction, or even its reductio~ctor S, ,, 

f
(O) f(O) f(O) 
61 62 63 

D 
s2K ;;: 

'

(IC) f (K) f(K) 
61 62 63 

(E.3.5) 

(E.3.6) 

may be easier to estimate directly than the individual fractions. The risk reduction factor is, 
therefore, 

N (o) th (o) n (O) 
01 't' 6 f (E.3.7) 

N(K) th (IC) n (K) 
01 't' 6 f 

where F 1 IC is the ratio of the number of forklift operations in the handling of drums for different 
treatment options. The standard error is 

(E.3.8) 
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As some of the factors outside the source term in the occupational risk change with alternative, 
the public risk is subject to different scaling, resulting in different risk reduction factors for the 
occupational risk. 

The risk reduction factor for the public risk resulting from a C2 incident is, with the additional 
notation of 

f (IC) 
dep 

f (IC) 
rem 

<I> (IC) 
6dd 

given by 

= Activity depletion due to deposition, 
= Removal efficiency of HEPA filters, 
= Dispersion-dosimetry factor for all exposed persons (Sv Bq -1). 

f
(IC) f(IC) <I>(K) 

(E.3.9) ,,,, ,,. "P . 
With the assumptions that the factors in the second row, with the exception of NP, (IC) in <I> 6 d d(K) 

are independent of JC, and using Equation (E.1.5~t e scaling property of the risk is 

R C K) (IC) (IC) (E 3 ~ 0) 
6 p K A. = 3 <I> 6 n f <I> 6 dd • • " I 

resulting in a risk reduction factof3 the public risk of a C2 accident of 

D 
with standard error 

<I>~~ld <I> ~oi n )oi 

<I>~~~ <l>~K) n;K) 

(E.3.11) 

(E.3.12) 

The ratio of forklift operations F 1., for different treatments are given in Attachment D, Table D.3-2, 
and the ratios S 2 IC in Table D.3-4. The resulting risk reduction factors are listed in Table E.3-1. 
They are again very large due to the factors S 2 ., , ranging from several millions for occupational 
risks to several tens of millions for public risks. The relative errors for the risk reduction factors 
are about 30 percent. The baseline risk values show two dramatically different values. The 
occupational risk will be reduced from a small risk to a negligible risk. The public risk component, 
however, is already exceedingly small, so that a reduction, however large, is irrelevant. 
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TABLE E.3-1 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO C2 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P6o1A. (7.71 ± 2.05). 10 6 

P6o2A. (1.03 ± 0.28). 10 7 

P6o3A. (7.40 ± 2.02) • 10 6 

p 6 0 4 A. (1.66 ± 0.45). 10 6 

Public: 

P6pH (1.40 ± 0.43) :Rf 
P6p2A. (1.97 ± 0.61). 

Pspn (2.18 ± 0.68) 10 7 

PspH rzig ± 0.34). 10' 

Annual Baselia:isks: 

Occupati I: 

R 6 a oo 2.0 • 10. 4 FSEIS (U.S. DOE, 1990a) 
Table 5.28, p. 5-75 

Public: 

R 6 pOO 2.2 • 10. ,, FSEIS (U.S. DOE, 1990a). 
Table 5.28, p. 5-75 
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E.3.2.2 Risk in WHB or TF Due to Accident Scenario C3 

In Scenario C3 two drums are pierced, and one drum loses its lid and the integrity of its liners. 
The contamination is assumed to appear instantaneously in the air and expand across the WHB 
and the TF, exposing a constant fraction of the crew for a certain time. Inhalation of the activity 
leads to organ exposures and the risk of cancer. Escape of the activity to the outside through 
HEPA filters leads to public exposures. The resulting Risk Component 7 thus has four 
subcomponents, and with the symbols 

P3 = Probability rate of C3 accident per forklift operation , 
n (IC) = Number of drums handled per year (yr-1), r 
n f(IC) = Number of forklift operations in WHB and TF per drum, 
n (IC) = Number of drums pierced in accident C3, 

1 
3 

m(IC) = Number of drums losing lid in C3, 3 
f 71 

(IC) 
= Fraction of material spilled from pierced drums, 

f 72 
(IC) 

= Fraction of material spilled from drums with lids lost, 

f 73 
(IC) 

= Fraction of spilled material suspended, r 
f 7 4 

(IC) 
= Fraction of activity in respirable form, 

q 2(1C) = Total activity in average drum (Bq), 
<I> (IC) = Time-integrated dispersion fun~n WHB (s L ·'), 6 

Vs = Inhalation rate of workers (Ls ·1) 

f 1 3 
(IC) 

= Fraction of particles deposited i lung, 
f (IC) = Fraction of type :Bdiation in total activity, 14a 
<I>1 1 a (IC)= Dosimetry functi or radiation type a. (Sv Bq ·1), 
A = Number of diffe nt radiation types a, 

N 01 
(IC) 

= Number of persons occupationally exposed in WHB and TF, 

f 1 5 = ~lion of personnel occupationally exposed, 
Ci = stant parts of equations, 

a1 = Cancer risk coefficient (Sv-1), and 

R 1 o ic1.. = Occupational cancer risk per year of operation (yr ·1), 

the occupational risk is 

<I> (IC) v f(IC) (~ f(IC) <I>(IC) ] f N(IC) 
6 6 1 3 L., 1 4 a 11 a 1 5 01 a 1 . 

Cl= 1 

(E.3.13) 

As with Scenario C2 this formula is based on the assumption that the workers stay all the time 
inside the WHB or TF without respirators in use. 
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Except for N 01 (K), the factors outside the source term and the event probability do not change with 
the treatment option K. Using Equation (E.1.5), it is apparent that only some of the factors in the 
source term and probability vary with treatment options: the number of forklift operations per 
drum handled, the suspended fraction of the total activity, and the number of persons exposed. 
The risk is then 

(E.3.14) 
- C n (IC) ( n(IC) "'(K) m(K) "'(IC)} N(IC) 
- 1 ' 3 'f 73 + 3 'f 72 01 ' 

with the suspended, inhalable fraction of the activity, 

(E.3.15) 

The form of Equation (E.3.14) is not optimal for cancellation of the relatively larg:Crors for the 
fractions f µv (K). This cancellation can be accomplished by regaidi the pierced and the fallen 
drums as two separate events to be evaluated separately. the calculation of the risk 
reduction factors, the effects can be superposed linearly, using ome of the parameters of the 
event as weights. With the definition 

and recognizing that 

D "'(0) 
'f 3 2 

"'(IC) 
'f 3 2 

two risk reduction factors can be calculated from Equation (E.3.14 ), 

= s2K FmK F,l( 

P 7od.Jl 

(E.3.16) 

(E.3.17) 

(E.3.18) 

No risk reduction factors for additional exposures are needed because exposures due to 
irradiation by the clouds and exposure due to radiations from radioisotopes deposited on the 
ground are negligible. 
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Aggregation can be accomplished by a weighted average, using m 3 and n 3 as weights, 

P10KA. = 

with a standard error of 

(m3 ~s21C)2 + (n3 ~s31C)2 

(m3 S21C + n3 S31C)2 

+ [ ~ F11C ]
2 

+ [ ~ F m1C ]

2 
. 

F,IC Fm1C 

The public risk due to a C3 accident is different and is given by 

R, ,, = [ P 3 n)' 1 n," 1 J { ( nj'1 1;;1 + mj''t!;') f t!;' qj'') 

(\ '(IC) '(IC) .m.(IC) 
~ deprem""7dda,, 

where, in addition to the symbols defined above, the definitions 

f dep (IC) = Activity depletio!ef- to deposition, 
f rem (K) = Removal efficieJc~i: HEPA filters, 
<I> 7 dd (IC) = p,ersion-dosimetry factor for all exposed persons, 

are used. l,,/ 

(E.3.19) 

(E.3.20) 

(E.3.21) 

In the top row of Equation (E.3.21) the factors have the same variability as in the occupational 
risk; of the factors in the lower row, only <I> 7 dd(!C) is K-dependent because of N P, (IC). Thus the 
scaling property of the public risk is 

R C (IC) ( (IC) (IC) m(IC) ti\ (IC)),]'.,. (IC) 
?pd .. = 3 n, n3 <1>31 + 3 '!'32 ""?dd • 

(E.3.22) 

Using the same approach to separation and re-aggregation as for the occupational risk, the risk 
reduction factors 
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are obtained with the standard errors 

[ 
L\ p 7 p id. )2 = 
p 7 pd. 

(m3 L\S21<)2 + (n3 L\$31<)2 

(m3 s21< + n3.s31C)2 

(E.3.23) 

(E.3.24) 

Estimates for the numerical values for the factors Ft IC, F 0 IC, Fm IC, S 2 IC, and S 3 IC n~d here are 
given in Attachment D, Tables D.3-3, D.3-4, and D.3-5. Based on these data, n~l~ical values 
for the risk reduction factors p 70 "'· and p ?pd. and their standard ~rr s are given in Table E.3-2. 
Due to the large values of S 2 IC and S 3 IC , the risk reduction fac are also very large. They 
range from half a million to five million for the occupational risks and from four to eight million 
for the public risk. Relative standard errors are about 25 percent. Again, however, the baseline 
occupational risk is small and is rendered exceecAly small by the treatment. The baseline 
public risk is already exceedingly small, so that t~ge risk reduction factor is ineffectual. 

E.3.3 Underground Accidents a 
E.3.3.1 Risk Underground Due tJ Ac:ident Scenario C4 

In Scenario C4 ..r;.lsporter is assumed to strike a pallet in the Underground Storage Area, 
knocking a drum~~ pallet. As for the consequences, this scenario is identical to Scenario C2. 
However, as this scenario takes place underground, ventilation and inhalation rates may change, 
as well as the number of persons exposed. For the calculation of the public risk, no credit is 
taken for the filtration of the exhaust through HEPA filters. The Risk Component 8 has four 
subcomponents, cancer and genetic damage and occupational and public risk. With the symbols 

P4 = Probability of C4 accident per forklift operation, 
n (IC) 

r = Number of drums handled per year (yr ·1), 
n (IC) 

f = Number of forklift operations per drum handled, 
f 8 1 

(IC) = Fraction of waste material spilled, 

f s2 
(IC) = Fraction of spilled material suspended, 

f s3 
(IC) = Fraction of activity in respirable form, 

q 2(1C) = Total activity in average drum (Bq), 
Cl> 7 

(IC) = Time-integrated dispersion function underground (s L ·1), 

Vs = Inhalation rate of workers (Ls ·1
), 
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TABLE E.3-2 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND 
PUBLIC RISKS RESULTING FROM C3 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Occupational: 

Risk Reduction Factors: 

p 7o 1 A. (3.18 ± 0.73). 10 6 

p 7 o 2 A. (4.22 ± 0.99) • 10 6 

P1on (3.05 ± 0.72) • 10 6 

p 7 o4 A. (6.84 ± 1.59) • 10 5 

Public: 

P7pH (5.20 ± 1.43) • 10 6 

P1pn (7.35 ± 2.04) "11'?: 
P1pn (8.11 ± 2.26) • 

P7pH (4.07 ± 1.13). 0 6 

r Annual Baseline Risks: 

occupatioGY 

R 1000 3.6. 10 · 4 FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

Public: 

R 7 pOO 3.9 • 1o· 11 FSEIS, (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 
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f 1 3 
(IC) 

f 1 4 a 
(IC) 

<I>, 1 a 
(IC) 

A 

N 02 
(IC) 

C1 
a, 
R8od. 

= 
= 
= 
= 
= 
= 
= 
= 

Fraction of particles deposited in lung, 
Fraction of type ex radiation, 
Dosimetry factor for radiation type ex (Sv sq·1

}, 

Number of different radiation types ex, 
Number of persons occupationally exposed underground, 
Constant parts of equations, 
Cancer risk coefficient (Sv ·1), 
Cancer risk per year of operation (yr ·1), 

the occupational cancer risk component is given by 

1 
(E.3.25) 

<l>(IC) v f(IC) [~ f(IC) ct>(IC) J N(IC) a 
7 s 13 L.,, 14a 11a o2 1 • 

a=1 

The risk is variable only in the source term because operations~ personnel needed for the 
emplacement of waste are assumed to be independent of the phyfca1 state of the drum contents. 
The changing factor is again the inhalable fraction of the suspended activity <1> 8M, and 
occupational and public risk reduction factors areP,refore, the same. Scaling depends on 

R C (IC) '(IC) '(IC) 
80ICA = 1 81 82 83 

r< : c ,t.(IC) 
1 'Y 8 

where the fraction suspended in inhalable form by a C4 accident is defined by 

D A\ (IC) = '(IC) '(IC) '(IC) 
'YB - 81 82 83 • 

The risk reduction ratios (public and occupational) are then simply 

where S 4 IC is the reduction in suspension for Scenario C4 

(E.3.26) 

(E.3.27) 

(E.3.28) 

(E.3.29) 

Numerically, S 4 IC is assumed to be equal to S 2 IC , the reduction in the C2 accident, because only 
the location of the accident changes and that should not influence S 2 K. The values for the 
standard errors of the risk reduction factors are 
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(E.3.30) 

The numerical values of the risk reduction factors, calculated with the S 2 IC values from 
Table D.3-4 in Attachment D, are given in Table E.3-3. The factors range from about 35 million 
to 70 million with relative standard errors of 25 to 30 percent. The baseline risks are small, both 
for workers and the public. 

E.3.3.2 Risk Underground Due to Accident Scenario C5 

Scenario C5 involves a drum knocked off a forklift. Apart from having a different annual 
probability rate, it has the same consequences as a C4 accident and is similar to~2 accident 
except for location related factors. The Risk Component 9 also has four subcomronents, and 
with the symbols 

P 5 = Probability of C5 accident per forklift operation,~ 
n r(IC) = Number of drums handled per year (yr-1

), r 
n /IC) = Number of forklift operations pe~um handled, 
f 9 , (ICJ = Fraction of waste material spille 
f 9 2(1C) = Fraction of spilled material susp ded, 
f 9 3M = Fraction of activ~·ty · respirable form, 
q /''·) = Total activity in v age drum (Sq), 
<I> 7 (IC) = Time-integrated is ersion function underground (s L _,), 
v 6 = Inhalation rate of workers (Ls_,), 
f 1 3 (1C) = ~tion of particles deposited in lung, 
f, 4 a(IC) = ion of type a radiation in total activity, 
<1>11 a(IC) = metry factor for radiation type a (Sv Bq-1

), 

A = Number of different radiation types a, 
N 0 2(1C) = Number of persons occupationally exposed underground, 
C i = Constant parts of the equations, 
a, = Cancer risk coefficient (Sv ·1), and 
R 9 0 

IC,_ = Cancer risk per year of operation (yr_,), 

the occupational risk component for a C5 scenario is 

Appendix I, Attachment E 1-174 

11'1' 

,,,. 

, .. , 

.... , 

.,,, 



... 

.... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE E.3-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO A C4 ACCIDENT 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

Pson 

PaoH 
PsoH. 
p 8 041.. 

Annual Baseline Risks: 

Occupational: 

Rs o oo 

R,,,,D 
Public: 

R 8 pOO 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

(5.40 ± 1.40) • 10 7 

(6.80 ± 1.80) • 10 7 

(6.80 ± 1.80) • 10 7 

(3.40 ± 0.90) • 10 7 

r<1.3. 10·• 
1.3 • 10. 4 

2.0 • 10 · 5 

2.0 • 10. 5 

1-175 

COMMENTS/REFERENCES 

p Sp.:1.. =i::o KA. 
PsoicA.- SoicA. 

P9p.:A.= soic'-

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 
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R [ P n(K) n(JC)] { f(JC) f(JC) f(JC) q'JCl} 
9 o JC A. = 5 r f 91 92 93 2 

<I> (JC) v f (JC l ( ~ f (JC) <I> (Kl ) N (JC) a 
7 s 13 L..J 14a 11a o2 1 • 

<l=1 

(E.3.31) 

As in the last section, the changing factors yield the same scaling properties and the same risk 
reduction factors 

<\>~o) 
p90JCA = P9pJCA = -- = s4JC = Paod ' (E.3.32) 

<I>~ JC) 

where the factor~,'"' is the traction suspended in inhalable form by a C5 acciden;i: numerical 

value is assumed to be(th: :~.~~ )a: t:at(o: :::·~:n : C=4 (ac:i:~:~):e standaro erro:~s3.331 
P9oKA. P9pJCA. PaoJCA. 

The numerical values have alrea~y b en given in Table E.3-3. The baseline risks are the same 
as those for a C4 accident bee u both are assumed to occur about once a year (U.S. 
Department of Energy, 1990a, T le .26, p. 5-72). 

Here a forklift pi es two drums and knocks another one down. The accident occurs in the 
Underground Storage Area. This scenario is identical to Scenario C3 except that the accident 
occurs underground. It assumes that no respirators are donned and no general exit is ordered; 
i.e., that the air monitors did not trigger the alarm that switches in the HEPA filters and work is 
continued without special precautions. The occupational exposures are modeled after a C4 
scenario. This results in the Risk Component 10, which has four subcomponents. Using the 
symbols 

Ps 
n (IC) 

r 
n (IC) 

f 
n (IC) 

6 
m (IC) 

6 
f (IC) 

10, 
f (IC) 

10 2 

= Probability rate of C6 accident per forklift operation, 
= Number of drums handled per year (yr·1

), 

= Number of forklift operations per drum handled, 
= Number of drums pierced in accident C6, 
= Number of drums losing lid in C6, 
= Fraction of material spilled from pierced drums, 
= Fraction of material spilled from drums with lids lost, 
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f 10 3 
(IC) 

f 10 4 
(IC) 

q2 
(IC) 

<l> 7 
(IC) 

Vs 

f 1 3 
(IC) 

f 1 4 (l 
(IC) 

<l>1 1 (l 
(IC) 

A 
N 02 

(IC) 

Ci 
a1 
R10od .. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Fraction of spilled material suspended, 
Fraction of activity in respirable form, 
Total activity in average drum (Bq), 
Time-integrated dispersion function in Waste Storage Area (s L"1), 
Inhalation rate of workers (Ls ·1), 
Fraction of particles deposited in lung, 
Fraction of type a radiation in total activity, 
Dosimetry function for radiation type a (Sv sq-1), 
Number of radiation types a, 
Number of persons occupationally exposed underground, 
Constant parts of equations, 
Cancer risk coefficient (Sv-1), and 
Occupational cancer risk per year of operation (yr ·t 

the occupational risk component is given by the expression 

R [ P (IC) (IC)] 
1001Ci.. = s n, n, 

'
(IC) (IC) '(IC) ~) '(IC) (IC)} 
'" + m, " ' r" ' " ' q, 

<l>(k) 01C) (~ '(IC) <l>(IC) J N(IC) 
7 ~3 ~ 14u 11 (l 02 a1 . 

<l=1 

As in the case of a C3 accident, Bcomponent can be written as scaling by 

D R c ( n(") f(IC) m(") f(IC)) f(IC) f(IC) 100IC1.. = 1 6 101 + 6 102 103 104 

C ( n (IC) m(IC) m(IC) m(IC)) 
= 1 6 'f101 + 6 'f102 ' 

with the fraction of the activity suspended in inhalable form by a C6 accident 

(IC) _ '(IC) '(IC) '(IC) 
<\> 10v = 10v 103 104 • 

(E.3.34) 

(E.3.35) 

(E.3.36) 

The risk reduction factors are then equal for public and occupational risk. However, the form of 
the equation is again not optimal for cancellation of the relatively large errors for the fractions 
f µ}kl. As before (Section E.3.1.2), cancellation is accomplished by regarding the pierced and the 
fallen drums as two separate accidents. After the calculation of the two risk reduction factors, the 
effects can be superposed linearly, using number of drums involved as weights. The public risk 
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reduction is the same as the occupational as only the <I> 7 }''l value outside the source term 
changes. <I> 7 v'"l changes in the same way for 'o' or 'p' so that p 10 0 " = p 10 P". The aggregate risk 
reduction factor is then 

(E.3.37) 

with a standard error of 

(E.3.38) 

= 
(m3 S21C + n3 S3K)2 

The numerical values for the ratios S,, and S,, are give£ Tables D.3-4 and D.3·5, 
Attachment D. The resulting reduction factorsi:ori ublic and occupational risks are given in 
Table E.3-4. They do not change much for the diff t treatments, ranging from 14 to 28 million, 
with relative errors between 25 and 30 percent. suming an annual occurrence of once a year, 
the baseline risks are given in the e table. 

E.3.3.4 Risk Under round Duet Accident Scenario C10 

Scenario C10 in~s the spontaneous combustion in the contents of a drum, and the 
subsequent burst~f the drum leads to a release of suspended particles that reach the surface, 
disperse, and are inhaled by the public downwind. Note that, due to the assumptions in Section 
E.1.1, the occupational risk is subject to the same reduction factors as the public risk, and could, 
therefore, be considered here. However, no worker exposure is assumed, because workers 
below ground are supposed to be upstream of the release. In the FSEIS this scenario is 
assumed to involve only public exposures because the disposal time is short compared to the 
time while a drum is open. 

Still, due to the con$iderations above, the Risk Component 11 has four subcomponents. With 
the symbols 

p (IC) 
10 

n (IC) 
c 

f (K) 
11 

q2(K) 

= Probability of a C 1 O event per drum per year (yr-1
), 

= Average number of drums in unsealed drifts, 
= Fraction of activity mobilized in inhalable form, 
= Average activity per drum (Bq), 
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TABLE E.3-4 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO CS ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

p 10oH (2.23 ± 0.50) • 10 7 p,""1"" P1002A (2.80 ± 0.63) • 10 7 

P1003A (2.80 ± 0.63) • 10 7 

P1004A (1.40 ± 0.32). 10 7 

Annual Baseline Risks: r 
Occupational: j>. 

Rio o o o r< 2.3 10 .. FSEIS (U.S. DOE 1990a), 
Table 5.28, p. 5-75 

Public: 

R,,,,o 3.4 10. 5 FSEIS (U.S. DOE 1990a), 
Table 5.28, p. 5-75 
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f dep(ic) = Depletion factor due to deposition before the filter duct, 
f rem(ic) = Transmission of the HEPA filters, 
<I> 11 dd(ic) = Environmental dispersion and dosimetry factor (Sv Bq ·1), 
C i = Constant parts of equations, 

= Cancer risk factor (Sv-1
), and 

= Cancer risk per year of operation (yr ·1), 

the public cancer risk per year of operation is 

R { [ P (K) (IC)] '(IC) (IC)} '(IC) f(IC) m.(K) 
11pd. = 10 nc 11 q2 dep rem ~11dd a1 • 

(E.3.39) 

Here, the event probability depends on the treatment option JC. If it is assumed that the product 
of n c(icl q 2(ic) = canst, i.e., that the same amounts of activity are stored in a giv~me interval 
regardless of treatment, and that the product of the dispersion function <I> 11 d d(ic) with the two 
preceding factors does not depend on the waste treatment, then the risk scales a 

R = c p(K) '(IC) 
11 pie),, 1 10 11 ' 

(E.3.40) 

P,/J;, 
(E.3.41) 

and the risk reduction factors are 

P (IC) '(IC) 
10 11 

where F P ic is the (edi}ction factor for the probability of a drum fire and S 10 ic is the reduction factor 
for the suspenda~es in inhalable form. The standard error is then 

( ~p 110 1C1..J
2 

= ( ~P 11 pic1.. ]

2 

= 
P11oici.. P11pici.. 

(E.3.42) 

Estimates for the values S 10 ic and F P IC are given in Attachment D, Tables D.3-5 and D.3-6. On 
the basis of these data, numerical values for the risk reduction factors are calculated and 
tabulated in Table E.3-5. These risk reduction factors are very high, varying from six billion to 
500 billion, but they are applied to an extremely small risk of 1 • 10 · 11

, and are, therefore, 
practically meaningless. 
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TABLE E.3-5 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO C10 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P11on. (6.48 ± 2.00) • 10 9 p,,,.'f''" p 1102).. (1.02 ± 0.34) • 10 10 

P1103i.. (1.02 ± 0.34). 10 10 

p 11 04).. (5.10±1.92). 10 11 r 
Annual Baseline Risks: 

/>-Occupational: 

R 11 o o o No exposure postulated 

Pu blip 
R 11 pO 5.9 • 10- 7 FSEIS (U.S. DOE, 1990a), 

Table 5.28, p. 5.75 * 

* The risk given in the reference was calculated for a 37 TBq (1000 PE-Ci) drum as a 
conditional probability. The value given here assumes an average drum with 466 PE-GBq 
(12.6 PE-Ci) and includes the probability of the event (1 o ·1 ) per year and assumes 6,000 
drums per panel. 

• 
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E.4 RISKS FROM ROUTINE CHEMICAL EXPOSURES 

E.4.1 Basic Considerations 

In the FSEIS, five representative volatile organic chemical agents are identified. Three of these 
are carcinogens: methylene chloride, carbon tetrachloride, and trichloroethylene (HEAST, 1990). 
All of these compounds are 82 carcinogens; that is, they are suspected to be human carcinogens 
on the basis of animal data. For these agents, only cancer risks are considetred. For 
noncarcinogens, a "morbidity risk" is estimated on the basis of the hazard index. This is based 
on the assumption that every reference level L t91 

l for agent j corresponds to some particular risk 
value. As long as risk reduction factors are calculated before the aggregation of the effects of 
these chemical agents, the accuracy of these risks is of no consequence because these risks 
cancel. The two noncarcinogens of concern here are 1, 1, 1-trichloroethane and ~1 (HEAST, 

1990). _ I 
The risk equations are given here for individual agents, that is, for different values of th1:i chemical 
index j. For cases of exposures to multiple agents, no interactio~re assumed. As shown by 
Seiler (1987b), this is a reasonable assumption at these low exp res and low effects because 
even strongly synergistic interaction terms tend to be very small. It is only at higher doses and 
thus higher effects that interaction effects become !\re prominent. The occupational risks are 
parameterized in analogy to Equation (E.1.1) by r 

R - {o(~)}t(K) tM. c (E.4.1) ("2 - IJ exp dOSJ j ' 

where the agent is denoted by tfe },dex j, the treatment option by the index K , tl1e type of 
exposure by the index 'o' or 'p', denoting occupational or public exposure, and the risk component 
by the index i. "ffW) quantity in braces, a j j (K) , is the source strength of the release, f exp(K) 
characterizes the~osure, f dos(K) the dosimetry, and ci is the risk coefficient for chemical agents. 

The corresponding public risk equation is 

R { Q(K)} f(K) 
ipt<.A.j = ij dep f (K) <I> (K) 

rem iddj Ci • 
(E.4.2) 

with the notation of 

f dep(K) = Activity depletion due to deposition, 
f ram(K) = Removal efficiency of HEPA filters, and 
<I> id d i(K) = Dispersion-dosimetry function tor agent j. 

. Again, as long as the option-dependent terms are only those in the source term, public and 

,, ''" 

IU i 

,,,, 

occupational risk components have the same risk reduction factors. If the number eif exposed '"' 

Appendix I, Attachment E 1-182 

f'llf 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

persons is treatment-dependent, as for some occupational risks, the two risk reduction factors will 
be different. 

E.4.2 Cancer Risk From Routine Handling 

E.4.2.1 Risk Due To An N1 Scenario 

Volatile Organic Compounds (VOCs) in drums will vent continuously through a filter, causing an 
exposure, mostly in enclosed spaces. With a certain average number of drums in the WHB and 
TF, an equilibrium exposure atmosphere can be estimated. These factors, however, apply to risk 
components that differ by several orders of magnitude. Similarly, venting of the gases outside 
the buildings leads to public exposures. Thus Risk Component 12 has two subcomponents, 
occupational and public cancer risks, for each of the three carcinogenic agents j. Using the 
symbols 

n a(Kl = Number of drums present on average in WHB, 
q i2t) = Quantity of chemical j released per unit time perd um (mg s _, ), 
<I> ,2 , (K) = WHB and TF dispersion function for all chemic (s m -3 

), 

V 2 = Respiratory volume per day (m 3 day-1). 
f ,2 i = Probability of absorption of chemical j into bod of receptor, 

M = Receptor body mass (kg), ~ 
N 0 , (K) = Number of persons in WHB an , 
f, 5 = Fraction of personnel occupati ally exposed, 
c i = Cancer potenc~yr for lifetime exposure to chemical j (kg day mg_,), 
f 1 = Exposure time r ction factor for one year (yr-1

), 

C i = Constant parts f equations, and 
R , 2 0 K;. i = ?'iupational cancer risk per year of operation (yr_,), 

the occupational ba/ component is 

R { (K) (K) } (K) v f 1 f N (K) 
12odj = na q,2j <1>121 2 12j M 15 01 Cit,. (E.4.3) 

In the source term, both factors vary. Of the other factors, the dispersion function <I> 12 , (K) can be 
assumed constant, and with the variable factors combining to form the total release rate in the 
WHB, the risk scales according to 

R C (K) (K) N(K) 
120KAj = 1 na q12j 01 • 

(E.4.4) 

and the reduction factors are the ratios of these products 
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n(o) q(o) N(o) 
a 12 j 01 

n(IC) q(IC) N(IC) 
a 12j 01 

(E.4.5) 

where the quantity F v IC is the volume reduction factor, Fm IC the manpower reduction factor, and 
F c IC i is defined as the reduction factor for the emission rates for chemical j for an individual drum 

q (O) 

F - 12} 
CICj = -- • 

q
(IC) 
12j 

(E.4.6) 

This factor is modeled in Section 0.3.8 of Attachment D. The standard errors of the risk reduction 
factors are 

[ 
~p 120 1CA. 1 ]

2 

= [ ~FvlC ]

2 

+ [ ~FclCj ]

2 

+ 

P1201CA.1 FVIC Fc1Cj 

(E.4.7) 

For the calculation of the public risk for routine emission of chemicals, the following additional 
symbols are needed p.._ 

<I>12 dd(IC) = Dispersion-dosi function for the persons exposed downwind (s daf1
). 

f out(IC) = Deposition losse~efore reaching the outside atmosphere, 

Note that the dispersion-dosimet function is assumed to be the same for all agents j. With 
these quantities, re'fublic risk for chemical j is 

l/ R { (IC) (IC) } '(IC) (IC) 1 (E 4 8) 
12pic"A.j = na q12J out <l>12dd M Ci f, · · · 

Again, the only treatment dependent factors are the two quantities in the source term and the 
dispersion-dosimetry term, giving the risk the scaling structure 

R C (IC) (IC) m.(IC) 
12p1C'l..j = 2 na q12j -V12dd' 

(E.4.9) 

leading to the reduction factors 

n (Ol q (Ol <I> (o) 
a 12j 12dd (E.4.10) 
(K) (IC) m (IC) 

na q12j -V12dd 
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with the standard errors 

(E-4.11) 

The volume and manpower reduction factors are given in Attachment 0, Table 0.3-3, whereas 
estimates for the emission reduction factors F cJCi are given in Table 0.3-6. The values calculated 
for the risk reduction factors using these parameters are given in Table E.4-1. The occupational 
risks for the three agents were obtained from Table 5.43 of the FSEIS (U.S. Department of 
Energy, 1990a) by dividing the 20-year risks by 20. 

As discussed in Section E.4.1, the risk reduction factors for different chemicalsz ae ggregated 
at this level. Thus 

3 

with the weights 

and errors 

D 

P = ~ g p (E.4.12) 
1201d. L..J 12oj 12oJCA.j' ,_, r 
=~. 

t ICoOOj 
i=1 

3 

(AP120JCA.}
2 = L (g12oj Ap12oJCA.j}

2 
• 

j=1 

(E.4.13) 

(E.4.14) 

Note that for risk reduction factors that are independent of the agent j, all sets of weights g 12 oj 

will lead to the same result p 12 0 JCA. and A p 12 0 JCA.. This arises from the fact that Equation (E.4.14) 
is valid for independent errors only, which is not the case here. The correct formula is obtained 
by an inspection of Equation E.4.12 for p 12 0 

JCA. independent of j. 

The corresponding equations for the aggregation of the public risk reduction factors p 12 P IC,_ are 
obtained by substituting the index 'o' by 'p' in Equations (E.4.11) and (E.4.12). The numerical 
values of the baseline risks are given in Table E.4-1, and the final aggregated values in 
Table E.4-2. The risk reduction factors for the occupational risk indicate an increase in risk for 
Level II Treatments of about a factor of 3, whereas for public risks the increase is reduced to a 
factor of 1.7. For Level Ill Treatments, there is a risk reduction of about 4,000 and 7,000 for 
occupational risks and of about 11,000 and 46,000 for public risks. Increases and decreases are 
practically irrelevant, however, because they apply to an exceedingly small risk. This statement 
can be justified by the observation that the two baseline risks, applied to the entire world 
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TABLE E.4-1 

RISK REDUCTION FACTORS FOR N1 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P1200..j 

P12onj 

P120Hj 

P120H.j 

Public: 

P12po..j 

P12pnj 

P12pnj 

P12p4Aj 

Annual Baseline Risks: * 

Occupational: 

R ,,,,{) 

R 120002 

R 120003 

Public: 

R 12poo1 

R12poo2 

R 12poo3 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.108 
11000 ± 4501\ 
46500±164r 

1.5 10· 15 

4.1 10· 14 

1.710·15 

2.410·15 

6.510·14 

2.710· 15 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

* The baseline risks from the FSEIS (U.S. DOE, 1990a, Table 5.43), were divided by 20 
years to convert them to annual risks. 
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TABLE E.4-2 

AGGREGATED RISK REDUCTION FACTORS FOR CARCINOGENIC CHEMICALS 
IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

p 120 1 A. 0.331 ± 0.034 
p 12 0 2 A. 0.312 ± 0.032 
p 12 0 3 A. 3740 ± 1420 
P1204i.. 7070 ± 2260 

Public: 

p 12pH 0.600±0.1~ 
P12pn 0.600 ± 0.10 
P12pn 11000 ± 45 
P12pH 46500 ± 164 0 

r Annual Baseline Risks: 

Occupatity 

R 12 o a a 4.4. 10· 14 Aggregated data from Table E.4-1 

Public: 

R12poo 7.0 • 10 · 14 Aggregated data from Table E.4-1 
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population (5 • 1O 9 persons) would give rise to an expectation of a few times 1 O -4 cancers at 
best. 

E.4.2.2 Risk Underground Due To N3 Scenario 

Routine emissions from each drum lead to releases underground, similar to Scenario N1, except 
for the underground environment and the far larger number of drums involved. Risk 
Component 13 also has three subcomponents, occupational, both below ground and above 
ground, and public cancer risks for each of the three carcinogenic agents j. Using the symbols 

n b(-.:l = Number of drums present on average in underground drift, 
q 12 /"'l = Quantity of chemical j released per unit time per drum (mg s ·1), 

<P 13 1 (-.:l = Underground dispersion function for all chemicals (s m -3), 

V 2 = Respiratory volume per workday (m 3 day-1
), ~ 

f 12 i = Probability of absorption of chemical j into body of receptor, I 
M = Receptor body mass (kg), 
Na 2(K) = Number of persons exposed underground, r: 
c i = Cancer potency factor for lifetime exposure to ch 1cal j (kg day mg ·1), 

f 1 = Exposure time correction factor for one year, 
C ; = Constant parts of equations, and . A 
R 13 a KA. j = Underground occupational cancerr per year of operation (yr -1)' 

the underground occupational ris~ponent is 

R { (K (-.:) } <I> (K) v f 1 N(K) f (E 4 15) 
130-.:A.j = nb Q12j 131 2 12j M 02 Ci r. • • 

Assuming both <I>(Ji and N 02(-.:l to be constant and recognizing that the variable factors combine 
to form a consta~tal release rate underground, the risk scales according to 

R C nb
(K) (K) 

130-.:A.j = 1 Q12j. 
(E.4.16) 

The reduction factors are again the ratios of these release rates; which are the same for 
underground occupational and public risk. This leads to risk reduction factors 

n (0) q(O) 
b 12j 

p 130-.:A.j = P13p1CA.j = (K) (K) = FVK FCKj. 

nb Q12j 

(E.4.17) 

where F v"' is the volume reduction factor, and F c "'i is the reduction factor for the emissions of 
chemical j defined by Equation (E.4.6). The standard errors are 
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(E.4.18) 

The reduction factors for waste volume and emissions of compound j are calculated using the 
same constants as for Component 12, listed in Tables D.3-3 and D.3-6 of Attachment D. They 
are given in Table E.4-3. 

The routine emissions from drums underground also lead to exposures of workers aboveground. 
This is the third subcomponent of Risk Component 13. Using the symbols 

n (K) 
b 

q (K) 
12 j 

<I> (K) 
13 2 

v2 
' I 12 j 

M 

Number of drums present on average in underground drift, 
= Quantity of chemical j released per unit time per drum (mg s ·1), 

= Underground/above ground dispersion function for all chemicals ~-3), 
= Respiratory volume per workday (m 3 day ·1), . I 
= Probability of absorption of chemical j into body of receptor, 

= Receptor body mass (kg), ~ 
= Number of persons exposed aboveground from erground source, 

= Constant parts of equations, and 

= Cancer potency factor for lifetime exposure to ch mical j (mg/(kg day)), 
= Exposure time correction factor f~oe year (yr-1

), 

R 13 a,d.J = Above ground occupational cane risk from underground N3 activities per year, 
of operation (yr ·1)Q 

the above ground occupational rifk ~mponent from underground operations is 

(7f { (K) (K) } <I> (K) v f 1 N(K) f v 13ad.j = nb q12j 132 2 12j M 03 CJ I' 
(E.4.19) 

and with N 
0 3(K) constant, and the variable factors again combining to form the total release rate 

underground, the risk scales as 

R C 
(IC) (IC) 

13ad.j = 1 nb q12j. 

The reduction factors are again the same as for underground workers 
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TABLE E.4-3 

RISK REDUCTION FACTORS FOR N3 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P13on.j 1.20 ± 0.10 P13pd.i =P1301d..J 
p 13 0 21..j 1.20 ± 0.10 
p 13 0 3 A.j 22000 ± 8300 p 13a Kl..j = P 130 Kl..j 

p 130 4 A.j 93000 ± 29300 

1 Annual Baseline Risks: * 

R130001 2.2 • 10- 8 rEIS (U.S. DOE, 1990a), 
R130002 6.0 • 10- 7 Table 5.43 
R130003 2.4. 10- 0 

R13poo1 4.6 • 1o·"p. FSEIS (U.S. DOE, 1990a), 
R 13poo2 r<1.3•10"" Table 5.43 
R 13poa3 5.0 • 10- 13 

R ""lt 5.5 • 10- 13 FSEIS (U.S. DOE, 1990a), 
R 13a o 1.5 -10-11 Table 5.43 
R 13 a o 3 6.0. 10- 13 

* The baseline risks from the FSEIS (U.S. DOE, 1990a, Table 5.43), were divided by 20 
years to convert them to annual risks. 
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The standard errors are 

(E.4.22) 

The reduction factors and the baseline risks are the same as those given in Table E.4-3. 

Again, the three different risk reduction factors for the carcinogenic chemicals are aggregated at 
this level. Thus 

3 

P13xid. = L g13xi P13xid.i • 
j=1 

(E.4.23) 

with the indices x = o, p, and a, that stand for occupational (undergroun~ublic, and 
occupational (above ground), respectively. The weights used here are defined b~ 

(E.4.24) 

and the standard errors are 

3 

( !'< p ''f.)' . ~ ( g ,,,1 !'< p," <>J )' • (E.4.25) 

Again, this equation is not valid 1f the risk reduction factors are independent of agent j. The 
correct formula i~ained by inspection of Equation (E.4.23) for that case. 

The numerical v!rcfe's of the baseline risks are given in Table E.4-3, and the final aggregated 
values in Table E.4-4. The risk reduction factors for Level II treatments are close to 1, whereas 
they are 20,000 and 90,000 for the two Level Ill treatments. The relative errors for Level II 
treatment risk reduction factors are about 7 percent; those for Level Ill treatments are about 
30 percent. Still, the baseline risks are very small to exceedingly small. The largest risk occurs 
for the workers underground. 

E.4.3 Noncancer Risk Due to Routine Chemical Exposure 

E.4.3.1 Noncancer Risk In WHB Due to N1 Scenario 

This component of the risk has exposure conditions identical to those in Section E.4.2, only the 
action of the chemical agent on the human organism is different. The two non-carcinogenic 
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TABLE E.4-4 

AGGREGATED RISK REDUCTION FACTORS FOR CARCINOGENIC CHEMICALS 
IN N3 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P13on. 1.20 ± 0.1 
p,,,,. 1'"' 

P13on 1.20 ± 0.1 P13a1d. 1301<'-

p 13 0 3 A. 22000 ± 8300 
p 13 0 4 A. 93000 ± 29300 

Annual Baseline Risks: r 
Occupational: 

6.5•10"' p.. R 13 o o o Aggregated from data 

~ 
in Table E.4-3 

Public: 

1.4. 10· 11 
R 13 Po o Aggregated from data 

Above grof). 
in Table E.4-3 

R 13 a o o 1.6. 10· 11 Aggregated from data 
in Table E.4-3 
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agents considered are freon and 1, 1, 1-trichloroethylene. Risk Component 14, therefore, consists 
of two subcomponents, occupational and public risk. With the symbols 

na (IC) 

q 12j 
(IC) 

<l> 12 1 
(IC) 

v2 

f 12 j 

M 
L.(ref) 

J 

r o i 

N 01 
(IC) 

f 1 5 

f t 
C; 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Number of drums present on average in WHB and TF, 
Quantity of chemical j released per drum and per unit time (mg s ·1), 
Dispersion function for all chemicals in WHB (s m ·3), 

Worker respiratory volume per workday (m 3 day ·1), 

Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1), 
Risk of reference level Lt9tJ, 
Number of persons in WHB and TF, 
Fraction of personnel occupationally exposed, 

R 140 KA.j = 

Exposure time correction factor for one year (yr ·1
), i 

Constant parts of equations, and 
Occupational risk of noncancer health effects per year of operatic (yr ·1), 

the occupational risk component for agent j is r 
R14o i..· = { n~K) qgj} <1>\~)1 v2 f12· --

1
-- ,15 N~~)roj ft' 

' I p..' M q'"'' 
(E.4.26) 

and with all but N 0 1 (K) and the two ?1Jors in the source term constant, as before, the risk can be 

scaled as r \ 

D 
R C { n (K). q (K) } N (IC) (E.4.27) 

140ICAj = 1 a 12) 01 • 

This results in risk reduction factors that are again the same ratios as in the N 1 and N3 scenarios 
for the cancer risk. This time, however, they are evaluated for the ·non-carcinogenic chemicals 
4 and 5, 

P14oKA.j = 
n(o) q(o) N(o) 

a 12j 01 

n(IC) q(K) N(IC) 
a 12j o1 (E.4.28) 

with standard errors of 
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~FmlC 

]

2 

(E.4.29) 

For the calculation of the public risk, again a few more symbols need to be defined 

f out(IC) = Deposition losses before reaching the outside atmosphere, 
<I> 14 dd(IC) = Dispersion-dosimetry function for the NP 2 '1Cl persons exposed (s day"1). 

With these quantities, the public risk is 

R { (IC) (IC) } f (IC) <I> (IC) 
14p1C'l..j = na q12j out 14dd '01·' ML (_ref) 

I 

1 (E.4.30) 

where only the source term and the dispersion-dosimetry factor? ae reatment dependent. The 
risk can, therefore, be written in the form 

R C {n (IC) q(1<)}<1>(1<) (E.4.31) 
14p1C'I../ = 2 a 12j 14 dd • 

to denote its scaling properties. The risk reductikactor is then 

(0) (0) (0) 
na q12j <1>14 dd 

n(IC) q(IC) <l>(IC) 
a 12j 14dd (E.4.32) 

D 
The standard errors are given by 

(E.4.33) 

The values of the constants are again given in Attachment D. Numerical values for the 
occupational and corresponding public risk reduction factors are given in Table E.4-5. The risk 
reduction factors are the same as those given in Table E.4-1-.for p 12 0 ICA.i and p 12 P ICA.i • 

The occupational risks for a 20-year operation are obtained from the hazard indices given in 
FSEIS (U.S. Department of Energy, 1990a, Table 5.43) by a division by 20 and converted to 
annual risks by making the assumption that the risk corresponding to the reference level is 1o· 4 

for occupational exposures and 1 O · 5 for exposures of the public. These baseline risks are 
~~· 
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different from those given in Table E.4-1 for R 120 ooj and R ,2 paoj even though the risk reduction 
factors are the same. These differences in risks, however, will result in different values after 
aggregation. 

Again, the risk reduction factors for the two noncarcinogenic chemicals are aggregated at this 
level. Thus 

5 

P14xld. = L g,4xj P14xld.j • 
j.4 

(E.4.34) 

with x being either 'o' or 'p', and the weights 

5 

L R,4xooj 
j=4 1 

(E.4.35) 

with the standard errors C 
(Llp,4xld.)

2 = E (g,4xj Llp,4xicA.jf2 · (E.4.36) 
j=4 

The numerical values of the baseline risks are g/::i in Table E.4-5, and the final aggregated 
values are listed in Table E.4-6. As for Risk Co~n

1

ent 12, Level II treatments have small risk 
reduction factors near 1, where0,evel Ill treatments have values of 10,000 and 50,000. 
However, they are applied to riskrv~e hundred times smaller than those in Table E.4-2. 

This component e risk has exposure conditions identical to those in Section E.4.2.1. Risk 
Component 15, therefore, consists of two subcomponents. With the symbols 

n (IC) = 
b 

q (1<) --
12 j 

rh (IC) 
'¥132 = 
v2 = 

f 12j = 
M = 
l (ref) 

J = 
N o3 

(K) = 
r o i 

ft = 

Number of drums present on average in unsealed waste disposal drifts, 
Quantity of chemical j released per drum and per unit time (mg s ·1

), 

Underground dispersion function for all chemicals (s m -3), 

Worker respiratory volume per workday (m 3 day ·1), 

Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1), 
Number of persons exposed above ground from underground source, 
Risk of reference level L(refl, 
Exposure time correction factor for one year (yr-1

), 
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TABLE E.4-5 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC NONCANCER 
RISK IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P14on.4 0.331 ± 0.034 p 14 0 1C A. 4 = p 14 0 1C A. 5 

P14o2A.4 0.312 ± 0.032 
P14o3'-4 3740 ± 1420 

1 P 14o4A.4 7070 ± 2260 

0.600 ± 0.108 p 14p1A.5 p 14 p IC A. 5 = p 14 p 1C A. 4 

p 14 p 2 A. 5 0.600 ± 0.108 r P14p3:1.s 11000 ± 4500 
p 14 p 4 A. 5 46500 ± 16400 

Annual Baseline Risks:* f>. 
Occupational: r< 6.0. 10·" R 140004 FSEIS (U.S. DOE, 1990a), 

R 14ooos 
1.0 • 10-13 Table 5.44 

PubliO 
R 14poo4 2.1 ·10-

12 FSEIS (U.S. DOE, 1990a), 
R 14poos 3.4. 10-

14 Table 5.44 

* The data in Table 5.44 are divided by 20 to obtain the risk per year of operation. 

Appendix I, Attachment E 1-196 

I ~t 

'f' 

'•'t: 

''Ii 



DOE/WIPP 91-007, REVISION 2 APRIL 1991 

TABLE E.4-6 

AGGREGATION OF RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
CHEMICALS IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Occupational: 

Risk Reduction Factors: 

P14oHj 0.331 ± 0.034 
P14onj 0.312 ± 0.032 
p 14031..j 3740 ± 1420 
p 14041..j 7070 ± 2260 

Public: 

P14pHj 0.600 ± 0.108 
P14pnj 0.600 ± 0.10'tp. 
P14p31..j 11000 ± 4500 
p 14p41..j 46500 ± 1640 

Annual Baseline Risks: r Occupational: 

R,.,,o 6.1. 10· 12 Aggregated from data in Table E.4-5 

Public: 

R 14 Pa a 2.13·10· 12 Aggregated from data in Table E.4-5 
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C i = Constant parts of equations, and 
R 15 0 id. i = Risk of non cancer health effects per year of operations (yr ·1), 

the underground occupational risk of noncancer health effects for N3 operations is 

R { (1C) (Kl} ih(1Cl V f NM 1 
15od.j "' nb q12j 'V132 2 12J' 03 (Oj ft" 

M L(.ref) 
J 

(E.4.37) 

With all but the source term constant, the risk scales as 

R C { (Kl (Kl} 
15od.j = 1 nb Q12j ' 

(E.4.38) 

and results in risk reduction factors that are again the ratios of the global releas~es 

n~o) q1~,i I 
p ""'i • p "'"i • ni'' ql;\ • F,("i 

= P13p1CA.j • 

(E.4.39) 

I with standard errors of 

(E.4.40) 

FVlC F ClCJ 

Although the risk O•ction factors for chemical j are the same as those for the N3 scenario for 
carcinogens, wei~ aggregation will lead to different values. This subcomponent of the risk 
has an N3 release scenario but includes transport to the surface and exposure of workers there. 
With the symbols 

n (K) = 
b 

q (K) --
12 j 

ih (K) 
'V 13 2 = 
V2 = 
f 12j = 
M = 
L.(ref) = J 

r o i = 
f I = 
N o3 

(K) = 

Number of drums present on average in unsealed waste disposal drifts, 
Quantity of chemical j released per drum and per unit time (mg s ·1), 

Underground dispersion function for all chemicals (s m ·3), 

Worker respiratory volume per workday (m 3 day ·1), 
Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1

), 

Risk of reference level L(ref), 

Exposure time correction factor for one year (yr·1
), 

Number of persons exposed above ground, 
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C; = Constant parts of equations, and 
R ,5 a, .. i = Risk of noncancer health effects per year of operations (yr-1

), 

the above ground occupational risk of noncancer health effects for N3 operations is 

R { (1<) (1<) } <I> (1<) V f NM 1 
15al<Aj = nb q12j 132 2 12j 03 roj f,. 

ML (.'9'l 
J 

(E.4.41) 

With all but the source term constant, the risk can also be written as 

R C { (1<) (1<)} 
15a1<)..j = , nb q12j ' 

(E.4.42) 

which again results in the same risk reduction factors as those for Component 13 

p,, • .,1 • p,,,.,1 • p,,,,,1 • p,,,., 1 , 1 (E.4.43) 

with standard e[rr:: "•• ,, ] 2 = [ ~ p 
15 

o1<i ] 2 = [ ~ Fvl< ]' k 1'. F,., ] 2 

p,. •• ,, p,. .. , PF,. ~l-F,., 
(E.4.44) 

The numerical values of the riskection factors and their errors are the same as those for 
Component 13, evaluated, howe for noncarcinogenic compounds 4 and 5. The numerical 
values are listed in Table E.4-7. he values for the baseline risks per year of operation given in 
the same table are taken from the FSEIS (U.S. Department of Energy, 1990a). 

The occupationalOs for a 20-year operation are obtained from the hazard indices given in 
FSEIS (U.S. Dep~ent of Energy, 1990a, Table 5.44 by a division by 20, and converted to 
annual risks by making the assumption that the risk corresponding to the reference level is 1 O -4 

for occupational exposures and 1 O -5 for exposures of the public. 

As discussed before, the risk reduction factors for different chemicals are aggregated at this level. 

Thus 

with the weights 
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TABLE E.4-7 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC 
NONCANCER HEAL TH EFFECTS FROM N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 
Below Ground: 

P15oo..j 

p 15 0 2 A.j 

p 15 0 3 A.j 

p 15 04 A.j 

P15pHi 

P15pnj 

P15pnj 

p 15p4A.j 

P15aHi 

P 15 a 2 A.j 

Annual Baseline Risks: * 

R 150004 

R 150005 

R 15poo4 

R 15poo5 

R,5aoo4 

R15aoo5 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.1 or;. 
11000 ± 450 
46500 ± 164 0 

a.331 ± a.035 r ~.312 ± a.033 
3740 ± 1420 
7070 ± 2260 

9.0 10- 5 

1.5 10-s 

4.1 10- 10 

6.5 10- 12 

2.2 10- 9 

3.6 10- 11 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

* The annual baseline risks are obtained from the FSEIS (U.S. DOE, 1990a), Table 5.44, 
by dividing the values listed by 20 years. 
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and standard errors 

5 

(~P1sxld.} 2 = L(g1sxj ~P1sxld.i} 2 

j=4 

Note again that, for factors p 15 0 " 3 

(E.4.46) 

(E.4.47) 

i independent of agent j, this formula is not valid. The replacement is straightforward from a 
discussion of Equation (E.4.45) for this case. 

The numerical values of the baseline risks are given in Table E.4-7, and the fi4.ggregated 
values in Table E.4-8. For every risk reduction factor, the Level II treatments yi~

0

1J' ~alues near 
1, whereas Level Ill treatments have values of several thousand~s to several tens of thousands. 
The occupational baseline risk is exceedingly small for undergrou workers and three orders of 
magnitude smaller for above ground occupational exposures an public exposures. 

E.5 RISKS FROM CHEMICAL ACCIDENT EXPO 

E.5.1 Basic Considerations 

For the accident scenarios invol 0 chemicals, no cancer risks are calculated because the 
exposure times are too short, i.e.,~~ doses are too low to yield any sizeable effects. Thus only 
noncancer risks ~r stimated, which are mostly based on Threshold Limit Values (TLVs) and 
Immediate Dang rt Life and Health (IDLHs) in the FSEIS (U.S. Department of Energy, 1990a). 
Here TLV-based ard indices will be used exclusively to characterize the low-level occupational 
risks. These are already very low, so that public risks would be lower still. In these accidents, 
breaching the containment by losing the lid or piercing the drum is assumed to release the entire 
gas in the headspace at once, leading to a local exposure of the work crew. For the C10 
scenario, the same assumption is made as for the case of radioactivity; the probability of 
occupational exposure is considered too small, so that neither an occupational nor a public risk 
is calculated for a C1 O accident. 

E.5.2 Above Ground Accidents 

E.5.2.1 Risk Due To Accident Scenario C2 

Dropping a drum from the forklift leads to a loss of lid and liner containment and release of the 
headspace gas. This is Risk Component 16 with only one sub-component, occupational risk. 
Using the symbols 

Appendix I, Attachment E 1-201 



DOE/WIPP 91-007, REVISION 2 APRIL 1991 

TABLE E.4-8 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
HEAL TH EFFECTS DUE TO N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

p 15 0 1 A. 

P15o2A. 

p 150 31.. 

p 150 4 A. 

p 15pH 

P15pn 

P15pn 

P15p4A. 

P 15a 1 A. 

P 15a 21.. 

P 15 a 31.. 

P 15 a4 A. 

Annual Baseline Risks: 
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VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.108 
11000 ± 4500 
46500 ± 16400 

o.331 ± o.of>. 
0.312 ± 0.03 
3740 ± 14 

f'.<7070 ± 2260 

9.15•10" 5 

4.17 • 10 · 10 

2.24. 10 · 9 

1-202 

COMMENTS/REFERENCES 

Aggregated from data 
in Table E.4-7 
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P 2 = Probability of C2 accident per forklift operation, 
n ,(K) Number of drums handled routinely per year (yr ·1), 
n /Kl = Number of forklift operations per drum handled, 
q 16 t) = Quantity of chemical j contained in and released from void space (mg), 
ct> 16 /Kl = Accident dispersion function in WHB and TF for all chemicals (m · 3 

), 

Li(ret) = TLV for chemical j (mg m· 3 
), 

r 0 i = Risk associated with short term exposure to reference level L / '91 l, 
N 

0 1 (.:) = Number of people in WHB and TF, 
f 15 = Fraction of personnel occupationally exposed, 
C; = Constant parts of equations, and 
R 16 0 K ,_ i = Noncancer health risk per year of operation (yr ·1), 

the occupational risk for a C2 accident is 

R { [ P (K) (K) ] (K) } m. (K) 
160.:A.J = 2 n, n, q16J 'l-'151 (E.5.1) 

The dispersion function <I> 16 1 (.:) is not dependent on waste treat ~ Apart from the number of 
people exposed, the product of the only factors that change is tI~~tal mass of gas j contained 
in the headspace of the drums handled each yea":k 

R C (.:) (.:) n (.:) N(K) (E 5 2) 
160.:A.J = 1 n, q16J r 01 • • • 

The risk reduction factor is then Qproduct of the volume reduction factor F v .:• the reduction 
factor F 9 Ki for the mass of gas ifth\ headspace, defined by 

D 
and the factors Ff K and F m K ' 

P16o.:A.J = 

n(o) q(o) n (a) N(o) 
r 16} f 01 

n(K) q(.:J n("') N("') 
r 1 6 j f 01 

(E.5.4) 

The error of the risk reduction factor is 

(E.5.5) 

The numerical values for the reduction factors F 
9 

"'i are listed in Table 0.3-8 of Attachment 0. 
Use of these parameters results in the reduction factors in Table E.5-1. The baseline TLV-based 
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TABLE E.5-1 

VALUES FOR THE REDUCTION FACTORS FOR CHEMICAL EMISSIONS 

QUANTITY VALUE ± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 160 1 A.4 

P 16o2A.4 

P 16o3A.4 

P 16o4A.4 

3.03 ± 0.49 
3.20 ± 0.52 

( 4.3 ± 1 .1 ) • 1 0 4 

(8.2 ± 1.3) • 10 4 

P 16oicA.4 = P16oicA.5 

P 17oicA.j = P16oicA.j 

Annual Baseline Risks: * 

* 

R 1.7. 10·1° . psEIS (U.S. DOE, 1990a), 160004 

R 1.0 • 10 · 11 Table 5.46 16 0 0 0 5 

R 5.0 • 10 · 10/>- FSEIS (U.S. DOE, 1990a), 170004 

R 3.1 • 10 · 11 Table 5.46 170005 

The values in Table 5.46 or:::l FSEIS (U.S. Department of Energy, 1990a) are multiplied 
by the risk of 10. 4 for the rc~~pational reference level. 

D 
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hazard indices are taken from Table 5.46 of the FSEIS (U.S. Department of Energy, 1990a) and 
multiplied with a factor of 10- 4 for conversion to an approximate risk. The accuracy of this factor 
is of no concern in the weighting because in the method used for the aggregation, all common 
factors such as this one cancel. 

Aggregation of the risk reduction factors for different chemicals is done at this level. For C2 and 
C3 accidents, the aggregation procedure is the same, and using the symbol i for Components 16 
or 17, 

with the weights 

and the standard errors 

5 

P io1d.. = L g ioj P /01d.j • 
}=4 

g ioj = 
R ioOOj 

5 

L RioOO't 
't:4 

(Ap, 0 ,.)' • t. (~Ap,,,,1)'. 

(E.5.6) 

(E.5.7) 

(E.5.8) 

Note again that this equation isH vnly for risk reduction factors that depend on agent j. For 
j-independent factors, the numeri alues of the baseline risks are given in Table E.5-1, and the 
final aggregated values in Table .5-2. Here, Level II risk reduction factors lie near 3, and factors 
for Level Ill treattyts between 3,500 and 7,000. Relative errors for Level II factors are about 
15 percent; for L ve Ill factors they are about 30 percent. The baseline risks are exceedingly 
small. 

E.5.2.2 Risk Due To Accident Scenario C3 

In this scenario two drums are punctured by a forklift. The third drum falls and ruptures as a 
result of the impact. The release of the headspace gases results in Risk Component 17. With 
the symbols 

P 3 = Probability of C3 accident per forklift operation, 
n /"") = Number of drums handled routinely per year (yr-1

), 

n /"") = Number of forklift operations per drum handled, 
n 3 = Number of headspaces vented in C3 accident, 
q 16 i ("-) = Quantity of chemical j released from headspace of a drum (mg), 
<I> 12 1 M = Dispersion function in WHB and TF for all chemicals (m -3 

), 

L/ref) = TLVforchemicalj(mgm- 3
), 
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TABLE E.5-2 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC CHEMICALS 
IN C2 ACCIDENTS 

QUANTITY 

Risk Reduction Factors: 

P16011.. 

p 16 o 2 A 

p 16 o 3 A 

P16o4A 

Annual Baseline Risks: 

D 
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VALUE± STANDARD ERROR 

3.03 ± 0.49 
3.20 ± 0.52 

(4.31±1.13). 10 4 

(8.18 ± 1.29) • 10 4 

1.8 • 10- 10 

5.3 • 10- 10 

p. 

1-206 

COMMENTS/REFERENCES 

P1601<Aj = P1101<Aj 

r:ggregated from data 
in Table E.5-1 
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r 0 i = Risk associated with short term exposure to reference level Li ( ret l, 

N 01 M = Number of people in WHB and TF, 
f 15 = Fraction of personnel occupationally exposed, 
C 1 = Constant parts of equations, and 
R 170 d.j = Health risk per year of operation (yr-1

), 

the occupational risk component is 

R { [ P (K) (1<)] (1<) } mo (K) 
17 od.j = 3 n, n f n3 q16j 'V121 

1 f N(K) 
-,........,,- '01' 15 01 • L (ref) 

J 

(E.5.9) 

The dispersion function <I> 12 , M is assumed to be independent of treatment. The product of the 
treatment dependent factors is the total quantity of gas j in the headspace of the drums handled 
annually multiplied by the number of forklift operations and the number of people1x osed. The 
risk component scales as 

R C (K) (K) (K)N(K) (E51Q) 
17od.j = 1 n, q,6j n, o1 . . . 

This is the same dependence as the one for Component 16.6tie risk reduction factor is, 
therefore, r .. 

(E.5.11) 

and its error 

~"""i = Llp""'i. 
(E.5.12) 

The numerical v~lu s for the risk reduction factors are given in Table E.5-2 for Component 16 . 
The baseline risk ar derived from the values given in Table 5.46 of the FSEIS (U.S. Department 
of Energy, 1990 . 5-99) by means of multiplication by an occupational reference level risk of 
10 · 4• Due to different weighting, the aggregated values in Table E.5-2 are different for the two 
risk reduction factors. 

E.5.3 Underground Accidents 

E.5.3.1 Risk Due To Accident Scenario C4 

In this scenario a drum drops and loses its lid and the integrity of the liner due to the collision of 
a transporter with a pallet of drums. This leads to Risk Component 18, which, using the symbols 

P 4 = Probability of C4 accident per forklift operation, 
n /Kl = Number of drums handled routinely per year (yr-1

), 

n t, = Number of forklift operations per drum handled, 
n 4 = Number of headspaces vented in C4 accident, 
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q (><) 
16j 

Cl> (><) 
141 

L.( ref) 
J 

r o i 
N 02 

(><) 

C1 
R1aod.i 

= 
= 
= 
= 
= 
= 
= 

Quantity of chemical j released from headspace of a drum (mg), 
Underground dispersion function for all chemicals (m -3

), 

TLV for chemical j (mg m · 3 ), 

Risk associated with short term exposure to reference level Li( ret l, 

Number of people exposed in Underground Storage Area, 
Constant parts of equations, and 
Health risk per year of operation (yr ·1), 

leads to an occupational risk of a C4 accident of 

R { [ P (><l (><l] (><l } ,y,. (><l 1 N (><l 
1so1<Af = 4 n, n, n4 q16J -v141 -- ro1· 02 • L (ref) 

J 

(E.5.13) 

The factors n /"l and cI> 14 1 (><l are assumed to be constant, and the variable part is Wotal annual 
headspace at risk. The risk thus scales as I 

R = C1 n,("l q 1("5 i
1
., (E.5.14) ,.,.,, r 

and the risk reduction factor is 

p 18 OK'A.j = (E.5.15) 

with standard errors 

= (E.5.16) 

P1ao><A1 Fv>< Fg><J 

The numerical values of the risk reduction factors and the baseline risks derived from Table 5.46 
of the FSEIS (U.S. Department of Energy, 1990a) are listed in Table E.5-3. 

Again, aggregation of the risk reduction factors for different chemicals is done at this level. For 
C4, C5, and CG accidents, the aggregation procedure is the same, and using the symbol i for 
Components 18, 19, or 20, 

with the weights 
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TABLE E.5-3 

VALUES FOR THE REDUCTION FACTORS FOR CHEMICAL EMISSIONS 
DURING ACCIDENTS C4, CS, AND C6 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P1801:1.4 21.2±3.2 P180.::l.4 = P180.::l.5 
P1002:1.4 21.2 ± 3.2 P 19 o K :I. j = P 18 0 KA j 

p 1803:1.4 (3.96 ± 1.00) • 10 5 
p 20 0 KA j = p 18 0 KA j 

p 1804:1.4 (1.67 ± 0.25). 10 6 

1 
Annual Baseline Risks: * 

R 180004 2.4. 10· 1° rSEIS (U.S. DOE, 1990a), 
R18ooo5 1.5. 10· 11 Table 5.46 

R100004 2.4 • 1o·':p. FSEIS (U.S. DOE, 1990a), 
R190005 1.5 • 10-11 Table 5.46 

R200004 r< 7.2 °10·" FSEIS (U.S. DOE, 1990a), 
R200005 4.5·10· 11 Table 5.46 

* nA1ues in Table 5.46 of the FSEIS (U.S. DOE, 1990a) are multiplied by the 
ris~ 1 O -4 for the occupational reference level. 
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and standard errors 

g ioj = R ioOOj 

5 

L R;ooo~ 
~=4 

5 

(~Pioid.) 2 = L ( gioj ~Pioid.j) 2 
• 

}=4 

(E.5.18) 

(E.5.19) 

The numerical values of the baseline risks are given in Table E.5-3, and the final aggregated 
values in Table E.5-4. The risk reduction factors are about 18 for Level II treatments, about 
30,000 for Treatment 3 and about 140,000 for Treatment Alternative 4. These fac~re applied 
to exceedingly small baseline risks of several times 1O· 10 

. I 
E.5.3.2 Risk Due to Accident Scenario C5 

A C5 accident in Risk Component 19 is essentially the same eve~ a C4 accident, except that 
the cause is a drop off a forklift. Apart from the probability of a cf :;cident per forklift operation, 
all the factors are, therefore, the same as Compo°k!: 18, i.e., as for the C4 accident. Thus 

P . = . (E.5.20) 
19 OKA) 18 OKA) ' 

and r< 
~p = ~p (E.5.21) 

19 Otc'>..j 18 Otc'>..j " 

The risk reductia9ctors are thus given by Table E.5-3 and the baseline risks are the values 
given there. The aggregated risk reduction factors are given in Table E.5-4. 

E.5.3.3 Risk Underground Due To Accident Scenario C6 

In this scenario, leading to Risk Component 20, the headspaces of three drums are vented, 
because two are pierced and one loses its lid. Except for the probability of a C6 accident per 
forklift operation and the number of headspaces vented, all the factors are the same as for 
Components 18 and 19. Consequently, the risk reducti9n factors are the same as for the C3 
accident of Component 18. Thus 

p 20 0 IC A j : p 1 8 0 IC A j ' 
(E.5.22) 

and 
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TABLE E.5-4 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
CHEMICALS IN C4, CS, AND C6 ACCIDENTS 

QUANTITY 

Risk Reduction Factors: 

p 18 o 1 A. 

P1802A. 

p 18 o 3 A. 

p 18 o 4 A. 

Annual Baseline Risks: 

R 18 o o o 
R 19 o o o 
R2oooo 

D 
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VALUE± STANDARD ERROR 

(2.12 ± 0.32) • 10 1 

(2.12±0.32).10 1 

(3.96 ± 1.0). 10 5 

(1.67 ± 0.25). 10 6 

2.6 • 10. 10 

2.6 • 10- 10 

7.7. 10· 10 

1-211 

COMMENTS/REFERENCES 

P 19 o IC A. j = P 18 0 IC A. j 

P2001CA.j = P1801CA.j 

~ggregated from data r in Table E.5-3 
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L\ p 20 0-.:">.. j = L\ p , 8 0-.:">.. j • (E.5.23) 

The risk reduction factors are thus given in Table E.5-3 and the baseline risks shown there are 
derived from Table 5.46 of the FSEIS (U.S. Department of Energy, 1990a), which gives estimated 
daily intakes at the receptor location in (mg (kg day)-1

). The aggregated risk reduction factors 
are given in Table E.5-4. 

E.6 PROPERTIES OF TRANSPORTATION RISKS 

E.6.1 Basic Considerations 

The transportation risk calculated in the FSEIS and in this study are based on the~r sportation 
risk methodology found in RADTRAN Ill (Madsen et al., 1986). RADTRAN Ill is a ised version 
of the RADTRAN code (Taylor and Daniel, 1977) which was developed in conjun tion with the 
Final Environmental Statement on the Transportation of Radioactive Material by Air and Other 
Means (USNRC 1977b). RADTRAN Ill combines meteorologica~mographic, health physics, 
economic, transportation, packaging, and material factors to obtai e expected radiological risks 
resulting from transportation of radioactive material. 

Two principal computations are performed by the A: the radiological impact due to "incident 
free" transport and due to vehicular accidents~re are several submodels used in the 
RADTRAN 111 code. The materiedel describes the physical character of the waste and 
measures the radiotoxicity of th ispersed materials. The transportation model used in 
RADTRAN Ill describes accident r tes, traffic patterns, and shipment information. Accident rates 
are given for types of accident and population zone in which they occur. The traffic patterns 
contain the fractiqr<c;} travel which occurs on various types of road, population zones, and time 
of day. The ship~ information gives the number of persons per vehicle, separation distances, 
and timing data. 

An accident severity and package release model describes eight categories of accident severity 
and the fractional release of material from packaging and determines the excepted release of 
each accident. An atmospheric dispersion model uses basic dispersion calculations provided by 
the user to evaluate concentrations at receptor sites. 

The population distribution model specifies population densities in three population zones, rural, 
suburban, and urban, as well as certain other areas such as pedestrian walkways. The health 
effects model, finally, considers health effects due to exposure to different radiations such as early 
fatalities, early morbidities, latent cancer fatalities, and genetic effects. 

In transportation, the treatment alternative JC influences the risks mostly through the effect of 
waste volume reduction on the number of transports and through the reduction of the suspension 
fraction of wastes in an accident; the location option A. exerts influence mainly through the 
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partition of the total distance, from the originator to the WIPP into the portion travelled as 
untreated waste and the portion covered as treated waste. 

The largest transportation risks are those incurred in traffic accidents in which the TRUPACT-11 
transport is involved but its containment not breached. The risks are, therefore, those of normal 
traffic accidents involving truck transports. In the FSEIS, recent studies made in 23 states were 
considered in this context and systemwide averages computed. As the different location options 
involve additional transport in the same general area, it is a reasonable assumption that the extra 
transportation distances do not alter these averages in an appreciable way. 

The risk formulae in this section are those coded in RADTRAN Ill, generalized to yield the 
corresponding risks for treated and untreated wastes. In the FSEIS, transportation risks were 
estimated using an earlier version, RADTRAN II (Madsen, et al, 1983). The parameter values 
used for the calculations in this section are listed in Tables E.6-1a and E.6-1b. ~ 

E.6.2 Risk of Traffic Accidents I 
E.6.2.1 Risk Of Fatalities C 
Traffic fatalities, involving the TRUPACT transport, its crew, and lath members and vehicles of 
the general population, are modeled to be proportiof\2 to the total distance traveled. This results 
in Risk Component 21 which is expressed with ttf'~?mbols 

Pa 
n 

= Probability densit~ fatal accident per unit length of road (m ·1), 

= Number of waste1 E~~~cers, L 0 ..,(l.l = Distance traveled as untreated waste from originator w (m), 
L, ..,()..) = ;e· ce traveled as treated waste from originator w (m), 
L, ..,(l.) = transport distance for originator w in location option /... (m), 
f 21 .., = on of total annual waste produced by originator w, 
n t"'l = Number of transports per year for treatment option K (yr-1

), 

F, IC = Transport reduction factor for treatment K, and 
R 2, pkl. = Annual risk of traffic fatalities (yr-1

), 

in the equation 

Q 

R21 p1Cl. = Pa L f21.., { L~~l n:o) + L~1;J n)IC)} . ..,., 
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TABLE E.6-1a 

RADTRAN GENERAL INPUT DATA 

CH TRU 
SYMBOL PARAMETER TRUCK 

N a3 Number of crewmen 2 
N p1 Number of people exposed while stopped 50 
N p2 Number of people per vehicle 2 l;ioi 

't Time to catch up to TRUPACT (seconds) 2 

vi Speed (km/hr): 1 V3 Urban population zone 24 
V2 Suburban population zone 40 !'I!! 

v.1 Rural population zone 88 

di Population density, people/km2 

d3 Urban population zone 3861 
d2 Suburban population zone 

f>. 
719 

d1 Rural population zone 6 
ltll!ll 

r maxi r max (m): ~ 
r max 3 Urban populati one 800 
r max 2 Suburban pop at1 n zone 800 
r max, Rural population zone 800 

r mini r~ (m): 
r min 3 rban population zone 5 
r min 2 Suburban population zone 27 
r min, Rural population zone 27 

'"" 
N 25i One-way traffic count (vehicles/hr): 
N 25 3 Urban population zone 2800 
N 252 Suburban population zone 780 
N 25, Rural population zone 470 
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g, TABLE E.6-1b )( 

-- LIST OF RADTRAN PARAMETERS USED IN THIS STUDY )> 
::i 
Ill 
0 
:J" 
3 
~PARAMETER INEL RFP HANFO!W \ SAS LANL ORNL NTS ANL-E LLNL MOUND 
m 

L 
1 

(l)<Al (km) 

L,(l) (0) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

L,(l) (1) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 
L 12) 2433.6 1398.4 3363.2 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 tm 
L 131 2433.6 1398.4 3060.8 

~ 
548.8 2920.0 2057.6 3763.2 2332.8 3422.4 Im 

L,m 
(4) 2433.6 1398.4 3060.8 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

L 1 m<Al (km) 

L 1., 
(0) 0 0 0 0 0 0 0 0 0 0 

L 1 ., 
(1) 0 0 0 0 0 0 0 0 0 0 

'L (21 2433.6 1398.4 2433.6 0 0 0 0 0 0 0 ~ 1., 
c.n L (3) 2433.6 1398.4 3060.8 2536.0 ~ 

2536.0 0 2536.0 0 2536.0 1 ., 

L 1 ., 
(4) 2433.6 1398.4 3060.8 2536.0 2160.0 0 0 0 0 

L 0 .,<Ai (km) 

Lo"' 
(0) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

0 

L 0 IO 
(1) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 0 

Lo., 
(2) 

m 
0 0 929.6 2536.0 548.8 ~-0 2057.6 2219.2 2332.8 2355.2 ~ 

L (3) 0 0 0 0 548.8 .0 2057.6 1227.2 2332.8 886.4 =o 
01<1 -0 L 14) 0 0 0 0 0 0 2057.6 2219.2 2332.8 2355.2 ~ 0., 

6 

f 11 ., 
(A) 0 

:-I 

f 11 ., 
(0) 0 0 0 0 0 0 0 0 0 0 :D 

m 
f 11 ., 

(1) 0 0 0 0 0 0 

---\~ 
0 0 0 < 

(ii 

f 11 ., 
(2) 0.85 0.823 0.85 0 0 0 0 0 0 5 

f 11 ., 
(3) 0.85 0.823 0.857 0.743 0 0.743 0.743 0 0.743 z 

!" 
f 11 (I) 

(4) 0.85 0.823 0.857 0.743 0.901 0.786 0 0 0 0 )> 
-0 
:D 
;= 
~ 

co 
~ 
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(!) 
::> LIST OF RADTRAN PARAMETERS USED IN THIS STUDY a. 
)(" 

-- (CONTINUED) 
)> 
::i 
II> 
g. PARAMETER INEL RFP HANFORD SRS LANL ORNL NTS ANL-E LLNL MOUND 
3 
(!) 
::> 

(A) 
~ f 12., oD f 12., 

(0) 0 0 0 0 0 0 0 0 0 

f 12., 
(1) 0 0 0 0 0 0 0 0 0 0 

f 12., 
(2) 0.138 0.157 0.138 0 0 0 0 0 0 0 

f 12., 
(3) 0.138 0.157 0.134 0.251 0 0.251 0 0.251 0 0.251 

I 

f 12., 
(4) 0.138 0.157 0.134 0.251 0.099 0.207 0 0 0 0 

f 13 
(A) ~ 

f 13., 
(0) 0 0 0 0 0 0 0 0 0 0 

f 13., 
(1) 0 0 0 0 0 0 0 0 0 0 

.. f 13., 
(2) 0.012 0.02 0.012 0 0 0 0 0 0 0 

~ f (3) 
O> 13., 0.012 0.02 0.009 0.006 0 0.006 0 0.006 0 0.006 

f 13., 
(4) 0.012 0.02 0.009 0.006 

~ 
0.007 0 0 0 0 

f 01 ., 
(A) 

f 01 IO 
(0) 0.85 0.823 0.857 0.743 0.901 0.786 0.868 0.781 0.862 0.754 

f 01 ., 
(1) 0.85 0.823 0.857 0.743 0.901 0.786 0.868 0.781 0.862 0.754 

0 
0 

(2) m 
f 01 ., 0 0 0.852 0.743 0.901 0.786 0.868 0.781 0.862 0.754 ~ 
f 01 ., 

(3) 0 0 0 0 0.901 °'6\ 0.868 0.766 0.862 0.766 'ti .,, 
f 01 ., 

(4) 0 0 0 0 0 0 0.868 0.781 0.862 0.754 ~ 
b 
0 

f 02., 
(A) :-I 

:n 
f 02., 

(0) 0.138 0.157 0.134 0.251 0.099 0.207 0.112 0.218 0.101 0.241 m 
< 

f 02., 
(1) 0.138 0.157 0.134 0.251 0.099 0.207 

~ 
0.218 0.101 0.241 Cii 

0 
f 02., 

(2) 0 0 0.1284 0.251 0.099 0.207 2 0.218 0.101 0.241 z 
f 02., 

(3) 0 0 0 0 0.099 0.2293 1 0.2293 0.101 0.2293 !'> 
)> 

f 02., 
(4) 0 0 0 0 0 0 0.112 0.218 0.101 0.241 .,, 

~ 
r 
_. 
co 
~ 

,. ~ . ~ ~ 4 ~ ~ 

~ ? ~ •:!! !!': '!i !': -~ .. ~ ~ -~ ii> ~-~ if' _'! ~ ~- ~ ~ ~ ~ ~ ~ ~ !! ~ ~ !: ~ ~ '!!! i!!' ~ ~ ~ .. ,.; 
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TABLE E.6-1b g, 
)( 

:- LIST OF RADTRAN PARAMETERS USED IN THIS STUDY 
)> 
::i (CONTINUED) Ill 
:::r 
3 
(II 

;a PARAMETER INEL RFP HA~ SAS LANL ORNL NTS ANL-E LLNL MOUND 
m --

f 03., 
{).) 

f 03., 
(0) 0.012 0.02 0.009 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03., 
(1) 0.012 0.02 0.009 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03., 
(2) 0 0 O.Q196 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03"' 
(3) 0 0 0 

~ 0 0.0048 0.02 0.0048 0.037 0.0048 

f 03"' 
(4) 0 0 0 0 0 0.02 0.001 0.037 0.005 

f25j., 
{).) 

f 251 ll) 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

~ f 25 2"' 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
...... 

f 25 3 ll) 0.95 0.95 0.95 0.95 ~95 0.95 0.95 0.95 0.95 0.95 

g 251ro 

g 252ro 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
0 

g 253"' 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0 m 

\\ 
~ 

h 251 ro 
=ti 
-0 

h 25 2ro 0.05 Ul 
0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 ~ 

h 25 3"' 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 6 
0 _ ...... 

JJ 

f 21 ll) 0.194 0.365 0.148 0.126 0.099 0.011 0.004 0.001 0.046 0.007 m 
< en 
0 z 
_N 

)> 
-0 
JJ 
;= 
~ 

Ul 
~ 
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The form for the risk reduction factor is thus 

n 
nl(O) ~ f L(O) 

L 21 co tco 

p 21 PKA = 
C0=1 

n 

E f21 '° (L~~ ni 0> + Lj~ niic>) 
C0:1 

n 
~ f L(O) 
L 21 co tco 
COz1 = 

n 
~ f LP·> L().) 1 
L 21co Oro + 1co --
C0=1 F,IC 

v21 oo 

v21d. 

(E.6.2) 

The definition of the quantities V,, , , in the last part of the equation are need:r:or the error 
calculations. Assuming that the errors of the distances and the w~st fractions are much smaller 
than the error of the transport reduction factor, only the la r need be considered (see 
Attachment C, Equation C.1.26). The standard error of the risk duction factor for this case is 
then 

[ ~P21pic).]= ~Ff\ ~f L().l (E.6.3) ~L 21co ,.,. 
P21pic). V21 ic). Frie co=1 

The risk reduction factors for th qr treatment alternatives and the four location options are 
given in Table E.6-2. The value!t~~the risk reduction factors for Location Option 1 (TF at the 
WIPP) are equal@:1 because the transports are the same as those in the baseline case. For 
Level II treatme ts, there is an increase in this risk component; for Treatment 3, the risk 
component is ab constant, whereas for Treatment Option 4, there are modest risk reductions 
of factors 2 or 3. hese reductions, however, are applied to the largest baseline risk components 
and are thus of great importance. 

E.6.2.2 Risk Of Injuries 

The expression for Risk Component 22, evaluating the risk of traffic injuries in accidents involving 
the TRU PACT-II, is the same as Equation (E.6.1) except for the linear probability density for 
accident injuries, pi, that replaces the probability density pa for fatal accidents. The risk reduction 
factors are, therefore, the same and are given in Table E.6-1. The baseline risk component for 
traffic injuries, on the other hand, is given by the value taken from the FSEIS executive summary, 
divided by 20 to obtain a risk per year of operation, reduced to apply for CH-TRU waste only, and 
entered in Table E.6-2. 
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TABLE E.6-2 

RISK REDUCTION FACTORS AND BASELINE RISK 

OF TRAFFIC DEATHS AND INJURIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 21 p 11 1 
p"'"'{"'"' p 21 p 12 0.760 ± 0.048 

p 21 p 13 0.714 ± 0.057 

p 21 p 14 0.715 ± 0.058 

p 21 p 21 1 r 
p 21 p 22 0.720 ± 0.042 

p 21 p 23 0.666~48 
p 21 p 24 0.666 . 49 

p 21 p 31 1 

p 21 p 32 1.10 ± 0.17 

p 21 p 33 1.17 ± 0.26 

p,, 'D 1.18 ± 0.27 

p 21 p 41 

p 21 p 42 2.00 ± 0.06 

p 21 p 43 3.27 ± 0.21 

p 21 p 44 3.51 ± 0.25 

Annual Baseline Risks: 

R 21 P o o 0.2 FSEIS (U.S. DOE, 1990a), 

R 22 P o o 3 Table D.4.6, p. D-108 
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E.6.3 Cancer Risk From Routine Transportation Radiation Exposures 

E.6.3.1 Basic Considerations 

Incident-free radiological risks occur during routine transportation and are the result of public and 
occupational exposures to external radiation at allowable regulatory levels. These low doses will 
fall below natural background radiation levels (U.S. Department of Energy, 1990a,D.3.2.2, 
p. 0-62). 

The public may be exposed during stops, near the road taken by the TRUPACT-11 transport, or 
from travelling in the same or opposite direction from the transport. Routine occupational 
exposures result from external radiation from the transportation itself, during waste handling 
procedures and also exposures to warehouse personnel. The above-mentioned radiological 
exposures result from exposure to untreated waste. Even when the waste is treated, the source 
term (activity) will dictate the risk. It is assumed here that there is no shielding or;.y+r-attenuation 
of gamma radiation in either the treated or the untreated waste. I 
Due to the assumption that the total annual activity h.andled is in~endent of treatment, 

00 = qJ><) n~><) n,'><) = canst' r (E.6.4) 

where q 2'><, is the average activity per drum, n d~(><l ·s the number of drums in the TRUPACT-11 
container, and n i><' is the number of annual TRU A T-11 transports, and Q 0 is the total activity 
produced, handled, and emplaced in the WIPP in equilibrium situation. In essence, this is thus 
the same condition as the one expressed by Equation (E.1.5). Weight limitations are introduced 
in post-treatment transportation ~ transportation reduction factor. 

E.6.3.2 Cancer Risk To Public Jia~Road Taken by TRUPACT-11 Transports 

The public near ~oads travelled by the TRUPACT-11 transports is routinely exposed to the 
penetrating part f e radioactivity. The corresponding cancer and genetic risks are the two 
subcomponents f Risk Component 23. The symbols used in modeling this component are: 

q 2(><) = Total activity per drum (Bq}, 
n (><) 

d = Number of drums per TRUPACT-11 transport (3 TRUPACT-11 containers, 
42 drums), 

n (><) 
t Number of shipments per year (yr ·1), 

f 21"' Fraction of waste generated by originator (J), 

n = Number of originators, 
La., 

(1..) 
= Distance travelled as untreated waste from originator (J) (m), 

L1"' 
(A.) 

= Distance travelled as treated waste from originator (J) (m), 
Lt., 

(1..) 
= Total distance travelled for originator (J) and location option A. (m), 

<I> 23 = TRUPACT-ll's source shape function, 
Ka = Dose-Rate Conversion factor for point source (Sv s·1 sq·1 m2), 
vi = Transport speed in .area i (m s·1), 

fa i"' 
(1..) 

= Fraction of travel as untreated waste from originator (J) in area i, 
f (A.) 
1 iro = Fraction of travel as treated waste from originator (J) in area i, 
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d; = Population density in area i (m · 2 
), 

r ;, min = Minimum distance to TRUPACT-11 centerline (m}, 
r ;, max = Maximum distance to TRUPACT-11 centerline (m}, 
a , = Cancer risk factor (Sv ·1), 
Ci = Constant parts of equations, 
R 23 P id. = Annual cancer risk for transportation for treatment/location option k (yr·1), with 
Index for rural areas i = 1, 
Index for suburban areas i = 2, 
Index for urban areas i = 3, 

and the expression for this risk component is 

R = { q2( o l n ( o) n ( o l } K ct> 
23pKA d I O 23 a, 

~ f ~ d; In [ ri,max J [ f(A) L (A) 
L.J 21 ro £..J - -- 0100 Oro 
ro=i i=1 V; ri,min 

(A) (A)~] 
+ f, iro L, ~ JI. 

(E.6.5) 

Note that the source term is independent of treatment due to ~ation (E.6.4) and appears, 
therefore, in front of the sums. Thus, the risk scales according (':" 

n 3 d 
R23p1CA = C1 L f21 ro L - 1 

In 
Ol=1 ;.1 v, 

r, ax J [ f(A) L (A) f(A) L (A) ] 
Oiro Oro + 1100 1ro • 

ri,mln 

(E.6.6) 

and with the relationship r< 
L (A) + L (A) - L (A) (E.6.7) 

Oro 1ro - tro • 

arising from the Qitions of the quantities, as well as the fact that for the baseline case all travel 
is done with unt~d waste, the risk reduction factors are 

n 3 d. 
L f 21 ro L -' In 
ro=1 ;.1 V; 

ri,max 

ri,min 

(E.6.8) 

These risk reduction factors are independent of the treatment option K, but do depend explicitly 
on the location parameters A.. 

The uncertainty of the risk reduction factor arises mostly from the population densities d; and the 
speeds vi in the various areas i. The rest of the parameters are geometrical or based on waste 
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statistics and have much smaller standard errors. The uncertainties of the quantities di and vi 
enter both in numerator and denominator and thus tend to cancel in part. As the resulting 
uncertainty in these risk reduction factors is much smaller than those in others, they will not be 
evaluated in detail but set at a few percent. The errors are then estimated to be 

[ 
~P 23 P1CA) = 0.03. 

P23p1Ci.. 

(E.6.9) 

The risk reduction factors have to be assembled from the values for the ten originators OJ. They 
are given in Table E.6-3, with the values for the baseline risks from Table D.3.14 of the FSEIS 
(U.S. Department of Energy, 1990a). 

The numerical values for the risk reduction factors are about unity for all treatments. This is 
understandable, considering the fact that the same amount of radioactivity is b!e· ransported 
over slightly different routes, except for A. = 1 and 4, where the same routes result n a reduction 
factor of 1. The baseline risk of about 1 in three million for the public along th route is very 
small. 

E.6.3.3 Cancer Risk To Public During Stops 

During stops along the highway, the members~he public using the same facility as the 
TRUPACT-11 transport, are exposed to the penetr i part of the total activity. Their cancer risk 
is Risk Component 24, and with the definitions: 

q 2(1Cl = Total activity per~ (Bq), 
n d(lC) = Number of drum TRUPACT-11 transport, 
n /l(l = Number of shipm nts per year (yr ·1), 

n = N~ber of originators, 
f 21 ., = ac ion of waste generated by originator OJ, 

L 0 .,(A.) = is nee travelled as untreated waste from originator OJ (m), 
L, .,(A.) = 1stance travelled as treated waste from originator OJ (m}, 
L 1 .,(i..) = Total distance travelled for originator OJ and location option A. (m), 
Ls = Average distance between stops (m}, 
K 0 = Dose-Rate Conversion factor for point source (Sv s·1 sq·1 m2

), 

<I> 241 = Dosimetry function of r.m.s of inverse distance (m · 2), 

N P, = Average number of persons exposed at rest stops, 
~ts = Average time spent at rest stops (s}, 
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TABLE E.6-3 

RISK REDUCTION FACTORS FOR ROUTINE 
TRANSPORTATION EXPOSURES 

QUANTITY 

Risk Reduction Factors: 

p 23 p IC 1 

p 23 p IC 2 

p 23 plC3 

p 23 p IC4 

Annual Baseline Risks: 

R 23 pOO 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.0 ± 0.03 
0.94 ± 0.03 
0.99 ± 0.03 
1.0 ± 0.03 
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= Cancer risk factor (Sv-1
), 

= Constant parts of equations, and 
= Cancer risk for exposures at rest stops for option k = (K,A} per year of operation 

(yr-1), 

the cancer risk component is 

(E.6.10) 

As the terms in the first row are all independent of the treatment/location op~ and using 
Equation (E.6.7) the risk can be scaled as 'uTi::; 

n r p .. ) 
R24pid.. = c1 L f21ro L,(J) . 

ro=1 

The risk reduction coefficients are then again in~de endent of treatment 

(0) 
f21"' L,"' 

~,,, . ro=1 

n 
L ,21 (J) L:~) 
00=1 

with the standar&r 

(E.6.11) 

(E.6.12) 

(E.6.13) 

estimated again under the assumption that well known road and waste data are used in a way 
in which the uncertainties largely cancel. The numerical values of the parameters have been 
taken from the RAD TRAN II I code (Madsen et al., 1986) and are tabulated in Table E.6-1. Use 
of these parameters leads to the numerical values given in Table E.6-4. They lie very closely to 
1 as in Component 23, reflecting small changes in total route lengths. The baseline risk is 
relatively small. 

Appendix I, Attachment E 1-224 



,.,. 

, s~ 

, .. 

fyi 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE E.6-4 

RISK REDUCTION FACTORS FOR PUBLIC RISKS AT STOPS 
AND FOR SOME ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 24 p I( 1 1.00 ± 0.01 p 30 p 1( A. = p 24 p 1( A. 

p 24 p I( 2 0.98 ± 0.01 p 31 PK%24pd 
p 24 p K3 0.99 ± 0.01 p 32 p 1( A. p 24 p 1( A. 

p 24 p I( 4 1.00 ± 0.01 

Annual Baseline Risks: r 
R24 P oo 1.3-~0 

4

/) 
FSEIS (U.S. DOE, 1990a), 

Table D.3.14 

R 30 P oo Not available in U.S. DOE 1990a 

R 31 P oo r< Not available in U.S. DOE 1990a 

R 32 P oo Not available in U.S. DOE 1990a 

D 
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E.6.3.4 Cancer Risk To Public Due To Travelling In The Opposite Direction 

Drivers proceeding in the opposite direction of the TRUPACT-11 transport are exposed only 
shortly. This risk is Component 25, with the definitions, 

q /"·, = Total activity per drum (Bq}, 
n /rel = Number of drums per TRUPACT-11 transport, 
n /rel = Number of shipments per year (yr ·1), 
f 21 "' = Fraction of waste generated by originator ro, 
n = Number of originators, 
L 0 "''"l = Distance travelled as untreated waste from originator ro (m}, 
L 1 "',,,, = Distance travelled as treated waste from originator ro (m), 
L 1"'(A.l = Total distance travelled for originator ro and location option A. (m), 
K 0 = Dose-Rate Conversion factor for point source (Sv s·1 Bq-1 m2

), 

<I> 21 = TRUPACT-11 shape function, f 
vi = Transport speed in area i (m s·1

), 

f 0 i "''"l = Fraction of travel as untreated waste from originator ro in area i 
f, ; "''"l = Fraction of travel as treated waste from originator ro in area i, 
f 25 ;"' = Fraction of freeway travel, area i, originator ro.y 
g 25 ;"' = Fraction of rush hour travel, area i, originator , 
h 25 i"' = Fraction of city street travel, originator ro, 
x 1 = Minimum exposure distance ()nm 
N P 2 = Average number of persons in e ·c1e on TRUPACT-11 routes, 
N 251 = One way traffic count of vehicl in area i (s ·1), 

a, = Cancer risk fac~or sv-
1
), 

Ci = Constant parts uations, and 
R 25 P KA.= Annual cancer ri r transportation for treatment/location option k (yr"1

), with 
Index for rural areas i = 1, 
Index for s~ban areas i = 2, 
Index for u L/ areas i = 3, 

it can be written as 

R { (o) nd(oi n(o)} <I> K N a 1t 
25pKA. = q2 I 21 0 p2 1 2 

(E.6.14) 
0 3 

E '21"' E 
ro=1 i=1 

with the definitions of auxiliary functions 
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and 

and 

H2s1 ro = v 2 
1 

H 1 f [8 g 25 2U> 
252ID : - 252ID + 

x 1 v/ 
1 - g 25 2ID] 

v 2 
1 

1 [ 7 g 25V2

2

m
2 

+ 1 ] • + X ( 1 - g 25 2 ID ) 
2 

X 253ID 2 = _1 (1 - h )P"'· . 1 
2 2 

r 
- g253ID] 

v 2 
1 

- h253ID " r 1 [ 7 g253ID + 1 l 
X3 V32 

(E.6.15) 

(E.6.16) 

(E.6.17) 

These three aua' functions have the dimension (s2 m -3). Note that the source term is 
independent of ttlt~ent due to Equation (E.6.4) and so are the other factors on the first line of 
Equation (E.6.14). Thus the scaling property on this component is 

n 

R25p1c'I.. = c, L 
ID=1 

3 

'21ID L N25i[ t~7l L6:! + f,(7l Lj'J] H25iID' 
i=1 

and the risk reduction factors are given by 

n 3 

L f21mL N25J~~l L:~) H25iw 
ID=1 i=1 

P2spKA = --0-------3----------------------------~ 
.E '21ID .E N25i[ tJ7l L61;.; + f,(7l Li1;.;] H25iID 
W:1 i:1 

Appendix I, Attachment E 1-227 

(E.6.18) 

(E.6.19) 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

with standard errors of a few percent, 

(E.6.20) 

estimated again by assuming the partial compensation of the small uncertainties in road and 
vehicle density data. 

The risk reduction factors are independent of treatment, and have to be assembled from the 
parameter values for the ten originators co in Table E.6-1. They are given in Table E.6-5, together 
with their errors and the values for the baseline risks. Again, all values lie close to 1, reflecting 
the fact that the same activity is transported every year, regardless of treatment. 

E.6.3.5 Cancer Risk To Public Drivin In Same Direction As TRUPACT-11 Tran 

Longer exposure times occur for vehicles driving in the same direction as TRUPACT-11 
transport. This leads to Risk Component 26. Using the symbols 

q /rel = Total activity per drum (Sq), G 
n /rel = Number of drums per TRUPACT-11 transport, r 
f 21 co = Fraction of waste generated by r inator co, 
n 1("'l = Number of shipments per year~-1). 

L 0 co(Al = Distance travelled as untreate aste from originator co (m), 
L 1 co(A) = Distance trave~led treated waste from originator co (m), 
LI co(A) = Total distance lied for originator co and location option A. (m), 
<I> 23 = TRUPACT-11 s p function, 
K 0 = Dose-Rate Co ersion factor for point source (Sv s·1 sq·1 m2

), 

vi = ~nsport speed in area i (m s·
1
), 

f 0 i co(Al = Fr ction of travel as untreated waste from originator co in area i, 
f, i co(Al = E ction of travel as treated waste from originator co in area i, 
f 25 i co = Fraction of freeway travel, area i, originator co, 
g 251 co = Fraction of rush hour travel, area i, originator co, 
h 25 i co = Fraction of city street travel, originator co, 
x 1 = Minimum exposure distance (m}, 
a 1 = Cancer risk factor (Sv-1

), 

t = Average time (2 sec) needed for vehicle to close the distance to TRUPACT-11 

N p2 

N 251 

Ci 
R26 p "'A co 

transport (s), 
= Average number of persons in vehicle on the road, 
= One-way vehicle count in area i (s _,), 
= Constant parts of equations, and 
= Cancer risk for transportation for treatment/location option k and originator co per 

year of operation (yr-1
), with 
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TABLE E.6-5 

RISK REDUCTION FACTORS FOR PUBLIC RISKS DUE 
TO CARS TRAVELING IN THE OPPOSITE DIRECTION 

QUANTITY 

Risk Reduction Factors: 

p 25 p IC1 

p 25 p IC 2 

p 25 p IC 3 

p 25 p IC 4 

Annual Baseline Risks: 

R 25 P oo 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.0 ± 0.03 
0.97 ± 0.03 
0.99 ± 0.03 
1.0 ± 0.03 
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Index for rural areas 
Index for suburban areas 
Index for urban areas 

it can be written as 

i = 1, 
i = 2, 
i = 3, 

R = { Q2(0) nd(O) n,(O) f } K m N a 26p1<A0> 210> o'V23 p2 1 

3 

L [ tci7~ Lb:! + f,(;~ L~:!] (H26i0> + G26im} 1 

i=1 

with the auxiliary functions defined by 

N2s1 
H2s1m = v,3't , 

and 

H2s2m 
15 g 25 2 CJ) + 1 ] 

( 1 - f 25 2 CJ)) ' 

't v 3 

and D 
H2s3m = N253 r(1-h2s3m)(-1_6_g_2_s_3_m + 1-92s3m]+ (h253m) 

L 'tV23 'tV,3 

Both auxiliary functions H and G have the dimension [s m ·3 ] 

G 261 m = ~(-1 
- -

1 J, 2 v,2 x, 't v, 

and 
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G2s2ro = N {f [4g2s2ro(_1 -~J + 1 -g2s2ro (-1 __ 1 J] 252 2s2ro 2 X V: 2 2 X V't 
V2 2 2't V1 2 1 

(E.6.26) 

and 

G2s 3ro 

(E.6.27) 

Note that the source term is inde~ent of treatment due to Equation (E.6.16) and so are the 
other factors on the first line of Equation (E.6.23). Thus this risk scales as 

R,,,C) C, t. t,,. t [ 1:;~ L:',1 + t,'7~ L:'.1] ( H,,,. + G,,,.), 

(E.6.28) 

and the risk reduction factors are again independent of treatment 

(E.6.29) 
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with the standard errors estimated to be a few percent 

( 
dp26p1C)..m J: 0.04' 

P2s p1C)..m 

(E.6.30) 

based on the same assumptions as those in the preceding sections. The risk reduction factors 
which have to be assembled from the parameter values for the 1 O originators ro are given in 
Table E.6-6, together with the value for the baseline risks. All factors cluster around unity, as 
expected, and are applied to a very small baseline risk. 

E.6.3.6 Cancer Risk To Crew During Transport 

The persons constantly in the radiation field of the TRUPACT-11 containers are~embers of 
the transport crew. Their exposure leads to Risk Component 27 with two subco p nents, cancer 
and genetic effects. Using the symbols: 

q 2(1C) 

n (IC) 
d 

n M 
t 

n 
f 21 m 
f ()..) 

0 i m f ()..) 
i1 m 

L ()..) 
Om L ()..) 
, m 

L ()..) 
Im 

<I> 23 

Ko 
vi 
<I> 27, 

N a3 

a, 
Ci 
R 270 ICA 

= Total activity per drum (Bq), r 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr ·1), 
= Number of originators, 
= Fraction of waste generated b~inator ro, 
= Fraction of travel as untreated s e from originator ro in area i, 
= Fraction of travel as treated w ste from originator ro in area i, 

Distance travel~s untreated waste from originator ro (m), 
= Distance travel s treated waste from originator ro (m}, 
= Total distance avelled for originator ro and location option A. (m}, 
= ~UPACT-11 shape function, 
= o e-Rate Conversion factor (Sv s·1 sq·1 m2}. 
= T nsport speed in area i (m s ·1), 

= osimetry function (r.m.s inverse distance, i.e., m ·2), 

= Average number of crewmen aboard TRUPACT-11 transport, 
= Cancer risk factor (Sv-1

), 

= Constant parts of equations, and 
= Cancer risk for crew exposures during transport for option k per year of 

operation (yr ·1), with 
Index for rural areas i = 1, 
Index for suburban areas i = 2, 
Index for urban areas i = 3, 

the formula for this risk component is 
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TABLE E.6-6 

RISK REDUCTION FACTORS FOR PUBLIC DRIVING 
IN SAME DIRECTION AS TRUPACT-11 

QUANTITY 

Risk Reduction Factors: 

p 26pIC1 

p 26 p IC 2 

p 26 pd 

p 26 p1C4 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.00 ± 0.04 
0.96 ± 0.04 
0.99 ± 0.04 
1.0 ± 0.04 
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COMMENTS/REFERENCES 

( 
FSEIS (U.S. DOE, 1990a), 

Table D.3.14 
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R { (o) (o) (o)} K <I> N 
27od. = q2 nd n, 0 23<1>271 03 a, 

(E.6.31) 

As the factors in the first row are all independent of the treatment/location options, the risk can 
be rewritten to scale according to 

(E.6.32) 

The risk reduction coefficient is then again independent of the t~ent option selected 

Q 3 f (0) 

"f 0) "~ ~ 21"' ~ 
ro=1 i=1 V; 

L p .. i 
o"' L

p .. ) 
+ 1"' 

The standard errO estimated to be 

( 
~ P21od. l = 0.03 , 
P210 d. 

again under the assumptions made in the preceding sections. 

(E.6.33) 

(E.6.34) 

The numerical values of the risk reduction factors are given in Table E.6-7, together with baseline 
risks. They cluster around one, being applied to a rather small baseline risk. 
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TABLE E.6-7 

RISK REDUCTION FACTORS FOR CREW DURING TRANSPORT 

QUANTITY 

Risk Reduction Factors: 

p 27p1( 1 

p 27 p 1( 2 

p 27 p 1( 3 

p 27 p 1( 4 

Annual Baseline Risks: 

R 21 P o o 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.00 ± 0.03 
0.98 ± 0.03 
0.99 ± 0.03 
1.00 ± 0.03 

7.8. 10- 5 
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E.6.3.7 Cancer Risk To Waste Handlers 

In loading the TRUPACT-11 transport, the work crew will be exposed in various drum geometries 
according to a particular time-motion profile. The exposure of handlers during the unloading at 
the WIPP is accounted for in Component 4 for external radiation and Components 1 and 2 for 
internal exposure. Putting the treatment facility at the site of the originator or at the WIPP does 
not affect the total dose to the loaders of the TRUPACT-11 transport. Putting the facility 
somewhere in between, however, results in an additional loading and unloading operation. For 
the calculation of Risk Component 28, the symbols are: 

q2 
(IC) 

nd 
(IC) 

n M 
1 

nh 
f 21 (I) 

Ko 
Cl> 28 , 
Cl> 28 2 
Cl> (IC A,) 

28 3 (I) 

N o4 

~th 
a, 
C1 
R 28 0 ICA 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr ·1), 
Number of handling operations per shipment, 
Fraction of waste generated by originator ro, 1 
Dose-Rate Conversion factor for point source (Sv s_, Bq_, m2), 
Dosimetry function (r.m.s inverse distance, i.e., m -2), 
Time-averaged shape function of drum assemblies, 
Location factor for Treatment Plant r 
Average number of crewmen for the loading o RUPACT-11, 
Average handling time (s), 
Cancer risk factor (Sv-1), 
Constant parts of equations, an/\ 
Annual cancer risk for exposur~ring handling for option k (yr-1), 

the cancer risk per year of oper'ris 

R ,,,.

0
{ q~'' n~'' n\ 01

} K, <I>,., <I>,,,[~ t,,. <1>J;;~ ] n, 8 t, N,. a, . 

(E.6.35) 

The product of all factors in the source term is independent of the measuremenVlocation option 
due to Equation (E.6.4). Of the rest of the factors, only the sum is location dependent. Thus the 
scaling properties of the risk are 

n 

R28o!CA. = C, L f21 ro <1>~;~~ · 
(I):, 

(E.6.36) 

The values and standard errors for the function <I> 28 3 ro(KA.l are given in Tables D.3-9 and D.3-10. 
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The risk reduction factor is then both location and treatment dependent and is given by 

n 

E f (00) 
21 co <I>283co 

p 28oJC:I. "' 
co~, 

n 

E f. <t> (KA) 
21 co 283 co 

co., 

1 1 
"' -n 

v28 OICA 

E f <t> (d) 
21 co 283 co 

co=, 

(E.6.37) 

The simplification in the numerator arises from the fact that all <I> 28 3 00
(
0 0

l are equa1f{o 1, and that 
the sum of the fraction of the total waste is also equal to 1. Because <I> 283 "'!("1 ~ 1, the risk 
redu~tion factors smaller than 1, p 28 0 >CA~ 1, i.e., there is an increase in risk. Also, the standard 
error is small, arising only from the standard errors of the fractifn 28 3(.c :1.) 

( 
~ P 28 od ]

2 

,,, E [ f 21 co ~ <t>~~A.L . 
p,..,, ... '/)-.v,..,, 

(E.6.38) 

The risk reduction factors, calcuQd using data from Tables D.3-9 and D.3-10, are listed in 
Table E.6-8. Their values range f>~ a risk increase by 50 percent to a risk reduction by a factor 
of almost 4. The relative standard errors are small, ranging from 2 to 8 percent. 

The amount of time the warehouse crew is exposed is assumed to be a constant. During 
storage, a large number of drums at larger distances than during handling irradiate the warehouse 
crew. This leads to Risk Component 29, with one subcomponent. Using the notation 

q 2M = Total activity per drum (Bq), 
n d(oc) = Number of barrels per TRUPACT-11 container, 
n 1("l = Number of shipments per year (yr·1

), 

f 21 co = Fraction of waste generated by originator ro, 
n = Number of waste originators, 
~ts = Total storage time per shipment in baseline case (s), 
K 0 = Dose-Rate Conversion factor (Sv s·1 Bq·1 m2

), 
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TABLE E.6-8 

RISK REDUCTION FACTORS FOR WASTE HANDLERS 

QUANTITY 

Risk Reduction Factors: 

p 28 p 11 

p 28 p 12 

p 28 p 13 

p 28 p 14 

p 28 p 21 

p 28 p 22 

p 28 p 24 

p 28 p 24 

p 28 p 31 

p 28 p 32 

p 28 p 33 

p 28 p 34 

p 28 p 41 

p 28 p 42 

p 28 p 43 

P~,D 

Annual Baseline Risks: 

R 28 P oo 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1 
0.69 ± 0.025 
0.73 ± 0.029 
0.71 ± 0.029 

1 
0.65 ± 0.022 
0.68 ± 0.025 
0.66 ± 0.024 

1 

0.97±0.0~ 
1.14±0.1 
1.19 ± 0.1 

~ 1.65 
1
± 0.03 

2.51 ± 0.06 
3.61 ± 0.13 
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COMMENTS/REFERENCES 

Identical risk component 

Identical ri4mponent 

r Identical risk component 

Identical risk component 

Not given in FSEIS 
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= Geometry-dosimetry function (m-2
), 

Time extension function due to location and treatment, 
= Average number of personnel in warehouse, 
= Annual cancer risk factor (Sv _,}, 
= Constant parts of equations, and 
= Annual cancer risk for exposures during storage (yr_,}, 

the cancer risk per year of operation is 

R29oicA. = {qJ 0
l n~o) ni 0

l} Ka<l>291 (t f2100 <l>~~~loo]flts N~~l a,· 
00:1 

(E.6.39) 

The source term is independent of treatment due to Equation (E.6.4).4or different 
location/treatment options, only the quantities in the rounded brackets change. ,The risk can, 
therefore, be scaled as 

R,, 0 ., - C, ( ~ t,," 

The risk reduction factor can now be written as P.. 
P,, •• f< 1 

n 

E f <l>(id.) 
21 00 29 2 00 

00=1 

D 
with a standard error 

( Ap,, •• , r ( 
n f 21 00 E = 

p 29 OKA. 00=1 v290IC1.. 

,y,.(1d.) c 
'*' 29 2 00 J. 

-
V 29 old. 

r (ICA) 
fl <I> 29 2 00 • 

(E.6.40) 

(E.6.41) 

(E.6.42) 

The function <I> 29 2 00(1< A.) is modeled in Appendix I, Section 0.3.11 and its numerical values are 
given in Tables 0.3-11 and D.3-12. They range from unity up to risk reduction factors of 1.5, and 
down to values corresponding to risk increases by a factor of 4. The numerical values for the risk 
reduction factors are given in Table E.6-9. 
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TABLE E.6-9 

REDUCTION FACTORS FOR RISK TO WAREHOUSE PERSONNEL 

QUANTITY 

Risk Reduction Factors: 

p 29 p 11 

p 29 p 12 

p 29 p 13 

p 29 p 14 

p 29 p 21 

p 29 p 22 

p 29 p 24 

p 29 p 24 

p 29 p 31 

p 29 p 32 

p 29 p 33 

P29p34 

p 29 p 41 

p 29 p 42 

P29 P~ 
p 29 p~ 

Annual Baseline Risks: 

Appendix I, Attachment E 

VALUE ± STANDARD ERROR 

1 
1.04 ± 0.03 
1.31 ± 0.05 
1.39 ± 0.05 

1 
1.08 ± 0.024 
1.38 ± 0.044 
1.49 ± 0.052 

1 
o.78 ± o.oTI\ 
o.84 ±a.oft" r< 0.84 : 0.099 

0.31 ± 0.016 
0.26 ± 0.013 
0.24 ± 0.011 
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Identical to baseline 

Identical to baseline 

Identical to baseline 

Not available in FSEIS 
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E.6.4 Cancer Risks Due To Transportation Accident Exposures 

E.6.4.1 Basic Considerations 

The accidents discussed here are those considered in RADTRAN Ill. The amount of radioactive 
material released in an accident depends on the severity of the accident, the properties of the 
waste, and the characteristics of the shipping containment. The overall accident rate and the 
accident severity category are used to evaluate the risk. Accidents range in severity from 
categories one through eight (U.S. NRC, 1977b), defined by the crush force and fire duration of 
the accident. Nondispersal accidents are considered by using the source strength of penetrating 
external radiation only. External radiation is not assumed to attenuate in any structures between 
the center of the source and the exposed individual or population. Dispersal accident risks 
incorporate the resuspension and dissolution in addition to the source term's contribution to the 
risk. In this report, the probability of an accident is based on systemwide averages; the dispersal 
function is assumed to be a constant based on a systemwide average. 

E.6.4.2 Risks Due To Nondispersal Accidents 

E.6.4.2.1 Early Fatalities Due To Nondispersal Accidents ~ 

Nondispersal accidents are assumed to produce a closely di~ributed source of penetrating 
radiation at the accident site. For persons close by, this may lead to sizeable exposures to 
gammas and neutrons and in rare cases a pote~I for early health effects, such as radiation 
sickness (bone marrow syndrome). The dose-e function for fatalities is sigmoidal and can 
be described by a Weibull function (Scott et a., 1988). Due to the high doses required, the 
probabilities of these effects occ~g are very low, resulting in a very small risk. This is Risk 
Component 30 with one subcomr"ent, and with the symbols 

p "d = Linear probability density of a nondispersive accident (m ·1), 

q 2(K) =~al activity per drum.(Bq), 
n /re) = N mber of drums per TRUPACT-11 transport, 
n tl = umber of shipments per year (yr-1

), 

L 0 "'p .. ) = Distance traveled with untreated waste from originator co (m), 
L 1 "'p .. ) = Distance traveled with treated waste from originator co (m), 
L 100(A) = Total distance travelled by waste from originator co (m), 
n = Number of originators co, 
f 21 "' = Fraction of total waste from originator co, 
<I> 30 1 = Average geometry function due to released and enclosed activity, 
<I> 30 2 = Dosimetry-effect function (nonlinear) for all exposed persons (Bq ·1), 

C i = Constant parts of equations, and 
R 30 PI( A = Risk of bone-marrow lethality for exposures during accidents per year of 

operation (yr-1
), 
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La(J) (A.) 

L1 (J) (A.) 

L,(J) (A.) 

n 
f 21 (J) 
<l>301 
ct> 311 
C1 

= 
= 
= 
= 
= 
= 
= 
= 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Total distance travelled by waste from originator ro (m), 
Number of originators ro, 
Fraction of total waste from originator ro, 
Average geometry function for activity after accident, 
Dosimetry-effect function (nonlinear} for all exposed persons (Bq ·1), 
Constant parts of equations, and 

R31 p!CA. = Risk of bone-marrow lethality for exposures during accidents per year of 
operation (yr·1), 

and again applying Equation (E.6.4), the risk component is 

1 (E.6.47) 

With regard to a dependence on the alternative f'l.(K,')..), the risk can be scaled as 

R 31 pKA. = C1 ~f21 (J) L)~, (E.6.48) 

which is the same as the risks fo~mponent 2;~' The reduction factors are then also the same 

D p31pK'A. = Ol=1 -n----- = P24p1CA. • 

~ f L("') 
L..J 21 (J) !Ol 

(E.6.49) 

with the same standard errors 

(E.6.50) 

Thus the values given in Table E.6-4 apply here as well. 

E.6.4.2.3 Delayed Health Effects Due To Nondispersal Accidents 

The delayed effects of radiation exposure are mainly cancer and genetic damage. Again, the 
same calculation is made, except that the dose-effect calculation is made differently in that the 
conservative, no-threshold linear model is used for both effects. The Risk Component 32 thus 
has two sub-components, and with the symbols 
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and applying Equation (E.1.5), it can be estimated from the expression 

R {q(oi n(o) n<oi} P 
30p1C:I. = 2 d t nd 

(E.6.43) 

With regard to a dependence on the alternative k = (ic,A.), the top row of Equation (E.6.43) is 
constant and so are the last two factors. The risk scales as 

n 

R30p1CA = c1 L ,21 <0 L :~ (E.6.44) 
<0=1 

The reduction factors are then the same as those for Component 24, 

n r ~ f L(O) 

L..,, 21 "' '"' 
<0=1 

P3op1C:I. = n = P24p1C:I. • (E.6.45) 

b '"·/!'-
with the same standard errors r< 

Ap30pKA = Ap24pK:I.. (E.6.46) 

Thus the numer9values have already been assembled in Table 
baseline risk. ~ 

E.6-4, together with the 

E.6.4.2.2 Early Morbidity Due To Nondispersal Accidents 

Another early effect of a high dose exposure is radiation sickness with a nonfatal outcome. Other 
effects of this type are radiation pneumonitis, damage to the gastrointestinal tract, hair loss, 
sterility in males, and the appearance of nodules in the thyroids in the intermediate term. Clearly, 
the same calculation can be made, except that the dose-effect function used is different. As dose 
increases, it rises, peaks, and decreases again. That decrease is due to the increase in fatalities 
at higher doses. Again, the doses required are high and the risks, therefore, very low. This 
nonfatal outcome results in Risk Component 31 with one subcomponent, and with the symbols 

P n d 

qt') 
n (IC) 

d 
n (IC) 

t 

= Linear probability density of a nondispersive accident (m ·1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr ·1), 

Appendix I, Attachment E 1-242 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

P nd L (A) 
Oro L (A) 
1 (I) L (A) 
too 

n 
q2 

(1<) 

nd 
(1<) 

n M 
t 

f 21 (I) 

<I> 30 1 

<I> 32 1 
a1 
Ci 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Linear probability density of a nondispersive accident (m -1), 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Total distance travelled by waste from originator ro (m), 
Number of originators ro, 
Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr-1), 
Fraction of total waste from originator ro, 
Average geometry function for activity after accident, 
Dosimetry-effect function for all exposed persons (Sv sq ·1), 

Cancer risk coefficient (Sv-1), 
Constant parts of equations, and 

R32p1<A = Annual cancer risk for exposures during nondispersal accidents (yr ·1), 

and still using Equation (E.6.4), the risk component is 1 
R {q(I<) nM n(I<)} p 

3 2 p KA = 2 d I nd 

(E.6.51) 

Again, this risk scales as 

~'" = C, t f,, • L:~ , 
00=1 

(E.6.52) 

which is the sa~ Equations (E.6.44) and ~E.6.48). The reduction factors are then again 

v P 32 pd - P 24 pd • (E.6.53) 

with the same standard errors 

(E.6.54) 

These values are tabulated in Table E.6-4 together with the baseline risk. 

E.6.4.3 Risks Due To Dispersal Accidents 

E.6.4.3.1 Risk Of Early Fatalities Due To Inhalation 

The FSEIS (U.S. Department of Energy, 1990a) considers accidents with a breach of 
containment, suspension, and atmospheric dispersion of a mixture of radioisotopes, leading to 
inhalation exposures. This puts mainly the lung, but also other organs at risk. Again, the 
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calculations made are similar to those in the preceding sections. The Risk Component 33 for 
early fatalities has one subcomponent, using the symbols 

= Linear probability density of a dispersive accident (m -1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr-1

), 

= Distance traveled with untreated waste from originator ro (m), 
= Distance traveled with treated waste from originator ro (m), 
= Total distance travelled by waste from originator ro (m), 
= Number of originators ro, 
= Fraction of total waste from originator ro, 
= Fraction of activity suspended in average (systemwide) accident, 
= Fraction of airborne particles in inhalable form, 
= Reduction factor for suspension in inhalable form due to treatie K, 

= Fraction of airborne particles deposited in lung, 
= Dosimetry-effect function for fatal effects in exposed persons ( ·1), 

= Cancer risk coefficient (Sv-1
), 

= Risk of early fatalities for exposures during di sal accidents per year of 
=. Constant parts of equations, and f 

operation (yr ·1), 

and again applying Equation (E.6.4), is given by f\ 
{ 

(0) (0) (O)} r 
R 33 P x:A. = q 2 n d n 1 Pd 

( ~ f ~[ (A) (0) 
~ 21., Lo., f331 

(E.6.55) 

D 
'

(o) L (Al f(IC) f(IC) ] J f ""' a1 • 
332 + 1 (J) 331 332 333 '1'331 

With regard to a dependence on the alternative k = (K,A.), the risk can be split into a constant and 
a variable part. The constant part consists of the first row and the last three factors. This risk 
component thus has the scaling property 

n 
R33px:'/.. = c1 E '21., [ L~A~ <l>;~i+ L;'l<l>;~, ] . (E.6.56) 

ro=1 

with the suspendability factor 

ti.. (IC) f (IC) f (IC) 
'I' 33 - 33 1 33 2 • 

(E.6.57) 
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Using the definition of the reduction factor 

"'(0) 
'I' 33 

- -;;:-TKl ' 
'I' 33 

(E.6.58) 

for the reduction in suspendability of waste in inhalable form, in the average TRUPACT-11 accident 
with breach of containment, the reduction factors are given by 

'1 

E ,21 oo L)~) 

'1 L (A) 
~ f L(A) 100 
L.J 21 oo 0 Ii) + s 
OOz1 331< ~ 

00=1 
---------~ - ...,....,...--

v33d. 

(E.6.59) 

The standard errors are given by the relatively large errors of the factors S 33 1C anJ the relatively 
small errors of the road lengths and waste fractions; the latter are estimated at about two percent. 
Thus the errors are . r 

[ t, t,,. L\'' ' ( ~S331C )2 + (0.02)2. 

v331CA s3 s331C 
( 
~ p 33 p 1CA ) 

2 

= 
p 33pKA. 

(E.6.60) 

The first term with the large fa~ 33 1C in the denominator will usually be smaller than the 
second, even for large relative e of S 33 1C. The risk reduction factors do depend on K and A. 
and their values are given in Tabl E.6-1 O. Inspection shows that the variability of the factors with 
the treatment a~ter ative K is minute. Table E.6-10, therefore, shows only the variability with 
location, which e from 1 to about 15 with relative errors of 2 percent. 

E.6.4.3.2 Risk Early Morbidity Due To Inhalation 

All individuals that are exposed to a dose higher than the effect threshold but exhibit and survive 
the acute syndrome fall into the class of nonfatal early health effects. For this risk, the 
calculations are similar to those in the preceding section. Risk Component 34 for early nonfatal 
health effects has one subcomponent, using the symbols 

= Linear probability density of a dispersive accident (m -1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr-1

), 

= Distance traveled with untreated waste from originator w (m), 
= Distance traveled with treated waste from originator w (m), 
= Number of originators w, 
= Fraction of total waste from originator w, 
= Fraction of activity released in average accident (systemwide), 
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Fraction of airborne particles in inhalable form, 
Dosimetry-effect function (nonfatal effects for exposed persons) (Bq-1

), 

Cancer risk coefficient (Sv -1), 

Constant parts of equations, and 
Annual risk of early fatalities for exposures during dispersal accidents (yr-1

), 

and again applying Equations (E.6.4) and definition (E.6.57), is given by 

(E.6.61) 

With regard to a dependence on the alternative k =(<,A), the risk can be split intoionstant and 
a variable part, yielding the scaling law 

(E.6.62) 

which is the same as the equations in the preced~ section for R 33 P JCA.· 

are thus given in Table E.6-10, together with the ~line risk. 
The reduction factors 

E.6.4.3.3 Risk Of Dela ed Healt ects Due To Inhalation 

The inhalation of both the direct! transmitted and the resuspended airborne particles contribute 
to the long-term exposure. With cancer and genetic effects as delayed action endpoints, Risk 
Component 35 h~o subcomponents. The risks of incurring these consequences, using the 
symbols V 

Pd L ,,,, 
Oro L ,,,, 
1 (J) 

n 
q2 

(IC) 

nd (IC) 

n (IC) 
I 

f 21 (J) 

f (IC) 
331 

f 33 2 
(IC) 

<t> 35 1 

a1 

R 35 p KA. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Linear probability density of a dispersive accident (m -1), 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Number of originators ro, 
Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr-1

), 

Fraction of total waste from originator ro, 
Fraction of activity released in average accident (systemwide), 
Fraction of airborne particles in inhalable form, 
Dosimetry function for all exposed persons (Sv Bq -1), 

Cancer risk coefficient (Sv -1), 

Annual cancer risk for inhalation exposures during dispersal accidents (yr-1
), 
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TABLE E.6-10 

RISK REDUCTION FACTORS AND BASELINE RISKS 
FOR COMPONENTS 

QUANTITY 

Risk Reduction Factors: 

p 33 p I(, 

p 33 p I( 2 

p 33 p JC3 

p 33 p K4 

Annual Baseline Risks: 

R33 P oo 

R 34 P oo 

R3s P oo 

R3s P oo 

R31p~ 
R39 P v 
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VALUE± STANDARD ERROR 

1 
2.94 ± 0 
10.8 ± 0 
14.7 ± 0 
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COMMENTS/REFERENCES 

p 34 p id. :r:-p p id .. 
p 35 p 1( A. 33 p 1( A. 

P36pKA.= 33pKA. 

p 37 p 1( A. = p 33 p 1( A. 

p 39 p 1( A. = p 33 p 1( A. 

Not available in FSEIS 
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and again applying Equation (E.6.4), is given by 

[ 
~ f [ L (A.) f(O) f(O) L (:!.) f(IC) f(IC) ] J rn 
~ 21 ro Oro 331 332 + 1 ro 331 332 '*'351 81 • 

(E.6.63) 

which again leads to cancer risk reduction factors and errors given in Table E.6-10. 

E.6.4.3.4 Risks Of Delayed Health Effects Due To Cloudshine 

This is a direct external exposure from a passing cloud of radioactive suspended particles. With 
cancer and genetic effects as delayed action endpoints, Risk Component 36 ~ two sub-
components. The risks of these consequences, using the symbols I 

pd = Linear probability density of a dispersive accident (m -1), 

q /"") = Total activity per drum (Bq), r 
n d(IC) = Number of drums per TRUPACT-11 transport, 
n t"1 = Number of shipments per year (yr-1

), 

L 0 ro(A.) = Distance traveled with untreated~te from originator co (m), 
L 1 }.,.

1 = Distance traveled with treated w from originator co (m), 
n = Number of originators co, 
f 21 (I) = Fraction of total waste from originator co, 
f 33 1 (K) = Fraction of acti~vleased in average accident (systemwide), 
f 33 2M = Fraction of airb particles in inhalable form, 
<I> 36 1 = Cloudshine dosi etry function for all exposed persons (Sv Bq-1

), 

a 1 = ~cer risk coefficient (Sv -1 
), 

R 36 P IC,, = cer risk for exposures during dispersal accidents per year of operation 
1 ), 

and again applying Equation (E.6.4), is given by 

(E.6.64) 

This equation has the same basic structure as Equation (E.6.63), except for the factors f 33 2(
01 and 

f 33 2(K), respectively. The fraction of the suspended particles which is in inhalable form is assumed 
to be independent of the treatment K. Thus the terms in the sum in Equation (E.6.64) can be 
multiplied by f 332(

01 andf 332(Kl, respectively, and this again leads to the same cancer risk reduction 
factors as in the last section and errors given in Table E.6-10. 
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E.6.4.3.5 Risks Of Delayed Health Effects Due To Groundshine 

Eventually, all the activity suspended in the accident is again deposited, leading to a surface 
contamination of the ground. The assumption is made here that this surface contamination level 
is proportional to the released radioactivity, i.e., the source term. The direct exposure to 
penetrating radiation from the fallout leads to Risk Component 37 with two sub-components. 
Using the symbols 

pd = Linear probability density of a dispersive accident (m ·1), 
L 0 II)(;.) = Distance traveled with untreated waste from originator ro (m), 
L 1 II)(;.) = Distance traveled with treated waste from originator ro (m), 
L 1 II)(;.) = Total distance travelled by waste from originator ro (m), 
n = Number of originators ro, 

q /'') = Total activity per drum (Bq), 
n /"'l = Number of drums per TRUPACT-11 transport, 1 
n t"') = Number of shipments per year (yr-1

), 

f 21 II) = Fraction of total waste from originator ro, 

f 33 2(K) = Fraction of activity released and suspended in · alable form, 
<I> 371 = Deposition function over exposure area (m ·2 

), • 

f 331 (K) = Fraction of activity released in average accideet ( ¥Stemwide), 

<I> 37 2 = Groundshine dosimetry function for all expose persons (Sv Bq ·1 m 2), 

a 1 = Cancer risk coefficient (Sv ·1), ~~ 
R 37 pic;. = Annual cancer risk for exposuryring dispersal accidents (yr-1

), 

and again applying Equation (E.f<64 the risk is is given by 

R { (0) (0)} 
37pd = q2 d n1 Pd 

D 
(E.6.65) 

<1>311 <1>312 a1 • 

With the general assumption that the particle size spectrum does not change with treatment, the 
quantity f 33 1 (ic) can be multiplied with the spectrum dependent factor f 33 2(ic) for the calculation of 
the risk reduction factors. According to Equation (E.6.57) this is equal to <I> 33("->. This brings 
Equation (E.6.65) into line with all the other risk equations for dispersal accidents, and the risk 
reduction factors and their errors are given in Table E.6-10. 

E.6.5 Risk Of Monetary Losses Due To Decontamination Procedures 

The largest potential financial losses treated in the RADTRAN code, but not in the FSEIS, are 
decontamination costs incurred in a dispersal accident. The assumption is made here that the 
only quantities sensitive to the treatment/location option are the accident probability and the 
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source term. The risk is assumed to be linearly dependent on these parameters. While, for the 
general assumptions used here this is evident for the accident probability, it does not necessarily 
hold for the source term and the contamination caused by the accident. Assuming that the areas 
and number of people requiring a particular action scale with the quantity released, the financial 
Risk Component 39, with the symbols 

pd = Linear probability density of a dispersive accident (m -1), 

L 0 ,} .. l = Distance traveled with untreated waste from originator ro (m), 
L 1 ror/..l = Distance traveled with treated waste from originator ro (m), 
L 1 (J)(A) = Total distance travelled by waste from originator ro (m), 
n = Number of originators ro, 
q /ICl = Total activity per drum (Bq), 
n /IC) = Number of drums per TRUPACT-11 transport, 
n ilC) = Number of shipments per year (yr·1

), 

f 21 ro = Fraction of total waste from originator ro, f 
f 33 1 (IC) = Fraction of activity suspended in average accident (systemwid ) 
<I> 37 , Deposition function over exposure area (m -2), 

<I> 39 2 Cost function for all persons and areas contaminated ($ Bq ·1 m 2), 

R 39 P IC,_ = Cost of decontamination incurred in dispersal ~ents ($ yr ·1), 

and again applying Equation (E.6.4), is given by r 
R,,,., • { q;'' n)0

' n) 0
'} p, p. 

(x:J [ L(A.) f(O) L(A.) '(IC)] J !:f '\1 ro Oro 331 + 1 ro 331 <1>371 <1>392 • 

(E.6.66) 

The variability of ~ors with alternative allows the risk component to be written as 

R39p1<1.. = C1 (t f 2 3ro [ L~i..l f~~l, + Lji..l t~;),] J, 
(J)z1 

(E.6.67) 

with the general assumption that the particle size spectrum does not change with treatment, the 
quantity f 331 M can again be multiplied with the spectrum dependent factor f33 2M for the calculation 
of the risk reduction factors, making Equation (E.6.67), the risk reduction factors and their errors, 
the same as those in the preceding sections which are listed in Table E.6-10. 
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E.7 LATE OCCURRING RISKS 

E. 7 .1 Basic Considerations 

For post-closure effects due to the presence of the repository, transportation options are irrelevant 
and the otpions are distinguished only by the treatment, i.e., k = (K, A.0 ). For the risk calculations, 
it is assumed that the total activity in the repository is independent of the waste treatment. The 
activity concentration in the repository is then given by 

where the four quantities are given by 

= Activity concentration in repository (Bq m-3
), 

= Total activity in repository (Bq), 
= Footprint of wastes in repository (m2

), 

= Height of wastes in repository panel (m). 

(E.7.1) 

In addition, the ratio of the footprints for differen(\eatment options is related to the volume 
reduction factor F v IC due to the treatment of the rs by 

F =~. 
VIC (IC) 

Ao 

With the symbols(') 

P 1 iM = Kbability of a drill hole i through the wastes in scenario i, and 
a i = Probability density of type i drill hole in region of WIPP (m-2

), 

the probability of drilling a borehole through the wastes is 

and the product 

P (IC) A(ICl 
1; = a; o • 

dJICl P 1(7l = cr;h 00 = const . 
0 

(E.7.2) 

(E.7.3) 

(E.7.4) 

is a constant, assuming that the height h 0 of the waste in the repository does not change due 

111~ 

llii 

to treatment, i.e., remains at a stack height of three drums. r·~ 
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In drilling operations according to scenario i, the activity {Q ilC)} is brought to the surface. With 
its gamma component, it irradiates the drilling crew over the short term. The corresponding risk 
is, in the general terms of Equation (E.7.1 }, only treatment option-dependent through the source 
term Q i(IC). In this evaluation, it will be assumed that, for treated wastes, the mobilization is 
restricted to the drill hole, and is not changed thereafter until the hole is plugged. The activity 
brought to the surface is the same for each drill hole in each of the three intrusion scenarios. 

Similarly, after the pond for the drilling mud has dried out, wind erosion will lead to a very low 
public inhalation risk, which is again only treatment option-dependent through the same source 
term according to Equation (E.7.2). Thus the public inhalation risk is subject to reduction factors 
which are identical to those of the occupational risks. 

In the risk through the contamination of stock well water and, therefore, beef, the mobilization of 
the activity in the repository and its transport to the Culebra must be accounted !fFrom there 
to the stockwell, the activity transport is assumed to be linear in the source term at the drill hole. 
In the combined human intrusion Scenario E1 E2, contaminations in groundwater an air can arise 
from different source locations. It is assumed here, that theser es superpose linearly. This 
is particularly important in the groundwater contamination in the C ra, as the water that carries 
the contamination also may carry salt at elevated concentration 

E.7.2 Post-Closure Occu ational Radiation Risk 

Scenario E1 

In this scenario, a hole is drilled hr gh the wastes and continued down into a portion of the 
Castile Formation containing a pressurized brine reservoir. The risk arises from direct external 
exposure to activvtt.ought up in the drilling mud and the brine flowing to the surface. In addition 
to the waste in e orehole, the drilling mud, and the brine will dissolve some of the waste 
around the bore e. 

The mobilized material consists of drill cuttings but also includes material adjacent to the hole that 
becomes available for transport through processes such as dissolution or entrainment. The 
amount of the material in addition to drill cuttings depends upon the waste form and fluid flow 
environment. Cemented or vitrified waste will contribute less additional material than will a loose 
and unconsolidated waste form. 

A two-step process is considered in this analysis: (1) a quantity of waste is "mobilized" in the 
vicinity of the hole penetrating the waste horizon, and (2) the mobilized quantity is transported to 
the surface. At any moment, the accumulated activity brought to the surface serves as source 
term for direct irradiation of the crew by penetrating gamma radiation. The assumption made 
here is that the increase in activity, and thus in the dose rate, is linear with time. The average 
surface activity and dose rate over the time interval of changing dose rate is, therefore, equal to 
the ultimately accumulated value for half the time it takes to drill through the waste. Afterward, 
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the entire activity mobilized contributes to the dose to the drill crew. Any members of the public 
are assumed to be far enough away to incur only exposures that lie far below cosmic and 
terrestrial background. 

Risk Component 40 then has two subcomponents, and with the symbols 

P11 
(IC) 

p 13 
<I> 40 1 

(IC) 

= 
= 
= 

Probability of a drill hole through the waste and into the Castile Formation, 
Probability of hitting a brine reservoir in Castile Formation in area of WIPP, 
Time average of total activity mobilized in scenario E 1 (Bq), 

<I> 40 2 
(IC) 

<I> 40 3 
(IC) 

a1 
Ci 
R400ICA 

= 

= 
= 
= 

= 

Transport function to surface, 
Global exposure function for drilling crew (Sv Bq ·1), 
Cancer risk coefficient (Sv-1), 
Constant parts of equations, and 
Cancer risk of an E1 drilling operation, 1 

the occupational cancer risk of an E1 drilling scenario is 

R [p (IC) p ] { (IC) m.(IC) } m.(~ 
400ICA = 11 13 <1>401 '¥402 'V4r a1 

(E.7.5) 

With no factor outside the source term and the prob~ity being treatment option-dependent, only 
the footprint A 0M in P 11 (IC) [see equation (E.7.3rf<r?d <1>40 1 (IC) change with treatment options, 
because the transport function to~h surface is assumed to be treatment independent. The 
scaling of the risk can then be wri as 

R = c A (IC) <I> (IC) (E.7.6) 40 o IC A 1 0 40 1 • 

and the risk redue factors are 

P4oo""- = 
A (0) m. (0) 

0 'V 401 

A (IC) mo (IC) 
0 'V 40 1 

= F VIC FaK ' 

where the ratio of total mobilized activities is defined by 

FalC = 
m. (0) 
'V 401 
mo (IC) 
'V 40, 

(E. 7.7) 

(E.7.8) 

Numerical values and errors estimated for the reduction factor for mobilized activities are given 
in Table D.5-1 of Attachment D. The standard errors of the risk reduction factors are 
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(E.7.9) 

The risk reduction factors for an E 1 scenario are listed in Table E. 7-1. They are grouped around 
a value of 5 but are applied to an exceedingly small baseline risk. 

E.7.2.2 Risk Of Drilling Operations In Scenario E2 

In this scenario, a borehole is drilled into or through the waste without also penetrating a 
pressurized brine reservoir. Waste from the hole itself and dissolution of waste in regions 
adjacent to the hole again leads to a mobilized activity brought to the surface. Using the same 
assumptions as in the preceding section, this leads to a model for Risk Compon~ 1 with two 
subcomponents. With the symbols I 

P 12(Kl Probability of drill hole into or through repository, no brine, 
Cl> 41 1 (Kl = Time average of total activity mobilized in scen~E2 (Sq), 
<I> 41 2(Kl = Transport function to surface in scenario E2, 
<1> 413(Kl = Global exposure function for crew in E2 scenaro (Sv Sq ·1), 

a 1 = Cancer risk coefficient (Sv ·1), ~ 
C i = Constant parts of equations, an 
R 41 0 K ,_ = Cancer risk from direct exposur in an E2 drilling operation, 

this risk component is r< 
R [ P (K)] {<l>(K) <l>(K) } ,y.,.(K) a (E.7.1Q) 

410KA. = 12 411 412 'V413 1 • 

With Equation (EQ and the fact that <I>., ,"1 is assumed to be constant and the factors outside 
the source term and probability (in brackets) do not depend on the alternative, the risk can again 
be scaled as 

R C A (K) <l>(K) 
41 OKA. = 1 0 41 1 • 

(E.7.11) 

Again, reduction ratios can be defined for the mobilized activities which are the same as those 
in Scenario E 1, due to the assumptions made in Sections 0.5.1 and E. 7 .1, 

<I> (0) 

411 = F . 
(K) a IC 

<I> 41 1 

(E.7.12) 
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TABLE E.7-1 

RISK REDUCTION FOR HUMAN INTRUSION SCENARIO E1 

QUANTITY 

Risk Reduction Factors: 

p 40 o H 

p 40 0 2;, 

p 40 0 3;, 

p 40 0 4;, 

Annual Baseline Risks: 

R 41 o o o 

R 43 o o o 

R43ooo 

D 
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VALUE± STANDARD ERROR 

4.7 ± 0.7 
4.8 ± 0.7 
5.3 ± 1.4 
4.5 ± 0.7 

1-256 

COMMENTS/REFERENCES 

p 41 0 1( i.. = p 40 0 1( i.. 

p 43 p 1( i.. ~ 40 0 1( i.. 

p 44pKi.. =rP40oKi.. 

FSEIS (U.S. DOE 1990a), 
Table 5.61 

Not available in DOE 1990a 
Not available in DOE 1990a 
Not available in DOE 1990a 

11~1 

fl'! 
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Numerical values for these reduction ratios are listed in Attachment D, Table D.5-1, together with 
their standard errors. The risk reduction factors are then given by 

p 41 OKA. : 

A (O) ,,.y,.(O) 
0 'V41 1 

A (K) .;t;.(K) 
0 .... 411 

= F VK Fa" ' (E.7.13) 

with the standard error 

(E.7.14) 

The numerical values are thus the same as those given in Table E.7-1. 

E.7.2.3 Risk Of Drilling Operations In Scenario E1 E2 

Scenario E1 E2 consists of a sequence of an E1 and an E2 see~· . The first drilling leads to 
an E 1 contribution to the risk which is equal to the com nt R 40 0 " ._ discussed in 
Section E.7.2.1 and thus leads to the risk reduction factors given n Table E.7-2. In addition, this 
scenario implies drilling into a pressurized reposit~in the E2 part, and results in the additional 
Risk Component 42. The respository consists of g t panels and a central zone, each of which 
is sealed. Therefore, Scenario E1 E2 requires the 1 and E2 events to occur at least in the same 
sealed waste zone. Further, the c~quence of Scenario E1 E2 depends upon the time proximity 
and distance proximity of the tw les. E1 E2 can involve a pressure gradient that causes 
collection and entrainment of lar er quantities of material than does E1. Thus, the scenario 
depends not only upon the drilling of two holes, but also depends upon an interaction function 
between the two (oi)s. Using the symbols 

P 11 (K) = ~bability of first drill hole into repository and into the Castile Formation, 
P 13 Probability of drilling into a brine reservoir in the Castile Formation, 
P 1/"·l = Probability of drill hole into or through repository, 
ct>421 (K) = Time average of total activity mobilized in E2 part of scenario (Sq), 
<1>42 2(") = Interaction function between the two drill holes, 
<1>42 3(") = Transport function to surface in E2 part of scenario, 
<1>424(") = Global exposure function for crew in E2 part of the scenario (Sv sq ·1), 

a 1 = Cancer risk coefficient (Sv ·1), 
Ci = Constant parts of equations, and 
R 42 0 

d = Cancer risk from direct irradiation in the E2 part of an E 1 E2 drilling scenario, 
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TABLE E.7-2 

RISK REDUCTION FACTORS FOR DRILLING CREW IN SCENARIO E1 E2 

QUANTITY 

Risk Reduction Factors: 

p 42 p 1"' 

p 42 p 2"' 

p 42 p3"' 

p 42 p4"' 

Annual Baseline Risks: 

R 45 po a 

D 
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VALUE± STANDARD ERROR 

5.6 ± 1.2 
5.7 ± 1.2 
11.6 ± 5.4 
41.5 ± 9.5 

3.10-• p. 

1-258 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE 1990a), 
Table 5.61 

Not available in U.S. DOE 1990a 

ltd 
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The risk component for that part is 

R [ P (ic) p p(ic)] {m(ic) m(ic) m(ic) } ,y..(ic) 
42oicA. = 11 13 12 'V421 'V422 -V423 -V424 a1 • 

Using Equation (E.7 .3) this risk contribution can be rewritten as scaling according to 

R C (A (ic) )
2 

m(ic) mlic) 
42oicA. = 1 o 'V421 'V422 • 

With the definition of the reduction factors 

m(O) 
'V 421 

m(ic) 
'V 421 

given Table E.7-1, this leads to the risk reduction ratio of 

with standard error of 

(

.1p42o 

p 42 0 A. 

(E.7.15) 

(E.7.16) 

(E.7.17) 

(E.7.19) 

The numerical vE:. for the risk reduction factors are calculated using the values for F aic in 
Table D.5-1 and ho e for F v ic in Table D.3-2, both in Attachment D. The aggregation of the 
contributions for he E1 and the E2 part of the E1 E2 scenario is not carried out explicitly, 
because the E1 scenario is already included in the evaluation. The risk reduction factors are 
tabulated in Table E.7-2, ranging from a risk reduction factor of almost 6 for Level II treatments 
to a risk increase by factors of 8 and 2 for Treatment Options 3 and 4, respectively. 

E.7.3 Post-Closure Public Radiation Risks From Drilling Operations 

E.7.3.1 Basic Considerations 

Whereas the direct public exposure from the drilling mud is negligible, the dried out pond may 
through wind erosion give rise to an inhalation hazard. As stated before, the superposition of 
exposures from two different drill sites is assumed to be linear. Another source of radiation 
exposure arises from the transport of the mobilized radioactive salt brine through the Culebra 
aquifer to a stock well, leading to a radioactive contamination of the beef produced on the 
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surrounding land. Ingestion by man causes an internal exposure and a risk of cancer or genetic 
damage. 

E.7.3.2 Inhalation Risks From Dried Up Ponds Of Drilling Mud 

E.7.3.2.1 Public Inhalation Risk Due To Drilling In Scenario E1 

The assumptions for this scenario are the same as those in Section E.7 .2.1. After the drilling 
stops, the mud pond contains the total activity mobilized and brought to the surface in the E1 
scenario. It is assumed to be eroded at a constant rate, leading to a constant time-averaged 
source term and activity concentrations in the air. Risk Component 43 then has two sub
components, and with the symbols 

P 11 (IC) = Probability of a drill hole through the waste and into the Castile.6mation, 
P 13 = Probability of hitting a brine reservoir in Castile Formation in are~ of WIPP, 
<I> 431 (IC) = Total activity brought to surface in Scenario E1 (Bq), 
<1> 43 2 (1C) = Suspension and transport function from pond toreptors (m ·3 

), 

<I> 43 3 (IC) = Global dosimetry function for exposed persons m3 Bq ·1), 
C i = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv-1

), an~ 
R 43 P KA. = Public cancer risk by inhalation red by an E1 drilling operation, 

the inhalation pathway leads to a~ic cancer risk of an E1 drilling scenario of 

R [ (IC) p ] {rn.(IC) <l>(IC) } <l>(IC) a (E.7.2Q) 
43pd. = 11 13 '1'431 432 433 1 • 

With no factor ouO the source term and the probability treatment option-dependent, only the 
footprint A 0 (1C) in ~[see Equation (E.7.3)] and <I> 43 /ICl change with treatment options, because 
the suspension and transport function to the receptors is assumed to be independent. The risk 
can then be scaled as 

R C A (IC) (IC) 
43p1CA. = 1 0 cl>431 ' 

and the risk reduction factors are the same for the cancer and genetic risks, 

p 43 p1CA. = 
A (0) rn. (0) 

0 "'43 1 

A (IC) <I> (IC) 
0 43 1 

The standard errors of the reduction factors are given by 
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(E.7.23) 

The numerical values of the reduction factors and thus also of their errors are the same as those 
given for p 400 ""' in Section E.7.2.1 and Table E.7-1. 

E.7.3.2.2 Public Inhalation Risk Due To Drilling In Scenario E2 

This scenario is discussed in Section E.7.2.2 but also entails the suspension of the dried and 
eroded mud by wind. Using the same assumptions as in that section leads to a model for Risk 
Component 44 with two subcomponents. Defining the symbols 

P 12("') = Probability of drill hole into or through repository, no brine, 
<I> 44 , (Kl = Total activity brought to surface for Scenario E2 (Bq), 
<I> 44 2M = Suspension and transport function to receptor in Scenario E2 (m -3), 

<I> 44 3 = Global dosimetry function for public in Scenariof (Sv m 3 Bq _,), 
C 1 = Constant part of equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 44 PICA = Cancer risk from direct irrf{_ation in E2 drilling operation, 

this risk component is r 
(E.7.24) 

This expression h~e same properties as Equation (E.7.10) in Section E.7.2.2. Thus, the risk 
is again scaling ~ding to 

R = c A (IC) <l>(IC) 
44p1CA 1 0 441 • 

(E.7.25) 

Assuming again that the mobilized activity reduction factors Fa"' are the same as those in E2, 
the risk reduction factors are 

p 44 PKA 

A (0) <I> (0) 
0 44 1 

A (IC) <I> (K) 
0 44 1 

(E.7.26) 

and, therefore, the same standard errors as those of p 41 0 KA and thus p 40 0 d.. Numerical values 
for these risk reduction factors have, therefore, already been given in Table E.7-1. 
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E.7.3.2.3 Public Inhalation Risks Due To Drilling In Scenario E1 E2 

The assumptions about Scenario E1 E2 are the same as those for the calculation of the risk 
reductions factors p 42 0 d. in Section E.7.2.3. The first drilling leads to an E1 contribution to the 
public inhalation risk which is equal to the component R 4ookA. discussed in Section E.7.2.1 and 
thus leads to the risk reduction factors given in Table E.7-2. In addition, it means a second 
source of activity in the air from the E2 part of the scenario, and and the addition of Risk 
Component 45. Using the symbols 

p (t<) 
11 

p 13 
p (t<) 

12 

= Probability of first drill hole into repository and into the Castile Formation, 
= Probability of hitting a brine reservoir in the Castile Formation, 
= Probability of drill hole into or through repository, 

Time average of total activity mobilized and brought to surface in E2 part of 
scenario (Bq), .,..(" 

<l> (t<) 
45 1 

<l> 45 /"·l Interaction function between the two holes, I . 
<l> 45 3(") = Suspension and transport function to receptor in E2 part of scenario (m -3 ) , 

<I> 454(") = Global exposure function for public in E2 scenar· Sv m 3 Bq ·1), 
a, Cancer risk coefficient (Sv _, ), 
Ci = Constant parts of equations, and 
R 45 P tel. = Cancer risk from inhalation in E2/\rt of E1 E2 drilling operation, 

the risk component for that part is r 
R [ P(a p(te)] { m.(t<) m.(t<) m.(t<) } m.(t<) 

45ptel. = ,r \3 12 '¥451 '¥452 '*'453 '*'454 a,. 

Using Equation (f)) the risk can be scaled as 

R C (A 
(t<) ) 2 (t<) 

45 p" l. = , 0 <l> 45 , 

As in Section E. 7 .2.3, this leads to a risk reduction ratio of 

<l> ~~), ( AciO) ) 2 

<l> ~1, ( Aci"l )2 

(E.7.27) 

(E.7.28) 

(E.7.29) 

,, !t 

JI 'f 

with the same standard error as p 42 0 " ., • These values are thus the same as those in ll>l!t 

Section E.7.2.3 and are listed in Table E.7.2. 

11'111 
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E.7.3.3 Public Ingestion Risks Due To Drilling Operations 

E.7.3.3.1 Public Ingestion Risks Due To Beef Contaminated Bv Stock Well Water In Scenario 
E1 

The assumptions for the E1 model are the same as before. Here, however, the pathway goes 
from the repository to an aquifer in the Culebra and from there to a stock well. This transport is 
assumed to be linear in the source term as are the subsequent transfer functions into beef and 
man. The activity concentrations in the water, in the beef, and, therefore, in the intake by man 
are assumed to be at an equilibrium value. This ingestion risk constitutes Risk Component 46 
with two subcomponents for cancer and genetic risk. With the symbols 

p (K) 
11 

p 13 

<I> (K) 
461 

= Probability of a borehole through the repository and into the Castile Formation, 
Probability of hitting a brine reservoir in Castile Formation in ar4aa f WIPP, 

= Long-term rate of activity mobilization and transport to the Cul a aquifer for 
Scenario E1 (Bq s ·1

), 

<I> 46 2 (K) = Transport function to stock well via Culebra (s L ·1), 

<I> 46 3 (K) = Transfer-dosimetry function for water to beef to~n (Sv L Bq ·1 
), 

C i = Constant parts of equations, r 
a 1 = Cancer risk coefficient (Sv ·1), 
R 46 P KA. = Public cancer risk of an E1 drillin~peration, 

the expression for this component is r 
R r12(K) 

46 pd. =r "11 
P ] { ,y,.(K) ,y,.(IC) } <l>(IC) 

13 '+'4s1 '+'4s2 463 a1. 
(E.7.30) 

With only the pr~t of the long-term rate of activity mobilization and the footprint in P 11 (IC) 

changing with tre~ent options, the risk has the scaling property 

the risk reduction factors are 

where 
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R = c A (IC) <I> (IC) (E.7.31) 
46p1CA. 1 0 461 ' 

p 46 pK"A. = 
A (0) <I> (0) 

0 46 1 

A (IC) <I> (IC) 
0 46 1 

= F VK F bK , 

<I> 
(0) 
461 

FblC = -- • 
<I> 

(IC) 
461 

1-263 
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with values given in Table D.5-2 of Attachment D and with the assumption that the long-term rate 
of activity mobilization achieves equilibrium concentrations at the stock well by the time of the 
sampling. The errors of the model calculation of F b IC are large, and lognormally distributed 
quantities are involved. The geometric standard deviations (see Section C.1.5) are 

(E.7.34) 

in a simplified version, made possible due to the large difference in the geometrical standard 
deviations of the two factors. Numerical values for the risk reduction factors are listed in 
Table E.7-3. The means range from 10,000 to 100,000 with geometric standard errors of factors 
of 20 up and down from these values. The range of values, however, leads to risk reductions 
exclusively, applied to extremely low baseline risks. 

E.7.3.3.2 Public In estion Risks Due To Beef Contaminated B Stock Well Wat 
E2 

Scenario 

Risk Component 47 with two subcomponents is calculated using ~same assumptions for this 
scenario as before. Using the symbols r 

P ,2(1C) = Probability of drill hole into or th~o gh repository, no brine, 
<I> 47 , (IC) = Long-term rate of activity mobiliz t1 n and transport to the Culebra (Bq s ·1

), 

<I> 47 2(1C) = Transport function to stock well ulebra in Scenario E2 (l ·1 s), 
<I> 47 3M = Transfer-dosime~ry unction for contaminated beef (Sv Bq ·1 L), 
C i = Constant parts uations, 
a, = Cancer risk coe ici t (Sv -1), and 
R 47 P IC,. = Public risk due to an E2 drilling scenario, 

the expression to(;) public ingestion risk is 

R47pJCA. = [ P,(;l] { <I>i~l, <I>i~l2} <I>i~l3 a, (E.7.35) 

With the constant parts eliminated the scaling of risks is 

R C A (IC) (IC) 
47p1CA. = , 0 <l>471 

(E.7.36) 

and the risk reduction factors are 

(E.7.37) 

with the definition of the factor F c IC given by 
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QUANTITY 

Risk Reduction Factors: 

p 46 p 1 A 

p 46 p 2 A 

p 46 p3 A 

p 46 p4 A 

Annual Baseline Risks: 

R 46 Po o 

Rsopoo 
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TABLE E.7-3 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN SCENARIO E1 

VALUE (G.S.D.) * 

1.14. 10 4 (20) 
1.14•10 4 (20) 
2.12 • 10 4 (20) 
9.95 • 10 4 (20) 

2.2 • 10- 13 

COMMENTS/REFERENCES 

p 50 p id. Pr· 
r 

FSEIS (U.S. DOE, 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

• G.S.D. == Geometric standard deviation of a lognormal distribution . 

D 
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(E.7.38) 

F ex: is the reduction factor for the activity mobilized to be transported to the stock well. Numerical 
values are listed in Table 0.5-2 in Attachment 0. The errors are calculated under the assumption f"l'i1 

that the standard errors of F c x: are much larger than those of all other contributions. Thus the 11 .. 

geometric standard deviations are 

(E.7.39) 

Numerical values for the risk reduction factors are given in Table E.7-4, grouped closely to 1 with 
geometrical standard deviations corresponding to a factor of 3 up and dow?.tf Level Ill 
treatments, rising to a factor of 5 for Treatment 3 and 50 for Treatment 4. Thi ay result in 
either considerable risk reductions or risk increases. These reduction factors are applied to a 
very small baseline risk. 

E.7.3.3.3 Public In estion Risks Due To Beef Contaminated B ock Well Water in Scenario 
E1E2 

Using the same model assumptions as in SectioA .2.3, the ingestion of contaminated beef 
leads to a risk contribution which is the same as ~of Scenario E1, so that the risk reduction 
factors, errors, and numerical valu~or the E1 part of the operation apply, Equations (E.7.32) 
and (E.7.34). In addition, there is t isk Component 48 for the E2 part of Scenario E1 E2. With 
the symbols 

P11 
(x:) 

p 13 

p 12 
(x:) 

cI> 48 1 
(x:) 

cI> 48 2 
(x:) 

<I> 48 3 
(x:) 

<I> 48 4 
(x:) 

Ci 
a1 

R 48 P x:i.. 

= 
= 
= 
= 

= 
= 
= 
= 
= 
= 

~ability of first drill hole into repository and into Castile Formation, 
~ability of hitting a brine reservoir in the Castile Formation, 
Probability of drill hole into or through repository, 
Long-term rate of activity mobilization and transport to the Culebra for E2 part 
of Scenario E1 E2 (Bq s ·1), 

Interaction function between the two drill holes, 
Transport function to surface via Culebra in E2 part of Scenario E1 E2 (s L "1), 

Transfer-dosimetry function for residents eating beef (Sv Bq ·1 L), 
Constant parts of all equations, 
Cancer risk coefficient (Sv ·1), 
Public cancer risk due to an E1 E2 scenario, 
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QUANTITY 

Risk Reduction Factors: 

p 47p1 A. 

p 47 p 2 A. 

p47 pJA. 

p47 p4A. 

Annual Baseline Risks: 

R s1 Po o 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE E.7-4 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN SCENARIO E2 

VALUE (G.S.D.) * 

1.2 
1.3 
1.8 
64 

(3) 
(3) 
(5) 
(50) 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

* G[). =Geometric standard deviation of a lognormal distribution. 
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this risk component is 

R [ p(IC) p p(IC)] { <l>(IC) <l>(IC) <l>(IC) } m.(IC) 
48p1CA. = i1 13 12 4s1 4s2 483 '!"4s4 a, . (E.7.40) 

As in Section E.7.2.3, the component is proportional to the product of the square of the footprint 
and the rate of activity mobilization 

The risk reduction is, therefore, 

<I>. (0) <I> (0) <I> (0) 
48 1 48 2 48 4 F dlC = -.,....,...-....,....,._....,....._ 

<I> (IC) <I> (IC) <I> (IC) 
481 482 484 

(Acio) )2 
(AcilC) )2 

(E.7.41) 

1 (E.7.42) 

Under the assumption that the last three factors in the nu~ator and denominator of 
Equation (E.7.41) do not depend on the waste treatment and, F"erefore, cancel, the ratio of 
activity mobilization factors reduces to 

F,.~~ 0 <1>!~)1 
(E.7.43) 

The ratio of activities F d k, mobke~ for each waste treatment are listed in Table D-5.2 of 
Attachment D. D(P\te the factor F v IC 

2 
, the geometrical standard deviations remain at 

l,J <Jg (P 4 apKA.} = <Jg ( FdlC} , (E.7.44) 

because the uncertainties in F v IC are much smaller than those of F d IC • The numerical values for 
the risk reduction factors given in Table E.7-5 show considerable variation from about one million 
to 1 O billion. The geometric standard deviations range from 40 to 80, adding one to two orders 
of magnitude to the range of risk reduction factors. Note that these factors are applied to a very 
small baseline risk. 

E.7.4 Post-Closure Public Risks Due To Chemical Agents 

E.7.4.1 Basic Considerations 

The FSEIS (U.S. Department of Energy, 1990a) calculates one post-closure chemical risk. It is 
3due to lead, and it is assumed for the risk calculations that the total amount of lead in the 
repository is independent of the waste treatment, except in Treatment Option 4 in which metals 
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are largely decontaminated and removed. The lead concentration in the repository is then given 
by 

(E.7.45) 
A(IC) h 

0 0 

for 1 :::; K :::; 3, where the quantities 

d 1 M = Lead concentration in repository (kg m -3), 

M 0 = Total mass of lead in repository (kg), 
A 0(1<.) = Footprint of wastes in repository (m 2

), 

h 0 = Height of wastes in repository panel (m). 

For Treatment Option 4 the melting process leads to a reduction in the total lead ~by a factor 
f roo· This factor is assumed to be one here. In the groundwater, lead is assumed .tJbe attached 
to colloidal matter and to move with the water. In combined human intrusion scenarios, the 
contaminations in groundwater can arise from different sources.¢s again assumed here, that 
these effects superpose linearly, in particular that the salt co nt in the Culebra does not 
saturate. 

E.7.4.2.1 Risks Due To Beef Co 

The assumptions for the E1 mod I are the same as before, and the transport is assumed to be 
linear in the sourc?flrm as are the subsequent transfer functions into beef and man. The lead 
concentrations in the water, in the beef, and, therefore, in the intake by man are assumed to be 
at an equilibrium e. This ingestion risk constitutes Risk Component 50. With the symbols 

P11 
(IC) 

p 13 

<I> 50 1 
(IC) 

<I> 50 2 
(IC) 

<I> 50 3 

N p4 

L Pb 
(ref) 

M1 

ft 
Ci 
ro 
R 50 P IC).. 

= 
= 
= 

= 

= 
= 
= 
= 

= 
= 

Probability of a borehole through the repository into the Castile Formation, 
Probability of hitting a brine reservoir in the Castile Formation, 
Long-term lead mobilization and transport rate to the Culebra (mg s ·1), 

Transport function to stock well via Culebra (s L ·1), 
Transfer/daily-intake function for contaminated beef (L day ·1), 

Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day-1

), 

Mass of reference man (kg), 
Exposure time correction factor for one year (yr ·1), 

Constant parts of equations, 
Risk associated with reference level, 
Morbidity risk due to lead ingestion (yr ·1) 
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TABLE E.7-5 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN AN E1 E2 SCENARIO 

QUANTITY 

Risk Reduction Factors: 

p 48 pH 

p 48 p 2 A. 

P48 pn 

p 48 p4 A. 

Annual Baseline Risks: 

p 48 p 0 0 

p 52 p 0 0 

VALUE (G.S.D.) * 

8.3 • 10 5 (80) 
1.2 • 10 6 (60) 
9.5 • 10 6 (80) 
1.3 • 10 10 

( 40) 

7.B • 10 ·•P.. 

COMMENTS/REFERENCES 

p 52pd f'''' 

FSEIS (U.S. DOE, 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

* G.t? =Geometric standard deviation of a lognormal distribution. 
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the lead ingestion risk from an E 1 event is 

(E.7.46) 

With only the product of the long-term rate of lead mobilization and the footprint in P 1 (IC) changing 
with treatment options, the risk is found to scale according to 

R C A (IC) <I>(IC) 
50p1CA.= 1 0 501• 

(E.7.47) 

The risk reduction factors for this scenario are 

PsopKA. = 
A {O) m. (0) 

0 'II 50 1 

A (IC) m.(IC) 
0 'II 50 1 1 

(E.7.48) 

with the definition, 

""(0) 
'l-'501 

FPbbK = <I>(IC) 
501 

(E.7.49) 

for the reduction factor in the long-term rate of~ mobilization. The geometrical standard 
deviations of the risk reduction fac~ are the _determining contribution, 

) cr ( F ) (E.7.50) g 50p1CA. - g PbblCA. • 

If it is assumed thQe dissolution of radioisotopes and lead is impeded by treatment in the same 
ratio, then F Pb b - F b IC and the last two equations are the same as those calculated for 
Scenario E1 as 46 P IC i.. • The numerical values for the risk reduction factors are given in 
Table E.7-3. 

E.7.4.2.2 Risks Due To Beef Contaminated By Stock Well Water In Scenario E2 

Risk Component 51 is calculated using the same assumptions for this scenario as before. With 
the symbols 

p 12 
(IC) 

<I> 51 1 
(IC) 

<I> 51 2 
(IC) 

<I> 51 3 
(IC) 

N p4 

L Pb 
(ref) 

M, 

= 

= 

= 

= 

= 

Probability of a borehole into or through the repository, no brine, 
Long-term lead mobilization and transport rate to the Culebra (mg s-1

), 

Transport function to stock well via Culebra (s L ·1), 

Transfer/daily-intake function for contaminated beef (l day ·1), 

Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day ·1), 
Mass of reference man (kg), 
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r 0 = Risk associated with reference level, 
f 1 = Exposure time correction factor for one year (yr_,), 
C i = Constant parts of equations, 
R 5, pd. = Morbidity risk due to lead ingestion (yr-1

), 

the lead ingestion risk from an E2 event is 

(E.7.51) 

With only the product of the long-term rate of lead mobilization and the footprint in P, (kl changing 
with treatment options, the risk scales as 

and the risk reduction factors are 

p 51 p K "J... = 

where 

R C A (IC) m.(IC) 
51p1C;, = 1 o -V511 • 

A (O) m(O) 
0 -V511 

A (IC) m(IC) 
0 -V511 

= F VIC F Pb c IC 

m(O) 
-V511 

FPbCIC = -- . 
m(IC) 
'V51 1 

1 (E.7.52) 

(E.7.53) 

(E.7.54) 

This assumes juft:J in the case of radioactivity that while the mobilization rates for lead and 
radioisotopes mUtfer, the reduction ratios due to treatment are the same. The geometrical 
standard deviations of the risk reduction factors are again assumed to be 

(E.7.55) 

This is the same result as that for the component p 47 P IC;. and the values are again those of 
Table E.7-4. 

E.7.4.2.3 Risks Due To Beef Contaminated By Stock Well Water In Scenario E1 E2 

The use of the same model assumptions as in section E.7.2.3 leads to a risk contribution which 
is the same as that of the E1 scenario, so that the risk reduction factors, errors, and numerical 
values for the E1 part of the operation apply, as described by Equations (E.7.48) and (E.7.50). 
In addition, there is Risk Component 52 for the E2 part of the drilling scenario E1 E2. With the 
symbols 
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P11 
(le) 

p 13 
p 12 

(K) 

ct> 52 1 
(le) 

ct> 52 2 
(K) 

ct> 52 3 
(le) 

ct> 52 4 M 

N p4 
L (ref) 

Pb 

M1 
f 1 

C1 
ro 
R 52pd. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
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Probability of first drill hole into repository and into the Castile Formation, 
Probability of drilling into a brine reservoir in the Castile Formation, 
Probability of drill hole into or through repository, 
Long-term rate of lead mobilization and transport to the Culebra (mg s ·1), 
Interaction term between drills holes, 
Transport function to stock well via Culebra (s L ·1), 
Transfer/daily-intake function for contaminated beef (L day ·1), 
Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day ·1), 
Mass of reference man (kg}, 
Exposure time correction factor for one year (yr ·1), 
Constant parts of equations, 
Risk associated with reference level, 
Morbidity risk due to lead ingestion (yr ·1), 

this risk component is given by 

(E.7.56) 

As in Section E. 7 .2.3, the component is proportio_f>l. the product of the square of the footprint 
and the rate of lead mobilization, assuming all fu~~s ct> 1 v M independent of treatment except 
ct> 521 M . The risk reduction is, th~e. 

D 
with the definition 

r 'th(O) 
'¥521 

m(K) 
'¥ 521 

m(O) 
°'¥521 

FPbdl( = -- . 
,-h(IC) 
'¥521 

(E.7.57) 

(E.7.58) 

With the assumption that the ratio of lead mobilization F Pb d I( is the same as that for the 
radioactivity, 

(E.7.59) 
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The geometrical standard deviation is again 

(E.7.60) 

The numerical values have already been given in Table E.7-5. 

D 
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ATTACHMENT F 

RISKS OF TREATMENT OPTIONS 

F.1 BASIC CONSIDERATIONS 

F .1.1 Scope for Assessment of Treatment Risks 

Scope and limitations of the model for the Treatment Facility have already been described in 
Appendix I and in more detail in Attachment D. The description here will be limited to aspects 
which are important to the approach to risk assessment. 

The simplifying assumptions of the modular form without taking credit for econo~s of scale for 
larger units makes most evaluations location-independent. Each module is assu ed to contain 
all two, four, or six devices, or multiples thereof, according to the treatment level hosen. There 
are seven modules with the appropriate capabilities that are mov~long the path from the WIPP 
to the originators of the waste according to the location scenarirelected. 

The risks chosen as baseline risks are those of~h assay and certification process in the WHB 
in the currently proposed sequence of activities. IA. exception is the general occupational risks 
for fatalities and injuries. These are not conside a in the FSEIS but play a more important role 
in a risk comparison. For the~e ·sk components, the occupational risks of the assay and 
certification process are calcula nd used as baseline. Apart from these general accidents, 
no accidents particular to the tr t nt of radioactive waste are considered, in order to limit the 
scope of this study. Only routine exposures to radioactivity and to volatile organic chemicals 
(VOCs) are taknto account. 

All treatment de'1rtes are assumed to be operating in airtight enclosures with access through air 
locks until the treated wastes are enclosed in drums again. Shielding is used to lower penetrating 
radiation to levels compatible with the ALARA concept and DOE:s health and safety goals. 

In both routine and maintenance operations, internal exposures to radioisotopes occur. In this 
assessment, only inhalation exposures are evaluated. Ingestion, wound, and skin exposures are 
not considered because in routine and maintenance scenarios they tend to be much lower than 
inhalation exposures and the corresponding doses. 

F.1.2 Treatment of the Engineered Waste Forms 

F .1.2.1 Treatment Options 1 and 2 

In Treatment Option 1, after the assay and certify operation, the solidified sludges are left as they 
are. Without sorting, combustibles, metals, glasses, and the drum are shredded and then 
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cemented. This Level II treatment is the least work-intensive treatment option considered here. 
As discussed in Attachment D, this process leads to a decrease of void space and an increase 
in the weight of the drum. In Treatment Option 2, the only change is that the sludges are 
cemented as well. 

F.1.2.2 Treatment Option 3 

Treatment Option 3 is a Level Ill treatment. After assay and certification, the sludges are 
cemented and the rest of the waste is sorted. Shredding is done separately for combustibles and 
for metals and glasses. Combustibles are then incinerated and the ashes transported to the 
cementing area for inclusion in the process. Metals and glass, on the other hand, are cemented 
directly. 

F.1.2.3 Treatment Option 4 

This is the most ambitious Level Ill treatment considered here. After the assay and certify 
procedure, the sludges are vitrified, possibly in a microwave ovr:( Separate shredding is used 
for combustibles and for metals and glasses. Combustibles E~. incinerated and their ashes 
vitrified. Shredded metals and glasses are melted with frit, taking advantage of the 
disproportionation of radioisotopes between sl~~d metal. The metals are disposed of as 
hazardous waste and only the slag is emplacedr1e WIPP. 

F.2 GENERAL OCCUPATION CIDENTS 

Normal occupational accidents Here they are needed because 
they increase a~ complexity of the treatment increases. Directly relevant incidence data are 
not available, b d a for similar industries were used in Attachment D, Section D.4.1, to estimate 
the relevant ris efficients. 

F.2.1 lndustrywide Occupational Accidents 

F .2.1.1 Fatal Occupational Accidents 

Fatal occupational accidents are addressed here, excluding forklift accidents with fatal outcome. 
Those are evaluated separately. This class of accidents leads to Risk Component 53. Using the 
symbols 

N 01 
(K) = 

p 14 = 

Ci = 
p Of = 
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Number of persons in WHB and TF, 
Annual occupational fatality rate per worker in accidents not involving 

forklifts (yr-1
), 

Constant parts of equations, 
Annual probability rate for occupational accidents with fatal outcome, 
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Fraction of forklift accidents in all occupational accidents, and 
Risk of occupational fatality per year (yr ·1}, 

the general expression for this risk is given by 

R N(IC) p 53 0 IC :l : 0 1 14 " 
(F.2.1) 

The data given in Attachment D, Section D.4.1, gives the probability rate P 14 in terms of the 
annual probability rate P 0 1 

(F.2.2) 

where f 53 1 = 10 · 2 
• Thus the baseline risk is R 53 0 0 0 = (1.6 ± 0.4) • 10 · 3, and~risk is 

R53od = N~~) Po,(1 -f531}· I (F.2·3} 

The risk equation has the scaling property 

The risk reduction ratios are, th~re 

~301C:l = 

N(O) 
01 

-N(IC) 
01 

= F mte ' 

~ P 53 o IC :l = ~ Fm" · 

(F.2.4) 

(F.2.5) 

(F.2.6) 

The numerical values are given in Table F.2-1 with values for the factor Fm" and its errors taken 
from Table D.3-2. The risk reduction factors decrease with more treatment, indicating an increase 
in risk due to an increasing crew in the Treatment Facility. The baseline risks are derived from 
the risk coefficients in D.4.1 for a crew of 12. 
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TABLE F.2-1 

RISK REDUCTION FACTORS FOR GENERAL OCCUPATIONAL 
ACCIDENT FATALITIES AND INJURIES 

QUANTITY 

Risk Reduction Factors: 

p 53oH 

p 53 o 2 :I. 

p 53 o 3 :I. 

p 53 o 4 :I. 

Annual Baseline Risk: 

R53ooo 

R54ooo 

0 
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VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170 ± 0.010 
0.076 ± 0.0042 

(1.6 ± 0.4) •• 1!\ 
o.70±0.0r 
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F.2.1.2 Nonfatal Injuries 

The model for general occupational injuries in Attachment D, Section D.4.1, derives an estimate 
for nonfatal accidents with workdays lost One percent of those are the forklift accidents not 
considered in this section. These accidents form Risk Component 54. Using the symbols 

N 01 
(IC) 

p 15 

Ci 
pol 

f 54 1 

R5401c:1. 

= 
= 

= 
= 
= 
= 

Number of persons in WHB and TF, 
Annual occupational injury rate per worker in accidents not involving 
forklifts (yr ·1), 

Constant parts of equations, 
Annual probability of general occupational injury, 
Fraction of injuries caused by forklift in all occupations, and 
Risk of occupational injuries per year of operation (yr-1

), 

the general risk expression is for every year of operation is 

R54od .. = N~~l P15 · r: 
In Section 0.4.1, Attachment D, the value for P0 i is given. It is related to P ,5 by 

p 15 = poi { h f 54 1 ) • 

(F.2.7) 

(F.2.8) 

where f 54 1 = 0.01. For a crew of 12, the baselt;;,sk is R 54 0 0 0 = 0 .. 70 ± 0.03. Thus the risk 
can be written as 

(F.2.9) 

and hence the s~g property of this risk component depends only on the numbers of persons 
handling the wat!!Ynot including forklift operations, 

R = c N(K) (F.2.10) 
54 0 KA 1 01 • 

The risk reduction ratios are again 

p 54 0 KA, = 
N(K) 

01 

= F mK ' 

which is the same as for the fatalities with the same standard errors 

~ P 54 o r; A = ~ Fm r; • 

The values for both risk reduction factors are given in Table F.2-1. 
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F.2.2 Forklift Accidents 

F .2.2.1 Fatal Forklift Accidents 

This scenario is a subset of the occupational accidents considered in Section F.2.1. However, 
it is an important component and will be considered separately. It is assumed that the number 
of forklift accidents is independent of drum weight, although accidents involving heavier vehicles 
may lead to increased severity of consequences. Fatal forklift accidents form Risk 
Component 55. Using the symbols 

n M 
r 

n (IC) 
f 

p of 

Ci 
f 531 
<I> 55 1 
p 16 
R550id. 

= 
= 
= 

= 

= 

= 

= 

= 

Number of drums handled per year (yr-1
), 

Number of forklift operations per drum handled, 
General annual occupational fatality rate, :.k 
Constant parts of equations, 
Fraction of fatal forklift accidents in all fatal occupational accide ts, 
Conversion function to baseline risk per forklift operation, 
Probability of a fatal accident per forklift oper~. and 
Risk of a fatal forklift accident per year of opeFion (yr-1

), 

the risk of a fatal forklift accident per year of op~r ion can be stated as 

R ( (IC) p 
55 o IC A = n n r , s . 

(F.2.13) 

The probability of a forklift fatalit~r forklift operation P,. derives from the total probability rate 

of occupational Di ties by the exp;~~io0n P 
0

' 

1
" ' <I> " ' • ( F .

2 
.
14

) 

Thus the risk can be rewritten as 

(F.2.15) 

and the baseline risk is given by 10% of the total occupational fatalities according to 
Section D.4.1. The baseline risk is thus R 55000 = 0.0016 ± 0.0006. 

The scaling property of Risk Component 55 is derived from the fact that only the product of the 
number of drums handled per year and the number of forklift operations per drum handled is 
treatment dependent, 

R = c1 n,(IC) n,(oc) 55 o IC A 
(F.2.16) 
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The risk reduction ratios are thus 

with standard errors 

p 55 0 IC A. = 
n;o) n,'ol 

n;"l n,'"l 
= F VIC F,IC ' 

[ 
~ Pssoid. ]

2 

= [ ~ Fv" ]

2 

+ (~J
2 

Pssod. Fv" F," 

(F.2.17) 

(F.2.18) 

The risk reduction factors for the forklift fatalities and the standard errors are given in Table F.2-2. 
The risk reduction factors correspond to increases in risk that vary from about 8 t_p.ff)out 20. The 
relative errors lie near 5 percent. I 
F.2.2.2 Nonfatal Forklift Injuries ~ 

This component is again a subset of occupational injuries. It is rmportant because 1 percent of 
the industrial accidents cause 10 percent of they;;rkdays lost. Again, it is assumed that the 
frequency of forklift accidents does not depend o t drum weight. This is achieved by utilizing 
forklifts appropriate to the weight. These accid ts comprise Risk Component 56. Using the 
symbols 

n ,'"' = Number of dru~andled per year (yr·'), 
n ,(IC) = Number of forklift operations per drum handled, 
P 01 =~neral annual occupational injury rate, 
f 54 1 = F ction of all occupational injuries caused in forklift accidents, 
<I> 56 1 = onversion function to baseline risk per forklift operation, 
C 1 = Constant parts of the equations, 
P 17 = Probability of an injury per forklift operation, and 
R 56 0 d. = Risk of a forklift injury per year of operation (yr ·1), 

the risk of nonfatal forklift injury per year of operation can be stated as 

R n,("l n,("l P11 . 56 OICA. : 
(F.2.19) 

Again, there is a relationship between probabilities analogous to those in the previous sections, 

(F.2.20) 
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TABLE F.2-2 

RISK REDUCTION FACTORS FOR FORKLIFT ACCIDENT 
FATALITIES AND INJURIES 

QUANTITY 

Risk Reduction Factors: 

p 5501 :I. 

p 55 0 2A 

p 55 o 3 :I. 

p 55 o 4 :I. 

Annual Baseline Risk: 

R 550 a a 

R5sooo 

D 
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VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170 ± 0.010 
0.076 ± 0.0042 

(1.6 ± 0.06). 10-3 

o.o7o ± o.o°{>.. 

I 
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The risk of a nonfatal forklift injury is then 

A - n (Kl n (K) P f .m. 
56 o IC A - r f oi 54 1 'V 56 1 • 

(F.2.21) 

and the baseline risk is one tenth of the general injury risk R 56 0 0 0 = 0.070 ± 0.003. Thus, as in 
the previous scenario, the scaling property of Risk Component 56 is dependent only on the 
product of the number of drums handled per year and the number of forklift operations per drum 
handled 

A C n
(K) n(IC) 

56 o 1< A = 1 r f 
(F.2.22) 

The risk reduction ratios are the same as those for p 55 0 KA with the same standard errors listed 
in Table F.2-2. 

F.3 RISK OF RADIATION EXPOSURES 

F.3.1 External Exposures . 

External exposures are the result of irradiation by penetratin c;:diations, both gammas and 
neutrons. For routine operations, shielding is provided and forl"::i

1

ntenance operations little or 
only partial shielding is available. Because was~andling facilities are at large distances from 
the public, public exposures are much smaller th e background levels and can, therefore, be 
ignored. 

F .3.1.1 Routine 0 erations: Ex 

External exposu~re of the work crew depends on the shielding, which is dictated by health and 
safety concerns as ell as the ALARA concept. It is also dependent on the type of waste and 
on the time-mot parameters and the time spent at each particular choice. This leads to Risk 
Component 57 with two subcomponents, cancer and genetic. With the symbols 

q 2(1<) 

n M 
r 

Tl w 
N (v) 

06 
<l> (w v) 

571 
<l> (w v) 

57 2 
t (v) 

57 

= Total activity per drum (Bq), 
= Number of drums handled annually (y(1), 
= Fraction of waste in form w. 
= Number of persons needed for treatment v, 
= Shielding-geometry function of facility v to treat waste w, 
= Dosimetry function of average exposed person (Sv s ·1 Bq ·1

), 

= Exposure time for treatment v of one drum of wasteform w (s), 
a 1 = Lifetime cancer risk coefficient (Sv ·1), 

C 1 = Constant parts of equation, and 
R 57 0 K A(w v) = Occupational risk of cancer due to treatment v of wasteform w in 

alternative K per year of operation (yr ·1 
), 
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the general occupational risk equation used is 

R (wv) - {q(IC) n(IC),, } N(v) m.(wv) m.(wv) t(v) 
570ICA - 2 r 'I w 06 'V571 'V572 57 81 • 

(F.3.1) 

The dependence on alternative ic is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the variability of the first two factors, and the 
assumption that operational health and safety standards will provide at least the same level of 
shielding protection at every plant. The second condition leads to the requirement that for the 
drum being processed in different devices v 

(0) (wv) C 
q2 <l>s11 = 1 • (F.3.2) 

In addition, in the absence of time-motion studies in the type of treatment plan~eded here, 
it will be assumed that the dosimetry function <l> 57 2(w v) is the same for all device sf Under these 
conditions, the risk can be rewritten as 

Ri;';~, • c, T\w N);' ti;' • c, $r' (F.3.3) 

where the quantity <1> 57 "'(wv) is the effort (in man-hours) expendea for the treatment of one drum 
of wasteform win device v, ~ 

,r.(wv) __ N(v) t(v) (F34) 
'+'57ic - Tlw 06 57 • • • 

Assuming that the device v ca.6ommodate all types of wastes sent to it, the total risk of 

alternative ic is D Lw Lr 
R = C ,r. (wv) (F.3.5) 

570ICA 2 '+'57ic • 
W=1 V:1 

where W is the number of waste forms (three), and T the number of different treatment devices 
in the treatment facility (two, four, or six). The summation over v starts with v = 1 because the 
term with v = O is already included in a component of the baseline risk. That component of the 
baseline risk, however, consists of that term only. The risk reduction factors are then 

Ps7oteA. = 
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with standard errors calculated under the assumption that no appreciable contributions come from 
the abundances 11 w 

( ]
2 l T D. ,._ (wv) E '1'571< 

V•1 v570IC ' 

(F.3.7) 

with the error given by the approximation 

.. (F.3.8) 
A\ (WV) t(v) 
'I' 571< 57 

The numerical values for the effort factors <1> 57 l((w v) needed here are given in TXD.4-1. The 
numerical values of the risk reduction factors p 570 d. and their errors are given i Table F.3-1. 
They are smaller than 1, indicating risk increases of factors between 2 and about 3, increasing 
with more complex treatment. The baseline risk data in the F~ for the assay and certify 
process are not detailed enough to provide a value. r 
F.3.1.2 Routine Maintenance: External Exposure 

External exposure to penetrating radiation during ~enance operations is particularly important. 
Depending on the type of waste a~e device, different times must be spent in the contaminated 
area. This leads to Risk Compor 58 with two subcomponents. With the symbols 

q 2M = Total activity per drum (Bq), 
n rM =Gtber of drums handled annually (yr"1

), 

11 w = Fr:: ction of waste in form w, 
f 58 2(w v) = raction of waste in form w released into containment of device v, 
N 0 tl = Number of persons needed for maintenance of device v, 
<I> 58 1 = Dosimetry function of average exposed person (Sv s ·1 Bq -1), 
<I> 58 l(M = Maintenance function (annual number of operations) for device v, 
t 58(v) = Exposure time for maintenance of device v (s), 
a 1 = Lifetime cancer risk coefficient (Sv -1), 
C 1 = Constant parts of equations, and 
R 58 0 IC ).(wv) = Occupational risk of cancer due to device v treating wasteform w in alternative K, 

the general occupational risk equation is 
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TABLE F.3-1 

RISK REDUCTION FACTORS FOR ROUTINE EXTERNAL EXPOSURES 

QUANTITY 

Risk Reduction Factors: 

P57oH 

Ps1on. 

Ps103A 

Ps7o4A 

Annual Baseline Risks: 

R 510 oo 

D 
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VALUE± STANDARD ERROR 

0.469 ± 0.033 
0.429 ± 0.030 
0.234 ± 0.017 
0.104 ± 0.008 
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R (wv) { (1<) (1<) f (wv) } N (v) """ """(v) (v) 
58od. = q2 n, l1w 582 07 'V5a1 'V5a1< fsa a1 • 

(F.3.9) 

The dependence on alternative JC is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the product of the first two factors as a variable. 
Again, because of the lack of time-motion studies, it will be assumed that the dosimetry function <I> 

58 1 is the same for all treatment plants. Under these conditions, the risk can be rewritten as scaling 
according to 

R (wv) 
58 01<:1. 

= C ,, f(wv) N (v) m. (v) f(v) 
1 •tw 582 o7 'V5a1< 58 

C f (wv) th (wv) 
= 1 58 2 't' 58 )( ·' 

with the definition of the manpower factor 

th (wv) 
't' 58 )( 

The total risk of alternative K is then 

N (v) """(v) f (v) 
- T1 w 0 7 'V 58 )( 58 

T W 

Asa 01<A. • c, r: /fa. th (wv) f (wv) 
't' 58 )( 58 2 ' 

(F.3.10) 

( F .3.11) 

(F.3.12) 

where W is the number of waste ~s and T the number of treatment devices. The risk reduction 

factors are then r ' 
w 

't°" th (0) f(wO) 
L 't' 58 o 58 2 
W=1 v 58 oo D p 58 0 IC).. : ~---~~~~~~- - -,--,.--~ 

T W V 
't"" 't"" th (wv) f(wv) 58 OK 

L L 't' 581< 582 
V=1 W=1 

(F.3.13) 

with standard errors derived under the assumption that the errors d"f1 w, dt st' , and d<l>58 .t' are 
considerably smaller than the errors of the suspension factors M 58 t 1• The error of N 0 7M is included 
in that of dt 5t'. Error propagation is thus calculated for these factors only, 

( 
Ll p 58 0 l<A 

p 5801<11:1. 
J . t, [( th (wO) Af(wO) 

't' 58 0 L.l 58 2 

V 58 oO 
]

2 
T (th(wv)df(wv) J2

] 't°" 't'58K 582 
+ L . 

V=1 v580K 

(F.3.14) 

The numerical values for the manpower factor <I> 58 "(w v) are available in Table D.4-2 of Attachment D. 
Using the values in Tables D.4-3 for f 52 2 (wv) leads to the numerical values of the risk reduction factors 
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in Table F .3-2. They show effective increases in risk by factors between 180 and 320 with standard 
errors of about 25 percent. 

F .3.2 Internal Exposures 

F.3.2.1 Routine Operations: Internal Exposure 

F .3.2.1.1 Occupational Risks Due to Internal Routine Exposures 

In this routine scenario a certain fraction of wasteform w treated in device v escapes from containment 
and fills the treatment module concerned to equilibrium air concentrations without tripping the alarm 
setting on continuous air monitors. The crews, therefore, do not leave the area and do not don 
respirators. These conditions give rise to a chronic inhalation exposure to alpha-, beta-, and gamma
emitters, and thus the two subcomponents of Risk Component 59. Using the symr 

q 2 (1<) = Total activity per drum (Bq), 

Tl w Fraction of waste in form w, 
n /"1 Number of drums handled annually (y(1), r.: 
f 59 "M Fraction of waste in form w suspended and rele sed from containment in 

N (1C) 
0 1 

f 15 

L, 
v, 
f 59 3 

<I> 59 1 

a, 
C1 

inhalable form due to treatment v in alternative IC, 

= Number of persons in treatmentpt, 
Fraction of personnel exposed, 

= Annual ventilation volume (m 3 
), 

= Annual breathin~ume (m 3 
), 

= Deposited fracti f suspended particles, 

= C stant parts of equations, and 
R (wvl 

59 0 !CA. 

Overall dosimet y function of average exposed person (Sv Bq ·1), 
=~time cancer risk coefficient (Sv ·1), 

= upational risk of cancer due to treatment v of wasteform w in alternative 1C 

(yr -1), 

the general risk equation is 

R (wv) { q2("l ("l f (vJ } f N (!CJ V1 f 
59o1CA. = n, l'lw 591< 15 o1 -- 593 <1>591 a, 

L1 
(F.3.15) 

The dependence on alternative K is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the variability of the first two factors. Upon 
elimination of the other constant terms, the risk can be scaled as 

R (wv) C f(v) N(K) 
59 0" A. = 1 Tl w 59" 0 1 . 

(F.3.16) 
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TABLE F.3-2 

TABLE OF RISK REDUCTION FACTORS FOR EXTERNAL EXPOSURE DURING 
ROUTINE MAINTENANCE 

QUANTITY 

Risk Reduction Factors: 

p 58 a 1 A 

p 58 a 2 A 

p 58 a 3 A 

p 58 a 4 A 

Annual Baseline Risks: 

R5aaoo 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(4.0 ± 1.0). 10· 3 

(3.9 ± 1.0) • 10 -3 

(2.9 ± 0.7). 10· 3 

(7.2 ± 2.1). 10· 4 
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The total risk of alternative K is then scaled according to 

T 

R 590 rc>.. = C 1 N~~) L f~~)IC. (F.3.17) 
v.1 

No sum over w appears, because the sum over v is independent of w, and the sum over the 
normalized waste fractions Tl w leads to a factor of 1. The risk reduction factors are then 

P 59 OICA. = F m1C T 

, (0) 
59 0 

~ f(v) 
L.,, 59 IC 

= F V59oo 
- mK t v 59 OIC 

(F.3.18) 

with standard errors 

( 

.1p5901CA. 

p 59 0 ICA. 

(F.3.19) 

~ + V•1 v590K 

+ [ .1 f~~)o J2 E .1 f~~)" J2 

Numerical values for the factors f 5g.,(vl are listed in ~I~ 0.4-4 of Attachment D, and values of the risk 
reduction factors are listed in T~.3-3. Again, risk reductions are smaller than 1, indicating 
increases in occupational risk by fffct&s varying from 35 to 690 with relative errors of about 33 to 40 
percent. 

This scenario employs the same source term as in the previous scenario. It is assumed that there is 
a release of radioactivity from containment which exits through the HEPA filters and is dispersed on 
the outside. The actual dispersion function is not dependent on the treatment option, but the number 
of persons exposed and their location may be. Using the symbols 

q2(1C) 

n (IC) 
r 

Tlw 
f (v) 

59" 

= Total activity per drum (Bq), 
Number of drums handled annually (yr ·1

), 

= Fraction of waste in form w, 
Fraction of waste in form w suspended and released from containment i11 
inhalable form due to treatment v in alternative K, 
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TABLE F.3-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL RISKS DUE TO 
ROUTINE INTERNAL EXPOSURES DURING WASTE TREATMENT 

QUANTITY 

Risk Reduction Factors: 

PssoH. 

Psso2A 

Psso3A 

Psso4A 

Annual Baseline Risks: 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(1.73 ± 0.70). 10 3 

(1.44 ± 0.56) • 10 3 

(7.1±2.5). 10 2 

(2.9 ± 1.0) • 10 2 
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f (IC) 
dep 

f (IC) 
rem 

<I> (IC) 
59 dd 

a, 
C; 
R (wv) 

59 p KA 

= Fraction of equilibrium concentration not deposited before filters, 
Fraction of concentration penetrating HEPA filters, 
Dispersion -dosimetry function (Sv Bq -1), 

= Lifetime cancer risk coefficient (Sv ·1), 
Constant parts of equation, and 
Public cancer risk due to treatment v of waste win alternative K (y(1

), 

the general type of risk equation is 

R (wv) - { q (IC) (IC) f(v) } f(IC) f (IC) (IC) 
59 p IC A - 2 n r 11 w 59 JC dep rem <l> 59 dd 8 1 • 

(F.3.20) 

As always, the dependence on alternative K is simplified by the assumption of a constant amount of 
activity treated annually [Equation (E.1.5)]. Upon elimination of the other constant te~thE! risk can 
be rewritten to scale as I 

R5(;;~A = C, <l>~~)dd llw {~~)" . (F.3.21) 

The total risk is, therefore, scaling according to 

T 

R C (IC) ~ f(v) (F.3.22) 
59picA = 1 ct>~ L 591< ' 

which has the same basic structure as the expresJ::i f~:·:he occupational risk in Equation (F.3.17). 
Summation over all wasteforms a~atment leads to the same risk reduction factors as Equation 
(F .3.18), except for the number of rllions involved. Thus the risk reduction factors are 

,(0) v 
59 o F 59 a o 

- fllC v 59 OIC D p 59 p IC A T 
~ f(v) 
L 59" 

(F.3.23) 

with the standard errors 

Note that the second and third terms are identical to those in Equation (F.3.19); only the first term is 
different. Numerical values of the reduction factors p and their errors as well as baseline risks are 
listed in Table F .3-4. Again, substantial increases in risk are indicated, with inverse reduction factors 
ranging from 320 to 560 with errors near 40 percent. Baseline risks in the FSEIS are not detailed 
enough to give the component associated with the assay and certification procedure. 
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TABLE F.3-4 

RISK REDUCTION FACTORS FOR PUBLIC RISKS DUE TO INTERNAL EXPOSURES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

)i(,ttt 

Risk Reduction Factors: 

Ps9pH (3.1 ± 1.4) • 10 3 

Ps9pn (2.8 ± 1.2) • 10 3 

Ps9p3A (2.1 ± 0.8) • 10 3 

·I!!#: 

Ps9p4A (1.9 ± 0.7). 10 3 

1 
Annual Baseline Risks: r Not available in FSEIS R 5 9 pO 0 

p. (U.S. DOE, 1990a) 

D 
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F.3.2.2 Routine Maintenance: Internal Exposure 

F.3.2.2.1 Occupational Risk Due to Internal Maintenance Exposures 

During maintenance, respiratory protection is assumed to be mandatory for the cleanup crew. 
Protection is not total, however, but depends again on health and safety as well as ALARA concerns. 
This leads to inhalation exposures and thus a risk of cancer and genetic damage, both in occupational 
and public settings. There are four subcomponents of Risk Component 60. Using the symbols 

q/"·) 
n (IC) 

r 

Tl w 
f (wv) 
58 2 
f (wv) 
60 3 

<1> (v) 
60 1 

V5 

p 60 

N (vl 
o7 

f 1 3 

<1> 60 2 
<1> (v) 

58" 
t (v) 

58 

a, 
c1 

= Total activity per drum (Bq), 
= Number of drums handled annually (yr-1

), 

Fraction of waste in form w, 
= Fraction of waste in form w released into containment of device v, 

Fraction of waste resuspended during cleanup of device v, ~ 
Activity concentration function (L -1). I 
Inhalation rate of workers (L s -1)_ 
Transmission factor of respiratory protection, f 
Number of persons needed for maintenance of · e v, 

= Fraction of airborne particles deposited in lung, 
= Internal dosimetry function of average exposed person (Sv Bq -1), 

Maintenance function (annual m~· nance operations for device v), 
Exposure time for maintenance ice v (s), 
Lifetime cancer risk coefficient ( v -1), 

R (wv) 
60 o KA 

= Constant parts ~ation, and 
Occupational rislo~cancer due to maintenance of device v (y(1). 

the general risk e~tion is 

R (wv) L.1,q {IC) n (IC) Tl f {wv) 
60 o" A l 2 r 'I w 58 IC f ( wv) } <1> {v) (v) p f <1> <1> (v) N (v) 

603 601 Vs t59 so 13 so2 582 o7 81 

(F .3.25) 

1111 

fill! 

lliil 

tt'I! 

The assumption of a constant amount of activity treated annually [Equation (E.1.5)] is again used to 1111 
eliminate the product of the first two factors as a variable. The risk can then be determined to scale 
as ~• 

R (wv) 
60 0 IC A = C f

(wv) f(wv) N(v) <l>(v) ((v) 
1 Tl w 58 2 60 3 o7 58 < 58 

(F.3.26) 

C th (wv) f(wv) f{wv) 
1 'I' 58 IC 58 2 60 3 I 

where 

(F.3.27) 
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The total risk of alternative K is then scaling as 

T W 

R (wv) C 
60 OICA = 1 E E <l> ~;:) r;;;) '~~;) . 

v.1 w.1 

Consequently the risk reduction factors are 

p 60 o IC A 

w 
~ A. (wO) f(wO) f (WO) 
L..J't'580 582 603 
W•1 

~~~~~~~~~- -
T W 
~ ~ A. (wv) f (wv) f (wv) 
L.J L.J 'f 58 IC 58 2 60 3 
v.1 w.1 

v 60 oO 

v 60 OIC 

(F.3.28) 

(F.3.29) 

with standard errors which are derived under the assumption that the errors ~<j> 58 IC(w v) are considerably 
smaller than the others. Error propagation is thus calculated for the remaining two:.1~iExs only, 

( 
LlP6ooicA ]

2 

= 1 E [(t~~)3 ~r;;~)) 2 +(r;;g)~,~~~f] (<l>~~~))l 
P6001C:I. v:ooo w.l c (F.3.30) 

+ t t [ ( ,~~;) ~ ,;~;) r + (f~;~) ~ ,~~;f ] ( <l> ~;:) ) 
2 

v:,, . ... ·-· p. 
The numerical values of the paraEs f 603(wv) which are needed in the following are given in Table 
D.4-5 of Attachment D. Using t values and those in Tables D.4-2 and D.4-3 leads to the 
numerical values for the risk redu tion factors listed in Table F.3-5. These factors are rather closely 
grouped around values that signify large increases in risk by factors of about 20,000 with relative 
standard errors f'8.)>out 40 percent. Information on risk components in WHB operations are not 
detailed enough ~e FSEIS to yield a baseline risk for this scenario. 

F.3.2.2.2 Public Risk Due to Internal Exposures Caused by Maintenance 

This scenario is similar to the previous one in that the source term is the same, but it differs by 
considering in addition the transmission of radioactivity to the outside atmosphere. Dispersion is the 
same for all alternatives but number and location of the exposed population may not be. Inhalation 
exposure leads to the two public subcomponents of Risk Component 60. The symbols 

q2(1C) 

n (IC) 
r 

llw 
f (wv) 
58 2 
f (w v) 
60 3 

<I> (v) 
60 IC 

<I> 60 1 

Total activity per drum (Bq), 
Number of drums handled annually (y(1), 
Fraction of waste in form w, 
Fraction of waste in form w released into containment of device v, 
Fraction of waste resuspended during cleanup of device v, 

= Fraction of year spent on maintenance of device v, 
Activity-concentration function (L ·1

), 

Appendix I, Attachment F 1-295 



DOE/WIPP 91-007, REVISION 1, MARCH 1991 

TABLE F.3-5 

OCCUPATIONAL RISK REDUCTION FACTORS FOR ROUTINE INTERNAL 
EXPOSURE DURING MAINTENANCE 

QUANTITY 

Risk Reduction Factors: 

p 6Oo1 1.. 

Psoo2i.. 

Psoo31.. 

Psoo41.. 

Annual Baseline Risks: 

Rsoooo 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(4.0 ± 1.5). 10· 5 

(3.9 ± 1.4) • 10-s 
(4.2 ± 1.4) • 10-s 
(8.5 ± 3.8) • 10 -6 

1-296 
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f dep 
(ic) 

f rem 
(ic) 

<I> 60 dd 
(K) 

a, 
C; 

R60p1CA 

= 
= 
= 
= 

(wv) = 

Fraction of equilibrium concentration not deposited before filters, 
Fraction of concentration penetrating HEPA filters, 
Dispersion-dosimetry function (Sv Bq-1 L), 
Lifetime cancer risk coefficient (Sv -1), 
Constant parts of equations, and 
Occupational risk of cancer due to maintenance of device v (yr_,) 

are used for the general risk equation 

R (WV) - {q(K) n(K) f(Wv) f(Wv) (v) } '(IC) f(K) (K) 
60 p" A - 2 r 11 w 58 2 60 3 <l> 60" <l> 60 1 dep rem <l> 60 dd a 1 • 

(F.3.31) 

The study of the dependence on alternative K is again simplified by the assumption of a constant 
amount of activity treated annually [Equation (E.1.5)) which eliminates the produ~the first two 
factors as a variable. With all factors outside the source term which are independe1t of alternative 
aggregated into a constant, the risk can be written to scale as 

R (wv) C f(wv) f(wv) (v) G 
60 p "'· = , 11 w 58 2 60 3 <I> 60 "r (F.3.32) 

The total risk of alternative k = (K,A.) then has the s511ng property 

T W 

R C ~ (v ~ f(wv) f(wv) (F .3.33) 
"''~ ' ~ <I>,,. ~ ~. "' '" ' 

where W is the number of waste forms and T the number of treatments in the treatment facility 

D 
p 60 p" A 

"'(0) 
...... 60 0 

V 60 po (F.3.34) 

with standard errors which are derived under the assumption that the errors ~11 w and ~<I> 60 "M are 
considerably smaller than those of the other two factors f 58 2(w v) and f 60 3(wv) • The error calculation 
for the remaining factors then yields 
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+ 
1 
2 

v600IC 

(F.3.35) 

{ ( f (wv) A f (wv) )

2 
( f (wv) A f (wv) )

2 
} 

60 3 Ll 58 2 + 58 2 Ll 60 3 • 

The numerical values of the factors f 60 3(wvi have been given in Table 0.4-5; those ~e factors f 58 

2(wv) in Table 0.4-3; those for <I> 60 "(vl are given in Table 0.2-2 of Attachment 0. T
0

~J ~/sk reduction 
factors and their errors are listed in Table F.3-6. Again, a large increase in risk is seen with factors 
ranging from 45,000 to 125,000 with relative standard errors of ab&o percent. 

F.4 RISK OF EXPOSURES TO VOLATILE ORGANIC COMPouJos 

The chemical agents of concern in the waste are vrA; three of them are carcinogens, two are not. 
During treatment, some of the VOCs are released.;r;; Level II treatments, the gases are allowed to 
escape during shredding. For Lev~reatments, sorting and shredding leads to the releasH of VOCs 
from all void spaces upon openinf'"rs and bags. 

Occupational risks are minimized by respiratory protection by the use of bubble suits during sorting 
or of glove boxe~ring conveyor belts. Low-level releases, however, lead to a residual risk. The 
baseline risk is ~-by the routine emissions of the drums through their carbon filters during the 
assay and certify procedure. 

F.4.1 Risk of Cancer by Exposure to VOCs 

F.4.1.1 Routine Operations: Occupational Exposures 

In this scenario, gases escaping from the wastes are absorbed in filters or vented outside the facility. 
A small fraction will escape and concentrations of agent j build up against the ventilation system until 
they reach equilibrium value. The released quantity of carcinogenic voes is assumed to be the entire 
void volume from the drums, all of which is released upon opening the liners and bags in the TF. 
Using the symbols 

q (0) 
16 J 

n (OJ 
r 

N (IC) 
0 1 

f 15 

Total mass of gas j per "as received" drum (mg), 
Number of "as received" drums handled annually (yr ·1), 

= Number of persons in WHB and treatment plant, 
Fraction of crew exposed, 
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TABLE F.3-6 

RISK REDUCTION FACTORS FOR PUBLIC RISKS 
DUE TO ROUTINE MAINTENANCE 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P6opn (2.53 ± 0.72). 10- 5 

p 60 p 2).. (2.16 ± 0.60). 10· 5 

p 60 p 3A (1.31±0.34). 10· 5 

p 60 p4 I.. (3.91 ± 1.03) • 10 -6 

Annual Baseline Risk: r 
R6opoo p. Not available in FSEIS 

(U.S. DOE, 1990a) 

D 
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m (IC) 
'*' 61 j 

L1 
V1 
M 

f 12 j 

f, 
C1 

C; 

R 61 OICAj 

= Gas release function for agent j and alternative K, 

= Annual ventilation volume (m 3 
), 

Annual occupational respiratory volume (m 3 
), 

Body mass of receptor (kg), 
= Probability of absorption into body for chemical j, 
= Exposure time correction factor for one year, 
= Lifetime cancer risk coefficient for chemical j (mg ·1 kg day), 

Constant parts of equations, and 
Occupational risk of cancer due to chemical j per year of operation (yr -1) 

are used in the general occupational risk equation 

R { (0) (0) ,,_(IC)} t N(IC) v1 t t 
61 OICAj = q16j n, '*'61j 15 o1 12j I Ci -

L 1 M 

Considering the dependence on alternatives, the risk can be scaled as 

The risk reduction factors are then 

P6101CAf 

using the definition 

D 
and the standard errors 

R C (IC) N{IC) 
6101CA/ = 1 <I>61/ ot 

<I> (o) N (OJ 
61} o1 

<I> (IC) N (IC) 
6, j 01 

J [ 

"' (0) 
'*'61/ 

m (IC) 
'*' 61 j 

.1.Fm" 

Fm" 

"'(0) 
'*'61/ 

m (IC) 
'*'61/ 

Fm" F," 1 , 

(F.4.1) 

(F.4.2) 

(F.4.3) 

(F.4.4) 

(F.4.5) 

The reduction factors F '"i are listed in Table 0.4-7 where it is also shown that the release reduction 
factors and, thus, the risk reduction factors are independent of the chemical considered. No 
aggregation is, therefore, needed. The values of the risk reduction factors p 61 0 d.J and their Brrors are 
given in Table F.4-1. These values show the same large increases as those found for the radiation 
risks. Increases of risk over baseline values of factors between 50,000 and 200,000 are found with 
relative errors of about 13 percent. 
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TABLE F.4-1 

REDUCTION OF OCCUPATIONAL RISK DUE TO ROUTINE GAS 
RELEASES OF CARCINOGENIC CHEMICALS 

QUANTITY 

Risk Reduction Factors: 

p 61o1 :I. 

Ps102:1. 

Ps103:t 

Ps104:1. 

Annual Baseline Risks: 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR COMMENTS/REFERENCES 

(2.21 ± o.28) • 1o- 5 

(1.66 ± 0.21). 10" 5 

(1.09±0.14) • 10" 5 

(4.86 ± 0.60). 10" 6 

-- f>. 
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F.4.1.2 Routine Operations: Public Exposures to VOCs 

This scenario is the same as the previous one, except that cancer risks are calculated for the public 
when the vapors escape to the outside. The symbols 

q 161 
(0) 

n (01 
r 

<1> (1C) 

f 6M 
out 

<1> 61 dd 
(1C) 

M 

f 12 I 

Ci 

ft 
Ci 

R 61P1CA.J 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Total mass of gas j per "as received" drum (mg), 
Number of "as received" drums handled annually (yr-1

), 

Gas release function for alternative K, 

Penetration to outside of treatment plant, 
Dispersion-dosimetry function of all exposed persons (day ·1), 

Body mass of receptor (kg), 
Probability of absorption into body for chemical j, 
Lifetime cancer risk coefficient for chemical j (mg ·1 kg day), 
Exposure time correction factor for one year, f 
Constant parts of equations, and 
Public risk of cancer due to chemical j per year of operation (yr ·1 

) 

are used in the general public risk equation C 
{ (0) (0) (1C) } , (1C) (1C) , r 1 , R.,,.,1 = q,. 1 n, '1>., 1_p.:'1>"" "'M ,c,. (F.4.6) 

Considering the dependence on tr"ent options in the usual manner, the risk can be shown to scale 

according to r' 

The risk reductioactors are then 

R 61 P 1(;. i = C 1 <1> ~ ~ 1 i . ( F .4. 7) 

p 61 p !CA.j 

<1> 
(0) 
61 j 

<1> ( 1C) 
61 j 

(F.4.8) 

again independent of the chemical agent j. Their standard errors are 

(F.4.9) 

The values of the risk reduction factors p 61 P1().. and their errors are given in Table F.4-2. All of them 

rt 'I 

f' 'I 

,,,, 

1"11 

,,, 

lie near risk increases of factors of about 15,000 with relative standard errors of 11 percent. '1111' 
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TABLE F.4-2 

REDUCTION FACTORS FOR PUBLIC RISKS DUE TO 
ROUTINE RELEASES OF CARCINOGENIC CHEMICALS 

QUANTITY 

Risk Reduction Factors: 

p 61p1 j 

p 61p2j 

p 61 p3j 

p 61 p4j 

Annual Baseline Risk: 

R 62 Po o 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(5.12 ± 0.56). 10· 5 

(6.40 ± 0.70) • 10 · 5 

(6.40 ± 0.70). 10- 5 

(6.40 ± 0.70). 10· 5 
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COMMENTS/REFERENCES 

p 62 p K j = p 61 p K j 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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F.4.2 Risk of Noncancer Health Effects 

F .4.2.1 Routine Operations: Occupational Exposures 

Again, as in Section F.4.1.1, workers are exposed to concentrations of agent j that build up against 
the ventilation system to equilibrium value. This time, however, the noncancer health effects risk is 
calculated. With the symbols 

q 161 (o) = Total mass of gas j per "as received" drum (mg), 
n r(o) = Number of "as received" drums handled annually (yr·1), 
N 0 /'l Number of persons in WHB and Treatment Facility, 
<I> 61 t", = Gas release function for alternative K, 

f 15 Fraction of personnel exposed to chemicals, 
L 1 Annual ventilation volume (m 3 

), X 
V 2 = Daily occupational respiratory volume (m 3 day ·1), I 
M Body mass of receptor (kg), 
f 121 Probability of absorption into body for chemical jr 
L /ref l Reference level for chemical j [mg (kg day)"1]. 
r 0 1 Risk of reference level Li ref l, 

C 1 = Constant parts of equations, and 
R 62 0 d. J = Occupational noncancer risk due f"f hemical j per year of operation (yr ·1) 

the general occupational risk equation can be wriJ;; ~s 
R6201<A.1· = {qq}o) <I>~~li} N~~l t,5 V2 t,21· ra1·. (F.4.10) r'i ~ L

1 
M Lj'et) 

Considering the f;lndence on treatment options as before, the risk can be scaled as 

R C N (K) (K) 
62od .. / = 1 o1 <l>s1/ • 

(F.4.11) 

which is the same result as that for the occupational exposures to carcinogens. The risk reduction 
factors are then 

P 62 od. 

<I> 1oi N 10) 
61 j 01 (F.4.12) 

which is independent of agent j and has standard errors 

~Ps2od. = ~Ps1od. · 
(F.4.13) 

The values of the risk reduction factors p 62 0 
d. and their errors are thus given in Table F .4-1. No 

aggregation is needed because there is no difference between the different chemical agents. 
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F .4.2.2 Routine Operations: Public Exposures to voes 

Again, as in F.4.1.2, the public is exposed to voes when concentrations of agent j build up against 
the ventilation system to equilibrium value and are vented to the outside. Noncancer health effects 
risks are calculated for this scenario. Using the symbols 

q 1 61<
0i Total mass of gas j per "as received" drum (mg), 

n / 0
l Number of "as received" drums handled annually (yr ·1), 

<I> 61 /'"l Gas release function for alternative k, 
f 0 .. /~-l Penetration to outside of treatment plant, 
<I> 62 dd<x:J Dispersion-dosimetry function (day ·1), 
M Body mass of receptor (kg), 
f 121 Probability of absorption into body for chemical j, 
r 01 Risk of reference level Li mt l, 

L/ "'' l Reference level for chemical j [mg (kg day) ·1
], 

C; = Constant parts of equations, and 
R 62 P ld..J Public noncancer risk due to chemical j per year ~peration (yr ·1), 

the general public risk expression can be stated as r 
R { (oJ (oJ <I> (x:J } t~f\ <I> (x:) 
'"-'/ = q,,J n, •>; r "" 

The dependence on alternatives f leads to a scaling law 

1 
--___,.- f 12 1· r 01· • ML (rel) 

J 

(F.4.14) 

(F.4.15) R 62PK)..1 = C 1 <I>~~ li • 

which is the sam~ult as for the public risk in the last section. The risk reduction factors are then 

v <1>(0) 
61/ 

with the same standard errors 

<I> (IC) 
61 j 

p 61 pd.j ' 

Lip 62 p K).. j = Li p 61 p K).. j • 

(F.4.16) 

(F.4.17) 

The values of the risk reduction factors p 62 P "'·i and their errors are given in Table F.4-2. Again, no 
aggregation over all chemicals is necessary. 

Appendix I, Attachment F 1-305 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

This page left intentionally blank 

r 

D 

Appendix I, Attachment F 1-306 

IH 

iH 

lllf 

l11l 

fl IJ' 

lilt 

liil 

J1 II 

111i 

1t111 



... 

'~; 

''" 

... 
""' 

.... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

ATTACHMENT G 

RISK COMPARISON 

G.1 AGGREGATION OF CONSEQUENCE REDUCTION FACTORS 

G.1.1 Set Of Consequence Reduction Factors 

The discussion in the preceding sections leads to a total of 124 reduction factors for risk 
components, including all subcomponents. This is too large a number for the assignment of 
individual societal weights, even if all baseline risk components and subcomponents were known. 
One way to reduce the number of subcomponents is to discard risk reduction factors that would 
not influence the result appreciably and aggregate others into appropriate cate~s. 

Genetic damages are subcomponents with risks that are smaller than the correspJnding risks of 
cancer. (Nationa1 Researcl: Council. ~ f.H30, 19138, ·1990). For in/:al exposures, they are also 
less well defined. These 45 subcomponents are consequently included in the aggregation 
process (National Research Council, 1980, 1988, 1990). Simil rly, public noncancer risks due 
to exposures to chemical toxicants are extremel~w (U.S. Department of Energy, 1990a) and 
the health consequences of no great influence. T. e six subcomponents, too, will be dropped 
from consideration for aggregation (Table G.1-1 

The rest of the risk reduction ta'f are sorted into eight supercomponents: 

1. Transportation fatalities 
2 Teortation injuries 
3. 0 c ational fatalities 
4. 0 cupational injuries 
5. Occupational cancers 
6.. Public cancers 

Late occupational cancers 
Late public cancers . 

Six of these supercomponents are listed in the FSEIS {U.S. Department of Energy, 1990a), but 
numbers 3 and 4, the occupational accident fatalities and injuries, are not. In a comparison of 
risks involving waste treatment, however, they are important and have thus been included. These 
eight supercomponents arise from tl10 aggregation of 73 components and subcomponents. 

A problem in the aggregation of these subcomponents arises from the fact that the FSEIS does 
not give explicit values for a number of component and subcomponent risks, but gives some 
values for more aggregated risks. These baseline risks will be denoted by the symbol R i ~ 0 0 t, 

where the index j denotes the risk component, ~ the receptor 

Appendix I, Attachment G 1-307 



OOEIWIPP 91-007, REVISION 2, APRIL 1991 '1 'f 
~,, 

TABLE G.1-1 

COMPONENTS AND SUBCOMPONENTS FOR THE EIGHT SUPERCOMPONENTS 

SUPERCOMPONENT 

1 Transportation fatalities 

2 Transportation injuries 

3 Occupational fatalities 

4 Occupational injuries 

5 Occupational cancers 

6 Public cancers 

All SUBCOMPONENTS 

3 
3 
2 

11 

40 
41 

AGGREGATED IN 
SUPERCOMPONENTS 

3 
3 
2 

1~ 22 
22 

7 late occupational cancers 6 3 
·a late public cancers 

P14pic;P1spic: 

p.,,.;p,,,.;O..: 
p 62p1C: 

Appendix I, Attachment G 

...R _2.. 

Total classified P4 72 -
Not classified * 

Total 124 

r -
Chemical noncancer risk to public from routine emission of voes 
from waste drums. 

Chemical noncancer risk to public in late effects 

Chemical noncancer risk to public from emissions of the treatment 

plant. 
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type (public or occupational), and 't the index of the subaggregate. This wiH cr:ly be m:;eded fer 
superccmpon(rnts 5 and 6, wh~ch nec-;d subaggregates explicity. If aggregation proc,·:eds in one 
step, as for all ott:er supercornponents, tt1en tr1e basel!ne risks are denotec.i by R,::.. G 0 • wt1ere x 
is either 'o; or 'p'. 

The aggregation of risk reduction factors that do not have numerical values associated with them, 
presents a major problem in this evaluation. A large risk reduction factor for a very small risk may 
bias the aggregation because it cannot be weighted with an appropriately small weight. In this 
situation, aggregating by means of geometrical average minimizes the bias that may be caused 
by widely different risk reduction factors. However, there will be a residual bias that cannot be 
removed unless the baseline risks are known. The related problems and assumptions are 
discussed in each case. 

G.1.2 Aggregation of the Eight Components 

G.1.2.1 Supercomponent 1: Fatal Transportation Accidents 

In Supercomponent 1, the fatal transportation accidents in t~hree components listed in 
Table G.1-2 are aggregated. Direct traffic fatalities are by ffr the largest risk component, 
dominating the other two components. The aggreAte consequence reduction factor for the first 

supercomponent is ~ 

r (:? = II ( P-cplCA) gt, r' -c .. {n1} 

with the set {n 1 } = {21, 30, 33}, and the weights 

D 
with the sum cr 1 given by 

If the relationship 

R 21 P 0 0 > 10 5 R 3 x P 0 0 , for x = 0 , 3 

holds, then the weights can without significant loss of accuracy be set at 
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TABLE G.1-2 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 1: 

COMPONENT 

P:iopd. 

D 

Appencix I, Attachment G 

TRANSPORTATION FATALITIES 

DESCRIPTION 

Fatalities caused directly 
by impact 

Fatalities caused by early 
radiation effects in nondispersal 
accidents 

Fatalities caused by early 
radiation effects in atmospheric 
dispersal accidents 

1-310 

COMMENTS 

Large baseline risk 

Very small baseline risk 

1 
(Very small baseline risk 
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(G.1.5) 

The aggregated risk reduction factor is then simply 

(G.1.6) 

and its standard error is 

~ r 1 1C A. = ~ p 21 p 1CA. • (G.1.7) 

Numerical values for the A. and K dependent quantities are given in Table G.1-3 for Level II 
treatments, aggregated consequence reduction factors r , 1C A. indicate an increase in this 
supercomponent by factors between 1.3 and 1.5 with a weak dependence o~lo ation. The 
relative errors of these factors 7 to 8 percent. For Treatment Option 3, this com ent shows no 
increases within the errors for different locations; for Treatment Option 4, there is a decrease of 
this risk component by factors of 1 to 3.5 with relative errors of up to 7 percent. f·h:;rn. a 

~:::::::~:::::: d::~l~:en::~s o
1

~:::sequence r, 
00 

is of a 'ificant amount so that even 
modest risk increases or decreases are of impo nee. The treatment dependence of tl:ese 
consequence reduction factors is shown ~n Figl e S.1-1 for Location 3. H demonstrates the 
cha.ngt'J from a const'Jquence !ncrease for Level II eatmems to a ccnsequonce n:KJucr~on for Lf;v{:;t 
ill tmatments. For Location i, th~etors am idf:nti•:al to i; for Trnatrrn·rnt Options 1, 2 and 3 and 
Locations 2, :3 and 4, there are n l gniticant differern.:es from those shmvn in Figure G. 1-1. For 
Treatment Options 4, however, trH= value goes frorn 1 to 3.5. increasin~J witr1 c.1ecentrz.~Hz:ed 

location. These reduction factors are appHed to a low baseline risk of 0.2 traHice fataHies per 

:•~r2.2 SupercQonent 2: Transportation Accident Injuries 

In Supercomponent 2 injuries in transportation accidents are combined. Three components are 
aggregated in Table G.1-4. Direct traffic injuries are by far the largest risk component in this 
aggregate. 

(G.1.8) 

with the set {n 2 } = {22, 31, 34}. With the same argument as in last section, the weights can be 
set at 
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TABLE G.1·3 

CONSEQUENCE RISK REDUCTION FACTORS r, ~ ,_ FOR SUPERCOMPONENT 1: 
FATALITIES IN TRANSPORTATION ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

""' 
Consequence 

Reduction Factors: 

r,,, 
r, , 2 0.760 ± 0.048 
r, , 3 0.713 ± 0.057 

;<fH r, , 4 0.715 ± 0.058 

r, 2, 1 

r, 2 2 0.719 ± 0.042 

r, 2 3 0.666 ± 0.048 

r, 2 4 0.666 ± 0.049 

r, 3, 1.10!0.p r, 3 2 

~ 1' r, 3 3 1.17±0. 

r, 3 4 r< 1.18 ± 0.27 

r, 4, 1 r,.D 2.00 ± 0.06 
r, 4 3.27 ± 0.21 

r, 4 3.51 ± 0.25 

:u.10 Annual Baseline Risk 
or Consequence: 

r, oo 0.22 FSEIS (U.S. DOE, 1990a), 
Executive Summary 
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TABLE G.1-4 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 2: 

COMPONENT 

P 31 p ICA 

p 34 p !CA. 

D 
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TRANSPORTATION INJURIES 

DESCRIPTION 

Injuries caused directly by accident 
impact 

Injuries caused by early radiation 
in nondispersal accidents 

Injuries caused by early radiation 
effects in atmospheric dispersal 
accidents 

1-314 

COMMENTS 

Significant baseline risk 

Very low baseline risk 

Very low 41ine risk 
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The aggregated consequence reduction factor is then 

(G.1.10) 

with a standard error of 

(G.1.11) 

All consequence reduction factors explicitly depend on both the treatment K and the location A.. 
Numerical values for the K and A. quantities are given in Table G.1-5. The values are the same 
as those in Table G.1-3 dtH:: to tl:o assurnptions (G.1.5) and (G.1.9). Tl1us Figure G.1 .. 1 and the:J 
correspond!ng discussion in trw alst Sf)Ction applies t1c-;m as won. The consc-;quencc:, t(~duction 
factors apply to an acceptable number of about 3 traffic injuries sustained ann~ 

G.1.2.3 .f!isk Supercomponent 3: Occupational Fatalities I 
In Supercomponent 3, two components are aggregated (Tab;e rf51. 
The aggregation of two components yields 

r31CA. = IT f:AtOKA.)g
3

, 

ts {n3F 
with the set { n,) = (53, 55). T~eights are 

D g3't 
Rt oO 0 = 

cr 3 

where 

2 

cr 3 = :E RtoOO · 
'ts 1 

Note that the risks are given in Sections F.2.1.1 and F.2.2.1 by 

R 53 OKI.. 
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TABLE G.1-5 

CONSEQUENCE RISK REDUCTION FACTORS r 2 "i FOR SUPERCOMPONENT 2: 
INJURIES IN TRANSPORTATION ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR 

Consequence 
Reduction Factors: 

r 2, , 1 

r 2, 2 0.760 ± 0.048 
r 2 , 3 0.714 ± 0.057 
r 2, 4 0.715 ± 0.058 

r 2 2, 

r 2 2 2 0.719 ± 0.042 

r223 0.666 ± 0.048 
r224 0.666 ± 0.049 

r 2 3, 1 
r 2 3 2 1.10 ±0.17 

r 2 3 3 1.17 ± 0.26 

r234 1.18 ± 0.27 

r 2 4 , Q ±0.06 r242 

r243 3.27 ± 0.21 
r244 3.51 ± 0.25 

Annual Baseline Risk 
or Consequence: 

r< 

r 200 2.9 FSEIS (U.S. DOE, 1990a), 
Executive Summary 
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TABLE G.1·6 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 3 
OCCUPATIONAL FATALITIES 

COMPONENT DESCRIPTION COMMENTS 

p 53 0 !Cl. General industrial accidents 

P 550 ICIC Forklift accidents 

D 
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and 

= n,(K) n,M P f "" 
0 f 53 1 'V 55 1 ' 

(G.1.16) 

where P 01 is a mere scale factor and drops out for error calculations; and the relative abundance 
of forklift accidents f 53 1 is contravariant in the two equations. Thus it can be assumed that, in 
weight calculations, uncertainties are highly correlated. Taking into account that both components 
have the same risk reduction factor, the standard error of r 3 1( A is thus 

(G.1.17) 

The numerical values are given in Table G.1-7. Although A. is carried as an index, these risk 
reduction factors all are smaller than 1 and depend only on treatment JC but no~he location 
parameter A.. They actually indicate an increase in consequence by 3.6 to 13 wi h elative errors 
of 5 to 7 percent. 

In Figure G.1-2 the inverse of the consequence reduction r 3 1( A i~otted for the four values K = 

1,4. The data show the increase in risk wityh more coplex treptment, due to the increase in 
manpower required. These consequence augmentation factors apply to a relatively low baseline 
risk of 0.0016 occupational fatalities annually. p.. 

ational ln'uries 

In Supercomponent 4, occupatio i ·uries, the components aggregated are listed in Table G.1-8. 
Most important in this aggregati are the injuries from general industrial and forklift accidents; 
morbidity from ee;sure to chemical agents are very small. Generally, the aggregated risk 
reduction factor [:./ 

r ,., ~ ( p54 0 ,.) •~ ( Pss o<>) 
9

" (,ft. P,." P,,.,. P" o <> r-" 
where in this particular case 

Rs4ooo 
g54 = 
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g chem = Q ' 

(G.1.19) 
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TABLE G.1-7 

CONSEQUENCE REDUCTION FACTORS FOR r 3 "'· FOR 
SUPERCOMPONENT 3: OCCUPATIONAL FATALITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Consequence 
Reduction Factors: 

r 31,, 0.276 ± 0.016 

r 32,, 0.260 ± 0.015 

r 33,, 0.170 ± 0.010 

r 34,, 0.076 ± 0.004 

Annual Baseline Risk j>. or Consequence: 

r 300 r<1.6±0.4)•10'' U.S. Dept. of Labor. 
Bulletin 2366, 1990 

D 
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TABLE G.1-8 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 4 
OCCUPATIONAL INJURIES 

COMPONENT DESCRIPTION COMMENTS 

p 140 d. Routine, chemical, noncancer effects Exceedingly small risk 

p 1501d. Routine, chemical, noncancer effects Exceedingly small risk 

P 15a ICA Routine, chemical, noncancer effects Exceedingly small risk 

p 160 ICA Accident, chemical, noncancer effects Exceedingly small risk 

P 170 ICA Accident, chemical, noncancer effects Exce:tly small risk 

P 180 ICA Accident, chemical, noncancer effects Exceed gly small risk 

P 190 ICA Accident, chemical, noncancer effects ( Exceedingly small risk 

P2001CA Accident, chemical, noncancer effects Exceedingly small risk 

P54od. General industrial accidents Sizeable risk 

Pssod. Forklift ace~ Small risks 

p 62 a !CA voe. routine, releases, oncancer effects Exceedingly small risk 

p 
D 
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and 

(G.1.20) 

As no data are available to weight the very small risks of morbidity due to exposure to chemicals, 
all have to be aggregated in an unweighted geometrical average. As exceedingly small 
contributions they are neglected here. 

In the evaluation of the standard errors, the two components finally aggregated are not 
independent. In this particular case 

t.r,.,. t.p,.
0
,,. 1 (G.1.21) 

Numerical values are given in Table G.1-9; they are the same as those for supercomponent 
r 3 ic,,, varying from an equivalent consequence increase by a faFof 3.6 to a factor of 13. The 
consequence augmentation factors are given in Table G.1-2 d are applied to an annual 
occupational risk of 0.7 injuries with workdays lost. 

In this supercomponent, the 22 aonents listed in Table G.1-10 are aggregated. For these 
components, four aggregated p · I risk values are available. The choice made here is to 
aggregate the appropriate comp nents that make up the partial risk values at equal weight and 
then aggregate further with a properly weighted geometric average. This implies the assumption 
that the componfht) of the partial risks are of about equal risk. 

The partial aggr~tions according to the list in Table G.1-11 are 

(G.1.22) 

with standard errors 

(G.1.23) 
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TABLE G.1-9 

CONSEQUENCE REDUCTION FACTORS r 4 id. FOR SUPERCOMPONENT 4: 

QUANTITY 

Consequence 
Reduction Factors: 

f 41 A 

f 4 2 A 

f 43 A 

f 44 A 

Annual Baseline Risk. 
or Consequence: 

r 400 

D 

Appendix I, Attachment G 

OCCUPATIONAL INJURIES 

VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170±0.010 
0.076 ± 0.004 

1-323 

COMMENTS/REFERENCES 

U.S. Dept. of Labor, 
Bulletin 2366 
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TABLE G.1-10 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 5 
OCCUPATIONAL CANCER 

COMPONENT 

P1 od. 

p 20 d. 

P 3o id .. 

p 60 KA 

P 7o KA 

p So KA 

p 9o 1CA 

P 100 KA 

p 11 o KA 

P 120 KA 

p 130 KA 

p 13a KA 

P 270 KA 

p 28 o KA 

p 29od D 
p 570 KA 

p 58aKA 

p 59o·KA 

Psood 
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DESCRIPTION 

Routine, internal radiation 
Routine, internal radiation 
Routine, internal radiation 

Routine, external radiation 
Routine, external radiation 

Accident, internal radiation 
Accident, internal radiation 
Accident, internal radiation r 
Accident, internal radiation 
Accident, internal radiation 
Accident, internal radiation 

Routine, chemical l:\,..sure 
Routine, chemica~sure 
Ro~e, chemical exposure 

R uti e transport, external radiation 
R utine transport, external radiation 
Routine transport, external radiation 

Routine, treatment, external radiation 
Routine, treatment, external radiation 

Routine, treatment, internal radiation 
Routine, treatment, interna~ radiation 

Routine, treatment, VOC releases 
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Total 
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TABLE G.1-11 

SETS FOR PARTIAL AGGREGATIONS 2 FOR RISK COMPONENT 5 
OCCUPATIONAL CANCER FATALITIES 

m~ { n ~} COMMENTS 

7 4, 5, 27, 28, 29, 57, 58 Radiation, routine 
external exposures 

5 1, 2, 3, 59, 60 Radiation, routine 
internal exposures 

6 6, 7, 8, 9, 10 11 Accif ts, internal 
e posures 

4 12, 13, 13a, 61 r Chemicals, routine 
exposure 

22 [>. 

D 
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In this aggregation, Component 11, the C1 O accident, is dropped from consideration. The risk 
is excessively low and the risk reduction factor very high. This contribution, not listed in the 
FSEIS (U.S. Department of Energy, 1990a), is therefore not allowed to influence the result 

There is an additional obstacle to the weighting of the partial aggregations: for Components 57 
to 61, all components of the risks of waste treatment, no baseline risks have been estimated. It 
is assumed here that the same health and safety concerns that govern all WIPP operations are 
evident in the Treatment Facility as well, leading essentially to the same risks. Thus it is 
appropriate to assume that, if the baseline risk is R 1 0 0 0 't , where j standards for the risk 
component, 'o' is the index for occupational risk, -r is the index of the partial aggregation applied 
to a set of m 't risk reduction factors, the baseline risk for a combined set of { M ~ } = { m 't} + 
{ n i} factor is given by 

1 (G.1.24) 

This extension of health and safety practices can be applied to t~artial aggregations 't = 1, 2, 
and 4 in Table G.1-11. r ''~ 

1~1 

The final, properly weighted aggregation of o"Ptional cancer then yields a consequence 
reduction factor 

F· 
4 

= II c= )gs. (G.1.25) 
"-"SKl..'t ' 

't "1 

with the weights D 
gS-r; 

Rsooo't = 
4 (G.1.26) 

L Rsooox. 
x" 1 

'~ Iii' 

and standard errors given by 

( ar,., J 4 

[ 8 2,.,, J (G.1.27) 
= E g5t - . 

r5d. 't =, .::.5d.t 

Here again the weights have been normalized and are calculated using the aggregated baseline ~.,, 

risks in Table G.1-12. Numerical values for the final aggregation are listed in Table G.1-13. 
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TABLE G.1-12 

AGGREGATED BASELINE RISKS FOR THE SETS IN TABLE G.1-11 

QUANTITY 

Aggregated Baseline 
Risks R 5 0 0 0 i: : 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR 

0.025 

0.0012 

0.0011 

2.9 • 10 · 7 

1-327 

COMMENTS/REFERENCES 

Compilerfr m data in 
FSEIS (U DOE, 1990a) 

" 



t"! 

'"' 
DOE/WIPP 91-007, REVISION 2, APRIL 1991 '"I 

TABLE G.1-13 

CONSEQUENCE RISK REDUCTION FACTORS r 5 "'· FOR SUPERCOMPONENT 5: f"! 
OCCUPATIONAL CANCERS 

QUANTITY VALUE± STANDARD ERROR COMMENT/REFERENCES 

Consequence 
Reduction Factors: 

r 51 1 7.54 ± 0.82 
r 51 2 7.50 ± 0.82 
r 51 3 7.53 ± 0.82 
r 51 4 7.53 ± 0.82 

r 5 2 , 7.31 ± 0.80 

r 5 2 2 7.27 ± 0.80 
rs 2 3 7.30 ± 0.80 
r 52 4 7.31 ± 0.80 

r s3 1 11.0 ± 1p. 
rs 3 2 10.9 ± 1 3 
rs 3 3 r 10.9 ± 1.3 
r 5 3 4 11.0 ± 1.3 

r 54 , 7.93 ± 0.93 

IHI 

r,[9 7.86 ± 0.92 
rs 3 7.89 ± 0.93 
rs 7.92 ± 0.93 

,,,, 

Annual Baseline Risk 
or Consequence: 

5•10' 3 FSEIS, (U.S. DOE, 1990a) 
II' 'I 

IHll 

'"' 

'"I 
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Within the error, the consequence reduction factors are independent of the location index /..._ For 
Level II treatments, they range from 7 to 8; for Treatment Option 3, they are grouped around 11; 
for Treatment Option 4, the consequence reduction factors are down to 8 again. The factors 
show very little dependence on location, and amixed influence on treatment option. Relative 
standard errors are about 12 percent. 

In Figure G.1-3, the consequence reduction factors r1 b 5 K A. are shown, demonstrating the 
grouping around 8 for Level II treatments and the goruping of the Level Ill treatments around II 
for Treatment Option 3 and around 8 for Treatment Option 4. These risk consequence reduction 
factors are applied baseline or consequence of 0.005 cancers per year of option. 

G.1.2.6 Supercomponent 6: Public Cancers 

In Supercomponent 6, public cancers from 22 components are aggregated. T~re listed in 
Table G.1-14. For these 22 contributions, numerical values for only four suba1gregates are 
available. Again the choice is made to aggregate by unweighted geometrical averaging, before 
final properly weighted aggregation. 

The partial aggregations according to Table G.1-15 are 

(G.1.28) 

with standard errors 

(G.1.29) 

In this aggregation, the C1 O accident in Component 11 is not used because the risk is excessively 
low and the risk reduction factor very high. Even though the risk is considered in the FSEIS, it will 
not be allowed to dominate the averaging. 

The situation with new treatment risks is the same as that in the last supercomponent: for 
Components 59, 60, and 61, no baseline risks are available. Again, the assumption of the same 
health and safety standards, this time for the public, leads to the formulation 
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TABLE G.1-14 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 6 
PUBLIC CANCERS 

COMPONENT 

PspKA. 

P1pld .. 

PspicA. 

PepicA. 

p 10 pd. 

p 11 p lCA. 

p 23p JCA. 

p 24 PlCA. 

p 25 p KA. 

p 26 p JCA. 

P32p"'" 

0 p 35 p KA. 

p 36p JCA. 

p 37 p KA. 

p 59 p KA. 

Pao pd 

p 61 p JCA. 
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DESCRIPTION 

Routine internal 
Routine internal 
Routine internal 

Internal accident 
Internal accident 
Internal accident 
Internal accident 
Internal accident 
Internal accident 

Routine chemical 
Routine chemical I\ 
Routine transpo~ 
R~oti e transportation 
R · e transportation 
R ti transportation 

Transportation accident, nondispersal 
Transportation accident, dispersal 
Transportation accident, cloudshine 
Transportation accident, groundshine 

Treatment routine internal radiation 
Treatment routine internal radiation 

Treatment routine VOC releases 
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3 

4 

Total 
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TABLE G.1-15 

SETS FOR PARTIAL AGGREGATIONS::: FOR SUPERCOMPONENT 6 
PUBLIC CANCER FATALITIES 

m~ { n ~} COMMENTS 

4 23, 24, 25, 26 Radiation, routine 
external exposures 

4 32, 35, 36, 37 Radiation, accidental 

ex~I exposures 

11 1, 2, 3, 6, 7, 8, 9, 10, Radi tion, internal 
11, 59, 60 xposures 

3 12, 13, 61 Chemicals, routine 
exposure 

22 

f>. 

D 
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(G.1.30) 

for the baseline risk of the set {Md = { m ~} + { n ~ } where the set { m ~ } forms the subaggregate 
public risk R 1 P 0 0 ~ and the set { n ~ } comprises the components for which there are no baseline 
risk estimates. This extrapolation is needed for the partial aggregations i: = 3 and 4 in 
Table G.1-15. 

The final aggregation of occupational cancer risks then yields consequence reduction factors 

(G.1.31) 

i; .. 1 

with the normalized weights 

(G.1.32) 

The standard errors are given by 

(G.1.33) 

Here again the ~hts have normalized to 1. The aggregated baseline risks R 6 0 0 0 T needed 
for the final ag~ation are listed in Table G.1-16. The resulting numerical values for the 
consequence reduction factors are given in Table G.1-17. They range from about 1 to about 10, 
almost independent of the treatment option. The location dependence is illustrated in Fig rue G.1-
4 for Treatment Option 3, showing widely separated narrow probability distributions. 

G.1.2. 7 Supercomponent 7: Occupational Cancer (Late Effects) 

In supercomponent 7, the three components listed in Table G.1-18 are aggregated. In this 
aggregation it is assumed that for all of them the event probability is 1 and that the risk is 
evaluated for the one year during which the event occurs. As the baseline risks are not known, 
the risk reductions are geometrically averaged with equal weight. 
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TABLE G.1-16 

AGGREGATED BASELINE RISKS FOR THE SETS IN TABLE G.1-15 

QUANTITY 

Aggregated Baseline 
Risks R 6 0 0 0 ~ : 

Rso 001 

Rso 004 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR 

7.5 • 10. 8 

3.8 • 10 · 2 

9.0•10" 5 

6.4 • 1o· 12 
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TABLE G.1-17 

CONSEQUENCE REDUCTION FACTORS r 8 ic >. FOR SUPERCOMPONENT 6: 
PUBLIC CANCERS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Consequence 
Reduction Factors: 

~~· rs, , 1.15 ± 0.00 
rs , 2 2.66 ± 0.01 
rs , 3 7.43 ± 0.02 

i"-<;i 

rs, 4 9.42 ± 0.02 

rs 2, 1.15 ± 0.00 
·il'Al4 

rs 2 2 2.67 ±i 
rs 2 3 7.44 ± 0. 

rs 2 4 9.44 ± 

.,.., rs 3, r 1.16 ± 0.00 

rs 3 2 2.68 ± 0.01 
~-i 

r a 3 3 7.49 ± 0.02 r,D 9.50 ± 0.02 

·•~1 

r a 4, 1.16 ± 0.00 

rs 4 2 2.69 ± 0.01 

re43 7.51 ± 0.02 .., 
r644 9.53 ± 0.02 

Annual Baseline Risk 
... ;>j_ 

or Consequence: 

r eoo 0.02 FSEIS (U.S. DOE, 1990a), 
Executive Summary 

~-d 
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TABLE G.1-18 

RISK REDUCTION FACTORS AGGREGATED IN COMPONENT 7 
POST-CLOSURE OCCUPATIONAL CANCERS 

COMPONENT 

P40oicA 

p 41 0 Id. 

p 420 IC~ 

D 

Appendix I, Attachment G 

DESCRIPTION 

E1 scenario, direct exposure 
E2 scenario, direct exposure 
E1 E2 scenario, direct exposure 

1-337 
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Drilling crew 
Drilling crew 
Drilling crew 
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The consequence reduction factors are then 

42 

l71()., = II (PtoicA.)
113 

• 
(G.1.34) 

'ts40 

with standard errors given by 

(G.1.35) 

Numerical values for the consequence reduction factors are given in Table G.1-19. The values 
are independent of the location parameter A. , as expected for a late post-closure effect. They 
range from about 5 to 9, with relative standard errors between 10 and 20 perce~Both Level II 
treatments yield consequence reduction factors close to 5, whereas for Level Ill reatments the 
values are 7 and 9, respectively. This is illustrated in Figure G.1-5, showin separate but 
overlapping values of the consequence reduction factors. Th~re, however, applied to an 
exceedingly small consequence in the 10. 8 range. r 

In this supercomponent, the six components i le G.1-20 are aggregated. Again, no risk 
values are available for the indiv~I components, and the aggregate is formed by unweighted 

geometric averaging. r' 
The consequence risk reduction factor is thus given by 

D l Sid. = 
48 

II ( ) 
1 / 6 

Pt o 1c:i.. • 
(G.1.36) 

t=43 

with geometric standard errors given by Equations (C.1.20) and (C.1.22) 

48 (G.1.37) 

= L [ log a cr g ( p -co 1CA. ) J 2 ' 
't:46 

and thus for the GSD 

(G.1.38) 
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TABLE G.1·19 

CONSEQUENCE REDUCTION FACTORS r 7 "). FOR SUPERCOMPONENT 7: 
OCCUPATIONAL CANCERS, POSTCLOSURE EFFECTS 

QUANTITY 

Consequence 
Reduction Factors: 

Annual Baseline Risk 
or Consequence: 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR COMMENTS/REFERENCES 

4.96 ± 0.48 

5.05 ± 0.49 

6.9 ± 1.4 

9.4 ± f>. 

3•10" 8 FSEIS (U.S. DOE, 1990a). 
Executive Summary 
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TABLE G.1-20 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 8: 
POST-CLOSURE PUBLIC CANCER 

#iitJ COMPONENT DESCRIPTION COMMENTS 

P43p•d. Scenario E 1 inhalation Receptors: 

p 44 p !CA. Scenario E2 inhalation 5 persons at ranch 

P 45 p ICA Scenario E1 E2 inhalation 5 km from site 

,J&lil1 P 46 p ICA Scenario E1 ingestion 1 P 47p ocA. Scenario E2 ingestion 

P 48 p icA. Scenario E1 E2 ingestion 
,~, 

D 
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Again, as expected for a late post-closure effect, the factors r 8 I( A. are location independent, with 
geometric standard errors given by the definitions given in Appendix C.1.3. The values for the 
consequence reduction factors range over one order of magnitude from 100 to 2,000 with 
geometric standard deviations between 2 and 3 (Table G.1-21 ). This situation is illustrated in 
Figure G.1-6, which shows the factors on a logarithmic scale. There is little difference between 
the two Level II treatments but a substantial spread between the two Level Ill treatments. These 
consequence reduction factors are, in this case, applied to a very small baselinein the range 
below 10 · 4

• 

J"f 

"~ 
G.2 CALCULATIONS OF CONSEQUENCE REDUCTION INDICES 8 ic A. AND 11 • 

CONSEQUENCE AUGMENTATION INDICES \fl icA. 

Although the consequence reduction and augmentation indices, e 1CA. and qi I( A.• can calculated 
directly from Equations (B.3.19 and B.3.20), the indirect route via single and m 1 attribute utility 
indices e i icA. and U KA. and Equations (B.3.13) and (B.3.18) is chosen in order to ccommodate 
quantities with both normal and lognormal distributions. The weighted sum leading to the utility 
indices U ICA. provides the vehicle to again apply the Central Limit~orem and assume a normal 
distribution for the utility indices and, therefore, a lognormal ftribution for the consequence 
reduction or augmentation indices. 

G.2.1 Single Attribute Utility Indices e., p.. 
G.2.1.1 Conse uence Reductio ctors with Assumed Normal Distribution 

Assuming a normal distribution y virtue of the Central Limit Theorem discussed before (see 
Attachment B.4;~e risk reduction factors r JI(),, and their standard errors Ll r 1 I(),, yield the single 
attribute utility f vns 

ejicA. = 1og 10 ( rjicA.) • (G.2.1) 

with standard errors of 

with 1 
Q = -- = 0.434294... . (G.2.2) 

In 10 

'"' 

lilkl 

The distribution of the stochastic variable e J icA. with standard error Ll e i 1CA. is no longer normal. 11•1 

G.2.1.2 Consequence Reduction Factors with Assumed Lognormal Distribution 

For quantities with large error intervals such as Supercomponent 8, the assumption of a 
lognormal distribution is a convenient choice. Given the geometric mean r i I( A. and a geometric 
standard deviation a 

9 
(f i I( A.), and taking the logarithm of the log normally distributed argument 

will result in a normally distributed quantity 
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TABLE G.1-21 

CONSEQUENCE REDUCTION FACTORS r a ic>. FOR SUPERCOMPONENT 8: 

QUANTITY 

Consequence 
Reduction Factors: 

r a, ;. 
r a 2;. 

r a 3;. 

r a 4;. 

Annual Baseline Risk 
or Consequence: 

D 

Appendix I, Attachment G 

PUBLIC CANCER 

VALUE (GSD) 

106 
115 
221 

2030 

(2.3) 
(2.2) 
(2-4) 
(2.6) 

7. 10"'p.. 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a) 
Executive Summary 

GS~Geometrical Standard Deviation. 
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(G.2.3) 

with a standard deviation of 

(G.2.4) 

G.2.2 Calculation of Multiattribute Utility Indices 

G.2.2.1 Societal Valuations 

The elicitation of the societal weights for various components of the total risk relative to each 
other is based on premises that are somewhat unusual as compared to those ~ly elicited in 
a Multi-Attribute Utility Theory: I 

It is not the actual components that are being valuat~ut reductions and increases 
in those components. r . 
Only relatively small increases and decreases (for the small risks discussed here 
increases and decreases by a factor fJJ:'o) are being considered. 

• It is recognized that for the small siz(of ~hese risks, the rough order of magnitude of 
the risk influences t~luation of a risk reduction or risk enhancement. 

The first condition arises from th~ f.:Ct that at issue is a risk comparison, i.e., a risk reduction or 
a risk augmenta~· The second is based on the fact that the law of diminishing marginal utility 
of economics is ap lied here to risk comparison. It is taken into account by using the logarithm 
of a particular ri reduction factor as the utility for that component. It is shown in Attachment B 
that, in risk assessment, the law of diminishing marginal utility describes the fact that a unit 
increase in risk reduction is most valuable for a risk reduction of one, less valuable for a risk 
reduction of 10 and even less for 100, and so on. The third condition accounts for the fact that 
a risk reduction of 2 is most valuable for a risk of immediate concern, say for 1 O -2 < p < 1, much 
less so for a risk of lesser concern with a value of 10 -3 to 10 -4

, and almost irrelevant for a risk 
smaller than 10 · 6 • 

The societal valuations or weights needed here, are a measure of the preference for one risk 
reduction over another by the same factor. Thus, these relative weights have little or nothing to 
do with the dollar value of a human life. This valuation is squeezed rather tightly into a very 
narrowly scoped question to every person participating in the valuation procedure: 
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"How do I rate an increase or decrease by a factor of two in one component (say 
occupational fatalities) relative to the same change in another component (say cancer 
deaths in 10 years)?" 

As mentioned above, the absolute magnitude of the components being compared is clearly of 
some import. A pair-wise comparison, however, should not be influenced by the magnitude of 
any other component. 

In the time schedule of this work, it was not possible to acquaint the necessary number of experts 
with this new valuation procedure. A more technical viewpoint, represented by one person in the 
role of a decision maker, but supported by the views of several others, will be presented here. 

The considerations that enter the relative weighting of the first four supercomponents is discussed 
in the main text of this appendix in Section 5.1.1. Consideration of the value o:tonsequence 
reduction or augmentation, given the magnitude of the baseline risk, led to the solute weights 
10, 7, 5, and 4 given in Table G.2-1. The absolute weights of the occupati nal and public 
cancers relative to all other components are 1 and 3, respectively, taking into account their small 
size and the fact that for occupational cancers the latency add~o 20 years of useful life after 
exposure. The last two components finally are set at 0.1 an .2, taking into account that in 
5,000 years cancer is not likely to be a problem but that thes exposures may be indicative of 
an environmental problem caused by our genre·on. In order to forestall this, the weights are 
assumed to be much higher than cancer itself justify. The resulting societal weights, with 
a sum normalized to 1, are given in Table G.2 . 

. 

The weights given in Table G are based on the opinions of three leading experts in risk 
assessment and management hree more technically oriented persons. The final selection, 
however, was made by one person (the project leader) in the role of decision maker. The weights 
are based on t""put received from the six advisors but reflect his own informed valuations. 

G.2.2.2 GenerVconsiderations 

The Multi-Attribute Utility Index, the basic quantity for the risk comparison used here, is given by 

a 

u ICl. "' E yj a1icl. • 
1. 1 

with the normalized weights defined in the previous section 
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TABLE G.2-1 

SOCIETAL VALUATIONS AND WEIGHTS, y1 

RISK ANNUAL ABSOLUTE NORMALIZED 
SUPERCOMPONENT BASELINE RISK WEIGHTS WEIGHTy

1 

Transportation f~ __ lities 0.2 10 0.33 

2 Transportation injuries 3 7 0.23 

3 Occupational fatalities 0.002 5 0.17 

4 Occupational injuries 0.7 4 1 0.13 

5 Occupational cancers 0.005 0.033 

6 Public cancer 0.02 r 3 0.10 

7 Late occupational cancers 3·10- 8 0.1 0.003 

8 Late public cancers 7·10- 5 0.2 0.007 
'" p. 

r 
~,, D 
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The standard error of the index is 

8 

(6Ul<l.) 2 
= L (Y1 6011CA)

2 
+ (0jlC). '1y1)

2
• (G.2.7) 

j .1 

I iii 

The single attribute utilities 01 IC). are not normally distributed, except in those cases in which the 
consequence reduction factors were lognormally distributed. However, with the eight super 1

'
11 

components in a sum, application of the central limit theorem allows the statement that the ''"' 
multiattribute utility indices should be approximately normally distributed. 

The transformation back to linear space yields the two derived quantities of interest, the 
consequence reduction indices 9 oc). and their inverse, the consequence augmentation indices 
'I' oc).. Due to the use of the Central Limit Theorem, the utility indices U ICA can be assumed to be 
normally distributed, allowing the use of the Gaussian approximation for error:Ero gation. The 
resulting values of the consequence reduction indices 9 IC). are given in Table . 2. Sometimes 
it is more convenient to discuss the inverse indices, the consequence augmenta on indices 'f' K). 

given in Table 5-2 of the main text and the values are discussed in Section 5.2.1. 

Using the definition of the consequence reduction Index r 
ox:>.. - ' 

(G.2.8) 
o. -~U.i 

and with U IC 1 being a normally distributed q antity, the risk reduction index is lognormally 
distributed. As the errors ares~ however, a normal distribution is a sufficient approximation 

with r' 
t1Sic). = ln10 ·t1U e ic). 

1(~ D 
(G.2.9) 

For the consequence augmentation index, the definition, 

(G.2.10) 

results again in a narrow lognormal distribution, approximated by a normal distribution with a 
standard error given by the same equation, 

Appenclx I, Attachment G 

d'i'KA. u i181CA. 
--- = In 10 · t1 1(~ = ---

'¥ KA. 8 KA. 

1-348 

(G.2.11) 

,,,, 

I th 

l'h 



DOEJWIPP 91 ·007, REVISION 2. APRIL 1991 

TABLE G.2-2 

CONSEQUENCE REDUCTION INDICES FOR 16 TREATMENT/LOCATION OPTIONS 

QUANTITY 

9 1 1 

9 1 2 

9 1 3 

9, 4 

9 2 1 

9 2 2 

9 2 3 

9 2 4 

9 3 1 

9 3 2 

9 3 3 

9 3 4 

9 4, 

9 4 2 :o 
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VALUE± STANDARD ERROR 

0.7121 ± 0.00096 
0.633 ± 0.019 
0.710 ± 0.025 
0.728 ± 0.026 

0.7121 ± 0.00096 
0.633 ± 0.019 
0.710 ± 0.025 
0.728 ± 0.026 

0.7121 ± 0.00096 

0.633 ± 0.1? 
0.710 ± 0. 
0.728 ± 0. 26 

f'.<o.4863 ± 0.0065 
0.779 ± 0.014 
1.138 ± 0.033 
1.213 ± 0.038 

1-349 
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If a more exact approximation is desired, the geometric standard deviation of t~e lognormal 
distribution is given by 

a g ( 'I' 1C A. ) = a g ( e lCA. ) = 10 D. u.~ (G.2.12) 

with the mean values given by equations (G.2.8) and (G.2.10). 

The values for the consequence reduction indices in Table G.2-2 lie mostly below 1, indicating 
increases of the societally weighted geometric average over the eight risk reduction factors. Only 
the last two treatment/location options show actual decreases in risk. Relative standard errors 
range from 2 to 10 percent. The values for treatments 1 and 2 (Level II treatment) lie closely 
together, often little more than a standard error apart. Treatment 3 indices decrease with location 
option A., beginning to approach the baseline risk. Treatment 4 indices go from the lowest value 
in the array to the highest (see also Figure 5.1 ). 1 
G.3 CLASSES OF INDIFFERENCE ANO RISK COMPARISON 

G.3.1 Approach To Establishing Indifference r 
For the case of strongly overlapping probabi~i distributions, the criteria of Goodmann (see 
Section B.4.3) can be used to determine wheth o risk reduction or augmentation indices are 
significantly different or not (Goodmann, 1986) th criteria are based on comparing the main 
bodies of two distributions rather than their tai s. The first criterion is an information theoretical 
measure called the divergenc~eeen two distributions. It is in essence proportional to the 
absolute value of the differen etween the two distributions [see Equations (B.4.5)]. The 
second criterion determines fo a given confidence level how much of the second distribution lies 
between the ~ence limits of the first one, and vice-versa. From these two numbers, the 
second criterip fashioned. · 

G.3.1.1 Use of the Criteria 

Compare two distributions with the means defined as 

(G.3.1) 

and with standard errors defined as 

Appendix I, Attachment G 1-350 

I iii 

lii;f 

11'111 

jj(~, 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

(G.3.2) 

With the additional definitions 

(G.3.3) 

and 

(G.3.4) 

and 

(G.3.5) 

the test quantity 

(G.3.6) 

can be evaluated. For rejectio~the hypothesis of different risks, Goodmann's "confidence" 
criterion derived from Equationr•· 1 O) according to Goodmann (1986) is 

Ts Tc,(P. e
0
), (G.3.7) 

where D 
(G.3.8) 

For acceptance of the hypothesis of different risks, on the other hand, Goodman's "informational" 
criterion, derived from Equation (B.4.6) can be applied 

(G.3.9) 

where 
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+ Jo - 0.5 ( p2 + p -2) 

0.5 ( 1 + p -2 ) 

(G.3.10) 

(G.3.11) 

The numerical constants are valid for a confidence level of C 0 = 0.9. For the calculations in this 
paper, a significance level of t;, = 0.05 is used. 

In the region between the two criteria, i.e., for 

Tc,(P,&o) < Ts Tca(p,Do)' '1" (G.3.12) 

The "informational criterion" rejects the hypothesis of different indices, whereas \he 'conficence· 
criterion does not yet reject it. The assignment of indiffereEc r difference is consequently 
uncertain. In Figure G.3-1, this situation is shown in a plot the critical curves, Equations 
(G.3.8) and (G.3.10), in the (T, p) - plane. The two curves di e the plane into three domains: 
one of different utility indices (0), one of indifferent utility indices (I), and one of questionable 
status (Q). In the last case, a decision maA,_e reached on the basis of the location of 
questionable points in this plane relative to the~ing curves. 

G.3.1.2 Discussion of Rasul~ a 
The comparison of all pairs (a,J of 'the 16 indices in best thought of in terms of a 16 by 16 matrix 
with 256 elemE Of these, the 16 diagonal pairs (a.a) are irrelevant and all off-diagonal pairs 
are symmetric , ( ,b) = (b,a). These properties result in (256-12) I 2 = 120 pairs. The analysis 
of all teRse-co arisons yields information on the significance of differences betwee.R mces. 
T~ results o- the analysis in terms of the Goodmann criteria are given lA Table G.3-1 aPJd 
figure G.3-2,Aive pairs of indices are indifferent, five are questionable and three lie crose enough 
oUtstee-ttre outer limited to be included due to possible residual systematic errors. This is due 
to the fact that biases may change the (T, p)-combination sufficiently to include them in the 
difference domain. 

The same information is shown graphically in Figure G.3-2. Nine of the 120 combinations of 
consequence reduction or augmentation indices overlap sufficiently to be shown here. Five 
combinations clearly lie within the indifference domain and five within the domain of questionable 
overlap. Three other points lie relatively close to the outer limiting curve. Both limiting curves 
are function of quantities defined in Section 8.4.3, such as the confidence level C 0 = 0.9, the 
significance level £ 0 = 0.05, and the divergence limit D 0 given by Equation (G.3.11 ). The 
selections made here are conventional but otherwise as arbitrary as all such choices. The three 
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TABLE G.3-1 
1U 

DIFFERENCES AND INDIFFERENCES FOR UTILITY INDICES 

k 1 2 3 4 5 6 7 a 9 10 11 12 13 14 15 16 
1C A 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44 

1 1 D Q Q Q D D D D D D D D D D D 
2 1 2 D D D D I c D D D D D D D D 
3 1 3 I Q D D c D D D D D D D D 
4 1 4 D D D D D c D D D D D D 

5 2 1 D D Q D D D D D f D D 
6 2 2 D D I D D D D D D 
7 2 3 D D D D D D D 
8 2 4 D D 

~ 
D D D D D 

9 3 1 D D D D D D 
10 3 2 D D D D D D 
11 3 3 : f>. D D D D 
12 3 4 D D D D 

13 4 1 

:~ 
D D D 

14 4 2 D D 
15 4 3 D 
16 4 4 o· 

I = Combination of significantly different indices. 

D = Combination of different indices. 

Q = Combination of questionable status. 

c = Combination included due to proximity to limits. 
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points lying closest to the outer limit are included, because changes in the limits could shift the 
curves so as to engulf these points. 

From these discussions, it is obvious that 107 of the 120 possible pairings are clearly different 
from each other; only 12 show sufficient overlap to be considered indifferent. This is shown 
clearly in Figure 5-1. There, other groupings are evident, that can be used in the process of 
reading conclusions. 

D 
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G.4 ANALYSIS OF THE CONSEQUENCE REDUCTION INDICES 

Risk comparisons are usually used in further evaluations of the alternatives being compared. In 
the present case, the results of this comparison are part of the selection procedure of the 
Engineered Alternatives for the treatment of wastes to be emplaced at the WIPP. In order to 
arrive at an appropriate weighting in that process, a detailed analysis of the influence of the 
different supercomponents on the final values of the consequence reduction indices is needed. 
It will serve as an additional input for the decision maker at the higher level. Indeed, it is quite 
likely that the interaction between the two decision makers will result in an iterative process of re
weighting at both levels until a consensus is reached. In the present study, this interaction was 
discussed between the two decision makers, but could not be carried out due to the external 
constraints of the work. 

G.4.1 Contributions of Traditional and Radiological Effects 

One of the major concerns about the WIPP is centered on the health ett:ci: due to the 
radioctivity of the wastes. As an inspection of the baseline risk numbers in Table G.2-1 shows, 
the consequences in supercomponents 5 and 6 are among the Elest expected health effects 
of the entire operation. Transportation fatalities and injuries, ough well within acceptable 
limits, are much larger. This is a direct consequence of the pu lie and administrative concerns 
over radiological effects and of the successful effr{s by health physicists to keep these effects 
at low levels. r 
G.4.1.1 Conse uence Reduction ices Without Trans ortation Health Effects 

Although Supercomponents 1 a 2 contain some radiological risk contributions, their influence 
was set to zero by the assumptions for Equations (G.1.5) and (G.1.9). The influence of the 
nonradiological· r!rportation accidents can thus be studied easily by setting their absolute 
weights in Tabl,;y~-1 to zero. After renormalization, the relative weights listed in Table G.4-1 
are obtained. 

An evaluation of the consequence augmentation indices yields the values given in Table G.4-2. 
For Level II treatments, the consequences decrease with increasing decentralization of the 
treatment from indices around 2 down to indices near 1.4. For Level Ill treatments the indices 
for Location Option 1 (WIPP) increase to values near 3 for treatment option 3 and near 5 for 
treatment option 4. Here too, the indices decrease with decentralization, but only to values near 
2 and near 3 for treatment options 3 and 4, respectively. The shading of the cells indicates these 
values, with the lightest shade for the largest increases in the index, i.e., for group 1 with values 
between 4 and 5, the next darker shade for the group of values near 3, even darker for group 3 
with values near 2, arid darkest for the lowest consequence augmentation indices near 1 .4. 

This pattern reflects the increase of the now dominant occupational accident risk with more 
complex treatment. All treatment/location options show an increase in consequences due to the 
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TABLE G.4-1 

CONTRIBUTIONS OF TRADITIONAL AND RADIOLOGICAL EFFECTS 

NORMALIZED WEIGHTS y 1 

NO NO NO TRAFFIC OR 
RISK TRAFFIC OCCUPATIONAL OCCUPATIONAL 

SUPERCOMPONENT ACCIDENTS ACCIDENTS ACCIDENTS 

1 Transportation fatalities 0 0.47 0 'I~~' 

2 Transportation injuries 3 0.33 1a 3 Occupational fatalities 0.38 0 

111<1 

4 Occupational injuries 0.30 0 0 

5 Occupational cancers 0.075 0.047 r 0.23 

6 Public cancer 0.23 0.14 0.70 l1U 

7 Late occupational cancers 0.0075 

f>. 
0.0047 0.023 

8 Late public cancers 0.015 0.0094 0.047 

r 
D 
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treatment activities. This trend is overlaid with a decrease in accidental public cancer risk during '"~ 

transportation. In evaluating these data, two facts should be borne in mind: (1) an inspection of 1•11 

the remaining baseline risks in Table G.2-1 shows them to be small and (2) the increases in 
consequences indicated by the augmentation indices in Table G.4-2 are not linearly related to '~~ 

1 these baseline risks. Thus, it would be absolutely false to state that the remaining baseline risks ,1111 

are higher by a factor equal to the consequence augmentation index. 

G.4.1.2 Consequence Reduction Indices Without Occupational Health Effects 

Supercomponent 4 also has a contribution of a chemical noncancer health risk, whereas 
supercomponent 3 is a pure consequence of occupational accidents. The chemical health risks 
are exceedingly small, however, and that contribution was set to zero in Equation (G.1.19). Thus 
setting the absolute weights of supercomponents 3 and 4 to zero (Table G.2-1) results in the 

1 relative weights given in Table G.4-1, and shows the consequence reduction)rffces with the 
influence of conventional occupational accidents removed. I 
The consequence reduction indices e IC A are mostly larger th~n , so they are listed in Table 
G.4-3. For Level II treatments, the values of the indices cluster ely around unity, showing that 
it is the occupational risk components that are responsible fo he increase in the index for all 
Level II treatments in the fully weighted case. The group o treatment/location options with 
consequence reduction indices around 1 is sho~w'th the lightest shading of the cells. For Level 
Ill treatments, the reduction indices are again c to 1 for treatment at the WIPP but increase 
to values near 1.6 (group 2 shading) for Treatm nt Option 3 carried out in decentralized facilities, 
and values of 2 (group 3 sht!a up to indices near 4 {group 4 with darkest shading) for 
Treatment Option 4 and treat near the originators of the waste. This demonstrates the 
influence of the transportation ri k components in the location dependence of Level Ill treatments 
in the fully weigh d case. 

For the last sensitivity study, both the transportation and the occupational accident risks are 
weighted with zero. This will remove the influence of the largest baseline risk components and 
will show the influence of the radiological risk contributions with a small addition for the risks due 
to the exposure to chemical agents. Using the relative weights given in Table G.4-1, the 
consequence reduction indices calculated are all larger than 1, indicating a uniform reduction in 
consequences (Table G.4-4). This can be understood from the fact that all direct external 
radiation doses are essentially independent of treatment because they depend on the total activity 
transported and handled per year. This quantity is assumed to be constant in this study [see 
Equation (E.1.5)]. 

The consequence reduction here is thus almost exclusively due to transportation and handling 
accidents, which are responsible for relativley small contributions to the baseline risks for 
supercomponents 5 and 6 in Table G.2-1. This results in large relative decreases for all baseline 
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risks for almost any form of treatment, leading to the nearly treatment-independent consequence 
reduction indices in Table G.4-4. The lightest patterns are reserved for cells with indices around 
1.35, the group 2 pattern for values around 2.4, the darker group 3 pattern for indices around 5. 
and the darkest pattern for the highest reduction indices near 6. It should be noted in this context 
that the accidents contributing to these indices all had to be weighted with equal weights because 
their baseline risks are not available. A considerable amount of bias may, therefore, be expected. 
The general location trend is too strong, however, and is probably independent of this bias. 

G.4.2 Contribution Of Each Supercomponent To The Final Indices 

Another analytical tool is the study of the contribution of each super-component to the indices for 
each treatment/location option. The separation of the consequence reduction index into J

0 
factors 

according to Equations (B.3.21) and (B.3.22) makes such a study relatively easy. In this 
disaggregation, the deviation of each factor from 1 is a measure for the relati~ntribution ot 
each supercomponent to the value of the index. I 
G.4.2.1 Contribution of Each Component To All Indices 

The factors defined in Equation (B.3.22) will be given in the 4 r::; matrices used before for the 
display of values for the 16 treatment/location options even ~o:gh the treatment or location 
dependence does not exist in some cases and i oo small to matter in others. 

G.4.2.1.1 Su ercom anent 1: Fatal Trans o tion Accidents 

By definition, these factors <t>Q are equal to 1 for treatment at the WIPP, after all the 
transportation is done (Table G~:~. For Level II treatments, consequence increases of around 
1 O percent are effected, due to the volume increase in the treated wastes, reulting in an increased 
number of tr~p rts. For Level Ill treatments, relative contributions to the consequence 
reduction indic s f a few percent occur for treatment option 3, and more substantial relative 
increases of enty to fifty percent for option 4. Both Level Ill treatments show a distinct trend 
to higher factors for decentralized treatment facilities. 

G.4.2.1.2 Supercomponent 2: Injuries In Transportation Accidents 

By definition, these factors are also equal to 1 for treatment at the WIPP; again because all the 
transportation is already done. The corresponding factors <t> 2 ICA are listed in Table G.4-6. The 
situation is essentially the same as that for the factors <t> 1 I( :1., but with smaller deviations from 1. 
For Level II treatments, this component contributes increases of up to 1 O percent, again due to 
the volume increase in the treated wastes and an increase in the number of transports needed. 
For Level Ill treatments, contributions of 2 to 4 percent are found for Treatment Option 3, and 
more substantial relative increases of 20 to 30 percent for Treatment Option 4. Again, both show 
a trend to higher factors for decentralized treatment facilities. 
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G.4.2.1.3 Supercomponent 3: Fatalities Due to Occupational Accidents 

The factors <1> 3 d for the contribution of the occupational fatalities are listed in Table G.4-7. Here. 
due to the assumption of a modular treatment plant, the factors do not depend on location. For 
Level II treatments, the factors are practically all the same, decreasing the index by about 20 
percent. For Treatment Option 3, the decrease amounts to about 25 percent, for Treatment 
Option 4, to about 35 percent. This is the expression of the higher contribution of occupational 
fatalities for more complex treatments to the index. 

G.4.2.1.4 Supercomponent 4: Injuries Due to Occupational Accidents 

The factors <I> 4 d for the contribution of the occupational injuries are listed in Table G.4-8. Again. 
' due to the assumption of a modular treatment plant, the factors do not depend on location. but 

generally deviate less from one than the corresponding factors for the third ~r-component. 
For Level II treatments, the factors practically all decrease the index by abou 6 percent. For 
treatment option 3, the decreas amounts to about 20 percent, and for treatment o tion 4 to nearly 
30 percent. Again, this can be interpreted as the express;:of the higher contribution of 
occupational injuries for more complex treatments to the inde r 
The factors <I> 5 id. for the contribution of the o tional cancer fatalities are listed in Table 
G.4-9. These factors all deviate only by a few ercent from 1, contributing little to the index. This 
is largely due to the fact that r_Qccupational cancer risk is almost exclusively due to routine 
exposures which are independl <>J treatment, contributing nothing to the consequence reduction. 

G.4.2.1.6 Su e m onent 6: Cancer Cases Due to Public Ex osures 

~ for the contribution of the public cancer fatalities are listed in Table G .4-10. 
These factors show a minute dependence on location, and practically depend on treatment only. 
The deviations from 1 are substantial, ranging from increases of about 1 to 25 percent. These 
contributions to the index are largely due to the fact that the public cancer risk is almost 
exclusively due to accidental exposures which are, apart from the fact of treatment, almost 
independent of the method of treatment. 

G.4.2.1.7 Supercomponent 7: Occupational Cancer Cases Due to Post-Closure Exposures 

The factors <1> 7 "~ for the contribution of late occupational cancer fatalities due to human intrusion 
scenarios are listed in Table G.4-11. These factors deviate only a fraction of a percent from 1. 
show as expected no location dependence and only a minute dependence on treatment. These 
tiny contributions to the index are largely due to the fact that the baseline cancer risk is 
exceedingly small and thus rank very low in societal valuation. 
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I G.4.2.1.8 Supercomponent 8: Public Cancer Cases Due to Post-Closure Exposures 
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The factors <I> 8 ic,, for the contribution of late occurring ·public cancer fatalities due to human 
intrusion scenarios are listed in Table G.4-12. These factors also deviate only a few percent from 
1, show as expected no location dependence and only a weak dependence on treatment. Again, 
the small size of the contributions to the index are largely due to the fact that the baseline cancer 
risk is very small and thus ranks low in societal valuation. 

G.4.2.2 Contributions Of All Components To Some Indices 

Another way to analyze the contributions <l>i icA to each consequence reduction index is to list all 
eight factors together as in Tables G.4-13 for Level II treatments and G.4-14 for Level 111 

treatments. The small variation in the indices e " ,, is explained by the fact that most 
supercomponents do not change with treatment/location options. Only superco~nent 6 shows 
a moderate increase with location, offset by smaller changes in super-componen s 1 and 2. The 
overall values of the indices are determined by the small values of the fa tors for super
components 1 to 4. For Level Ill treatments, however, only~u ercomponents 3 and 4 yield 
c.onstant, values below 1. Components 1, 2, and 6 are all in r asing considerably with more 
decentralized treatment, while components 5, 7, and 8 are cons ant, hovering near 1. The driving 
force in the increase are, therefore, components 1, 2, and for traffic accidents and public 
cancers, which overcome the low values fro~e occupational effects and lead to actual 
consequence reductions. r 
G.4.3 Discussion Of The Anal 

The analysis given here, reveal the dominant contributions to the consequence reduction factors 
of the 16 treatm~ocation options discussed in this study. The main driving force derives from 
the valuations· oc ty puts on the different sources of health effects. It should not come as a 
surprise that 1ological health effects are among the smaller contributions to the total 
consequences of the entire WIPP operation. After all, there is a type of health and safety 
professional, the health physicist, whose sole job it is to keep any radiological risks small. 
Indeed, the entire WlPP effort is dedicated to the purpose of disposing TRU wastes under these 
conditions. Thus it is only one super-component, the public cancer risk in component 6. that 
influences the consequence reduction indices in an appreciable way. Even that refers to a small. 
acceptable annual baseline risk (Table G.2-1 ). 

Less weight is given by society to keep non-radiation occupational accidents low, even though 
occupational health and safety professionals do a creditable job in many industries. However, 
less time and effort is expended to lower these risks. This leads to the location-independent 
factors for components 3 and 4 which are lower than 1 and signal progressively increasing 
consequences with more complex treatment activities. 
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The dominant influence in the location-dependence of the consequence reduction indices are the 
traffic accidents in components 1 and 2. They reflect the almost cavalier attitude that our society 
takes toward the prevention of traffic accidents, with little time and effort expended to curb the 
slaughter on our roads. It, therefore, comes as no surprise that the largest consequences in 
fatalities and injuries due to the operation of the WIPP are also deemed acceptable (Table G.2-1). 
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J.1 INTRODUCTION 

The intent of Appendix J is to provide supporting calculations for cost estimates associated with 
the waste treatments which are discussed in Section 6.3.4 of Volume I of this report. Specifically, 
the balance of this Appendix presents cost estimation calculations for: 

• 
• 
• 

Capital Costs 
Operating Costs 
Life-cycle Costs 

J.2 GENERAL ASSUMPTIONS 

The EATF cost estimation methodology relies on published reports for treatment ~tion costs. 
As noted in Section 6.3.4 of Volume I, scope of EATF work does not permit "b ms up" cost 
estimation. If treatment becomes necessary, detailed costs may be estimate for required 
facilities. Assumptions associated with EATF cost estimates include: 

• Treatment operation costs may be scaled and coc::;ned with a modified version 
of the "point six rule" (Baasel, 1990). r" 

• 

• 

• 

• 

• 

• 

• 

Treatment operation costs may be ~ored to a common basis year of 1990 . 

Life-cycle operations costs are cl::u1~ted based on a cost escalation factor of 
3.5% (Smedley, 1~ and a discount factor of 10% (Bozik, 1991}, both on an 
annual basis. r ' . 
Ltz"t cle costs are based on an assumption of waste treatment operations 
b in ing in the year 2000. 

A nual operations costs (labor and materials} may be estimated as a percentage 
of capital cost (PNL, 1982; PNL, 1986). 

Batch treatment facilities of a certain minimum size are necessary at sites with 
small quantities of waste. 

Continuous operation is defined as 24 hours per day, 240 days per year. The 
remainder of time is used for routine maintenance and periodic down time. 

Batch operation is defined as 8 hours per day, 240 days per year, minimum, and 
will vary up to the definition of continuous operation. 
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J.3 COST ESTIMATION 

J.3.1 Capital Cost Estimation Procedure 

Capital cost estimation for waste treatment consists of the following steps: 

• Define treatment need by generic waste form (solid organics, solid inorganics, 
sludges) (Section J.3.1.1 ). 

• 

• 

• 

Define treatment operations necessary to meet treatment need. In other words, 
define the sequence of operations necessary to generate a specified waste form 
(Section J.3.1.2). 

Define facility capacity; this is a function of the number of facilitie,!.?d work-off 
period (Section J.3.1.3). I 
Calculate capital cost (Section J.3.1.4) . 

J.3.1.1 Treatment Need r 
The various treatment needs considered by the EATF are provided in Table 1-2 in Volume I of 
this report. The combination alternatives defined -~able 1-2 form the basis for determination 
of the effectiveness and feasibility of engineered crmatives. 

J.3.1.2 Treatment Operations 0 
The intent of this section is to d(fin~ the treatment operations necessary for the combination 
alternatives of Table 1-2. Prior to defining the sequence of treatment operations required for each 
waste type and~bination alternative, input data specified in Table J-1 presents all the 
treatment operati ns sed in the fourteen combination alternatives, cost (in a reference year), and 
cost in 1990 doll • Cost in 1990 dollars is computed using consumer price indices as follows: 

Equation B-1 

where: = Consumer Price Index for 1990 

= Consumer Price Index for a reference year, and 

Cos~ = Cost of treatment operation in reference year. 

These base costs are used to estimate the cost of facilities as described in Section 3.1.4 

Table J-2 illustrates how each of the fourteen combination alternatives actually consists of general 
treatment operations for each generic waste form. This list of treatment operations must be 
scaled and then cost estimated based on number of facilities and work-off period. The sum of 
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TABLE J-1 

TREATMENT OPERATION CAPITAL COST ESTIMATES 

Capita1<1> 

Treatment Cost Basis Basis Reference Basis<21 1990<31 

Operation (millions) Capacity Year for Basis CPI (millions) 
----- ----
Basic Facility $46.0 18,000 drums/yr 1989 DOE, 1989d 3452 $47.6 

Cementation $14.7 367 lbs/hr 1981 PNL, 1982 297.0 $18.0 

Incineration $17.6 100 lbs/hr 1984 PNL, 1986 322.7 $20.0 

Metal Decon. $19.0 81 lbs/hr 1984 PNL, 1986 322.7 1 Metal Melting $23.0 220 lbs/hr 1984 PNL, 1986 322.7 $26. 

Shredding $4.0 3750 lbs/hr 1984 PNL, 1986 ~.7 $4.5 

Super-Compaction $6.0 3145 lbs/hr 1990 Barthel, 1990 366.9 $6.0 

Vitrification $16.1 100 lbs/hr 198'PNL, 1982 297.0 $20.0 

---- ---- --- ----
(1) 

Capttal costs ostimaled from -~ the basis of ..,...,..,,. aqu;pmont 

(2) Cost Price Index (CPI) obtained from Baasel, 1990, for Chemical Engineering 
Plant Cost Indices. 

(3) 1990 CPI ass1J111'ebe 366.9 '"' 

•1.i 

,, ,, 
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TABLE J-2 

TREATMENT OPERATIONS REQUIRED TO PRODUCE FINAL WASTE FORM 

Combination<1> Unprocessed Sequence of Final 
Alternative Waste Form Treatment Operations Waste Form 

--- -----
Solid Organics Shred-Cement Cement Monolith 

1 Solid lnorganics Shred-Cement Cement Monolith 
Sludges NA Unprocessed 

Solid Organics Shred-Cement Cement Monolith 
2,3 Solid lnorganics Shred-Cement Cement Monolith 

Sludges Cement Cement Monolith 

Solid Organics Shred-Incinerate-Cement Ceme~oltth 
4,5 Solid lnorganics Shred-Incinerate-Cement Cement nolith 

Sludges Cement Cement onolith 

Solid Organics Slved-lncinerate-Vhrify r Glass Monolith 
6,7 Solid lnorganics Shred-lncinerate-Meit<21 Metal Ingot 

Sludges Vitrify Glass Monolith 

Solid Organics Sh~'nerate-Vhrify Glass Monolith 
8,9,13 Solid lnorganics Shr I 'nerate-Melt-Vitrityl3l Glass Monolith 

Sludges Vitri Glass Monolith 

Solid Organics r NA Unprocessed 
10 Solid lnorganics Decontaminate-Cement Cement Monolith 

Sludges NA Unprocessed 

;:.C>gan~ Supercompacted Compacted 
11,12,14 lnorganics Supercompacted Compacted 

,, ges NA Unprocessed 

---- ------- ------------ -------
(1) See Table 1-2 for complete description of Alternatives. 

(2) Metals are melted into TRU waste ingots. 

(3) Metals are melted with glass/glass frit; radionuclides partition into slag, and metals are eliminated 
from the WIPP inventory. 
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costs for treatment operations in addition to support facilities cost (described in Section 6.3, 
Volume I) represents the rough cost estimated presented in Tables 6-6a, b, and c. 

J.3.1.3 Waste Treatment Facility Capacity 

Table J-3 presents total waste (sum of retrievably stored and newly generated waste) by waste 
type in retrievable storage and/or newly generated at each DOE site. The information in 
Table J-3 is adapted from DOE (1988). The values in this Table indicate the percent of all waste 
destined for WIPP. 

Table J-4 builds on the information in Table J-3 by first identifying the EATF choices for waste 
treatment locations for one through seven facilities. It should be noted that other choices can 
easily be made. The choices made by the EATF place emphasis on selecting sites based on the 
amount of waste in retrievable storage in addition to newly generated waste rate at the site. 

The second choice presented in Table J-4 involves transportation. The decision 4where waste 
will be shipped for treatment is based on selecting treatment locations in close pro~~i·ty to waste 
storage/generators in order to minimize transportation requirements. It should be noted that 
system capacity is constant. Thus, whether one or multiple F!ties are used, processing 
capacity is always 13,640 cubic meters of waste per year (work-o eriod is 1 O years for treating 
all waste). 

J.3.1.4 Capital Cost Calculation ~ 

The information in Tables J-1 through J-4 provid/;il ~nput parameters necessary for estimation 
of capital costs. These input pa~ers are: 

• Treatment ~~tion costs and capacity scaled to 1990 dollars 

DCapaclty required for a given number of facilities 

c Sequence of treatment operations required for each waste form, for all 
combination alternatives. 

111U 

The following general exp.ression is used to determine cost on first a facility basis and then on 
a system basis (sum of all facility costs): · ,,,. 

,,,, 

[ ( J
m] r p n Q + 

Capital Cost = :E :E :E c, '·J.k µ 
k-1 J-1 1-1 q, 

Equation B-2 

where: = Cost in 1990 dollars of input treatment operation, Table J-1, '"' 

= Capacity of reference input treatment operation, Table J-1, 

'"' 
WP:EATF.1991:R-1775-APPJ J-5 
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TABLE J-3 

TOTAL CH-TRU STORED/GENERATED<1> 

Solid Solid Total 
Organics lnorganics Sludges Site Total Inventory 

DOE-Site (m3) (m3) (m3) (m3) (%) 

------
ANL-E 31 19 44 94 i: INEL 14859 12990 9672 37521 

LANL 4407 6724 4403 0534 11.39 

LLNL 2367 433 87 887 2.12 

MOUND 60 120 1017 1197 0.88 

NTS 353 254 p. 12 619 0.45 

ORNL 927 603 15 1545 1.13 

HANFORD 8736 ~11591 1217 21544 15.79 

RFP 17017 9828 9550 36395 26.68 

SRS o~·~ 4098 667 19062 13.98 

TOTALS 63054 46660 26684 136398 100.00 

<
1
> Values adopted from DOE, 1988 
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TABLE J-4 
.,~, 

TEN-YEAR WORK-OFF CAPACITIES FOR EATF WASTE TREATMENT FACILITIES ,1,,, 

ilii' 

Required Capacity (10 Year Work-off) 

Number Assumed Assumed Solid Solid tt'!I'• 

of Treatment Feed Organics lnorganics Sludges Total Total •t1i' 
Facilities Location Locations (lbs/hr) (lbs/hr) (lbs/hr) (lbs/hr) (drums/yr) 

WIPP All Sites 559 1212 831 2601 60892 
!f\Ji 

2 INEL HANFORD, 469 1017 697 2183 51088 
... 

INEL, LANL, 

"'"' LLNL, NTS, 
RFP 4191 "" SRS ANL-E, 90 195 134 9804 
Mound, f!'I' 
ORNL, SRS -- -- u 

559 1212 2601 60892 

3 INEL Hanford, 242 525 1126 26366 '"~ 
INEL 

"" RFP RFP 149 p 220 695 16258 
WIPP All other 168 249 780 18268 

Sites ~" 

-- 111• 
559 1212 831 2601 60892 

4 INEL INEL, LANL, 232 503 345 1080 25270 
,.,. 

LLNL, NTS ll:t 

RFP RFP 149 324 222 695 16258 
SRS oAN.-E. 89 194 133 416 9743 fl!f 

Mound, 
ORNL, SRS ll i~ 

WIPP Hanford 88 191 131 411 9621 

-- -- -- 11'' 
559 1212 831 2601 60892 

i!1t 

5 INEL INEL 154 333 229 715 16745 
RFP RFP 149 324 222 695 16258 "'' SRS ANL-E, 89 194 133 416 9743 

Mound, ii ii 

ORNL, SRS 
Hanford Hanford 88 191 131 411 9621 ,, ,, 
WIPP LANL, 78 170 116 364 8525 

LLNL, NTS 
lilt 

-- -- -- -- fl~ 559 1212 831 2601 60892 

M1i 

~If 

li ~ 

f11 

II~ 
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TABLE J-4 (Continued) 

TEN-YEAR WORK-OFF CAPACITIES FOR EATF WASTE TREATMENT FACILITIES 

Required Capacity (10 Year Work-off) 

Number Assumed Assumed Solid Solid 
of Treatment Feed Organics lnorganics Sludges Total Total 

Facilities Location Locations (lbs/hr) (lbs/hr) (lbs/hr) (lbs/hr) (drums/yr) 

6 INEL INEL 154 333 229 715 16745 
RFP RFP 149 324 222 695 16258 
SRS ORNL, SRS 88 191 131 411 9621 
Hanford Hanford 84 183 125 39319195 
LANL LANL 64 138 95 297 6942 
WIPP ANL-E, 20 42 29 91 2131 

LLNL, 
Mound, NTS t -- --

559 1212 2601 60892 

7 INEL INEL 154 333 229 715 16745 
RFP RFP 149 fl 222 695 16258 
SRS SRS 88 ~ 131 411 9621 
Hanford Hanford 78 116 364 8525 
LANL LANL 64 138 95 297 6942 
ORNL ORNL r< 20 42 29 91 2131 
WIPP ANL-E, 6 13 9 29 670 

LLNL, 
Mound, NTS 

D -- --
559 1212 831 2601 60892 
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Capacity as a function of total waste, for each 
treatment operation, given number of facilities, 
and generic waste form, 

Quantity of secondary waste generated, e.g., 
incinerator ash which must be vitrified, 

A treatment operation, 

Number of facilities, 1 .s j .s 7, 

A generic waste form, 1 .s k .s 3, and 

0.88. [The reader should note th~t t Equation 
8-2 in its most basic form is ret d to as the 
point six rule, with point six indica 'ng m = 0.6. 
The EATF chose a more conservative approach 
by using m = 0.88~asel, 1990) which predicts 
higher costs thanr = 0.6.] 

Equation 8-2 may be applied to any choice of combination alternative, work-off period, and 
number of facilities. This expression is easily am"1\ble to application in spreadsheet form. 

Table J-5 presents a sample calculation using: r 
• 1990 trealme~ration cost, c.. and base capacity, q,, from Table J-1 

• Necessary treatment operations (for each unprocessed waste form) from 
()ible J-2 

• Vwaste treatment capacity by waste form for a ·10 year work-off period, 
developed from Table J-3 and presented in Table J-4. 

While the applications of costing equations are presented for a particular case of 10-year work-off 
and combination alternatives 8, 9, and 13, minor modifications allow application to all different 
cases. The data presented in Tables 6-6a, b, and c of the report were similarly generated. 

NOTE: Equation 8-2 must be used with caution for small capacity facilities. There is potential 
for predicting unreasonably low costs. The EA TF defined a minimum size facility for all 
combination alternatives. This minimum cost is compared t<> all computer generated 
values. If minimum cost is greater than a facility cost predicted by equation 8.2, the 
minimum facility cost is substituted and becomes part of total capital cost for the 
particular option. 
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NUMBER OF 
FACILITIES 

1 (K·1) 

0 4(k=4) 

2 

3 

4 

%0FWASTE 
PROCESSED 

100% 

41.5% 

26.7% 

16.0% 

15.8% 

TABLE J-5 

CAPITAL COST SAMPLE CALCULATIONS: 
10-YEAR WORK-OFF OPTION 

ALTERNATIVES 2, 3 

D 
FACILITY 

TREATMENT: SHRED APPLICABLE WASTE TREATMENT: CEMENTATION APPLICABLE WASTE BASIC COST, 

$4.5 x 

$4.5 x 

$4.5 x 

$4.5 x 

$4.5 x 

FORMS: FORMS: FACILITY MILLIONS 

SOLID SOLID SOLID SOLID 
ORGANICS INORGANICS ORGANICS INORGANICS SLUDGES 

~ 
(559 + 1212)0 .aa $18 (559 + 3750 + x· 

(232 + 503)°.88 $18 ~ + 3750 + x 

(149 + 324)°.88 
3750 + $18 x (149 + 

1212 + 
367 

503 + 
367 

324 + 
367 

831)°"88 

345)°"88 

222r.aa 

(89 + 194)°"88 
3750 + $18 x (89 +~ + 133)°"88 

(88 + 191)°.88 (88 + 191 + 131 )°.88 
3750 + $18 x 367 

--\ 

+ $47.6 x (~:gw.aa - 241 

+ $47.6 x (~~bg)°~ 111 

+ $47.6 x (l&%~~o.aa. 75 

( 9743 r.88 + $47.6 x 1lmOO - 48 

( 9621 )°.88 + $47.6 x 1lmOO - 48 

TOTAL 
COST 

Ml WONS 

241 

282 

8 
~ 
;; .,, 
~ 
6 
0 
.:-.i 
:IJ 

~ 
en 
i5 z 
.!'> 
> .,, 
:IJ 
;= .... 
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J.3.2 Operating Costs 

J.3.2.1 Costs for Continuous Operation Facilities 

Operating costs are estimated based on literature (PNL, 1982; PNL, 1986) which report operating 
costs as a function of capital costs. On this basis, the EATF estimates operating costs as 12% 
of capital costs. This represents continuous operation of 24 hours per day and 240 days per 
year. 

J.3.2.2 Batch Facility Operating Costs 

As noted in Section 3.1.4, care must be taken in estimating cost for small facilities. The same 
can be said for operating costs of small facilities. In practice, small facilities are operated in batch 
mode instead of continuous operation. Operating costs for batch facilities are assumed to be a 
minimum .of 4% (1 /3 of continuous operation) of capital, which represents a one~sh· (8 hour per 
day) operation for 240 days per year. A sliding scale was developed to ace t for facilities 
which may operate between a single shift and 24 hours per day. It should be not d that for the 
waste treatments considered batch facilities were the exception and only a few facilities will 
operate on a batch basis. r; 
J.3.3 Life-cycle Costs r 
J.3.3.1 Life-cycle Operating Costs /').. 

Operating costs may be computed on a lifecycle 6asi~. Application of appropriate factors allows 
computation of costs on a co~ basis of 1990 dollars. A number of assumptions are 
necessary for calculation of lifecr·~operating costs: 

• EATF assumes waste processing begins in 2000 and continues for the duration of the 
work-o~riod. 

• 1990 c~ may be escalated at an average rate of 3.5%. This figure is adapted from 
DOE cost estimation literature (Smedley, 1991 ). 

• Future costs may be discounted to a common basis of 1990 dollars using a discount 
factor of 10% (Bozik, 1991 ). 

J.3.3.2 Lifecycle Operating Cost Estimation 

Lifecycle operation cost estimation is a three-step process, as outlined below: 

• 1990 annual operating cost is escalated to year 2000 cost 

• A future value of an annuity (for operating cost) is calculated based on the length of the 
work-off period 

• The annuity is discounted back to 1990 dollars. 

The expression used by the EA TF to estimate life-cycle operating cost is presented below: 
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LCOC = AOC x (l+i )10 x [(J+i }; - 1 JI {/ + k )<n+101 Equation B-3 

Where LCOC =Lifecycle operating cost, 

AOC = Annual operating cost {see Tables 6-6a, b, and c}, 

= Escalation factor, 3.5%, 

n = Work-off period: 5, 10, and 20 years, and 

k = Discount factor, 10%. 

Table J-6 presents lifecycle operation cost estimates for combination altemativ~, and 13, 
based on a 1 O year work-off period {n = 10), and for one through seven facilitie_. I 
J.3.3.3 Total Project Cost 

The final calculation is a summation of capital costs described in ~on 3.1.4 and lifecycle costs 
developed in Section 3.3.2. This calculation is possible bee~~ capital cost and lifecycle 
operating costs are both In 1990 dollars. p. 

r 
D 
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TABLE J-6 

LIFECYCLE OPERATING COST ESTIMATES1 

NUMBER OF 
FACILITIES 
OPTION 

1 

2 

3 

4 

5 

6 

7 

ANNUAL 
OPERATING COST, 
(IN MILLIONS)2 

29 

31 

33 

34 

35 

35 

36 

1Computed by applying Equation 8.3. 

LIFECYCLE 
OPERATING COST 
(IN MILLIONS) 

703 

74 

80 

f 
85 

86 

87 

'Annual operating costs from T~b for combination alternatives 8, 9, and 13. 

3Substituting into nation 8.3: 

LCh{ = (98) x (I +0.035)10 x r (/+O.o35>
10 

- 1 
p [ 0.035 

= $239 

] I (I + 0.010)110
•
10

> 

ull 

Note that due to round-off of AOC, slightly higher values for LCOC will be produced by hand w~ 
calculation. 
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PREFACE 

The WIPP Engineered Alternatives Multidisciplinary Panel, described in this report, was 
composed of individuals representing many disciplines and organizations. The primary Panel 
members included: 

Member Discipline Organization* 

Dr. Arun Agrawal Metallurgy/Corrosion Battelle Memorial Institute 

Mr. Roger Hansen Regulatory Compliance and IT Corporation 
Permitting 

Mr. Barry King Microbiology IT Corporatio'f 

Dr. Jon Myers Geochemistry and Performance IT Corporation 
Assessment 

Mr. Milo Larsen Waste Treatment ~.Answers, Inc. 

Mr. Mike McFadden DOE/Institutional U.S. Department of Energy 

Mr. Vernon Daub DOE/Institutional f>. U.S. Department of Energy 

Mr. Jeff Paynter Gene~aste Processing EG&G Rocky Flats 
Incorporated 

Mr. Kyle Peter Generat r Wast.a Processing EG&G Rocky Flats 

Dr. Joe TillersoO 

Incorporated 

Rock Mechanics Sandia National Laboratories 

Mr. Bill White Repository Operations Westinghouse Electric 
Corporation 

Mr. Rod Palanca Repository Operations Westinghouse Electric 
Corporation 

Mr. Hans Kresny Chairman and Facilitator Solmont Corporation 
(Chairman) 

*Current at the time the Panel convened in February, 1990. 
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EXECUTIVE SUMMARY 

The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico is an underground 
repository designed for the geologic disposal of radioactive wastes resulting from the defense 
activities and programs of the United States Department of Energy (DOE). The performance 
of nuclear waste repositories is governed by U.S. Environmental Protection Agency (EPA) 
Standard - 40 CFR Part 191 (EPA, 1985). The study conducted to demonstrate compliance 
with this regulation is called "performance assessment". The performance assessment for the 
WIPP repository is being conducted by Sandia National Laboratories (SNL). The EPA 
Standard requires that DOE provide a reasonable assurance, based on performance 
assessment, that cumulative releases of radioactivity to the accessible environment will not 
exceed the Standard's criteria. Preliminary performance assessment performed by SNL (DOE, 
1990a), have indicated that the current design of the WIPP repository together with the waste 
forms at the DOE storage and generating sites may not demonstrate complianc~wi h the EPA 
Standard. In view of this concern, and prompted by recommendations fro e National 
Academy of Sciences (NAS) (DOE, 1988c) and other external review grou s, the DOE 
established the Engineered Alternatives Task Force (EATF} in September, 1989 Hunt, 1990). 

The objective of the EATF is to identify potential engineeringsdifications (referred to as 
"engineered alternatives") to the existing WIPP design and/or t e transuranic (TAU) waste 
forms, and to evaluate their effectiveness and feasibility in facilit ting compliance with the EPA 
Standard. These alternatives would be designed to completely eliminate or reduce any 
problems which might cause non-compliance ~the EPA Standard. As an example, if 
excess gas generation from corrosion of ste ontainers is identified by performance 
assessment to be an impediment to demonstf'. ing compliance with the EPA Standard, an 
engineered alternative consisti~g a different waste container material which does not 
generate gas could be considere . as generation in WIPP, and other potential problems are 
referred to as "performance p ters", and are being addressed by the performance 
assessment studies (DOE, 199 ). 

The performan£sessment studies to date have identified a number of important 
performance pa ers. However, until the studies are completed, it will not be known which 
of these perter nee parameters are most important to demonstrating compliance with the 
EPA Standard. The EATF is dealing with this uncertainty by integrating its efforts with the 
performance assessment studies, and addressing all performance parameters identified by the 
studies. Recommendations of the EATF will be forwarded by DOE to SNL for input into the 
performance assessment efforts, as needed. · 

The specific steps involved in accomplishing the goal of the EA TF were to: 

• 

• 

• 

• 

Identify and screen potential engineered alternatives. 

Develop design analysis models for the evaluation of relative effectiveness of 
engineered alternatives in comparison to the existing WIPP design and TAU 
waste forms. 

Determine the mitigating effect of engineered alternatives for each performance 
parameter using a quantitative design analysis model. 

Determine potential locations for implementing recommended engineered 
alternatives. 
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• Provide estimated schedules and costs for implementation of engineered 
alternatives. 

• Recommend selected alternatives to DOE. 

The EATF convened an Engineered Alternatives Multidisciplinary Panel (EAMP) with the 
objective of accomplishing the first step; the initial qualitative screening and ranking of 
potential engineered alternatives. The EAMP comprised a group of experts from different 
disciplines to ensure that appropriate technical expertise was available to make the qualitative 
judgments regarding each potential alternative. The engineered alternatives screened by the 
EAMP would be subsequently used by the EATF for quantitative evaluation using design 
analysis models. 

The following disciplines were represented on the EAMP: 

• DOE/Institutional 
• Generator TRU Waste Processing 
• Geochemistry 
• Metallurgy/Corrosion 
• Microbiology 
• Performance Assessment 
• Regulatory Compliance and Permitting 
• Repository Operations 
• Rock Mechanics ~ 
• Waste Treatment. 

The EAMP activities were carried out during No ember 1989 and February 1990. The EAMP 
members were briefed on WIP~, EPA Standard 40 CFR Part 191 (EPA, 1985), the EPA 
land disposal restrictions in R Part 268 (EPA, 1989), and the decision analysis 
methodology that was to be use . e EAMP also developed the criteria for screening and 
ranking the engineered alternatives. A total of 64 potential engineered alternatives suggested 
by the EATF ane EAMP were given preliminary scores by the EAMP for feasibility, and 
relative effectiv e in mitigating the effects of the performance parameters. These 
alternatives are I in Table AES-1. Once the preliminary evaluations were completed, the 
EAMP took into consideration the heterogeneity of the TAU waste form, and reevaluated the 
alternatives in terms of their ability to treat the different waste constituents (e.g., sludges, solid 
organics, etc.). The results of the EAMP formed the basis for recommendation of alternative 
waste forms for the WIPP Experimental Test Program (DOE, 1990b). 

Methodology of Panel Evaluation 

During the preliminary evaluations, ten performance parameters which might be important for 
demonstrating compliance with the EPA Standard, were considered based on the performance 
assessment studies (Marietta, et al., 1989). Later, after further consultation with SNL's 
performance assessment group, the EAM P decided that the ten parameters could be 
condensed into a set of five parameters since some of the ten parameters are interdependent 
and not mutually exclusive of one another (Anderson, 1990). 
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TABLE AES.1 

POTENTIALLY USEFUL ENGINEERED ALTERNATIVES 
CONSIDERED BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM MODIFICATION ALTERNATIVES WASTE MANAGEMENT ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Wet Oxidation 
Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Add Salt Backfill 
Add Other Sorbents 
Add Gas Suppressants 
Shred and Add Bentonite 
Acid Digestion 
Sterilize 
Add Copper Sulfate 
Add Gas Getters 
Add Fillers 
Segregate Waste Forms 
Decontaminate i:e s 
Change Waste n ting Process 
Add Anti-Bacteri terial 
Accelerate Was igestion Process 
Alter Corrosion Environment in WIPP 
Alter Bacterial Environment in WI PP 
Transmutation of Radionuclides 
Vitrify Sludges 

BACKFILL ALTERNATIVES 

Salt Only 
Salt Plus Gas Getters 
Compact Backfill 
Salt Plus Brine Sorbents 
Preformed Compacted Backfill 
Grout Backfill 
Bitumen Backfill 
Add Gas Suppressants 
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Minimize Space Around Waste Stack 
Segregate Waste In WIPP 
Decrease Amount of Waste Per Room 
Emplace Waste and Backfill Simultaneously 
Selective Vegetative Uptake 

FACILITY DESIGN AL TEA IVES 

Brine lsqlating Dikes . 
Raise Waste Above the Floor 
Brine SumEnd Drains 
Gas Expan · n Volumes 
Seal Dispo I Room Walls 
Vent Facility 

entilate Facility 
dd Floor of Brine Sorbents 

Change Mined Extraction Ratio 
Change Room Configuration 
Seal Individual Rooms 
Two Level Repository 

PASSIVE MARKER ALTERNATIVES 

Monument Forest Over Repository 
Monument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Artificial Surface Layer Over Repository 
Add Marker Dye To Strata 

MISCELLANEOUS ALTERNATIVES 

Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 

to Regulatory Boundary 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 

'!'"I 

!!'Ill 

Iii~' 

'"~ 

,., ,, 

!fll! 

114,j 

Ill'! !I 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The original parameters and the five performance parameters upon which the EAMP based 
its final results are: 

Original Parameters 

Radiolytic Gas Generation 
Biological Gas Generation 
Corrosion Gas Generation 
Porosity of Waste 
Permeability of the Waste Stack 
Brine Inflow 
Leachability of Waste 
Shear Strength of Waste 
Radionuclide Solubility in Brine 
Human Intrusion 

Condensed Set 

Radiolytic Gas Generation 
Biological Gas Generation 
Corrosion Gas Generation 
Permeability of the Waste Stack 
Radionuclide Solubility in Brine 

The EAMP considered engineered alternatives in seven categories. These c~ries along 
with examples of engineered alternatives evaluated are presented below: --T-

Cateaory Example 

Waste Form Modification Vitrify sludges 
Alternatives 

Waste Management Alternatives Seg~te waste in WIPP 
Backfill Alternatives Gro b ckfill 
Facility Design Alternatives Cha e room configuration 
Passive Marker Alternatives Mon ment covering the entire repository 
Miscellaneous Alternative~r:1 Grout Culebra Formation 
Waste Container Alternatil' Change waste container material 

The EAMP's activities were conducted according to a management decision process that 
quantifies no ubjective information (Daugbjerg, 1980). The 64 potential engineered 
alternatives cons de by the EAMP were first subjected to a "must" criteria test (i.e., criteria 
which each alte ·ve must satisfy in order to be considered for further evaluation by the 
panel). The following "must" criteria were defined by the EAM P: 

Regulatory Compliance and Permitting - The alternative must have a likelihood to 
demonstrate regulatory compliance. 

Availability of Technology - Technology must have been demonstrated at a minimum 
of laboratory scale, and must have the potential for full-scale implementation. 

Schedule of Implementation - The alternative must be implementable within eight years 
for newly generated waste, and within 15 years for retrievably stored waste. 

Any alternative which failed to satisfy all three criteria was eliminated from further 
consideration. The remaining alternatives were then judged according to two criteria; their 
effectiveness in mitigating the effects of each of the five performance parameters, and their 
feasibility in terms of the three "must" criteria listed above. The EAMP decided that for 
feasibility considerations, the order of importance of the three criteria was Regulatory 
Compliance and Permitting, followed by Availability of Technology, and Schedule of 
Implementation. This relative order of importance was reflected appropriately in the weights 
assigned to these criteria during the scoring process. The scoring process is described in 
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detail below. The effectiveness criterion was not divided into any subcategories. However, the 
effectiveness of an alternative was evaluated separately for each of the performance 
parameters. 

The overall scores for each alternative were calculated by taking both effectiveness and 
feasibility into account. The EAMP judged that effectiveness and feasibility were of almost 
equal importance, with effectiveness being marginally more important than feasibility. On a 
scale of 10 (a score of 10 being the most effective), effectiveness was assigned a weight of 
5.1 and feasibility was assigned a weight of 4.9. Feasibility was further subdivided into the 
three criteria previously used as "must" criteria above. These criteria were now used as 
weighted components of the overall feasibility criterion, and formed the basis for ranking the 
relative feasibility of the alternatives that were not previously eliminated. 

Thus, the weights assigned to each criterion was as follows: 

• 
• 

Effectiveness 
Feasibility 

Regulatory Compliance and Permitting 
Availability of Technology 
Schedule of Implementation 

Total Weightage 

5.1 

2.4 
1.5 
1.0 

10.0 

The effectiveness of the alternatives was evalu~ on a scale of 1 to 1 O for each of the 
performance parameters. The feasibility of the e atives was also evaluated on a scale of 
10 for each one of the three feasibility criteria. ally, the scores on the 10 point scale were 
multiplied by the appropriate weig~s s listed above to get effectiveness and feasibility scores, 
and then summed together to a total score for each alternative for any particular 
performance parameter. The fe "ty of each alternative was assumed to remain the same 
irrespective of the performance rameter being considered for effectiveness evaluation. 

As an example,~· alternative received an effectiveness score of 9 for mitigating radiolytic 
gas generation, fo regulatory compliance and permitting, 6 for availability of technology, and 
7 for schedule o · plementation, its total weighted score would be as follows: 

9x5.1 + (5x2.4 + 6x1 .5 + 7x1 .0) = 73.9 
Effectiveness Feasibility Total 

After the preliminary evaluations were completed, the heterogeneity of the TAU waste was 
addressed by evaluating the effectiveness of all applicable alternatives for the three types of 
waste forms that are expected to comprise the majority of the WIPP inventory .. These waste 
forms are sludges, solid organics (combustibles), and solid inorganics (glass and metals). The 
scoring methodology was similar, except that the effectiveness of the chosen alternatives was 
judged separately for each of the three major waste forms. In addition, only the condensed 
set of five performance parameters were considered instead of the original ten. 

RESULTS OF PANEL EVALUATION 

The results of the EAMP's screening of potential engineered alternatives indicate that 
numerous alternatives are available, if needed, to improve the performance of the WIPP 
repository. It should be emphasized that the screening process provides the basis for the 
quantitative design analyses of the engineered alternatives, and does not constitute an end 
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result by itself. Therefore, the results must be considered preliminary to the follow-on design 
analyses and engineering studies to be conducted by the EATF. 

In addition, it should be noted that a high scoring alternative is not necessarily an automatic 
choice over the others. In fact, the selection of an alternative is dependent on the extent of 
the problem (if any), as identified by the ongoing performance assessment studies. If the 
problem associated with a performance parameter is deemed to be minor by the performance 
assessment studies, even an alternative with low scores might be adequate to correct the 
problem. 

The EAMP screening process eliminated all but 35 of the 64 engineered alternatives originally 
considered for evaluation. In addition, the EAMP added one alternative (cementation of the 
sludges) to the list, resulting in a total of 36 scored alternatives in six categories: 

Waste Form Modification Alternatives 17 
Waste Management Alternatives 2 1 
Backfill Alternatives 6 
Facility Design Alternatives 5 
Passive Marker Alternatives 4 
Waste Container Alternatives 2 ~ 

The EATF has used the results of the EAMP, and classifie the waste form modification 
alternatives into seven generalized categories based on the si lar final waste forms resulting 
from these treatments. These categories and th9Eematives grouped into each category are: 

• Vitrification of waste 

• 

• 

• 

- Microwave melting (sludges o ly) 
Plasma procesa 
Incinerate and · (solid organics only) 
Acid digest, ca ine, and vitrify (solid organics only) 

Ce~tion of waste 
- C entation of sludges into monoliths 
- red and cement (solid organics and inorganics) 

Incinerate and cement (solid organics only) 

Compaction of waste (does not apply to sludges) 
Compact 
Shred and compact 
Shred, add salt, then compact 

Encapsulation of waste (does not apply to sludges) 
Shred and encapsulate with polymer 
Shred and encapsulate with bitumen 

• Preparation of ingots from melted metal waste {applicable only to solid inorganics} 

Shredding of waste followed by addition of bentonite 

• pH buffering of waste 
Buffering by lime 
Buffering by cement 
Buffering by alumina . 
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In addition, the EATF has included one more category in the above list which is not a waste 
form modification, but considered by the EATF to be an equally important group of alternatives. 
This new category is: 

• Changing of waste container material. 

In conjunction with the deliberations of the EAMP, the EATF has noted that there are some 
groups of alternatives which consistently received high scores for effectiveness, primarily 
because of their ability to eliminate the potential problem associated with a performance 
parameter. For example, all the different vitrification options (i.e., plasma processing, acid 
digestion, etc.) received consistently high effectiveness scores for the parameters associated 
with radiolytic gas generation, because they would (for all practical considerations) eliminate 
the potential associated with radiolytic gas generation. On the other hand, there are groups 
of alternatives which have been assigned low to moderate scores for effective~ because 
they can only slow down the rate processes associated with the parame (instead of 
eliminating the potential). For example, any form of compaction of the waste as assigned 
low to moderate scores by the EAMP for corrosion gas generation, because these alternatives 
would only reduce the rate of corrosion gas generation but not e~i · ate it. Therefore, in order 
to develop a generalized set of recommendations for future desi analysis, and for the WI PP 
Experimental Test Program, the EATF has divided the alternativ into two categories for each 
performance parameter. 

• Alternatives which essentially eliAate the potential associated with a 
performance parameter r 

• Alternatives which ~reduce or control the rate processes. 

Alternatives belonging to both Jf ~e above categories were identified for the three gas 
generation parameters. The remaining parameters (permeability of waste stack and 
radionuclide soluil in brine) did not have any applicable alternatives belonging to the first 
category. In oth r ords, the EAMP concluded that permeability and solubility can only be 
reduced or cont but never completely eliminated. 

Since the objectives of the WIPP Experimental Test Program and the design analysis modeling 
are primarily related to the effectiveness of an alternative, the EA TF has summarized the panel 
deliberations on the basis of effectiveness scores, and the two categories of alternatives 
mentioned above. It should be noted, however, that the feasibility of the alternatives is also 
being studied in detail as part of the overall EA TF objectives. 

Table AES-2 presents the set of alternatives which were consistently assigned high scores by 
the EAMP for their effectiveness for eliminating the potential associated with a performance 
parameter. Table AES-3 presents similar information for alternatives assigned low to moderate 
scores for effectiveness because they can only reduce the rate processes associated with a 
parameter, and cannot eliminate the potential. Since the extent to which the rate can be 
reduced or controlled is different for each alternative, therefore the alternatives are listed in 
descending order of merit for each performance parameter. 

It should be noted that since the properties of the final waste forms resulting from a lot of the 
alternatives are very similar, for the sake of brevity, alternatives in Tables AES-2 and AES-3 
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TABLE AES-2 

WASTE FORM MODIFICATIONS FOR ELIMINATING POTENTIAL 

WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANIC$ 
:111<1 

Radlolytlc Vitrification Plasma processing Vitrification 
Gas Incinerate and Vitrify 1 Generation Acid digest and Vitrify 

Biological Vitrification Plasma processing =gory does .. Gas Incinerate and Cement pose biological gas 
Generation Incinerate and Vitrify neration problem 

;.,~j 

Acid digest and Vitrify 
..• 

Category ./):. 
,,~. Corrosion Vitrification Decontamination of corroding 

Gas rznot pose corrosion metals 
Generation gas generation problem Change existing waste container 

material* 

Permeablllty (Jone None None 
of the 

·.k, Waste Stack 

~ 
Radionuclide None None None 
Solubility 

.,,, In Brine 

w 

!!!'?'!\ 

.,.. 

''"' -
*For sludges, solid organics and solid inorganics. 
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PARAMETER 

Radlolytlc 
Gas 
Generation 

Blologlcal 
Gas 
Generation 

Corrosion 
Gas 
Generation 

Permeablllty 
of the 
Waste 
Stack 

Radlonucllde 
Solublllty 
In Brine 
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TABLE AES-3 

WASTE FORM MODIFICATIONS FOR 
REDUCING/CONTROLLING POTENTIAL 

WASTE FORM 

SLUDGES SOLID ORGANICS SOLID INORGANICS 

Cementation* Incinerate and Cement Decontamination 
pH Buffers Compaction Melted metals 

1 pH Buffers pH Buffers 

Cem~ntation* Shred and Cement fiigory does 
pH Buffers Compaction pose biological 

pH Buffers generation problem 
Shred, add bentonite 

Cementation* Category~ Vitrification 
pH Buffers not pose rrosion pH Buffers r generation problem Encapsulation 

Melted metals 
Shred and cement 
Compaction 

Qltrlflcatlon 

Shred, add bentonite 

Vitrification Vitrification 
Cementation* Encapsulation Melted metals 
pH Buffers Cementation Shred, add bentonite 

Shred, add bentonite Encapsulation 
Compaction Shred and Cement 
pH Buffers Decontaminate metals 

Compaction 
pH Buffers 

Cementation* Cementation Decontaminate metals 
pH Buffers pH Buffers pH Buffers 

Vitrification Shred and cement 
Melted metals 

*Cementation into monoliths. 
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have been grouped into one of the seven generalized categories described earlier. For 
example, all the different forms of compacting the waste have been grouped together as 
"compaction" in Table AES-3. 

The EATF will perform design analyses of appropriate combinations of engineered alternatives 
from Tables AES-2 and AES-3 to quantify the improvement in repository performance using 
alternative waste forms. An example of such a combination for reducing the potential of 
radiolytic gas generation would be to cement the sludges, shredding and cementing the solid 
organics, and decontaminate the metals. Either grout or salt could be added in the repository 
as a backfill material. Similarly, decontamination of all corroding metals from the waste 
inventory, and changing the waste container material could be used to eliminate the potential 
of corrosion gas generation. 

The EAMP considered ranking a set of combined alternatives based on their effectiveness and 
feasibility. However, it was decided that since the evaluation process was primarily qualitative, 
ranking the combinations merely on the basis of summation of their individu~ores would 
not be meaningful, and therefore not advisable. I 
The results of the EAMP's evaluations will be used to: 

1. Recommend waste form alternatives that shou~e included in the WIPP 
Experimental Test Program. r IJ 

2. Provide a basis for identification of ~binations of alternatives that should be 
quantitatively analyzed for relative rLiVeneSS. 

3. Provide a basis for~uation of the relative cost and schedule ramifications for 
implementation of t e ost effective and feasible alternatives. 

The final choice of alternative(s), and whether any alternatives are needed, will be decided in 
conjunction with ~performance assessment studies when the extent of mitigation required 
is determined. ~ 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP), a Department of Energy (DOE) project near Carlsbad, 
New Mexico, is intended as a geologic repository designed for the safe disposal of transuranic 
(TRU) radioactive wastes that have been generated by the defense activities of the U.S. 
government. The performance of nuclear waste repositories (such as WIPP) is regulated by 
the U.S. Environmental Protection Agency (EPA) Standard - 40 CFR Part 191 (EPA, 1985) 
promulgated in 1985. The EPA Standard addresses the waste isolation capability of 
radioactive waste sites, and includes specific requirements regarding containment of 
radioactivity, quality assurance, individual radiation protection for the public, and limits on 
groundwater radionuclide concentrations. The containment requirements mandate that 
radioactive waste disposal systems be designed to provide a "reasonable expectation" that 
cumulative releases of radionuclides over 10,000 years will not exceed specifi~els, based 
on studies referred to as "performance assessment." The assurance requi11 ments were 
selected to provide confidence that containment requirements can be met, and m ndate active 
institutional controls (e.g., boundary markers, etc.) over disposal sites for as long a period of 
time as is "practicable" after disposal. However, for the rrposes of assessing the 
performance of a geologic repository, these institutional controls assumed not to contribute 
to waste isolation longer than 100 years following disposal. 

Since TRU wastes to be emplaced in WIPP aret!: contaminated with hazardous chemical 
wastes, they are subject to regulations under th source Conservation and Recovery Act 
(RCRA). The land disposal of untreated hazard us wastes is prohibited by EPA Standard 40 
CFR Part 268.6 (EPA, 1989), ~ the DOE can obtain a variance for WIPP waste by 
demonstrating to the EPA that t e astes will not migrate from the disposal unit. A petition 
for a variance was submitted by e DOE to the EPA (DOE, 1990c), and the EPA granted a 
conditional No-Migration Determi ation in November, 1990 (EPA, 1990). 

The performan~ssment for WIPP is being conducted by Sandia National Laboratories 
(SNL), and is ed to be completed by 1994 (DOE, 1990d). However, preliminary 
performance as ssment (DOE, 1990a) has indicated that the current design of the WIPP 
repository, and the existing waste forms at the storage/generator sites may not be able to 
demonstrate compliance with the EPA Standard 40 CFR Part 191. In consideration of such 
an eventuality, the National Academy of Sciences (NAS) WIPP Panel recommended in March 
1988, that DOE investigate the feasibility of possible technical "fixes" to the WIPP site and/or 
to the waste itself (DOE, 1988c). If the performance assessment studies cannot demonstrate 
compliance with the EPA Standard 40 CFR Part 191, then these "fixes" could be applied to 
successfully rectify any potential scenario of noncompliance. 

The NAS provided examples of such "fixes" including: 

• Getters to absorb gases 
• Inhibitors to suppress bacterial activity 
• Repository ventilation until closure 
• Absorbers for brine reduction 
• Waste processing into a dense,· chemically stable form 
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• Brine drainage (sumps) 
• Drum void space reduction. 

Based on this recommendation by the NAS, and the recommendations of other external review 
groups, the DOE established the Engineered Alternatives Task Force (EATF) in September, 
1989 (Hunt, 1990). 

The objective of the EATF is to identify potential engineering modifications (referred to as 
"engineered alternatives"} to the current design of WIPP and/or to the present waste forms in 
order to enhance repository performance. These alternatives would either eliminate or mitigate 
any problems associated with demonstrating compliance with the EPA Standard 40 CFR Part 
191. As an example, if excess gas generation from corrosion of steel waste containers is 
identified by performance assessment as an impediment to demonstrating compliance with 40 
CFR Part 191, an engineered alternative such as modifying the waste container material could 
be implemented. Potential problems such as gas generation are referred to aI"B rformance 
parameters", and are being addressed by the performance assessment studies OE, 1990d). 

The studies have identified a number of different performance parameters (M rietta et al., 
1989). However, until the performance assessment studies are~o leted, it will not be known 
which specific performance parameters are most important to onstrating compliance with 
the EPA Standard. The EATF is dealing with this uncertainty b tegrating its efforts with the 
ongoing performance assessment studies at SNL, and addressi g all performance parameters 
identified in conjunction with these studies. Whil~e studies are being conducted, the results 
of the EATF may provide one or more enginee11 alternatives to mitigate the effects of the 
identified parameter(s), if compliance with EP tandard 40 CFR Part 191 cannot be 
demonstrated otherwise. 

The various tasks of the EATF ~: 
• Identify and screen potential engineered alternatives and evaluate their feasibility 

of Mementation. 

• D~p a deterministic design analysis model to evaluate the effectiveness of 
the engineered alternatives in comparison with the existing WIPP design and 
TRU waste forms. 

• Evaluate the mitigating effect of potential engineered alternatives on waste forms 
and on repository performance for each performance parameter using the 
developed design analysis model. 

• Provide estimated schedules and costs for implementation of engineered 
alternatives. 

• Recommend potential locations for implementation of engineered alternatives. 

• Recommend selected alternatives to the DOE. 

The Engineered Alternatives Multidisciplinary Panel (EAMP) was formed to accomplish the first 
of the EATF Tasks; the qualitative initial screening and ranking of potential engineered 
alternatives. The composition of the EAMP is described in the following section. 
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1.2 COMPOSITION OF THE EAMP AND ITS OBJECTIVES 

In view of the technical expertise needed in the areas associated with the engineered 
alternatives, and in consideration of other important regulatory and operational issues 
associated with the WIPP repository, the following disciplines were represented on the panel: 

• DOE/Institutional 
• Generator Waste Processing 
• Geochemistry 
• Metallurgy/Corrosion 
• Microbiology 
• Performance Assessment 
• Regulatory Compliance and Permitting 
• Repository Operations 
• Rock Mechanics 
• Waste Treatment. ~ 

A description of the EAMP requirements and qualifications of panel members id provided in 
Attachment A. The specific objectives of. the EAM P were to: 

• Identify potential alternatives, and establish scree~ criteria that any potential 
alternative must satisfy in order to be consider~or further evaluation. 

• Establish criteria for the qualitativ~~luation of each alternative regarding its 
mitigating effects on each perform~ parameter. 

• Rank the screened ,:ggineered alternatives for their mitigating effects using the 
establshed criteriar decision analysis techniques. 

1.3 NONCOMPLIANCE SCENARIOS AND PERFORMANCE PARAMETERS 

ere considered to be bounding conditions for selecting performance 
parameters cons of both natural (undisturbed performance) and human intrusion events. 
Seven hypothetical scenarios were developed by SNL (Marietta et al., 1989); a base case 
scenario, and six additional scenarios which may be expected to occur during the regulatory 
periods described in EPA Standard 40 CFR Part 191 (EPA, 1985). The performance 
parameters are based on these seven scenarios. The seven scenarios shown in Figure A-1 
include: 

Base Case - This was defined as an undisturbed repository with gas generation, brine inflow 
from the Salado Formation, and normal creep closure of the salt. 

Human Intrusion - Six cases were considered: 

1. A single borehole is drilled through the repository to a postulated pressurized 
brine pocket Before the borehole is plugged, release occurs directly to the 
surface. After the borehole is plugged, release also occurs along a horizontal 
pathway above the repository to the regulatory boundary. 
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BASE CASE SCENARIO 
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FIGURE A-1 BASE CASE AND INTRUSION SCENARIOS 

WP:EATF. 1991 :R-1775-APPA A-4 

I 

I 

!:Iii 

'"' 

"'I! 

'' ,, 

J''I 

IUtl 



-
.... 

.... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

2. Same as Scenario 1, except that drilling stops in the repository horizon. 

3. Two boreholes are drilled, consisting of Scenarios 1 and 2, with the 
commensurate releases. 

4. Same as Scenario 1, except that extraction of water takes place within the 
regulated boundary. 

5. Same as Scenario 2, except that extraction of water takes place within the 
regulated boundary. 

6. Same as Scenario 3, except that extraction of water takes place within the 
regulated boundary. 

Under the above scenarios, there are three basic elements that have the potential to create 
the conditions that could lead to non-compliance with the EPA Standards. ,?1ese basic 
elements are: f 

• Mobility of the waste 

• The release path to the regulated boundary G 
• The release mechanisms that move waste to ttfe accessible environment, or 

beyond the unit boundary in the cr\ of the RCRA requirements. 

The ten performance parameters associated wittf:!?. three elements that have been identified 
based on the performance assessment studies are (Marietta et al., 1989): 

PERFORMANCE PARFrER SCENARIO($) 

Radiolytic Gas Generation Base Case 
Biolog=· as Generation Base Case 
Corro on Gas Generation Base Case 
Waste rmeability Base Case & Human Intrusion 
Waste Porosity Base Case & Human Intrusion 
Waste Strength Human Intrusion 
Radionuclide Leachability Base Case & Human Intrusion 
Radionuclide Solubility Base Case & Human Intrusion 
Brine Inflow Base Case & Human Intrusion 
Human Intrusion Probability Human Intrusion 

The subsequent sections of this report describe the methodology used by the EAM P to 
accomplish its objectives of screening and ranking engineered alternatives with reference to 
the parameters listed above, the results of the EAMP deliberations, and finally, the conclusions 
reached by the EAMP and the EATF regarding the effectiveness of engineered alternatives. 
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2.0 METHODOLOGY USED TO EVALUATE 
ENGINEERED ALTERNATIVES 

The EAMP activities were carried out during November 1989 and February 1990. The panel 
members were briefed on WIPP, the EPA Standard 40 CFR Part 191 (EPA, 1985), the EPA 
land disposal restrictions in 40 CFR Part 268 (EPA, 1989), the performance parameters, and 
the decision analysis methodology that was to be used. The EAMP, in conjunction with the 
EATF, prepared a list of potential engineered alternatives (described in Attachment B) in seven 
different categories. The 64 potential engineered alternatives are listed in Table A-1. The 
seven different categories are listed below with an example for each category: 

Category 

Waste Form Modification 
Alternatives 

Waste Management Alternatives 
Backfill Alternatives 
Facility Design Alternatives 
Passive Marker Alternatives 
Miscellaneous Alternatives 
Waste Container Alternatives 

Example 

Vitrify sludges 

Segregate waste in WIPP 
Grout backfill 
Change roome cnf uration 
Monument cov the entire repository 
Grout Culebra rmation 
Change waste ontainer material 

After developing the criteria against which to scree~d rank the engineered alternatives, each 
alternative was subjected to a preliminary eval which considered ten parameters for 
alternative effectiveness and three for alterna ve feasibility. A brief description of the 
preliminary evaluation and resu~ provided in Attachment C. Once the preliminary 
evaluations were completed, the P incorporated the heterogeneity of TRU waste in the 
evaluation process by examining he plicability of each alternative for each one of the three 
major constituents of TRU waste. These three constituents of TRU waste are as follows: 

: ~~ rganlcs (Coni>ustibles) 
• S~~~rganics (Glass and Metals). 

This was necessary because not all alternatives apply to all types of waste. As an example, 
compaction does not apply to sludges. Also, based on an update from SNL (Anderson, 1990), 
only five performance parameters were considered instead of the original ten because some 
of the ten parameters are interdependent, and therefore could be combined into one 
parameter. The five parameters were: 

• Radiolytic Gas Generation 
• Biological Gas Generation 
• Corrosion Gas Generation 
• Permeability of the Waste Stack 
• Radionuclide Solubility (in Brine). 

The remaining parameters that were considered by the EAMP during the preliminary 

,,,, 
i.111 

I iii 

,,, ,, 

evaluations are inherent in the above parameters. For instance, reachability and solubility are '' ·1 

related, as are porosity and permeability. Brine inflow and waste strength are dependent, to .. ,1 
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TABLE A-1 

POTENTIALLY USEFUL ENGINEERED ALTERNATIVES 
CONSIDERED BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM 
MODIFICATION ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Wet Oxidation 

Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Add Salt Backfill 
Add Other Sorbents 
Add Gas Suppressants 
Shred and Add Bentonite 
Acid Digestion 
Sterilize r 
Add Copper Sulfate 
Add Gas Getters 
Add Fillers 
segregate wasterms 
Decontaminate et s 
Change Waste rating Process 
Add Anti-Bacterial Material 
Accelerate Waste Digestion Process 
Alter Corrosion Environment in WIPP 
Alter Bacterial Environment in WIPP 
Transmutation of Radionuclides 
Vitrify Sludges 

BACKFILL ALTERNATIVES 

Salt Only 
Salt Plus Gas Getters 
Compact Backfill 
Salt Plus Brine Sorbents 
Preformed Compacted Backfill 
Grout Backfill 
Bitumen Backfill 
Add Gas Suppressants 

WP:EA TF.1991 :R-1775-APPA A-7 

WASTE MANAGEMENT ALTERNATIVES 

Minimize Space Around Waste Stack 
Segregate Waste In WIPP 
Decrease Amount of Waste Per Room 
Emplace Waste and Backfill 
Simultaneously 
Selective Vegetative Uptake 

Brine lsoiati Dikes 
Raise W Above The Floor 
Brine Su s and Drains 
Gas Exp sion Volumes 
Seal Disposal Room Walls 
Vent Facility 
Ventilate Facility 
Add Floor of Brine Sorbents 
Change Mined Extraction Ratio 
Change Room Configuration 
Seal Individual Rooms 
Two Level Repository 

PASSIVE MARKER ALTERNATIVES 

Monument Forest Over Repository 
Monument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Artificial Surface Layer Over Repository 
Add Marker Dye To Strata 

MISCELLANEOUS ALTERNATIVES 

Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 

to Regulatory Boundary 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 
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a large extent, on permeability. The EAM P also re-evaluated the backfill alternatives in terms 
of their ability in mitigating the effect of the five performance parameters. The following 
subsections describe in detail, the criteria established, and the decision analysis technique 
used by the EAMP. 

2.1 ESTABLISHMENT OF SCREENING CRITERIA 

The evaluation criteria was based upon a management decision process that quantifies 
normally subjective information (Daugbjerg, 1980). The 64 potential engineered alternatives 
were first subjected to a "must" criteria test for initial screening (i.e., criteria which each 
alternative must satisfy in order to be considered for further evaluation). The following "must" 
criteria were defined by the EAMP: 

• Regulatory Compliance and Permitting - The alternative must have the likelihood 
to demonstrate regulatory compliance including local, state, or ff'd I permits 
to operate, based in part on past experience with er similar 
facilities/processes, including public opinion considerations. 

• Availability of Technology - The alternative mustf'av been demonstrated at a 
minimum of laboratory scale, and must hav he potential for full-scale 
implementation in the future. 

• Schedule of Implementation - The~P assumed that waste disposal at WIPP 
should begin no later than 8 yea m 1989 for newly-generated waste and 
15 years for retrievably stored was ased on this assumption, it was decided 
that any alternative must be impl entable within 8 years for newly-generated 
waste, and 15 for ~vably stored waste. 

Alternatives which failed to satisf -~' the three "must" criteria were eliminated from further 
consideration. In addition, some of the alternatives which were deemed to be similar in nature 
were combined t~· inate redundancies. A list of the alternatives which were eliminated from 
further considera on and the reasons for their elimination are presented in Table A-2. The 
process of elimi · n resulted in 35 remaining alternatives which were considered for further 
evaluation. Also, he EAMP added an alternative (cementation of sludges) to increase the total 
to 36 evaluated alternatives. These alternatives are listed in Table A-3. 

2.2 ESTABLISHMENT OF EVALUATION CRITERIA 

The process of evaluation of the 36 alternatives was based on two basic criteria; effectiveness 
of the alternative in mitigating the effects of each performance parameter, and its feasibility. 

2.2.1 Evaluation of Effectiveness 

The effectiveness of each alternative in mitigating the effect of each of the ten original 
performance parameters was evaluated on a scale of 1 to 10 (a score of 10 being the most 
effective) in the preliminary evaluation. In cases where an alternative was judged to have no 
effect on a parameter (positive or negative), it was not given a score (represented by a "-" in 
the scoring column). On the other hand, if an alternative was judged to have an adverse 
effect on a parameter (i.e., it worsened the situation instead of mitigating it), then the 
alternative was given a score of zero, and eliminated from further consideration for that 
particular parameter. The difference between the "adverse effect" case and the "no effect" 
case is explained later in Section 2.2.3. 
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TABLE A-2 

ALTERNATIVES DELETED FROM FURTHER CONSIDERATION 
AND THE REASONS FOR THEIR DELETION 

ALTERNATIVES 

Wet Oxidation 
Sterilization of Waste Package 
Add Copper Sulfate 

Add Anti-Bacterial Material 
Accelerate Waste Digestion 
Transmutation of Radionuclides 
Change Generating Process 
Selective Vegetative Uptake 
Brine Sumps and Drains 
Seal Disposal Room Walls 
Vent Facility 
Artificial Surface Layer 
Drain Castile Reservoir 
Grout Culebra Formation 
Increase Land Withdrawal Area 
Add Salt Backfill 
Add Brine Sorbents 
Add Gas Suppressants 
Add Fillers 

·Alter Bacterial Environment 
Decrease Waste Per Room 
Simultaneous Emplacement 

of Waste/Bacu 
Gas Suppressan Backfill 
Preformed Com ect Backfill 
Brine Isolating Dikes 
Raise Waste Above Floor 
Gas Expansion Volume 
Add Floor Of Brine Sorbent 
Segregate Waste Forms 

WP:EATF.1991:R-1n5-APPA 

REASONS FOR DELETION 

Technology Not Demonstrated For Solid Waste 
Not Feasible To Maintain Long Term Effectiveness 
Potential for Hydrogen Generation by Galvanic Coupling 
of Deposited Copper 

Unable To Identify A Long Term Anti-Bacterial Material 
Technology For Fast Waste Digestion Not Demonstrated 
Technology Not Demonstrated for Large Waste Amounts 
Scope Is Too Broad To Be Evaluated ~ 
Not Been Laboratory Demonstrated For T Waste 
Brine Flow Will Stop After Reconsolidation Salt 
Technology Has Not Been Demonstrated 
Not Regulatory Feasible Aftfr stitutional Control 
Not Possible To Identify A sible Concept 
Technologically Not Feasibl 
Technologically Not Feasibl 
This Is Not ~Engineered Alternative 
Considered r Backfill Alternatives 
Considered d r Backfill Alternatives 
Considered nder 'Add Gas Getters' 

onsidered Under Backfill Alternatives 
onsidered In Evaluation of Other Alternatives 
onsidered Under Backfill Alternatives 

Considered Under Compact Backfill 

Considered Under Salt Plus Alkali In Backfills 
Considered Under Compact Backfill 
Considered Under Sealing Individual Rooms 
Considered Under Add Sorbents To Backfill 
Indeterminate Unless Total Volume of Gas Is Known 
Considered Under Backfill Alternatives 
Alternative Is Not A Stand Alone Process 

A-9 
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TABLE A-3 

ALTERNATIVES CONSIDERED FOR FURTHER 
EVALUATION BY THE ENGINEERED ALTERNATIVES 

MUL TIDISCIPUNARY PANEL (EAMP) 

WASTE FORM 
MODIFICATION ALTERNATIVES 

Compact Waste 
Incinerate and Cement 
Incinerate and Vitrify 
Shred and Bituminize 
Shred and Compact 
Shred and Cement 
Shred and Polymer Encapsulation 
Shred, Add Salt, and Compact 
Plasma Processing 
Melt Metals 
Shred and Add Bentonite 
Acid Digestion 
Add Gas Getters 
Decontaminate Metals 
Alter Corrosion Environment in WIPP 
Vitrify Sludges 
Cementation of Sludges 

BACKFILL ALTERNATIVES 

Salt Only rJ 
Salt Plus Gas G~ 
Compact Backfill 
Salt Plus Brine Sorbents 
Grout Backfill 
Bitumen Backfill 
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WASTE MANAGEMENT ALTERNATIVES 

Minimize Space Around Waste Stack 
Segregate Waste In WIPP 

FACILITY DESIGN AL TERNATIV~ 

Ventilate Facility I 
Change Mined Extraction Ratio 
Change Room Cofffi ration 
Seal Individual Ro s 
Two Level Reposi 

PAS VE MARKER ALTERNATIVES 

Mo nt Forest Over Repository 
Mo ument Covering the Entire Repository 
Buried Steel Plate Over Repository 
Add Marker Dye To Strata 

WASTE CONTAINER ALTERNATIVES 

Change Waste Container Shape 
Change Waste Container Material 
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2.2.2 Evaluation of Feasibility 

The feasibility was evaluated in terms of the three criteria originally defined as "musr criteria, 
and mentioned earlier in Section 2.1. These criteria were now used as weighted components 
of the overall feasibility criterion, and formed the basis for ranking the relative feasibility of the 
alternatives that were still under consideration. The alternatives were scored on a scale of 1 
to 10 based on their relative ease or difficulty in satisfying these criteria as judged by the 
EAMP. It should be noted that unlike the evaluation of effectiveness, the term "adverse effect" 
does not apply in this case because the feasibility of an alternative was assumed to be 
independent of the parameter being considered. 

2.2.3 Overall Scoring Process for Alternatives 

The overall scores for an alternative for mitigating the effects of a parameter were calculated 
by combining its effectiveness and feasibility scores using a weighted summation approach. 
The EAMP judged that effectiveness and feasibility were of almost equal i?ince with 
effectiveness being marginally more important than feasibility. Therefore on a ighing scale 
of 10, effectiveness was assigned a weight of 5.1 and feasibility was assigned a eight of 4.9. 
However, since the feasibility was evaluated in terms of the three criteria originally used as 
"must" criteria, the weight of 4.9 was further subdivided among three criteria depending 
on their relative importance. It was decided ttiat for feasib 1 considerations, the most 
important of these three criteria was Regulatory Compliance and Permitting, followed by 
Availability of Technology, and then Schedule of lmplemen tion. This relative order of 
importance for the feasibility criteria was appro.;n~ly reflected in the weights assigned to 
these criteria. The relative weights assigned to t~fferent evaluation criteria were as follows: 

• Effectiveness 5.1 
• Feasibility ~ 

- Regulatory Co ce and Permitting 2.4 
- Availability of hnology 1.5 

Schedule of Implementation _LQ 
(1 10.0 

The effectiveneMnd feasibility scores developed by the EAMP in each of the three 
subcategories (all on a scale of 1 to 10) were multiplied by the appropriate weights listed 
above, and then added together to get the overall score for each alternative for a given 
performance parameter. The feasibility of an alternative was assumed to be independent of 
the performance parameter, and therefore remained the same irrespective of the parameter 
being considered. Figures A-2 and A-3 depict this evaluation process. 

As an example, if an alternative received an effectiveness score of 9 for mitigating radiolytic 
gas generation, 5 for regulatory compliance and permitting, 6 for availability of technology, and 
7 for schedule of implementation, then its overall score would be calculated as follows: 

9x5.1 + 
Effectiveness 

(5x2.4 + 6x1 .5 + 7x1 .0) 
Feasibility 

= 73.9 
Total 

There were two exceptions to the weighted summation approach for calculating overall scores. 
If an alternative was judged to have an adverse effect on a performance parameter, (i.e., it 
was assigned a score of zero), then its overall score was also a zero irrespective of its 
feasibility score. On the other hand, if an alternative was judged to have no effect at all 
(positive or negative), then its overall score was simply equal to its feasibility score. 
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DOES ALTERNATIVE HAVE 
ADVERSE EFFECT ? SCORE OF "O" ASSIGNED 

NO 

DOES ALTERNATIVE HAVE 
BENEFICIAL EFFECT ON 

PARAMETER 
NO 

ONLY FEASIBILITY 
SCORE ASSIGNED 

YES 

ALTERNATIVE EFFECTIVENESS EVALUATION 

WEIGHTED SCORE = EFFECTIVENESS SC RE x 5.1 

WEIGHTED SCORE = REGULATORY SC + 
+ SCHEDUL: x 1.0 

WEIGHTED EFFECTIVENESS SCORE 
+ WEIGHTED FEASIBILITY SCORE 

RANKING OF AN ALTERNATIVE 

EACH ALTERNATIVE'S RANK IS DETERMINED BY ITS OVERALL SCORE 

L---------------------------~ 

FIGURE A-3 RANKING OF ALTERNATIVES FOR EACH PARAMETER 
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2.3 EVALUATION INCORPORATING HETEROGENEITY OF TRU WASTE 

After the preliminary evaluations were completed, the EAMP addressed the heterogeneity of 
the TAU waste recognizing that each major waste form may require different treatment. The 
composition of TAU waste comprising the potential WIPP inventory was provided to the EAMP 
by the EATF, and is presented in Table A-4. 

The EAM P addressed those waste forms that represent the largest quantities. These waste 
forms are: 

• Sludges 
• Solid Organics (combustibles) 
• Solid lnorganics (glass and metals). 

From Table A-4, these three waste forms comprise 89 percent of the total in~e ry volume 
and 83 percent of the total inventory weight. The EAMP believed that the r 'ning waste 
forms could be treated using the alternatives identified for the majority of the aste. Since 
all waste form modification alternatives are not applicable to all the major waste forms (e.g., 
compaction does not apply to sludges), the EAMP first identifir.d se alternatives that could 
be applied to each of the three major waste forms (Table A-5) 

The scoring methodology used was similar to the one describ in Sections 2.2.1 - 2.2.3 with 
a few minor exceptions: ~ 

• Since the feasibility of an alterna · independent of the type of waste form 
being treated, the feasibilities w re assumed to remain the same and were 
therefore not recor~ 

• Only five performafce 'parameters were considered instead of ten (as explained 
in Section 2.0). 

D 
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TABLE A-4 

COMPOSmON OF TRANSURANIC (TRU) WASTE* 

WASTE FORMS VOLUME% WEIGHT% 

Sludges 15.3 37 

Solid Organics (combustibles) 39.8 14 

Filters 4.5 2 

Asphalt/Dirt 2.1 5 

Solid lnorganics {glass and metals) 34.3 1 Others {Salts, etc.) 4.0 

.. 

* Calculated from DOE, 1988b. r 

D 
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SLUDGES 

Alter Environment 
Cementation 
Plasma Processing 
Vitrification 

D 
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TABLE A-5 

WASTE FORM MODIFICATIONS APPLICABLE 
TO THE THREE MAJOR WASTE FORMS 

SOLID ORGANICS 

Alter Environment 
Add Gas Getters 
Plasma Processing 
Compact 
Shred, Add Bentonite 
Shred and Bituminize 
Shred and Cement 
Shred and Compact 
Shred and Encapsulate 
Acid Digestion 
Incinerate and Cement 
Incinerate and Vitrify 
Shred, Add Salt, and p..mpacl 

A-16 

SOLID INORGANIC$ 

Alter Environment 
Add Gas Getters 
Plasma Processing 
Compact 
Shred, Add Benffon· 
Shred and Bitu · ze 
Shred and Cemen 
Shred and Compa 

!]
~ and Encapsulate 

Metals 
contaminate Metals 

S red, Add Salt, and Compact 
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3.0 RESULTS OF THE EAMP DELIBERATIONS 

The results of the EAMP deliberations represent the relative effectiveness and feasibility of the 
listed alternatives and should not be considered in absolute terms. When specific problems 
associated with regulatory compliance have been identified, the results of the EAM P, 
supplemented by the results of design analysis studies, will determine which alternatives should 
be recommended to DOE for inclusion in WIPP performance assessment. At that time, 
alternatives that were not ranked highest for effectiveness and/or feasibility may, nevertheless, 
be found to be adequate to resolve the problem(s) if any, associated with regulatory 
compliance. 

3.1 EFFECTIVENESS OF ALTERNATIVES 

The results of the preliminary evaluation are provided in Attachment C. The EAMP 
deliberations resulted in the scoring of alternatives for waste form moEfed'fi · n, waste 
management, backfills, facility design, passive markers, waste container, an iscellaneous 
concepts for each of the ten parameters. The overall scores, combining effe 'veness and 
feasibility, are also provided in Attachment C. 

The final results of the scoring process for the alternatives whi~ere evaluated on the basis 
of the heterogeneity of the TRU waste are shown in Table A-6. As mentioned in Section 2.3, 
the feasibiUty scores developed during the preliminary evaluati s were not changed, and are 
reflected in Table A-6. The columns grouped u~r "Alternative Overall Score" show the total 
scores (effectiveness plus feasibility) for eac arameter calculated according to the 
methodology described earlier in Section 2.0. e e scores form the basis for ranking the 
relative merit of each engineered alternative i mitigating the effects of each performance 
parameter. 

3.1.1 Waste Form Modification 

The rationale ~ the effectiveness scores assigned to various alternatives listed in 
Table A-6 for epne of the five major parameters is discussed in this section. 

The alternatives "adding gas getters", "altering the (corrosion) environment", and "cementation", 
were also considered effective pH buffers. Therefore the term "pH-buffers" has often been 
used in the subsequent sections to refer to these three alternatives as well. 

3.1.1.1 Radio!ytic Gas Generation 

Sludges 

Since the EAMP considered only the inorganic sludges which are a vast majority, the 
alternatives were rated primarily on their ability to remove the water present in the sludges, 
and to lower brine access to the waste (e.g., by lowering permeability). Plasma processing 
of the sludges was considered the best treatment for this waste form because it can remove 
all the water present as well as eliminating the most porosity. In comparison, vitrification, by 
more conventional means, was considered nearly as effective as plasma processing, but it may 
not remove as much residual porosity. The two other alternatives, cementation and altering 
the environment were judged less effective. These alternatives eliminate free water but would 
only reduce the radiolytic gas generation rates instead of eliminating the potential. 
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'f RAO BIO CD HOON REG TECH SCH TECH RAO BIO CORR HUMAN > ALTERNATIVE GAS GAS M SOLUB INTRUS (2.4) (1.5) (1.0) SCH GAS GAS GAS PERM SOLUB INTRUS .,, .,, -------------------------------------------------------------------------------------------------------------------------------------> WASTE FORM Ma>IFICATION ALTERNATIVES 

SLUDGES 
------· 
Vitrification 9.0 8.0 9.0 9.0 o.o - 4.0 7.0 6.0 26.1 72.0 66.9 72.0 72.0 26.1 26.1 
Plasma Processing 10.0 10.0 10.0 10.0 0.0 - 3.0 4.0 1.0 14.2 65.2 65.2 65.2 65.2 14.2 14.2 
Cementation 4.0 1.0 7.0 3.0~- 9.0 10.0 9.0 45.6 66.0 50.7 81.3 . 60.9 96.6 45_6 
Alter Environment 4.0 2.0 7.0 2.0 10. - 6.0 7.0 6.0 30.9 51.3 41.1 66.6 41.1 81.9 30_9 

SOLID ORGANICS 
---··---·-----
Coopact Waste 1.0 2.0 3.0 3.0 - - 10.0 7.0 43.6 48.7 53.8 58.9 58.9 43.6 43.6 
Shred and Coopact Waste 1.0 3.0 4.0 3.0 - - 10.0 7.0 43.6 48.7 58.9 64.0 58.9 43.6 43.6 
Shred & Cement Waste 0.0 4.0 6.0 6.0 8.0 - 10.0 9.0 45.6 0.0 66.0 76.2 76.2 86.4 45.6 
Shred & Polymer Encapsulate 0.0 0.0 5.D 8.0 0.0 - 5.0 6.0 35.1 0.0 o.o 60.6 75.9 35.1 35.1 

~ Shred, Add Salt, CORf>aCt 1.0 3.0 5.0 7.0 - - 10.0 7.0 43.6 48.7 58.9 69.1 79.3 43.6 43.6 
Q) Shred & Bit1a11inize 0.0 0.0 5.0 8.0 0.0 - 10.0 5.0 27.2 0.0 0.0 52.7 68.0 27.2 27.2 

Plasma Processing 10.0 10.0 10.0 10.0 6.0 . 4.0 1.0 14.2 65.2 65.2 65.2 65.2 44.8 14.2 
Shred & Add Bentoni te 0.0 1.0 6.0 6.0 - - .0 10.0 9.0 45.6 0.0 50.7 76.2 76.2 45.6 45.6 
Acid Digestion 9.0 9.0 10.0 9.0 6.0 - 3.0 4.0 2.0 15.2 61.1 61.1 66.2 61.1 45.8 15.2 
Add Gas Getters 1.0 2.0 - 2.0 8'.0 - 5.0 9.0 5.0 30.5 35.6 40.7 30.5 40.7 71.3 30.5 
Incinerate & Cement 5.0 9.0 8.0 6.0 10.0 - 2.0 7.0 2.0 17.3 42.8 63.2 58.1 47.9 68.3 17.3 
Incinerate & Vitrify 9.0 9.0 10.0 9.0 6.0 . 2.0 7.0 2.0 17.3 63.2 63.2 68.3 63.2 47.9 17 .3 
Alter Envirormient 1.0 2.0 7.0 2.0 8.0 - 6.0 7.0 6.0 30.9 36.0 41.1 66.6 41.1 71.7 30.9 0 

0 
SOLID INORGANICS 

~-0 ~ ----------------
Coopact Waste o.o . 2.0 1.0 . - 9.0 43.6 0.0 43.6 53.8 48.7 43.6 43.6 .,, 
Shred & Coopact waste 0.0 2.D 2.0 3.0 9.0 10.0 7.0 43.6 0.0 53.8 53.8 58.9 43.6 43.6 

.,, 
co 

Shred & Cement Waste 0.0 3.0 3.0 6.0 10.0 9.0 10.0 9.0 45.6 0.0 60.9 60.9 76.2 96.6 45.6 
8 Shred & Polymer Encapsulate 0.0 0.0 3.0 7.0 0.0 9.0 5.0 6.0 35.1 o.o 0.0 50.4 70.8 35.1 35.1 

Shred, Add Salt, Coopact - 2.0 5.0 - 9.0 10.0 7.0 43.6 43.6 53.8 43.6 69.1 43.6 43.6 _'I 

Shred & Bit1a11inize 0.0 0.0 5.0 7.0 0.0 - 3.0 10.0 5.0 27.2 0.0 0.0 52.7 62.9 27.2 27.2 ]J 

Plasma Processing 10.0 10.0 8.0 10.0 8.0 3.0 4.0 1.0 14.2 65.2 65.2 55.0 65.2 55.0 14.2 m 
Melt Metals 4.0 4.0 5.0 8.0 10.0 - 3.0 7.0 3.0 2 7 41.1 41.1 46.2 61.5 71.7 20.7 < en Shred & Add Bentonite 0.0 1.0 1.0 7.0 - 9.0 10.0 9.0 0.0 50.7 50.7 81.3 45.6 45.6 0 Decontaminate Metals 6.0 6.0 10.0 6.0 10.0 - 7.0 9.0 7.0 37. 67.9 67.9 88.3 67.9 88.3 37.3 z 
Add Gas Getters 1.0 2.0 NA 2.0 10.0 5.0 9.0 5.0 30.5 35.6 40.7 NA 40.7 81.5 30.5 !" 
Alter Environment 1.0 2.0 7.0 2.0 10.0 - 6.0 7.0 6.0 30.9 36.0 41.1 66.6 41. 1 81.9 30.9 

)> 
"U 

------------------------------------------------------------------------------------------------------------------------------------- ;Q 
RAD = Radiolytical; BIO = Biological; CORR = Corrosion; PERM= Permeability of the ~aste Stack; NA = Not Applicable r 

SOLUB =Radionuclide Solubility in Brine; REG = Regulatory; TECH = Technological; SCH = Schedule; HUMAN INTRUS = Human Intrusion co 
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TABLE A-6 
(contd.) 

I: 

SUMMARY OF OVERALL SCORES FOR ENGINEERED ALTERNATIVES 

~ it 

EFFECT IVE NESS (Wt.=5.l>IF EA SIB I L I TY (Wt=4.9 
A L T E R N A T I V E 

0 V E R A L L S C 0 R E 

ALTERNATIVE 
RAD 
GAS 

SCORE I SCORE 

BIO ORR HUMAN REG TECH SCH 
GAS ~ERM SOLUB INTRUS (2.4) (1.5) (1.0) 

WASTE CONTAINER ALTERNATIVES 

Change Waste Cont. Shape 
Change Waste Cont. Material 

1.0 1.0 1.0 1.0 
2.0 

9.0 
8.0 

10.0 
8.0 

9.0 
9.0 

SUM 
REG + 
TECH 
SCH 

EFFECTIVENESS + FEASIBILITY 

RAD BIO CORR ltlMAN 
GAS GAS GAS PERM SOLUB INTRUS 

45.6 I 50.1 50.1 50.1 50.1 45.6 45.6 
40.2 40.2 40.2 50.4 40.2 40.2 40.2 

WASTE MANAGEMENT ALTERNATIVES ~ 
Min. Space Around Waste Stack 1.0 2.0 1.0 1.0 -
Segregate Waste In WIPP - 5.0 0.0 - -

_ I 10.0 
- 8.0 

10.0 10.0 I 49.0 I 54.1 59.2 54.1 54.1 49.0 49.0 
10.0 8.0 42.2 42.2 67.7 o.o 42.2 42.2 42.2 

BACKFILL ALTERNATIVES 
Salt Only 4.0 2.0 2.0 2.0 -

jJ 
7.0 9.0 38.7 59.1 48.9 48.9 48.9 38.7 38.7 

Salt +Alkali 5.0 8.0 9.0 2.0 10.0 0 7.0 9.0 38.7 64.2 79.5 84.6 48.9 89.7 38.7 
CO!llNIC t Backf ii l 6.0 3.0 3.0 2.0 - 0 3.0 6.0 20.1 50.7 35.4 35.4 30.3 20.1 20.1 
Salt + Brine Sorbents 8.0 5.0 5.0 2.0 - 0 7.0 7.0 36.7 n.5 62.2 62.2 46.9 36.7 36.7 
Grout Backfill 10.0 10.0 10.0 7.0 10.0 0 8.0 9.0 40.2 91.2 91.2 91.2 75.9 91.2 40.2 
Bitunin Backfill 0.0 0.0 5.0 10.0 0.0 0 5.0 5.0 19.7 0.0 0.0 45.2 70.7 0.0 19.7 

FACILITY DESIGN ALTERNATIVES 
ventilate Facility 4.0 5.0 4.0 - - - 4.0 4.0 4.0 19.6 40.0 45.1 40.0 19.6 19.6 19.6 
Change Extraction Ratio 1.0 2.0 1.0 1.0 - - 8.0 7.0 9.0 38.7 43.8 48.9 43.8 43.8 38.7 38.7 
Change Room Configuration - - - - - 3.0 7.0 10.0 7.0 38.8 38.8 38.8 38.8 38.8 38.8 54.1 
Seal Individual Rooms - - - 8.0 - - 9.0 8.0 9.0 42.6 42.6 42.6 42.6 83.4 42.6 42.6 
Two Level Repository - - - - 5.0 1.0 8.0 1.0 15.4 15.4 15.4 15.4 15.4 15.4 40.9 
---;~;;;~~-~;~~;-~~~~;;~~;~~;-------------------------------------------~---·----------------·-------·-----------------------

Monunent "forest" 6.0 9.0 10~0 \ 10.0 46.6 46.6 46.6 46.6 46.6 46.6 77.2 
Monunent Covering Repository - - - 10.0 8.0 10.0 10.0 44.2 44.2 44.2 44.2 44.2 44.2 95.2 
Buried Steel Plate Over Rep. 5.0 7.0 10.0 10.0 41.8 41.8 41.8 41.8 41.8 41.8 67.3 
Add Marker Due To Strata - - 1.0 4.0 1.0 10.0 21.1 21.1 21.1 21.1 21.1 21.1 26.2 

OVERALL SCORE CALCULATION 

OVERALL SCORE = 5. 1 x EFFECTIVENESS SCORE .. 2.4 x (REGULATORY FEASIBILITY sco~ 
~ 1.5 X <TECHNOlOGICAL FEASIBILITY SCORE) + 1.0 X (SCHEDULING FE~ SCORE) 

RAD= Radiolytical; BIO= Biological; CORR= Corrosion; PERM= Permeability of the Uaste Stack; NA= Not Applicable 
SOLUB =Radionuclide Solubility in Brine; REG= Regulatory; TECH= Technological; SCH= Schedule; HUMAN INTRUS =Hunan Intrusion 
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Solid Organics 

The primary contributors to radiolytic gas generation in this waste form are the organic 
materials such as cellulosics. Therefore, the scores were based primarily on the ability of the 
alternative to destroy organics. 

Plasma processing was judged to be the most effective alternative because it is able to break 
down all the bonds in plastics and thus destroy the organics. Assuming that plasma would 
operate at much higher temperatures than normal incineration temperatures, incineration 
followed by vitrification was considered almost as effective as plasma processing for destroying 
organics. Acid digestion which was defined by the EAMP as acid digestion followed by 
calcination and vitrification, was considered as effective as incineration plus vitrification. 
However, some porosity may remain by using this process. Incineration and cementation was 
scored considerably lower. Although solid organics are incinerated, cementation leads to 
addition of water which increases the potential for radiolytic gas generation. C~ction will 
not have any positive effect on radiolytic gas generation except for reducing t permeability 
which in tum will lower the access to brine. The same is also true for the ot er forms of 
compaction like shredding followed by compaction, and shredding followed by addition of salt 
and compaction. Therefore, these three alternatives were giv~n lower score. Since the 
majority of the radiolytic gas generated is hydrogen, and there 11 no known effective, long
term gas getters for hydrogen, the gas getter alternative was gi en a low score. Altering the 
environment (e.g., adding large amounts of pH buffers) will n t have much of an effect in 
mitigating radiolytic gas generation, except tha~tcould reduce some brine inflow if large 
enough quantities of the buffer substantially redu e void volumes. All the other alternatives 
shredding and bituminizing, shredding and encap a ng, shredding and adding bentonite, and 
shredding with the addition of cement were cons dared adverse alternatives since they do not 
eliminate organics and in some ~would aggravate the problem of radiolytic gas generation 
by either increasing organics or ir''Casing water content. 

Solid lnorganics 

Although glass .r;;J metals themselves will not contribute substantially to radiolytic gas 
generation, the Un concern of the EAMP was the plastic liners and plastic bags in the 
drums. 

If the need for an alternative that destroys these plastics is identified, the EAMP assumed that 
the old waste has liners but the newly generated waste would not be stored in liners. Under 
these assumptions, it was hypothesized that for the old waste, plasma would destroy all the 
liner material and therefore is the best alternative. Decontaminating metals or melting metals 
would separate the liners from the metals and make the liners a part of the combustible 
waste. This would be a case of an alternative having no effect because the problem of gas 
generation from the liners is neither eliminated nor reduced but instead transferred to another 
waste form category. Assuming that the newly generated waste contains no liner, plasma and 
melting metals would get the same ranking because in both cases permeability, and therefore 
brine transport, would be reduced substantially. However, decontaminating metals will rank 
higher in comparison to both plasma and melting metals because only the residue would 
remain, which could be in a vitrified form. 

Gas getters and altering the environment were both assigned a low score for the same 
reasons explained earlier under the combustibles category. Two of the three methods of 
compaction were assigned an adverse score because of the potential for increasing the 
radionuclide concentration by compaction, thereby potentially increasing radiolytic gas 
generation. The panel reasoned that this adverse effect outweighs the benefits of reducing 
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the permeability through compaction since compacted metals are still quite permeable. Adding 
salt before compaction was considered to have no net effect because the potential for 
increased concentration of radionuclides would be offset by the increase in total volume due 
to the added salt. The other alternatives, shredding and cementing, shredding and 
bituminizing, and shredding and adding bentonite, were all assigned adverse scores for the 
same reasons explained earlier under the combustibles category. 

3.1.1.2 Biological Gas Generation 

Sludges 

The primary basis for scoring these waste form modification alternatives was the ability of the 
alternative to eliminate the nitrates present in sludges. Plasma processing will destroy the 
nitrates by decomposition into nitrogen oxides. Although there is a possibility of nitrogen 
combining with some of the metal to form metal nitrides, plasma processing still appeared to 
be the best alternative relative to other alternatives. Vitrification by microwav~lting would 
not reach as high a temperature as plasma, and therefore was given a lowel'i ore because 
it may not destroy all the nitrates. Cementation would add sulfates whi h might be 

. detrimental. However, it would increase strength, decrease particulates, and help reduce 
permeability, thereby partially isolating the nitrates from the re~t the waste. Therefore, the 
panel agreed that cementation might have a small positive e . Altering the environment, 
which refers to raising the pH, was considered somewhat tter than cement because 
Ca(OH)2 will absorb some carbon dioxide, and unlike cementa ion, no sulfates are added. 

Solid Organics {').._ 

Plasma processing was considered the best alt&ma~ve because the processed product would 
have the lowest carbon conte~ong the alternatives. Incineration plus vitrification or 
cementation, and acid digestion e not considered quite as effective as plasma processing 
for destroying organics, and we scored slightly lower. 

Some of the l'ianing alternatives would have an indirect positive effect by reducing 
generation rate , l'i ducing permeability, or reducing the access to brine. Shredding and 
cementing woul · se the pH and thereby decrease gas generation rates, but it would add 
some sulfates. The only benefits provided by any form of compaction would be to reduce 
permeability and limit brine access. Shredding will improve compaction, so this alternative was 
considered slightly better than compaction alone. Addition of salt is marginally beneficial for 
reducing voids in compacted combustibles and therefore shredding, adding salt and then 
compacting was given the same score as shredding and compaction. Shredding with the 
addition of bentonite may reduce free brine, but still provides moisture for gas generation when 
the bentonite absorbs brine. Both gas getters and altering the environment would be effective 
in absorbing some of the carbon dioxide generated. Shredding with the subsequent addition 
of bitumen or polymer encapsulation were both expected to have adverse effects by adding 
food sources for the bacteria 

Solid lnorganics 

The main concern in this category is the plastic liner and bags in the drums. Therefore, the 
alternatives were ranked for their effectiveness in treating these plastics. The scoring for 
plasma pl'iOCessing, decontaminating metals, and melting metals was the same as for the 
radiolytic gas generation parameter. Since metals cannot be compacted to the degree needed 
to effectively reduce permeability, compaction was not considered an effective alternative. 
Shredding and cementing as well as shredding and compacting would not be quite as effective 
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for glass and metals as they would be for combustibles, and were therefore scored lower than 
combustibles. The alternatives involving bitumen and polymer encapsulation were considered 
adverse alternatives for the same reasons mentioned for combustible waste. Shredding and 
adding bentonite would only reduce brine access somewhat, and was given a low score. The 
benefits of shredding, adding salt and then compacting are the same as for combustibles. 
However, for glass and metals the product will have more porosity and hence this alternative 
received a slightly lower score than it received for treating combustibles. Gas getters and 
altering the environment are beneficial in the near term. However, there is some doubt about 
their long term effectiveness, since bacteria may be able to adapt to this environment. 

3.1 .1.3 Corrosion Gas Generation 

Sludges 

The scoring of alternatives was based on their ability to reduce permeability and;r.o· ture, with 
the additional objectives of reducing brine inflow and/or raising the pH of the ste disposal 
areas. 

Plasma processing was given the highest score for its ability to uce porosity, resulting in 
maximum void volume reduction. Since vitrification may not eli ate quite as much porosity 
as plasma processing, it was given a somewhat lower score. C entation would tend to raise 
pH and reduce free water thus lowering gas generation rates. owever, it has some potential 
for long-term release of water. Altering the envi~roent will reduce moisture and increase pH, 
but is not expected to reduce voids completely. 

Solid Organics 

The panel considered any altern~favorably which could substantially reduce void volume 
and thereby reduce brine inflow. T refore, plasma processing, incineration and vitrification, 
and acid digestion were given igh scores because these waste treatments reduce void 
volume better th~ther alternatives. Incineration plus cementation will result in higher 
porosity than the af ementioned alternatives. Shredding with the addition of bentonite may 
produce void red · n properties similar to those of shredding and cementation. Altering the 
environment will elp absorb some brine, raise the pH, and fill void volumes if large enough 
quantities of material are added. Shredding and adding bitumen produces a low permeability 
with small porosity and results in a plastic medium. Polymer encapsulation will have properties 
similar to bitumen. Compaction by itself is considered a marginal alternative. However, it 
has the positive effect of reducing permeability and consequently limiting brine inflow. 
Shredding before compaction enhances the reduction of voids, and was therefore scored 
slightly higher than compaction alone. Adding salt to the shredded waste before compaction, 
is somewhat better than shredding and compacting alone for reducing permeability. Gas 
getters were judged to have no effect since the EAM P could not identify any effective long 
term getters for hydrogen gas. 

Solid lnorganics 

This is the most important category for corrosion gas generation due to the large weight 
percent of corrodible metal in the waste inventory. For the undisturbed scenario, the panel 
assumed that the limited amount of brine inflow is insufficient to corrode the entire metal 
inventory. The EAMP also assumed that engineered alternatives to reduce permeability of the 
waste would be implemented if corrosion gas is recognized as a major problem. Reducing 
the permeability would limit the total corrosion gas potential from metal corrosion, if human 
intrusion causes large quantities of brine to enter the repository. 
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Based on the above assumptions, decontaminating metals received the highest score because 
metals would not be brought to WIPP for disposal. Plasma processing was given a somewhat 
lower score because, even though metal corrosion would be limited by reduced surface area 
and physical passivation, metal would still be brought to WIPP for disposal. Melting metals 
and plasma processing could result in preferential migration of the actinides into the resulting 
slag, thereby having a similar effect as decontamination of metals. However, the panel 
decided that there is not enough evidence available to justify scoring the alternatives on that 
basis. Therefore, melting metals was given a lower score than decontamination of metals. 
Altering the environment has the same effectiveness as explained in the previous section 
under combustibles. Gas getters were not given a score because they are not applicable in 
this case. Compaction would not decrease metal surface area sufficiently, though it will reduce 
overall volume, and room re-pressurization will occur more quickly. Shredding before 
compaction was not expected to enhance the end results appreciably. Shredding followed by 
polymer encapsulation, and shredding followed by cementation were considered good near
term waste treatments and will limit the rate of corrosion. However, both materi {polymer 
and cement) may crack providing brine access to the metals. By comparison redding and 
then adding bitumen was considered more effective because, unlike the precedin alternatives, 
bitumen would not be expected to crack, thus preventing the brine from reachi g the metal. 
Shredding and subsequently adding bentonite puts the absorbrrine in close contact with 
the metal. However, it does prevent contact with free brine. 

3.1.1.4 Permeability of the Waste Stack 

The permeability parameter refers to the perm~lity of the waste stack itself. The panel 
decided that backfill permeability would be consi ~ separately. Since the EAMP could not, 
during the time available, determine the long te m effectiveness of waste form treatments for 
reduction of permeability, it wa~ided to evaluate the alternatives based on their initial 
permeability to brine. r '\ . 
Sludges 

Plasma processi0as considered most effective because it would almost completely eliminate 
interconnected ~ity and thus reduce permeability to the greatest extent. Vitrification is 
expected to leave slightly more porosity compared to plasma, and so was scored somewhat 
lower. 

Cement was considered a good alternative for lowering permeability in the near term. 
However, because of the presence of nitrates in the sludges, its longevity is questionable. The 
addition of calcium oxide or activated alumina will have a small effect on permeability by filling 
some voids. 

Solid Organics 

Plasma processing was judged to produce the lowest waste permeability. Both incineration 
followed by vitrification, and acid digestion were considered to be of equal merit but not quite 
as good in densifying the waste as plasma. Compaction will reduce voids, but 
interconnections between pores will remain. Sh~ding before compaction will result in further 
reduction of volume. Cementation preceded by either shredding or incineration were 
considered reasonably effective because both alternatives will reduce voids and decrease 
interconnected pores. The two types of encapsulation, with either a polymer or bitumen, were 
both considered very effective because they will result in a low initial permeability, but may not 
decrease voids to the extent achieved by plasma or vitrification. Shredding followed by the 
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addition of bentonite was considered virtually as effective as cemented waste forms, based on 
the assumption that bentonite will swell upon contact with the high magnesium brine 
encountered at WIPP. The addition of gas getters or altering the environment was not 
considered effective except for increasing the pH and filling some voids. Adding salt after 
shredding and then compacting would be an improvement for reducing voids, compared to 
shredding with the addition of bentonite, but it would not be as effective as encapsulation. 

Solid lnorganics 

Plasma processing will result in the maximum reduction of permeability and so was given the 
highest score. Melting metals was scored somewhat lower because the residue from this 
process has a somewhat higher porosity than that resulting from plasma processing, and 
depends on the process used to solidify the residue. The panel came to the conclusion that 
the relative scores of many of the remaining alternatives would not change from those 
presented for combustibles. However, since metals cannot be volumetrically red~ as much 
as solid organics, some of the scores for glass and metals were slightly lowe an for solid 
organics. Decontaminating metals does not result in permeability reduction per e, but does 
eliminate a highly permeable waste form. The EAM P assumed that the residue after 
decontamination would be cemented or vitrified. Compaction ef ass and metals to a low 
permeability is difficult and therefore received a low score. Sh11 ·ng before compaction was 
considered to be helpful in reducing the permeability to a level I er than by compaction only. 
Adding salt before compaction improves upon the preceding ption. The addition of gas 
getters or altering the environment provide a ma~al reduction of voids. 

3.1.1.5 Radionuclide Solubility in Brine r 
The term solubility refers to the ~ility of radionuclides or hazaroous chemical wastes in 
brine and is defined as the maxi amount of the solute that can dissolve in brine under 
given conditions of brine compo ition, pH and temperature. Since the temperature under 
repository conditions is not expected to vary substantially, solubility can be controlled by 
adjusting pH. In erast, leachability deals with a rate process and is defined as the rate at 
which a solute di so es in a solvent to attain the maximum concentration possible under the 
given conditions. hereas solubility can be reduced by increasing the pH and reducing the 
amount of organics present, leachability can be controlled by adjusting a number of factors. 
The desirable factors for having a low leaching rate are high pH, low surface area, low 
permeability, low level of organics, dense forms, and reduction of brine volumes. A reduction 
in solubility will also decrease the concentration gradient for mass transfer and thus decrease 
leachability. 

Sludges 

Cementation or altering the environment were considered the best alternatives because they 
increase the pH through the addition of cement and lime respectively, leading to low solubilities 
and providing a stable environment for the precipitated hydroxide form of the nuclides. 

The prime concern about plasma processing or vitrification was that these high temperature 
treatments will destroy the hydroxide form and the pH will be dominated by the pH of brine, 
which is around 5 to 6. At this low pH, oxides are more soluble, which would have an 
adverse effect if these alternatives are used. Although this problem can be eliminated if either 
lime or cement are added after high temperature processing to provide a pH buffer, these 
alternatives were scored as having adverse effects. 
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Solid Organics 

The effect of combustibles on the solubility parameter results mainly from the presence of 
organics which potentially provide complexing agents. Therefore, the panel decided that any 
alternative is attractive if it destroys organics. If an alternative could not destroy organics but 
did increase the pH sufficiently through the addition of cement, lime, or similar alkaline 
material, this could be even more beneficial than destroying organics. Finally, if an alternative 
could accomplish both the destruction of organics and provide the pH buffer, it would be 
considered the most effective alternative. 

Based on the above considerations, incineration followed by cementation was the only 
alternative that both destroyed organics and provided a pH buffer. Cementation with prior 
shredding, altering the environment, and gas getters all satisfied the pH buffering criterion. 
Plasma processing, acid digestion, and incineration followed by vitrification would all destroy 
organics, but fail to satisfy the pH consideration. However, these waste treatments are 
expected to produce waste forms with lower leachability. The two forms *f e psulation, 
either with polymers or bitumen, were considered adverse alternatives b e they add 
organics which would have an adverse effect on solubility. The different forms compaction 
would have no effect on solubility because they do not change the status of organics or modify 
the pH. Shredding with the addition of bentonite was also judger have no net effect, based 
on the assumption that nuclide adsorption on bentonite in a hi magnesium saturated brine 
is low, leaving the nuclides available for dissolution. 

Solid lnorganics h. 
For glass and metals, the destruction of organi is of second order importance. Therefore, 
alternatives that provide sufficient pH buffer we~ considered the most effective for treating the 
glass and metal waste form. (2 
Based on this consideration, altehnef the environment, gas getters, and cementation with prior 
shredding were all given top scores. Decontaminating metals and melting metals were also 
scored high baen the assumption that the residue, in both cases, could be cemented. 
Plasma processi g ould destroy organics, but it does not provide a pH buffer. Both forms 
of encapsulation re considered adverse alternatives because they would add organics. The 
remaining alternatives, which included the three forms of compaction and shredding with the 
addition of bentonite, were all judged to have little or no effect for the same reasons given 
during discussion of combustible wastes. 

Leachabilitv Considerations 

After evaluating the alternatives on the basis of solubility, the panel considered the effects on 
leachability to check if any of the scores might change. It was found that some of the 
alternatives would indeed rank higher if leachability was considered. 

All the alternatives resulting in permeability reduction (e.g., plasma processing, vitrification, acid 
digestion, and encapsulation) would result in a lower effective leachability, since less brine will 
come in contact with the waste. Therefore, the panel noted that the rankings for these 
alternatives could be higher if leachability, rather than solubility as the bounding characteristic, 
is considered the controlling parameter. 
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3.1.2 Waste Management Alternatives 

The EAMP considered two of the five potential waste management alternatives - Minimize 
Space Around the Waste Stack, and Segregate Waste in WIPP. The remainder were 
considered in conjunction with other alternatives or were not feasible. 

Minimize Scace Around the Waste Stack 

It was assumed that implementation of this alternative would eliminate the need for backfill, 
and that space around the waste stack is needed only as long as waste operations are taking 
place in the storage panel to prevent the walls and back (ceiling) from contacting the waste. 
This alternative would actually take the place of backfill, but interstitial voids between waste 
containers and between the waste and waste disposal room walls would still exist, unless the 
waste container shape is modified. Therefore this alternative was scored lower than most of 
the backfill alternatives. 

Segregate Waste in WIPP 

This concept attempts to segregate the potential challenges asso~i with the differe.nt waste 
forms coming to WIPP. It was assumed that waste would be e regated by waste disposal 
panel, and operations in more than one panel at a time would e necessary. On the basis 
of these assumptions the EAMP recognized that the WIPP ven lation system would probably 
have to be redesigned to allow operations in m~than one panel at a time. Since each 
operational panel would have to remain open Ion e than currently planned, premature creep 
closure was a concern. If all the sludges were s together, a relatively high corrosion gas 
inventory could build up in those waste disposal rooms. The most promising result of waste 
segregation would be separationF-rients (N03) from biological substrate (cellulosics), and 
potentially lower biological gas ration. The EAMP concluded that this was the only 
potential benefit of this alternativ . 

tives 

The backfill alte es were considered during the preliminary evaluation of the alternatives. 
The EAMP decided to re-evaluate the backfill alternatives based on the five remaining 
performance parameters, and certain associated assumptions. For the sake of brevity the 
alternatives "Compact Backfill" and "Preformed Compacted Backfill," were combined into a 
single alternative, designated "Compacted Backfill." Thus, the following six backfill alternatives 
were reevaluated with respect to their mitigating effect on the five parameters: 

• Salt Only 
• Salt and pH Buffers 
• Compacted Backfill 
• Salt and Brine Sorbents 
• Grout 
• Bitumen. 

The evaluation of backfills for the five parameters was based on the following assumptions: 

• All organics are potential candidates for biodegradation. 

• Bentonite and salt will reduce the voids to approximately the same extent, but 
salt will reconsolidate. 
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• Positive effects of backfill are reduction of initial void volume, minimization of 
brine flow through waste, and an increase in the pH to minimize corrosion and 
biological gas generation, and solubility of radionuclides. 

• Backfilling takes place in a 13' x 33' x 300' room. 

• Retrievability, after a disposal decision has been made, is not a consideration. 

• All waste forms have been treated to minimize permeability. 

• The backfill material needs to be reasonably free-flowing to effectively backfill 
between drums, or some engineering or operational changes may be necessary. 

• Backfill around waste stack is independent of waste form. 

• 

• 

Backfills are not considered highly effective for mitigating the~ts of gas 
generation parameters, compared to waste form alternatives, a ugh backfills 
can absorb brine, raise pH, absorb carbon dioxide, and faci tate closure. 
Backfills affect gas generation rates rather than total gas potentia . 

If solubility is found to be the only problem, th~he backfill that adequately 
raises the pH may be the only solution needed. r 

3.1.3.1 RadioMic Gas Generation I\ 
Grout was given the highest score because it wK!onsidered the best backfill to reduce brine 
inflow and thereby mitigate radiol~ic gas generation from that source. The positive effects 
identified were the filling of meeds, quicker room reconsolidation, keeping brine out, and 
having reasonable structural int . Salt with brine sorbents would not be as effective as 
grout in filling voids. It was a urned that absorption of brine will cause bentonite to swell 
against lithostatic pressure and moisture would not be squeezed out. Compacted salt backfill 
will not easily fia interstitial voids between drums, which will maintain a higher permeability 
than could be hi ved if these voids were filled. As a backfill, salt by itself does not have 
any notable c ical effects that would reduce or aggravate radiolytic gas generation. 
However, it is expected to reconsolidate quickly, achieving a relatively low permeability to brine 
in its reconsolidated state. The addition of pH buffers to crushed salt will enhance moisture 
absorbing capability compared to salt alone. Bitumen would keep moisture out, but would 
have the adverse effect of adding organics. 

3.1.3.2 Biological Gas Generation 

The most effective alternative was judged to be grout because, in addition to keeping brine 
out it would also increase the pH, both of which will decrease biological gas generation rates. 
Salt with the addition of pH buffers was also considered effective because it would have a pH 
buffering effect to partially compensate for the additional brine inflow. The addition of salt 
alone does not have a chemical effect on biological gas generation. However, since the 
transport of nutrients occurs in liquid media, the addition of salt will reduce the pathways for 
nutrient transport. Compacted backfills would be slightly better than salt alone because there 
are less initial voids. Salt with brine sorbents will be a better deterrent than salt alone to 
initially reduce brine inflow. Since bitumen adds organics, it was considered an adverse 
alternative. The safety concerns associated with emplacing hot bitumen underground was also 
considered by the EAMP . 
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3.1.3.3 Corrosion Gas Generation 

Grout was judged to be the most effective alternative because of its pH buffering capability. 
Salt plus pH buffers would keep brine out as well as raise pH but its initial permeability would 
not be as low as grout. Salt plus sorbents would absorb moisture and slow the gas 
generation rates. Bitumen does not provide pH control, but would restrict brine inflow. 
However, the emplacement challenges discussed earlier need to be considered. Salt alone 
and compacted salt backfill will reduce voids and thus reduce brine inflow, thereby possibly 
reducing the rate of corrosion gas generation. 

3.1 .3.4 Permeability of the Waste Stack 

Since this parameter is not concerned with pH control or the presence of organics, bitumen 
would be the best backfill if emplacement challenges could be overcome. Compared to 
bitumen, grout would have a higher porosity. The remaining backfill alternative~re judged 
approximately equivalent because none of them would be able to easily fill the i t rstitial voids 
between drums, since they are not as free flowing as bitumen or grout. 

3.1.3.5 Radionuclide Solubility in Brine g 
For this parameter, the backfills were scored on the basis of t ir pH buffering capacity and 
the addition of organics. Grout and salt with pH buffers were j dged to be the most effective 
in their ability to raise pH. Bitumen was con~i red an adverse alternative because the 
addition of organics has the adverse effect of incr; ·ng radionuclide solubility. The remaining 
alternatives would have no effect on pH, and el'iefore were judged to have no effect on 
solubility. 

3.1 .4 Facili ............................. --. ....................................... ..-.+ 

The EAMP evalt2ut 12 facility design alternatives and concluded that six were considered 
in conjunction wi o her alternatives or were not feasible. 

Gas Expansion ume 

The intent of this concept was to prevent overpressurization by waste generated gases, if this 
poses a potential but inconclusive threat to facility integrity. The alternative was to be 
considered only if gas generation is a marginal problem, requiring a relatively small expansion 
volume. The EAMP decided that the effectiveness of this alternative could not be determined. 
The addition of free volume could increase the time required for reconsolidation of the waste 
disposal rooms, thereby actually increasing the potential for brine inflow and gas generation. 
The added volume would probably not be able to accommodate the additional gas generated. 

Ventilate Facility 

The EPA Standards permit active institutional control by the implementing agency (DOE) for 
up to 100 years. This alternative would take advantage of this time period by continuing 
active ventilation of the waste disposal rooms, thereby evaporating inflowing brine until rooms 
had achieved closure. After that time, the reconsolidated room would resist the inflow of brine. 
The EAMP was concerned about this alternative due to several factors. There is no 
assurance that the ventilation spaces will remain uniformly open. The partial or total cessation 
of ventilation would allow brine to accumulate. There was also concern about safety problems 
associated with potentially breached waste containers, and sealing the waste disposal panels 
under these circumstances. Nevertheless, this alternative was given mid-range scores for 
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mitigating the effects of brine inflow since there is no need to develop basic technologies, and 
engineering solutions may be available to overcome the alternative's shortcomings. 

Change Extraction Ratio 

The mined extraction ratio at WIPP is very small compared to what conventional mmmg 
techniques would suggest. If the ratio of mined volume to unmined pillar volume were 
increased, the waste disposal room creep closure would be expected to accelerate, thereby 
achieving room reconsolidation faster. This in tum would reduce the total brine inflow from 
the Salado Formation. This alternative was not given a high score because of the concern 
that the disturbed zone volume surrounding the waste disposal rooms and panels would 
increase, allowing a greater accumulation of brine during the pre-closure period. 

Change Room Configuration 

This alternative, as described in Attachment B, has several options. The ~considered 
only the option of a taller room to reduce the overall footprint of the repository. e remaining 
options were considered part of other alternative evaluations. This alternative w considered 
potentially effective for mitigating the human intrusion probability parameter only. A low score 
was assigned because of the need for roof bolting throughou:e: mined areas, the question 
whether such a design could be validated, and in a broader ext of human intrusion, the 
potentially higher consequences resulting from penetration of m re waste containers during the 
intrusion event. 

Seal Individual Rooms 

This alternative was considered~o itigating the effects of the two-borehole scenario, and to 
a limited extent, the single bor drilled into the Castile brine. The EAMP modified this 
alternative by suggesting that fl r ceiling salt seals could be installed at each end of the 
waste disposal rooms, as well as at appropriate locations within the rooms. This would 
decrease the e~·ve permeability of each waste disposal panel, and prevent hydraulic 
communication en the two boreholes. If this alternative is implemented, it would appear 
to effectively eli i e the effects of the two-borehole scenario. The score reflects the limited 
application of t s alternative, and questions remained regarding how ventilation would be 
affected during installation of the seals. 

Two-Level Repository 

The concept of a two level repository would effectively halve the footprint of the repository and 
reduce the probability of human intrusion by a like amount. However, in a broader context, 
the probability of penetrating twice the number of waste containers is a distinct possibility. 
Therefore, this alternative was not given a high score. 

3.1 .5 Passive Marker Alternatives 

These alternatives apply only to the human intrusion probability parameter. Therefore they 
were evaluated, relative to each other, within this narrow context and their scores should not 
be compared to the scores of alternatives outside the passive marker category. Four of the 
five potential alternatives were evaluated. The fifth alternative, "Artificial Surface Layer" was 
eliminated because a feasible concept could not be identified. 
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Monument "Forest" over Repository 

This concept received the second highest score among the passive marker alternatives. 
Although the individual markers, or pylons, would be deeply anchored, their longevity was 
somewhat questionable because they could be removed more easily than a single large 
monument 

Monument Covering the Entire Repository 

This alternative, possibly in the form of a truncated pyramid, would cover the entire footprint 
of the underground waste disposal area. Although this concept entails a very large 
construction effort, it received the highest passive marker score because of its anticipated 
longevity and visibility. 

Buried Steel Plate Over Repository ,..(' 

Although the concept of a steel plate buried some distance below the surface, abdve the entire 
repository footprint, received a mid-range score for effectiveness, the EAMP recognized that 
many questions remain unanswered regarding the plate's longe~ 

Add Marker Dye to Waste or Strata Above the Repository r 
The EAMP could not identify any long lasting ser dyes during its deliberations. It is also 
conceivable that the dye would be indistinguish in drilling mud. Nevertheless, since the 
concept had some small merit, it was given the owest score possible. 

3.1.6 Miscellaneous Alternative~Q ·· 

Three potential alternatives werI in~ially identified - Draining the Castile (Brine) Reservoir 
which may be l~ocad below the repository, Grouting Culebra Formation Above Repository, and 
Increasing Land 1t drawal Area to Regulatory Boundary. The latter was not considered to 
be an enginee11 emative, and the remainder were considered not technically feasible. 

3.1. 7 Waste Container Alternatives 

The TAU waste is currently stored in steel containers which will generate corrosion gas after 
disposal in the repository. The EAMP therefore considered modifying the existing polyethylene 
liner so that it could be used in place of a metal drum, or the use of concrete containers. The 
alternative did not receive a high score because, by itself, it is only marginally effective. Total 
metal corrosion is a function of the amount of brine in the waste storage rooms. It is 
anticipated that there will not be enough brine to corrode either all the steel waste containers 
or all the metal waste. Since the total corrosion gas is limited by brine availability, elimination 
of the steel waste containers does not change the total amount of gas that can be generated. 
If metal wastes are processed or eliminated, together with the elimination of steel waste 
containers, then this combined alternative would score very high. 

The EA TF has convened a panel of knowledgeable persons (the Waste Container Materials 
Panel} in the areas of metals, ceramics, concrete, fabrication, etc. to evaluate alternative waste 
container materials that would not generate gas in the WIPP environment. 

The EAM P also discussed the role that the waste container shape can play for reducing waste 
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existing drums can be minimized, then the effective waste stack permeability would be 
reduced. By itself, this alternative was considered only marginally effective. 

3.2 FEASIBILITY OF ALTERNATIVES 

Of the 64 alternatives evaluated by the EAMP, 14 were considered not feasible. This section 
provides a brief discussion concerning the overall feasibility scores assigned to each 
alternative. The relative feasibilities of the alternatives were considered in a broad sense, 
assigning the best alternative the highest score, while other alternatives received scores 
relative to this "best" alternative. As discussed in Section 2.2.3, the feasibility of each 
alternative was determined by considerations of regulatory requirements and concerns, state 
of technology, and schedular factors. 

3.2.1 Waste Form Modification Alternatives 

Compact Waste ~ 

This alternative represents an existing full-scale technology for processing radioJctive wastes, 
and implementation is not expected to pose any major regulatory concerns. However, 
compactors would require preparation of National Envirttntal Policy Act (NEPA) 
documentation. It was given the highest score for the state echnology, but a somewhat 
lower score for regulatory requirements and schedular consid ations. 

Incinerate and Cement {\ 

The technologies of incineration, and cementati~re well established. However, the EAM P 
recognized that some existin~· ·nerator systems for nuclear waste treatment are not 
operating because of current r tory challenges. Therefore, the feasibility score for this 
alternative is low because of th c ent regulatory climate and public opinion, and the effect 
this has on schedule. 

Incinerate and 

The feasibility this alternative is similar to "Incinerate and Cement", for the same reasons 
given above. 

Wet Oxidation 

The EAMP concluded that this technology has not been adequately demonstrated for other 
than liquid wastes. Therefore it was deleted from further consideration. 

Shred and Bituminize 

Shredding is a well established technology. Bituminization is being used abroad but has not 
been applied to long term waste disposal in the United States. The EAMP was concerned 
that the application of hot bitumen in an alpha waste facility could give rise to regulatory and 
safety challenges since flammable, volatile organic compounds are involved. A bitumen plant 
would need to be permitted and require the preparation of NEPA documentation. Based on 
experience abroad, the alternative was scored higher than incineration alternatives. 
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Shred and Compact 

Shredding and compacting are well established technologies and are not expected to present 
any major regulatory problems. However, NEPA documentation would be required. This 
alternative was scored the same as the compaction alternative. 

Shred and Cement 

This alternative received essentially the same score as "Shred and Compact", except that the 
possibility of starting waste treatment at the Process Experimental Pilot Plant (PREPP) gave 
this alternative a slightly higher score for the schedule criterion. An on-surface cementing 
plant would need to be permitted and require preparation of NEPA documentation. 

Shred and Polymer Encapsulate 

The EAMP could not identify any major regulatory concerns for implementing 4a1ternative, 
except for NEPA documentation. This technology was developed for the com;;;lrc'ia1 nuclear 
power industry, but was not used. Since this technology is not as well developed for 
application to TAU waste disposal and the disposal environmenf, technology criterion, and 
consequently the schedule criterion, received lower scores than e of the more conventional 
alternatives. 

Shred. Add Salt. and Compact !\ 
This alternative did not appear to present any m¥r"technological or regulatory difficulties and 
therefore received the same scor;~s those for the compaction alternative. Preparation of 
NEPA documentation would be r ed. 

Plasma Processing 

This alternative~· m the demonstration phase and has not yet been applied to radioactive 
materials. The l'i g tory concerns may be similar to those involving incineration. Therefore, 
this alternative 1ved the lowest overall feasibility score. 

Melt Metals 

The technology for melting metals under adverse circumstances is reasonably well established. 
However, because this is a thermal pl'iOCess, it may encounter regulatory difficulties, possibly 
similar to those of "Plasma Processing", and was therefore given a relatively low overall 
feasibility score. 

Add Salt Backfi II 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 

Add Other Sorbents 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 
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Add Gas Suppressants 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subjected to separate evaluation. 

Shred and Add Bentonite 

This alternative received the same score as "Shred and Cement" because the process is 
relatively simple, basic technology development is not required, there should be few if any 
regulatory difficulties, and the process can be implemented in a relatively short time. The 
process will, however, require NEPA documentation. 

Acid Digestion 

The EAMP believed that regulatory concerns regarding this alternative would be similar to 
those encountered for thermal processes. The technology was only developJ1'fo the pilot 
stage, and the implementation schedule was considered marginal for newly genrated waste. 

Sterilize 

The EAMP did not believe that the waste, and waste dispo~ooms at WIPP, could be 
effectively sterilized in a manner that would permanently feli~inate microbes and the 
consequent biological gas generation. Therefop.re this alternative was deleted from further 
consideration. 

Add Copper Sulfate 

This alternative was deleted b~e of the possibility that deposited copper may act as a 
galvanic couple, thereby increasifg )Jas production rates to undesirable levels. 

Add Gas Getters 

The regulatory ~(1 ss for this alternative is not expected to be complex. However, the 
possibility of add'J?o:.1 worker exposure, while adding gas getters to existing waste containers, 
may complicate the process. This concern is reflected in the regulatory score. Preparation 
of additional NEPA documentation may be required. There is no basic technology 
development required, and the implementation schedule is expected to comply with the newly 
generated waste processing requirements. 

Add Fillers 

This alternative is inherent in other alternatives considered by the EAMP, and therefore was 
not subject to separate evaluation. 

Seareaate Waste Forms 

This alternative is inherent in, or can be combined with, virtually any other alternative_ 
Therefore, the EAM P did not evaluate this concept as a stand alone alternative. 

Decontaminate Metals 

Various technologies currently exist for decontaminating metals, such as those currently used 
in the commercial nuclear industry. While decontamination of hazardous constituents could 

WP:EATF.1991 :R-1n~APPA A-33 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

be advantageous from a RCRA standpoint, this alternative would probably require a new 
facility, preceded by NEPA documentation, permitting, and other regulatory considerations. To 
maximize the effectiveness of the alternative, the waste container material would have to be 
changed from steel to a non-corroding material. This may also entail additional regulatory 
activities. On this basis, technology was given a high score, while the regulatory and schedule 
scores were reduced to reflect the uncertainties. 

Change Waste Generating Process 

The EAMP considered this to be a worthwhile alternative for future study. However, the 
subject is too broad to be evaluated qualitatively, and therefore did not receive further 
consideration. 

Add Anti-Bacterial Matrix 

It was concluded that this technology has not been demonstrated for use ~repository 
environment and therefore this alternative was deleted from consideration. 

111 r 
Accelerate the Waste Digestion Process r: 
It was concluded that this technology has not been demonstf8ted for this application and 
therefore the alternative was deleted from further consideration. 

Alter Corrosion Environment in WIPP p. 
The EAMP considered such op~'on as activated alumina, lime, and cement as means for 
altering the corrosion environme · WIPP. Although no major regulatory or technological 
challenges were identified con ·ng this alternative, uncertainties about selection of 
material(s) and processes lower the scores for this alternative. 

ment in WIPP 

This alternative considered during evaluation of the alternative "Add Anti-Bacterial Matrix", 
and was not considered feasible because the technology has not been demonstrated in a 
repository environment. 

Transmutation 

This technology has not been demonstrated to the degree needed to process large quantities 
of waste containing low concentrations of TAU isotopes. The EAM P felt that this alternative 
could not be implemented in a timely fashion. 

Vitrify Sludges 

The vitrification of sludges by microwave or Joule melting is in the demonstration phase. The 
regulatory difficulties of this alternative were considered to be somewhat less than for 
incineration (of combustibles), so the score given this alternative is somewhat higher than for 
incineration. Since the process still needs to be fully demonstrated, the scores for technology 
and schedule were lower than those for more fully developed systems. 
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3.2.2 Waste Management Alternatives 

Minimize Space Around Waste Stack 

The EAMP did not identify any regulatory, technological or schedular challenges for this 
alternative that would hinder its implementation, so the highest scores were assigned for these 
criteria. 

Segregate Waste in WIPP 

The EAMP did not identify any technological challenges that would hinder the implementation 
of this alternative. Some administrative control of transportation and waste emplacement 
management will be required, potentially having a small effect on the regulatory requirements. 

Decrease the Amount of Waste Per Room 

This alternative was considered together with some of the backfill alternatives,~ hence not 
evaluated separately. f 0 

Emplace Waste and Backfill Simultaneously C 
This alternative was considered together with the "Preformed cfompacted Backfill" alternative, 
and therefore not evaluated separately. 

Selective Vegetative Uptake 

This alternative has not been ~nstrated for TRU waste. 
deleted from further considerati r \ 
3.2.3 Backfill Alternatives 

Salt Only (} 

Therefore, the alternative was 

Crushed salt re~ng from mining of the underground storage facility is the basic backfill 
material currently being considered to reduce void volume and hasten room closure. The 
EAMP did not identify any major impediments to using this material for backfill. There was 
some question whether the backfill emplacement methods are sufficiently developed to 
effectively fill the void spaces between waste containers. Therefore, the technology score was 
reduced somewhat to reflect this uncertainty . 

Salt Plus Gas Getters 

The EAMP considered only the addition of dry cement or lime as a getter for carbon dioxide, 
and judged the feasibility of this alternative the same as for the "Salt Only" alternative. No 
effective getters could be identified for hydrogen, nitrogen, or methane. 

Compact Backfi II 

Compacting salt backfill in place has not been specifically demonstrated, but the EAMP felt 
that such a process could be developed and does not present extraordinary challenges. 
However, there were concerns about the additional worker exposure and also the potential for 
additional regulatory concerns that might accrue from this process. Therefore, all scores were 
significantly lower than for the "Salt Only" alternative. 
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Salt Plus Sorbents 

This alternative's regulatory and technological feasibility was judged to be about the same as 
salt backfill only. However. since the effectiveness of specific sorbents may need to be 
confirmed, schedular feasibility was downgraded somewhat to allow time for experimentation. 

Preformed Compacted Backfill 

The EAMP considered only salt as a preformed compacted backfill. The feasibility of this 
alternative was judged somewhat higher than compacting backfill in place, but additional worker 
exposure during emplacement was still a concern. 

Grout Backfill 

The preparation and emplacement of grout in various industrial circumstan~ is a well 
established practice. Tailored, free-flowing grouts have been designed 

1

~: numerous 
applications. Therefore, this backfill alternative was judged to have the highest feasibility since 
it can be efficiently emplaced, is expected to flow between :Se packages, and worker 
exposure should be no more than encountered during emplace t of salt only backfill. The 
technology score is higher than for the "Salt Only" alternative to reflect the possibility of more 
easily filling the voids between the waste containers. 

Bitumen Backfill p.. 
The use of bitumen as a backfill rs·udged to have the lowest feasibility because of potential 
fire hazards, worker exposure to v e organic compounds, the difficulty of emplacement, and 
the required .NEPA documentatio . !though this alternative was considered to be feasible, 
recommendations for not using t alternative were voiced during the EAMP meetings. 

This alternative considered together with the "Salt Plus Gas Getters" alternative, and 
therefore was not subject to separate evaluation. 

3.2.4 Facility Design Alternatives 

Brine Isolating Dikes 

This alternative was considered to be similar to the "Seal Individual Rooms" alternative, and 
therefore was not subjected to separate evaluation. 

Raise Waste Above Floor 

This alternative was considered to be part of the "Salt Plus Sorbents" backfill alternative, and 
therefore did not undergo separate evaluation. 

Brine Sumps and Drains 

This alternative was deleted because the EAMP believed that the flow paths leading to the 
sumps would not remain open long enough to allow substantial amounts of brine to be isolated 
from the waste. 
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Gas Expansion Volume 

The technology of mining and preparing these expansion volumes contiguous with the WIPP 
waste storage areas is currently available. Therefore, the alternative received the highest 
score for technology. Some concern was voiced by a few EAMP members about the 
accumulation of potentially hazardous gases in such unrestricted volumes, which prompted 
lower scores for the regulatory and schedular criteria. 

Seal Disposal Room Walls 

This alternative was deleted because sealing technology for this application has not been 
demonstrated. The EAMP judged that such technology could not be developed in a timely 
fashion. 

Vent Facility 

This alternative was deleted. Venting the facility after active institutional co~ has been 
relinquished would not meet regulatory requirements. '"l0

' 

~~h~• c 
The EAMP voiced several concerns about ventilating the facility~or up to 100 years (the active 
institutional control period). These included~ rlatory concerns about maintaining active 
facility control for such a long period, the diffic of assuring continuous ventilation in all 
spaces, and the potential for rupturing waste iners during the ventilation period. The 
difficulty of safely sealing the rooms and panel of the facility, after so many years of creep 
closure has taken place, was a~s nsidered. Also, ventilation might violate the RCRA "no 
migration" variance proposed for P. Based on these considerations, low feasibility scores 
were assigned to this alternativ 

Add Floor of Brin rbent Material 

This alternative considered together with the "Salt Plus Sorbents" backfill alternative, and 
therefore not ev uated separately. 

Change Mine Extraction Ratio 

The ratio of mined to unmined volumes in the WIPP underground is considerably lower than 
normally found in extractive mining industry practice. This large safety factor makes it feasible 
to increase the ratio so that closure and reconsolidation take place faster. On this basis, the 
alternative was assigned reasonably high scores. 

Change Room Configuration 

The EAMP limited this alternative to increasing the height of the waste disposal rooms. Such 
a design change could affect regulatory documentation and agreements with the State of New 
Mexico. Although some potential complications of intersecting additional clay seams or marker 
beds were recognized, the EAMP considered the technology well established. Therefore, the 
alternative received the highest score for technology and reduced scores for the regulatory and 
schedular criteria . 
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Seal Individual Rooms 

The concept of sealing individual rooms or portions of rooms, using thick salt "dikes" which 
isolate smaller volumes of waste from each other, was considered the most feasible facility 
design alternative. While judging the feasibility of this alternative, the EAMP considered the 
potential for increased waste emplacement durations and a small increase in worker radiation 
exposure. 

Two-Level Repository 

Existing technology can be used to construct a two-level repository, and so this alternative 
received a relatively high technology score. However, the EAMP recognized that a previous 
two level design for WIPP was intended to accommodate both transuranic waste and spent 
fuel. If a proposal was made to change the WIPP design to a two-level format, considerable 
public debate could take place, creating a difficult regulatory challenge and cau'i schedular 
delays. Preparation of NEPA documentation would be required for the revised ility design. 
The very low regulatory and schedule scores reflect these concerns. 

3.2.5 Passive Marker Alternatives f 
The schedular feasibility criterion, as established by the EAMP, rrelevant for the construction 
of passive surface markers since they can be constructed d ring the waste emplacement 
period, or even after closure of WIPP but befo~~e institutional control ends. Therefore 
these alternatives were given the highest sched~asibility scores available. 

Monument "Forest" Over Re osito 

The EAMP could not identify a ajor impediments to implementation of this alternative. 
Preparation of NEPA document tion would be required. The possibility that regulatory 
concerns might be voiced, since the surface would not be returned entirely to its original 
condition, was re~ in the scores. However, the EATF has later realized that returning 
the surface to its o · inal condition will not be a regulatory issue (DOE, 1980). Therefore, if 
this was incorpo ed in the EAMP deliberations, then this alternative would have scored 
higher. 

Monument Covering the Entire Repository 

The feasibility of this alternative is similar to the previous alternative except that potential 
regulatory concerns may be somewhat greater. Preparation of NEPA documentation would 
be required. By covering the entire surface footprint of the repository with a single (or multiple 
contiguous) monument, that portion of the land surface cannot be returned to its original 
condition, and the regulatory score reflects this concern. This alternative would also have 
scored higher for the same reasons mentioned above. 

Buried Steel Plate Over Repository 

While the technology for implementing this alternative exists, the need for corrosion control of 
the plate may raise regulatory challenges. Since NEPA documentation would probably be 
required, this alternative was scored somewhat lower for regulatory feasibility. 

Artificial Surface Laver Over Repository 

No feasible concept could be identified, and therefore this alternative was deleted. 
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Add Marker Dye to Waste or Strata Above Repository 

The EAM P considered marker dye only in the strata above the repository. The technology 
required to implement this alternative is not well developed, so a very low score was assigned 
to the technology criterion. The EAMP was not in a position to identify specific dyes that 
would be effective over a long period. Additionally, regulatory problems may make this 
alternative unfeasible if only toxic dyes are available for effective use as markers, which is 
reflected in the regulatory score. 

3.2.6 Miscellaneous Alternatives 

Drain Castile Reservoir 

This alternative was not considered to be feasible because of the relatively sparse information 
about the nature of the Castile reservoir, and concern over potential sublnce of the 
repository itself if the reservoir is drained. Such questions as the amount fluid in the 
reservoir, potential for recharge, and the time needed to pump the reserv ir made the 
feasibility of this alternative indeterminate. 

r Grout Culebra Formation Above Repository 

The EAMP questioned the ability to effectively grout the Culebra Formation, considering the 
extent of the formation and the longevity requirer\nts. It was concluded that this alternative 
was not feasible. r 
Increase Land Withdrawal Area t e R ulato Bounda 

The EAMP did not consider thi t be an engineered alternative, and therefore it was not 
evaluated further . 

Change Waste 

The EAMP could not identify any major regulatory or technological challenges associated with 
this alternative. Some DOE sites are already using boxes (instead of drums) for storage and 
disposal of their wastes. However, if implementation of this alternative introduces the need 
to redesign the Transuranic Package Transporter (TRUPACT), then additional regulatory 
activities may need to be considered. 

Change Waste Container Material 

No major regulatory or technological challenges were identified concerning this alternative. The 
EAMP considered only existing technology, which can be implemented quickly if needed, and 
so the alternative received a high score for schedule considerations. However, since the 
existing (stored) waste would have to be repackaged, the scores for technology and regulatory 
considerations were somewhat lower. Newly generated waste could be packaged directly into 
the new waste containers. Discussion of alternate waste container materials will be expanded 
in the report of the Waste Container Materials Panel, which will be included in the final draft 
of this report. 
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4.0 CONCLUSIONS 

The EAMP concluded that numerous potential engineered alternatives are available, if needed, 
to demonstrate compliance with the EPA Standard 40 CFR Part 191 (EPA, 1985). However, 
the qualitative evaluation process which ranked the relative effectiveness and feasibility of the 
alternatives, precluded the recommendation of any particular alternative, or a group of 
alternatives. The evaluations provide a basis for quantitative analysis of selected alternatives 
using design analysis models. If the performance assessment studies identify one or more 
parameters that impede the demonstration of compliance with EPA Standard 40 CFR Part 191, 
then the results from design analysis will provide one or more engineered alternative(s) to 
mitigate the problem. 

The EAMP screening process eliminated all but 35 of the original 64 potential engineered 
alternatives originally suggested by the EATF. The EAMP added one altern~aiv during the 
deliberations (cementation of sludges) making a total of 36 feasible alternativ belonging to 
the following categories: 

Waste Form Modification Alternatives 1 r 
Backfill Alternatives 
Waste Management Alternatives 
Facility Design Alternatives 
Passive Marker Alternatives I: 4 
Waste Container Alternatives 2 

The EA TF has used the resu~s o the EAM , and classified the waste form modification 
alternatives into seven generaliz tegories based on the similar final waste forms resulting 
from these treatments. These ries and the alternatives grouped into each category are: 

• Vitrification of waste 
- [!rowave melting (sludges only) 
- P ma processing 
- cinerate and vitrify (solid organics only) 
- Acid digest, calcine, and vitrify (solid organics only) 

• Cementation of waste 
Cementation of sludges- into monoliths 

- Shred and cement (solid organics and inorganics) 
Incinerate and cement (solid organics only) 

• Compaction of waste (does not apply to sludges) 
Compact 
Shred and compact 
Shred, add salt, then compact 

• Encapsulation of waste (does not apply to sludges) 
Shred and encapsulate with polymer 
Shred and encapsulate with bitumen 

• Preparation of ingots from melted metal waste (applicable only to solid 
inorganics) 

• Shredding of waste followed by addition of bentonite 

WP:EATF.1991 :R-1775-APPA A-40 

iilll 

111!1 

llfl 

'''I 

'''! 

It! ~ 
I 

.,,,;J 

lll1i 



""' 

• pH buffering of waste 
Buffering by lime 
Buffering by cement 
Buffering by alumina 
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In addition, the EATF has included one more category in the above list which is not a waste 
form modification, but considered by the EATF to be an equally important group of alternatives. 
This new category is: 

• Changing of waste container material. 

Based on Table A-6, and in conjunction with the deliberations of the EAMP, the EATF has 
noted that in Table A-6 there are some groups of alternatives which consistently received high 
scores for effectiveness, primarily because of their ability to eliminate the p~ten 'al problem 
associated with a performance parameter. For example, all the different vit · · tion options 
(i.e., plasma processing, acid digestion, etc.) received consistently high effecti ness scores 
for the parameters associated with radiolytic gas generation, because they ould (for all 
practical considerations) eliminate the potential associated withea iolytic gas generation. On 
the other hand, there are groups of alternatives in Table A-6 1ch have been assigned low 
to moderate scores for effectiveness because they can only w down the rate processes 
associated with the parameter (instead of eliminating the pote 'al). For example, any form 
of compaction of the waste was assigned low t~oderate scores by the EAMP for corrosion 
gas generation, because these alternatives w only reduce the rate of corrosion gas 
generation but not eliminate it. Therefore, rder to develop a generalized set of 
recommendations for future design analysis, an for the WIPP Experimental Test Program, the 
EATF has divided the altern_ativB.' to two categories for each performance parameter: 

• Alternatives whic ssentially eliminate the potential associated with a 
performance para eter. 

• A{e$,tives which only reduce or control the rate processes. 

Alternatives bel~ng to both of the above categories were identified for the three gas 
generation parameters. The remaining parameters (permeability of waste stack and 
radionuclide solubility in brine) did not have any applicable alternatives belonging to the first 
category. In other words, the EAMP concluded that permeability and solubility can only be 
reduced or controlled but never completely eliminated. 

Since the objectives of the WIPP Experimental Test Program and the design analysis modeling 
are primarily related to the effectiveness of an alternative, the EA TF has summarized the panel 
deliberations on the basis of the effectiveness scores in Table A-6, and the two categories of 
alternatives mentioned above. It should be noted, however, that the feasibility of the 
alternatives is also being studied in detail as part of the overall EATF objectives. 

Table A-7 presents the set of alternatives which were consistently assigned high scores by the 
EAMP in Table A-6 for their effectiveness for eliminating the potential associated with a 
performance parameter. Table A-8 presents similar information extracted from Table A-6 for 
alternatives which were assigned low to moderate scores for effectiveness because they can 
only reduce the rate process associated with a parameter, and cannot eliminate the potential. 

Since the extent to which the rate can be reduced or controlled is different for each alternative, 
the alternatives are listed in descending order of merit for each performance parameter. 
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TABLE A-7 

WASTE FORM MODIFICATIONS FOR ELIMINATING POTENTIAL 

'"I 
WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANIC$ 

Radlolytlc Vitrification Plasma processing Vitrification 1 Gas Incinerate and Vitrify "'!" 
Generation Acid digest and Vitrify 

Blologlcal Vitrification Plasma processing 'gory does 
Gas Incinerate and Cement not pose biological gas 
Generation Incinerate arpitrlfy generation problem 

Acid digest Vitrify 

Corrosion Vitrification ~legory does Decontamination of corroding 
Gas ot pose corrosion metals 
Generation gas generation problem Changing existing waste 

(Jone 
container materials* 

Penneablllty None None 
of the 

,, t 

Waste Stack 

Radlonucllde None None None 
Solublllty 
In Brine 

i' 'I 

•' ·1 

"'I 

'"' 
'''! 

*For all three waste forms (i.e., sludges, solid organics, and solid inorganics). 
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TABLE A-8 .. 
WASTE FORM MODIFICATIONS 

FOR REDUCING/CONTROLLING POTENTIAL 

WASTE FORM 

PARAMETER SLUDGES SOLID ORGANICS SOLID INORGANICS 

.. 
Radlolytlc Cementation* Incinerate and cement Decontamination 
Gas pH Buffers Compaction Melted metals 

1 '" Generation pH Buffers pH Buffers 

Blologlcal Cementation* Shred and cement Fory does not 
Gas pH Buffers Compaction e biological . 
Generation pH Buffers neration problem 

Shred, add bentonite 

"' Corrosion Cementation* Category~ Vitrification 
ifl+; Gas pH Buffers not pose rrosion pH Buffers 

Generation r generation Encapsulation 
problem Melted metals 

¥-i~ 
Shred and cement 
Compaction 

""' 

Qltrfflcation i>lf Penneablllty Vitrification Vitrification 
of the Cementation Encapsulation Melted metals ... Waste Stack pH Buffers Cementation Shred, add bentonite 

-i.Jti 
Shred, add bentonite Encapsulation 
Compaction Shred and cement 
pH Buffers Decontaminate metals 

Compaction 
ft''il pH Buffers 

•*' Radlonucllde Cementation Cementation Decontaminate metals 
Solublllty pH Buffers pH Buffers pH Buffers .. , In Brine Vitrification Shred and cement 

Melted metals 
""' 

*Cementation into monoliths. 
i!!'!Jl\1i 

'""' 

~"· 

JitlU 
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It should be noted that since the properties of the final waste forms resulting from a lot of 
the alternatives in Table A-6 are very similar, for the sake of brevity, alternatives in Tables A-7 
and A-8 have been grouped into one of the seven generalized categories described earlier. 
For example, all the different forms of compacting the waste have been grouped together as 
"compaction" in Table A-8. 

The EATF will perform design analyses of appropriate combinations of engineered alternatives 
from Tables A-7 and A-8 to quantify the improvements in repository performance using 
alternative waste forms. An example of such a combination for reducing the potential of 
radiolytic gas generation would be to cement the sludges, shredding and cementing the solid 
organics, and decontaminate the metals. Either grout or salt could be added in the repository 
as a backfill material. Similarly, decontamination of all corroding metals from the waste 
inventory, and changing the waste container material could be used to eliminate the potential 
of corrosion generation. 

The EAMP considered ranking a set of combined alternatives based on their e~eness and 
feasibility. However, it was decided that since the evaluation process was pri~~Ji;v qualitative, 
ranking the combinations merely on the basis of summation of their individual scores would 
not be meaningful, and therefore not advisable. C 
The results of the EAMP's evaluations will be used to: r 

1. Recommend waste form alternati'f\ that should be included in the WIPP 
Experimental Test Program. r 

2. Provide a basis for~1 ntification of combinations of alternatives that should be 
quantitatively analy for relative effectiveness. 

3. Provide a basis for evaluation of the relative cost and schedule ramifications for 
imp~e anting the most effective and feasible alternatives. 

The final choice f lternative(s), and whether any alternatives are needed, will be decided in 
conjunction with e performance assessment studies when the extent of mitigation required 
is finally determined after these studies are completed. 
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ATTACHMENT A 

EAMP REQUIREMENTS AND QUALIFICATIONS OF MEMBERS 

REQUIREMENTS 

The Engineered Alternatives Task Force identified the disciplines needed for the Panel and 
established the requirements for Panel members based on its knowledge of the WIPP project 
and the challenge of demonstrating compliance with the EPA Standards. 

CHAIRMAN - Broad understanding of the nuclear industry and the defense transuranic waste 
program, including the WIPP project, and a general knowledge of the disciplines denoted 
below. Undergraduate degree with 20 or more years of experience. 

DOE/INSTITUTIONAL - Familiar with DOE programmatic sensitivities and~uirements. 
Knowledgeable about institutional issues and the ability to project past challe~f~~ to future 
conditions. Ability to understand complex technical issues and to recognize potential solutions. 
Undergraduate degree with ten or more years of experience. C 
GENERATOR WASTE PROCESSING - Broad understanding oftransuranic waste generation 
and waste processing at DOE facilities. Experience should provide the ability to form 
judgments regarding the impact of various w~ form alternatives on the basic waste 
generation processes. Undergraduate degree · five or more years experience at DOE 
weapons production facilities. 

GEOCHEMISTRY - Geology o~chemistry background, preferably in the hazardous or 
radioactive waste disposal areas. C able of making judgments regarding processes occurring 
in the WIPP repository if engin red alternatives are applied. Familiarity with WIPP geology 
and/or geochemist of the region. Graduate degree with ten or more years experience. 

METALLURGY/ OSION - Extensive experience solving corrosion problems and an 
in-depth unders ding of corrosion mechanisms and products of corrosion. Understanding of 
corrosion inhibition, and the effects of near saturated brines on corrosion of metals. Graduate 
degree with ten or more years experience. 

MICROBIOLOGY - Experienced microbiologist with considerable background in bacterial 
degradation of hazardous, mixed waste, and nuclear waste forms. Understanding of bacterial 
energetics and reactions of halotolerant and halophilic organisms, and the effect of salt 
environments on bacterial communities. Graduate degree with ten or more years experience. 

PERFORMANCE ASSESSMENT - Familiarity with the EPA Standards 40 CFR Part 191 and 
the requirements to conduct performance assessment of deep geologic repositories. Generally 
knowledgeable about current performance assessment activities and challenges. 
Undergraduate degree with five or more years of experience. 

REGULATORY - Background involving regulatory compliance activities, familiarity with 40 CFR 
Part 191, RCRA and states' permitting requirements. Sufficient experience in regulatory 
matters to understand the probability of permitting of new technologies by state and federal 
agencies. Technical or legal background preferred. Graduate degree with five or more years 
experience. 
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REPOSITORY OPERATIONS - Operation and/or engineering experience on the WIPP project, 
including familiarity with mining, surface and underground facility design, and waste handling. 
Undergraduate degree (or equivalent) with five or more years of experience. 

ROCK MECHANICS - Experience with mechanical deformation of rock, understanding of 
repository sealing technology and requirements, and underground design experience. Overall 
familiarity with deep geologic repository underground design. Graduate degree with ten or 
more years of experience. 

WASTE TREATMENT - Broad experience in nuclear and hazardous waste treatment 
technologies. Background should include development, design, and operation of waste 
treatment systems and facilities. Undergraduate degree with ten or more years of experience. 

QUALIFICATIONS OF PANEL MEMBERS 

CHAIRMAN 

Mr. Hans Kresny (Chairman and Facilitator) 

Mr. Kresny is the President of Solmont Corporation, and a con~nt to IT Corporation, with 
over 33 years of multidisciplined technical and managerial expefe'~~e in the nuclear industry. 
His background includes engineering and project management involving major nuclear facilities 
and programs, institutional issues resolution betwep:he WIPP project and 23 States, shielding 
and radiation analysis, and nuclear space sys and power plant design. Education: 
Bachelor of Marine Engineering. 

PRIMARY PANEL MEMBERS a 
Mr. Mike McFadden (DOE/lnstiJon:I) 

Mr. McFadden h~1 years of experience, the major portion of which includes management 
positions with t e epartment of Energy. His background includes engineering and 
management of ch projects as geothermal and laser facilities, management of the DOE 
Transuranic Waste Program, the WIPP transportation system, transporter development 
programs, and integration of WIPP and transuranic waste generator activities. Education: B.S., 
Civil Engineering. 

Mr. Vernon Daub (DOE/Institutional) 

Mr. Daub has 15 years of management and engineering experience. He has held the 
positions of mechanical engineer, test engineer, Chief of Test Engineering within the 
Department of Defense, and Research and Development Engineer, and Transportation 
Manager within the Department of Energy. He has extensive experience and has had 
significant responsibilities in a wide range of areas on the WIPP Project. Education: B.S., 
Mechanical Engineering; M.S., Industrial Engineering 

Mr. Jeff Paynter {Generator Waste Processing) 

Mr. Paynter has six years of experience at the DOE Rocky Flats Plant, including criticality 
safety engineering; waste processing; operations; and package design, analysis, and testing. 
Education: B.S., General Engineering, Nuclear Option. 
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Mr. Kyle Peter (Generator Waste Processing) 

Mr. Peter has nine years experience at the DOE Rocky Flats Plant, including responsibility for 
design, start-up, operation, and maintenance of waste processing treatment facilities. He is 
familiar with RCRA permitting, treatment, and storage regulations. Education: B.S., Chemical 
Engineering; M.S., Business Administration. 

Dr. Jonathan Myers (Geochemistry and Performance Assessment) 

Dr. Myers is a Technical Associate at IT Corporation with over ten years of geologic and 
geochemical experience solving technical problems in the field of hazardous and nuclear waste 
management. He has been actively involved in the WIPP and Yucca Mountain nuclear waste 
disposal projects, as well as the Swedish and Canadian waste disposal programs. He has 
also been an active participant in the WIPP Performance Assessment program. Education: 
B.S. and M.S., Geology; Ph.D., Geochemistry. 

Dr. Arun Agrawal (Metallurgy/Corrosion) 

Dr. Agrawal is a Senior Research Scientist at Battelle Memoria~ln titute and has been active 
in the corrosion and electrochemical fields for more than years. He has extensive 
experience conducting research in these fields for various nucle nd nonnuclear organizations 
including the Electric Power Research lnstiMe, Gas Research I stitute, Department of Energy, 
Nuclear Regulatory Commission, and the Nation~al Science Foundation. Education: B.Sc. and 
M.S., Chemical Engineering; Ph.D., Chemical E eering. 

Mr. Barry King (Microbiology) 

Mr. King is a Technical AssociatQd environmental biologist at IT Corporation with more that 
23 years of experience including p~~cts related to biodegradation of mixed hazardous wastes; 
long-term effects of geologic disposal; and various aspects of biological treatment, 
bioremediation,~ technology development. Education: B.S., Microbiology; M.S., 
Environmental B ol y. 

Mr. Roger Han n (Regulatory Compliance and Permitting) 

Mr. Hansen is an environmental attorney and project director at IT Corporation with 27 years 
of legal experience. He has a multidisciplinary background in environmental law, land use and 
environmental planning, and communications. He is currently responsible for environmental 
regulatory analysis, permitting, documentation preparation, and providing technical and legal 
support for permitting and operation of hazardous, radioactive, and mixed waste management 
facilities. He is a registered Colorado attorney and a member of the American Bar 
Association. Education: B.S., Journalism; J.D. 

Mr. Bill White (Repository Operations) 

Mr. White has over 14 years of experience involved with operation of nuclear submarine and 
land-based nuclear power plants. He has held positions as Waste Handling Operations 
Manager and Start-up Engineer at the WIPP, was a Chief Operator at the Fast Flux Test 
Facility, and was a leading Petty Officer and Staff Instructor for nuclear plant operations in the 
U.S. Navy. Education: University of Texas at El Paso, plus various Navy nuclear power and 
engineering schools. 
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Mr. Rodney Palanca (Repository Operations) 

Mr. Palanca has 27 years of experience with operation of nuclear submarine and land based 
nuclear plants. He attained the rank of Lieutenant Commander in the U.S. Navy, and has 
supervisory and technical experience in nuclear reactor operation and testing, nuclear 
instrumentation and controls, nuclear chemistry and radiological controls, training curriculum 
planning and scheduling. He is currently an operations engineer in the WIPP Operations 
Support Group. Education: B.S., Chemical Engineering, plus numerous Navy nuclear training 
programs. 

Dr. Joe Tillerson (Rock Mechanics) 

Dr. Tillerson is Supervisor of the WIPP Sealing and Rock Mechanics Programs at Sandia 
National Laboratory. He has 15 years of experience including underground design, rock 
mechanics analysis, sealing programs, site characterization, rock mechanics*surement, 
code development and modeling of salt creep, and geotechnical analysis of oil age caverns 
in salt. Education: B.S. and M.S., Aero Engineering; Ph.D., Aero Engineering. 

Mr. Milo Larsen (Waste Treatment) r: 
Mr. Larsen is President and General Manager of Haz Answer(1nc. He has over 20 years 
of experience in the nuclear industry includp·n reactor operations, waste engineering 
development, waste treatment process develop t, and waste reduction operations. Mr. 
Larsen has extensive knowledge of the statu nuclear waste treatment technologies. 
Education: B.S., Physics. 

ALTERNATE PANEL MEMBER~ 
Alternate Panel f?e bers were occasionally required to substitute for the primary members due 
to schedular co 1ct . 

Dr. Murthy Deva onda (Geochemistry) 

Dr. Devarakonda is a project engineer at IT Corporation with six years of experience in solvent 
recovery, waste water treatment, interactions among waste components in WIPP, and the fate 
of mixed hazardous waste in WIPP over prolonged periods of time. Education: Bachelor of 
Technology, Chemical Engineering; Ph.D., Environmental Engineering. 

Dr. Paul Drez (Geochemistry) 

Dr. Drez is a Senior Technical Associate at IT Corporation with 20 years of experience. He 
is currently the Technical Director for the Engineered Alternatives Task Force effort. He has 
a broad background as a research geochemist for geologic exploration programs, and has 
been a key participant for evaluating the characteristics of TAU wastes destined for disposal 
at WIPP. He has also been actively involved in the WIPP performance assessment process, 
Supplemental Environmental Impact Statement, No-Migration Variance Petition, R&D Test Plan, 
and licensing of the TRUPACT-11 and RH transportation systems. Education: B.S., Chemistry; 
Ph.D., Geochemistry. 
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Ms. Barbara Deshler (Performance Assessment} 

Ms. Deshler is a geologist at IT Corporation with four years of experience including 
co-authorship of the WIPP No-Migration Variance Petition. As a result of her key involvement 
in preparing the WIPP Plan for Performance Assessment and Operations Demonstration, she 
has become very familiar with the performance assessment process. Her experience also 
includes the acquisition and start-up of a gas chromatograph/mass spectrometer laboratory at 
the WIPP site, environmental monitoring instrumentation, and technical input to environmental 
regulatory permit applications. Education: B.S., Geology; M.S., Geology (in progress}. 

Ms. Karen Knudtsen (Regulatory} 

Ms. Knudtsen is a Project Scientist at Benchmark Environmental, Inc. with ten years 
experience in solid and hazardous waste management and environmental assessment. Her 
experience includes evaluation of hazardous and radioactive mixed waste ch~aac ristics and 
mechanisms of contaminant transport in the environment, preparation of regula summaries, 
development of technical positions regarding RCRA and CERCLA regulatory co pliance, and 
permitting assistance for hazardous waste facilities. Education: B.S., Soil Scien ; M.S., Soil 
Chemistry. 

Mr. Clinton Kelley (Repository Operations} 

Mr. Kelley is a Senior Engineer for Westinghae on the WIPP project with 15 years of 
experience in the nuclear industry. His p ipal duties currently involve planning, 
implementation and supervision of waste han · operations at the WIPP facility. His 
experience includes reactor operations for a ance reactor systems, operations training, 
supervision of waste handling~hnicians, and preparation of operations procedures. 
Education: Science and math c s at several universities as well as numerous in-house 
technical and management cour es. 

D 
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ATIACHMENT B 

DESCRIPTION OF ENGINEERED ALTERNATIVES 

Engineered alternatives being considered for reducing the consequences of potential WIPP 
waste release scenarios are described in this Attachment as they were presented to the Panel 
for consideration. Assumptions made by the Panel which supplement the description of some 
of the alternatives are also included. 

WASTE FORM MODIFICATION ALTERNATIVES 

COMPACT WASTE 
Stored and newly generated waste is loosely packed in steel drums and boxes. 
Compacting the waste to much lower porosity and permeability, using$-of-the-art 
compactors, can reduce the ability of brine to either permeate the waste flow through 
the waste matrix, thereby carrying some of the waste to the accessible e vironment or 
beyond the unit boundary. 

Panel Assumption: It was assumed that compaction app!' s to all waste form categories 
except sludges. The Panel recognized but did not take nto account the possibility of 
increased gas generation due to compaction, as disc sed in Kroth and Lammertz 
(1988). The Panel also recognized th~mpacting the waste reduces initial void 
volume allows repressurization of waste rs to occur sooner. 

INCINERATE AND CEMENT 
Incineration of combustib~e and cementation of the ash into an ash/cement matrix 
reduces the void velum d permeability of the waste. This alternative destroys 
essentially all organics an therefore is expected to eliminate microbial gas generation . 

.:...==~::::.i:::~ii:::t.::;io:.:n:.:::s~: Cemented form can be maintained until salt creep effectively 
encapsu e the waste. The Process Experimental Pilot Plant (PREPP) technology 
(rotary kil · cinerator) was assumed. Although there were plans for implementation of 
the PREPP process at the time the EAMP convened, the reader should note that the 
project has since been discontinued, and not expected to be operational. The Panel 
also recognized that incineration may have the advantage of meeting the treatment 
standard for some types of organics restricted from land disposal under 40 CFR Part 
268. 

INCINERATE AND VITRIFY 
This alternative is similar to "Incinerate and Cement" except that the residue is fused 
into a glass rather than a cement matrix and is likely to have a lower permeability and 
remain stable for a longer period of time. 

WET OXIDATION 
Wet oxidation involves the accelerated oxidation of waste in the presence of heated 
water vapor or steam, with the intent to chemical degradation of the waste prior to 
emplacement in WIPP. This technique has not been demonstrated for application to 
solid wastes. 
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SHRED AND BITUMINIZE 
This alternative involves filling the voids of shredded waste with a bituminous compound. 
This has the effect of reducing waste permeability but may enhance microbial and 
radiolytic gas generation. All waste forms except sludges can be bituminized. 

SHRED AND COMPACT 
Compaction alone is limited by the available compaction forces (i.e., state-of-the-art 
equipment) and the stress strain characteristics of the waste form. Some advantage 
may be gained by first shredding the waste thereby compacting the waste to a more 
impermeable form. All waste forms except sludges can be compacted. 

SHRED AND CEMENT 
This alternative involves shredding the waste prior to cementation and repackaging. The 
intent is to reduce the permeability of the waste form. This alternative does not apply 
to the sludges. 

Panel Assumption: The Panel assumed that the Process Experime~ Pilot Plant 
(PREPP) shredding technology will be used. 

SHRED AND POLYMER ENCAPSULATION f 
This alternative is similar to the shred and cement alte 1ve except that the shredded 
waste would be encapsulated in a polymer. The u of polymers may increase 
microbial and radiolytic gas generation~ pq tial. All waste forms except the sludges 
can be encapsulated. 

SHRED, ADD SALT, AND COMPACT 
The purpose of this altern~ is to reduce the permeability and initial void volume of 
shredded and compacted e by mixing crushed salt into the shredded waste before 
compacting. The intent i to fill the voids that normally remain after compaction with 
crushed salt. The alternative can be applied to glass, metals, and combustibles. 
Corrosion~ gas generation may be accelerated unless this alternative effectively 
excludes rin . 

PLASMA PROC SSING 
This alternative uses a high temperature plasma furnace to essentially eliminate 
organics, and melt metals and sludges into a solid form. The products of this process 
are a vitrified glass form and solid metal. 

Panel Assumptions: This alternative is in the demonstration phase. Therefore 
regulatory challenges may be similar to those concerning incineration. 

MELT METALS 
Since compacting metal wastes to a low permeability even after shredding may be 
difficult, an alternative is to melt the metals into ingots of a weight that is transportable. 
Some metals may require size reduction depending on furnace size. By definition, this 
alternative does not apply to sludges or combustibles. 

Panel Assumptions: Depending on the process, the slag resulting from melting may 
contain most of the transuranic elements, substantially reducing metal waste volume 
while the ingots may qualify as low level waste. The slag resulting from melting may 
need to be solidified in cement or another medium. 
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ADD SALT BACKFILL 
Adding crushed or pulverized salt into the larger void spaces around the waste in each 
waste container has the advantage of reducing the permeability of the waste but may 
induce accelerated corrosion and gas evolution. 

ADD OTHER SORBENTS 
Evaluation of sorbents in addition to or other than bentonite may lead to improved waste 
characteristics of permeability and porosity. These sorbents are intended to sorb brine 
and radionuclides. 

ADD GAS SUPPRESSANTS 
Adding materials to the waste that could reduce gas generation rates, such as materials 
that raise the pH of brine that comes in contact with the waste, could prove beneficial 
in reducing gas pressure buildup in the waste disposal rooms. 

SHRED AND ADD BENTONITE .....(' 
This alternative considers the addition of bentonite, a swelling, absorptive land colloidal 
clay, to shredded waste to reduce waste permeability, absorb brine that might otherwise 
come in contact with the waste, and sorb radionuclides f;;'educe their mobility. This 
alternative does not apply to sludges. r 
Panel Assumptions: Bentonite will absorb both brine and residual liquids in the waste. 

ACID DIGESTION · f\ 
This alternative would dissolve the w~ in a strongly acidic solution that is 
subsequently neutralized ~n recipitated, resulting in a reduced volume sludge waste 
form, which is then soli . In particular, the ability of organics and metals to 
generate gases is eliminat , nd since the residue can be solidified, waste permeability 
and mobility are reduced. 

Panel As m tions: Waste may have to be segregated and shredded, with different 
process Ii e for metals and organics. The process may not be able to digest all 
plastics a may increase the nitrate inventory of the waste. The residue from this 
alternative will have to be combined with a solidification process such as calcining, 
cementation or vitrification. This alternative applies only to combustibles. 

STERILIZE 
Prior to emplacement of the waste in WIPP, sterilize the contents of each waste 
package to eliminate or reduce microbial gas generation. To be sufficiently effective, 
this alternative would probably have to be used in conjunction with sterilization of the 
entire underground waste disposal area, which is not considered a credible alternative 
at this time. 

ADD COPPER SULFATE 
The addition of copper sulfate to the waste is expected to reduce the generation of 
gases resulting from anoxic corrosion of iron based metals. The copper sulfate reacts 
with iron, forming ferrous sulfate and preventing the production of free hydrogen gas. 

ADD GAS GETTERS 
Several gases will constitute the major volumes generated over time in the waste 
disposal area of WIPP. If generation of gases cannot be prevented, gas getters added 
to the waste may eliminate significant gas volumes and prove to be a solution to the 
potentially negative effect that large gas volumes may have on repository performance. 
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Carbon dioxide may be removed by the addition of gas getters that will react with the 
gas to produce a solid phase. 

Panel Assumptions: The getters assumed were either lime or hydrated lime added to 
waste to reduce the carbon dioxide gas inventory. These were the only getters 
considered and assumes that enough getter material can be added to the waste to be 
effective. 

ADD FILLERS 
Adding filler materials to the waste in order to reduce initial void volume will reduce the 
waste's permeability and can reduce brine inflow during room reconsolidation. 

SEGREGATE WASTE FORMS 
This alternative refers to isolating each major waste form (i.e., sludges, combustibles, 
etc.) from one another. By segregating the various waste forms~h are now 
intermingled within waste packages, several engineered alternatives c be applied 
to smaller waste quantities, thereby possibly reducing costs and overall hedule. 

Panel Assumptions: ·It was assumed that this alternativerld require that new waste 
be segregated as it is generated while stored waste wo have to be sorted. 

DECONTAMINATE METALS 
The disposal of metals in WIPP is expectigenerate hydrogen from anoxic corrosion. 
These metals may also be difficult to co ct to a sufficiently low permeability. An 
alternative solution may be to decontami the metals and dispose of them as low-
level or nonradioactive wastes. The resi ue from this process would be handled in a 
manner similar to that re~ from the "Acid Digestion" alternative. This alternative 
is not applicable for sludgr ~r combustibles. 

Panel Assumptions: To be completely effective, this alternative would have to be 
combined a· "Change Waste Container Material", since a large part of the metal 
inventory co sists of steel drums and boxes. The residue resulting from the 
decontami on process will have to be solidified by vitrification, cementation, or other 
means. 

CHANGE WASTE GENERATING PROCESS 
Since two-thirds of the waste that will ultimately be emplaced in WIPP has not yet been 
generated, an opportunity exists to change the processes that generate the remaining 
waste to minimize waste porosity, permeability, and gas generation. Some progress 
has already been made in reducing waste generation volumes, and compaction of waste 
at generator sites is an example of a process that reduces porosity and permeability. 

CHANGE WASTE CONTAINER SHAPE 
A major goal of the Engineered Alternatives program is to evaluate reduction of void 
volumes in waste packages and in the repository in general. A square cornered or 
hexagonal waste package configuration could essentially eliminate void volumes between 
emplaced waste packages in the disposal areas. Other configurations may also provide 
similar results, such as interlocking waste packages that fit together tightly when 
emplaced in WIPP. This alternative will only reduce the interstitial spaces between 
waste packages disposed of in WIPP. Stored waste needs to be repackaged. Space 
around the waste stack is not affected. 
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CHANGE WASTE CONTAINER MATERIAL 
The corrosion of steel drums or boxes that are currently used to package waste may 
add considerably to the gas generated by anoxic corrosion after waste emplacement. 
The use of alternate materials may reduce the amount of gas generated from this 
process. For instance, copper or ceramic materials may be candidates that could 
reduce or eliminate metal corrosion induced gas generation. 

Panel Assumptions: The Panel assumed that the polyethylene drum and box liners 
could be made sufficiently strong to act as waste containers. 

ADD ANTIBACTERIAL MATERIAL 
The addition of an antibacterial material to the waste could alleviate some gas 
production if such a material does not pose a greater challenge than the gas itself. The 
material must have an estimated effective lifetime sufficient to prevent those microbes 
already present in the repository from eventually overtaking its effective~. 

ACCELERATE THE WASTE DIGESTION PROCESS I 
This alternative suggests that the gas generation process might be accelerated so that 
gas generation is minimized after decommissioning of thr~sitory. This requires the 
addition of appropriate bacterial agents to hasten waste · stion, which would have to 
be essentially complete before decommissioning. 

ALTER CORROSION ENVIRONMENT IN WIP~ 
The use of copper sulfate has already b · entified as an engineered alternative that 
might modify the corrosion process to ge erate less gas. Other alternatives may alter 
the chemical environment~he waste storage rooms, such as assuring dryness or 
maintaining a pH buffer, s at corrosion is minimized. 

Panel Assumptions: Cop er sulfate was not considered for reasons given under that 
alternative~s ascription. The addition of activated alumina, calcium oxide or cement 
was consi e . These additives may increase the total number of waste packages 
required b t suit in a drier environment. 

ALTER BACTERIAL ENVIRONMENT IN WIPP 
This alternative is analogous to "Alter Corrosion Environment in WIPP." By changing 
the chemistry of the waste, microbial gas generation rates may be reduced to 
acceptable levels. 

TRANSMUTATION 
This alternative considers transmutation of long-lived radionuclides to short-lived nuclides, 
eliminating the need for long-term disposal. 

VITRIFY SLUDGES 
Sludges have a high moisture content compared to other waste forms. Vitrifying the 
sludges using microwave or Joule melters will reduce waste volume, remove excess 
moisture, and possibly remove nitrates. 

BACKFILL ALTERNATIVES 

SALT ONLY 
This is the basic backfill material being considered to reduce void volume around the 
waste and to hasten room closure. The material results from mining the disposal rooms 
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and drifts, and can be processed by crushing or pulverizing to enhance backfilling 
operations. Unless this salt is preformed into compact shape(s), it has significant initial 
porosity and permeability, but will rapidly reconsolidate as a results of creep closure. 

Panel Assumptions: Backfilling the void spaces around the waste will probably reduce 
the amount of brine entering the waste rooms. However, the void volume and 
permeability of the waste itself remains substantial and moisture in the waste (e.g., 
sludges) is not effected by this alternative. 

SALT PLUS GAS GETTERS/ALKALI/pH BUFFERS 
The addition of gas getters with the salt backfill may be advantageous for preventing 
buildup of unacceptable gas volumes. A potential disadvantage of applying getters in 
this manner is that salt reconsolidation takes place fairly quickly. If reconsolidation 
prevents interaction of gases with the getters in the salt matrix, it could prove ineffective. 
An added advantage of certain gas getters (e.g., CaO) is they will ac~pH buffers 
thereby minimizing corrosion and radionuclide solubility in brine. I 

COMPACT BACKFILL 
Compacting backfill in place could reduce its perm!l'lity sufficiently to prevent 
significant brine mobility. Such a procedure would prob require more storage space 
than currently planned to permit equipment access b een and around the waste 
packages. 

SALT PLUS BRINE SORBENTS ~ 
The presence of brine in the waste roorrf:s ~onsidered the primary medium for waste 
mobility to the accessible~·ronment for certain scenarios. The brine source may be 
from a hypothesized bri reservoir or from migration of Salado brine from the 
surrounding salt into the ast disposal rooms. The expected volume of brine from the 
surrounding salt appears o be lower than previously anticipated. Therefore, sorbents 
such as ~nite added to the backfill may effectively preclude free brine in the 
repository fro this source. Sorbents may also be effective for reducing the mobility 
of radian · es. 

Panel Assumptions: The sorbents considered were bentonite, diatomaceous earth, and 
vermiculite. Approximately 30% sorbent in the backfill was considered enough to be 
effective. The effectiveness of backfill plus sorbents might be enhanced if installed 
below the waste as well. 

PREFORMED COMPACTED BACKFILL 
Preforming backfill into dense compacted modules, such as bricks or blocks, or shapes 
that can be inserted between waste packages, may reduce the overall permeability of 
the waste disposal rooms, thereby reducing the potential for brine contact with the 
waste. Compacted backfill reduces the time required for room closure and the amount 
of brine that can migrate into the room from the surrounding salt. 

Panel Assumptions: Only salt was considered as a compacted backfill, and the 
precompacted material was assumed to be nearly formfitting around waste packages. 

GROUT BACKFILL 
The use of a grout as backfill instead of salt has the operational advantage of handling 
a semi-liquid material that can flow relatively easily. However, the emplacement of grout 
between waste containers may still be a challenge. The relative impermeability of grout 
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is an advantage, whereas its poor stability characteristics in a salt/brine environment are 
potentially disadvantageous unless room closure acts to mechanically stabilize the entire 
waste/grout monolith. 

Panel Assumptions: Grout was assumed between waste packages, with concrete 
around the waste stack. 

BITUMEN BACKFILL 
Bitumen has been considered as a backfill medium, but the operational challenges of 
handling large quantities of hot bitumen underground, and the potential for this backfill 
acting as an additional source for microbial gas generation, probably precludes the 
material from consideration. 

ADD GAS SUPPRESSANTS 
This alternative is analogous to that described for the waste form (same ~e) but the 
suppressing material would be mixed with the backfill. I 

WASTE MANAGEMENT ALTERNATIVES t 
MINIMIZE SPACE AROUND WASTE STACK 

The waste disposal room dimensions were chosen so t at retrieval after a five-year 
demonstration period would not be preclu~by premature room closure. Therefore, 
space is available between the waste sta d the walls and ceiling which also acts 
as a ventilation flow path. Reduction or limination of this space would result in the 
need for less backfill, quicBroom closure, and less Salado brine migration into the 
room. 

Panel Assumptions: Ro ms will have to be mined to minimize space around the 
waste stacrznsistent with remote-handled waste emplacement requirements. It was 
assumed at o backfill is required for this alternative. 

SEGREGATE W TE IN WIPP 
The segregation of different waste forms in or among waste disposal rooms could prove 
beneficial. For instance, the segregation of permeable metal wastes in small amounts 
within more easily compacted or previously compacted waste could "encapsulate" the 
metals with other waste that is less permeable. The segregation of high gas-generation 
waste from more benign waste would focus the solution on a smaller area of WIPP. 
There may also be an advantage in segregating sludges, that contain nitrates, from 
combustible wastes to prevent nitrate reducing bacteria from generating nitrogen gas. 

Panel Assumptions: Administrative control of waste shipments is required. Segregation 
is by waste disposal panel. WIPP ventilation system redesign may be needed. 

DECREASE AMOUNT OF WASTE PER ROOM 
By leaving the room size the same as currently designed, but emplacing less waste 
volume per room, sufficient space may be gained around the waste stack to isolate the 
stack from the surrounding host salt. This would be accomplished by creating a waste 
stack that is as compact as practicable, surrounded by relatively "plastic" backfill 
containing sorbents and gas getters that would act as a secondary encapsulation 
medium. The host salt would, of course, remain the primary barrier. 
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EMPLACE WASTE AND BACKFILL SIMULTANEOUSLY 
The intent of this alternative is to emplace backfill more efficiently so that its effect is 
maximized. This alternative would be used in conjunction with compacting in place or 
using precompacted (and preformed if necessary) backfill. 

SELECTIVE VEGETATIVE UPTAKE 
Using the vegetative uptake of certain plants to concentrate radionuclides has been 
proposed. Some work has been done demonstrating the vegetative concentration of 
heavy metals. 

FACILITY DESIGN ALTERNATIVES 

BRINE-ISOLATING DIKES 
Brine dikes can consist of partial or full-height walls of material that separate waste 
quantities to reduce the amount of waste accessed by inflowing brin~ a driller's 
circulating mud. I 

RAISE WASTE ABOVE FLOOR 
If it can be postulated that Salado brine will collect on ~waste disposal room floor, 
then isolating the waste from the floor may be beneficial. it can be further postulated 
that humidity generated by brine can be isolated from t e waste, then this alternative 
may reduce the amount of corrosion-induced gas generation. 

Panel Assumptions: The Panel assumed ./:l..,..rushed salt, bentonite or other absorbent 
material would be placed between the w~disposal room floor and the waste. On 
that basis, the Panel cons~·d this alternative part of the "Add Floor of Brine Sorbent 
Material" alternative as d by the Panel's assumptions for that alternative. 

BRINE SUMPS AND DRAINS 
By prope~loping the floor of waste disposal rooms toward collection sumps, it may 
be possib t isolate inflowing brine from the waste. . Isolating the brine during room 
closure, a d esigning the sumps so that they become "encapsulated" after closure, may 
result in uced corrosion-induced gas generation. 

GAS EXPANSION VOLUMES 
This alternative refers to the mmmg of recesses within the repository to allow fr~ 
expansion of the gases generated, and thus reduce gas pressure. 

Panel Assumptions: It was assumed that brine would not fill the void volumes. This 
alternative was considered only if gas generation is a marginal problem, requiring only 
small expansion volumes to prevent overpressurization . 

SEAL DISPOSAL ROOM WALLS 
This alternative refers to a flexible, impermeable seal applied to the walls of each room 
such that closure does not break the seal. The intent is to prevent contact between the 
waste stack and interstitial brine. 

VENT FACILITY 
If gas generation results in the potential for overpressurizing waste disposal rooms, 
providing a small engineered vent could alleviate this condition. 
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VENTILATE THE FACILITY 
Continuous ventilation of the waste disposal rooms until complete closure has taken 
place would eliminate concern about brine from the surrounding Salado Formation 
collecting in the repository. 

Panel Assumotions: Permanent panel seals and backfill would not be installed during 
the institutional control period. 

ADD FLOOR OF BRINE SORBENT MATERIAL 
The intent of this alternative is to prevent free brine from contacting the waste stack, 
thereby reducing the potential for corrosion induced gas generation. 

Panel Assumptions: See "Raise Waste Above Floor." 

CHANGE MINED EXTRACTION RATIO ~ 
By changing the mined extraction ratio (i.e., leaving less supporting sal around the 
mined waste disposal rooms), room closure can be affected more quickly,~ ucing brine 
inflow from surrounding Salado salt. 

Panel Assumptions: An increase in the creep rate will r~ in faster closure, but the 
possibility of a larger disturbed zone may add to the bri~~flow rate. 

CHANGE ROOM CONFIGURATION ~ 
This alternative involves several possibiliti Stacking the waste tightly against the 
walls would eliminate initial void volume nd enhance closure time. Another option 
involves increasing roomiiz which would also increase the extraction ratio, making 
room for a buffer of sorbe nd getters completely surrounding the waste stack. A 
thiro option involves increa n room height and stacking the waste higher to reduce the 
overall footprint of the re sitory. 

Panel Ass ans: Since several of the stated options were considered under other 
alternative is alternative was considered only from the standpoint of stacking the 
waste high than currently designed and reducing the overall footprint of the repository. 
Although the probability of a human intrusion event penetrating the waste stack is 
reduced, the consequences may be higher than for the current design. 

· SEAL INDIVIDUAL ROOMS 
If human intrusion were to take place, sealing off each room instead of sealing the 
panels may preclude brine from "sweeping" past enough waste to cause 
out-of-compliance releases of radionuclides. The effectiveness of this alternative 
depends on the mobility of the waste form, such as solubility of radionuclides in brine. 

Panel Assumptions: The Panel considered this alternative for mitigating the effects of 
the single and two borehole scenarios only. The Panel assumed that there is a low 
probability of two boreholes penetrating the same waste storage room. Although waste 
permeability is unchanged, the individual room seals would decrease the overall effective 
"permeability" of the underground disposal area. 

TWO-LEVEL REPOSITORY 
A two-level repository refers to decreasing the facility's surface footprint by placing half 
the waste disposal area above the other, creating a two-level facility. Although reduction 
of the facility footprint will reduce the probability of human intrusion into the underground 
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disposal area, the consequences could double if the intrusion event penetrates both 
levels of the repository. 

PASSIVE MARKER ALTERNATIVES 

MONUMENT "FOREST" OVER REPOSITORY 
The use of closely spaced surface markers, consisting of long-lasting materials, can be 
used to alert potential intruders about the existence of the repository. These 
monuments could be mass produced and include pictorial and other designations 
describing the location and content of the disposal area. Each marker would be deeply 
anchored in bedrock. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

MONUMENT COVERING THE ENTIRE REPOSITORY 1 
The waste disposal area of WIPP consists of approximately 100 acres. 'A monument 
2, 100 feet on a side, consisting of natural and/or man-~a materials, could provide 
adequate warning to potential intruders as well as addin the difficulty of drilling into 
the repository. The alternative could consist of a single" ramid" or multiple contiguous 
monuments. 

Panel Assumptions: It was assumed th~his alternative is applicable only for the 
reduction of human intrusion probability. r 

BURIED STEEL PLATE OVER ~SITORY 
The action of a drill bit m it difficult to penetrate non-friable materials. Burying a 
relatively thick steel or ot er etal plate at some distance below the surface over the 
repository could alert an intruder that this is an unusual site. The plate would probably 
have to ~ndwiched between corrosion inhibitors to assure longevity. Additionally, 
site expl ti n and evaluation prior to drilling would alert geologists that further 
exploratio · needed. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

ARTIFICIAL SURFACE LAYER OVER REPOSITORY 
Replacing the natural surface materials over the repository with a layer of artificial or 
sterile material to a reasonable depth is another way of alerting potential intruders to 
explore further before taking any action. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 

ADD MARKER DYE TO WASTE OR STRATA ABOVE REPOSITORY 
The use of a marker dye that is sufficiently strong to discolor the drillers mud pond may 
alert the intruder that some further evaluation is necessary. 

Panel Assumptions: It was assumed that this alternative is applicable only for the 
reduction of human intrusion probability. 
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MISCELLANEOUS ALTERNATIVES 

DRAIN CASTILE RESERVOIR (Brine Pocket) 
This alternative refers to the draining of the Castile brine reservoir, and thus reducing 
the effect of human intrusion through the repository. 

GROUT CULEBRA FORMATION ABOVE REPOSITORY 
The Culebra is a potential conduit for releasing radionuclides to the accessible 
environment. Grouting the Culebra above the repository may reduce this pathway. 

INCREASE LAND WITHDRAWAL AREA TO THE REGULATORY BOUNDARY 
Currently planned land withdrawal boundaries do not extend to the regulatory boundaries 
of 40 CFR Part 191. Extending the land withdrawal boundaries to coincide with the 
pennitted regulatory boundaries would provide longer nuclide transit times before 
reaching the boundaries used to calculate repository perfonnance. 1 

D 
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ATTACHMENT C 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 

The results of the preliminary evaluation process are depicted in Attachment C. The 
alternatives shown comprise the total list of the 64 potential engineered alternatives considered 
by the EAMP. After eliminating the alternatives that did not satisfy the "must" criteria, the 
EAMP assigned each remaining alternative a preliminary score based on its effectiveness for 
mitigating each of the ten original performance parameters, and its feasibility of implementation. 
The scores were based on a scale of zero to ten, with ten being the highest score and zero 
denoting an "adverse effect" Some alternatives were judged to have "no effect" on a 
performance parameter, in which case no score was assigned (represented by a "-" in the 
scoring column). f 
The EAMP assumed all of the ten performance parameters to be mutually ex usive of one 
another, because it is not yet evident which parameter(s) will control the de onstration of 
compliance with EPA Standard 40 CFR Part 191. However, rthe feasibility of an alternative 
was assumed to remain the same irrespective of the performan arameter being considered 
for evaluation of effectiveness. 

The overall scores for an alternative for mitigatin~e effects of a performance parameter were 
calculated by combining its effectiveness and fe · ility scores using a weighted summation 
approach. This approach is described in Secti .2.3. 

The following equation represen~is scoring process: 

Total score= 5.1 x (Effe~v~ness score) 
+ 2.4 x (Regulatory score) 

(:11.5 x (Technology score) 
l,/ 1.0 x (Schedule score) 

There were two exceptions to the above equation. If an alternative was assigned an 
effectiveness score of zero for "adverse effect," then its total score would also be equal to 
zero. On the other hand, if an alternative was assigned a "-" for "no effect," then its total 
score was represented as follows: 

Total score= 2.4 x (Regulatory score) 
+ 1.5 x (Technology score) 
+ 1.0 x (Schedule score). 
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ATTACHMENT C 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 
:= 
-0 

~ E F F E C T I V E N E S S 

S C 0 R E 

F E A S I B I L I T Y T 0 T A L S C 0 R E 0 F A N A L T E R N A T I V E 
-I 
:-'1 

:8 
';p AL TERNA Tl VE 

SC 0 R E 

RAD BIO CORR HUMAN 1(2.4) (1.5) (1.0) 
GAS GAS GAS PERM POR STREN LEACH SOLUB BRINE INTRU REG TECH SCH 

llEIGHTED 
FEASIBILITY 

SCORE 
Ill. = 4.9 

RAD BIO CORR HUMAN 
GAS GAS GAS PERM POR STREN LEACH SOLUB BRINE INTRU 

~ ~~~;~-;~~-~j;j~~;j~-~~;~;~~;j~~~----------··············----~---······················································-----------·---·-·································· 

-oCOMPACT llASTE . 2.0 2.0 4.0 4.0 8.0 6.0 1.0 5.0 - I 9.0 10.0 7.0 I 43.6 143.6 53.8 53.8 64.0 64.0 84.4 74.2 48.7 69.1 43.6 
~INCINERATE & CEMENT 5.0 8.0 3.0 1.0 1.0 3.0 5.0 • 2.0 · 2.0 7.0 2.0 17.3 42.8 58.1 32.6 22.4 22.4 32.6 42.8 32.6 27.5 17.3 

INCINERATE & VITRIFY 6.0 8.0 3.0 2.0 2.0 4.0 6.0 2.0 2.0 · 2.0 7.0 2.0 17.3 47.9 58.1 32.6 27.5 27.5 37.7 47.9 27.5 27.5 17.3 
llET OXIDATION DELETED-TECHNOLOGY NOT DEMONSTRATED 
SHRED & BITUMINIZE · 0.0 2.0 5.0 5.0 3.0 6.0 · 5.0 
SHRED & COMPACT · 2.0 2.0 5.0 5.0 8.0 4.0 1.0 6.0 
SHRED & CEMENT 2.0 4.0 3.0 4.0 4.0 5.0 5.0 3.0 4.0 
SHRED & POLYMER ENCAP 0.0 2.0 3.0 5.0 5.0 5.0 5.0 3.0 5.0 
SHRED,ADD SALT,COMPACT · 2.0 · 7.0 7.0 8.0 5.0 1.0 7m 
PLASMA PROCESSING 10.0 10.0 8.0 10.0 10.0 10.0 10.0 9.0 10.0 · 
MELT METALS 1.0 1.0 4.0 3.0 3.0 3.0 3.0 2.0 1.0 
ADD SALT BACKFILL CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
ADD OTHER SORBENTS CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
ADD GAS SUPPRESSANTS CONSIDERED UNDER 'ADD GAS GETTERS' 
SHRED & ADD BENTONITE 2.0 1.0 1.0 3.0 3.0 · 0.0 · 3.0 
ACID DIGESTION 5.0 6.0 2.0 4.0 4.0 5.0 6.0 3.0 5.0 
STERILIZE DELETED-TECHNOLOGY NOT DEMONSTRATED 

3.0 
9.0 
9.0 
9.0 
9.0 
3.0 
3.0 

10.0 
10.0 
10.0 
5.0 

10.0 
4.0 
7.0 

I 9.0 10.0 
3.0 4.0 

5.0 
7.0 
9.0 
6.0 
7.0 
1.0 
3.0 

9.0 
2.0 

~ADD COPPER SULFATE POTENTIAL FOR H2 GENERATION IF DEPOSITED COPPER FORMS GALVANIC COUPLE 
N ADD GAS GETTERS 1.0 2.0 3.0 1.0 · · · 3.0 1.0 · 1~9.0 5.0 

ADD FILLERS CONSIDERED UNDER OTHER TYPE OF ALTERNATIVES 
SEGREGATE llASTE FORMS ALTERNATIVE IS NOT A STANO ALONE PROCESS I 
DECONTAMINANT METALS 1.0 2.0 1.0 1.0 1.0 · 4.0 1.0 1.0 · 7.0 9.0 7.0 
CHANGE llASTE GEN. PROC. TOO BROAD TO EVALUATE 
ADD ANTI-BACTERIAL MATRIX DELETED-TECHNOLOGY NOT DEMONSTRATED 

27.2 
43.6 
45.6 
35.1 
43.6 
14.2 
20.7 

27.2 0.0 
43.6 53.8 
55.8 66.0 
o.o 45.3 

43.6 53.8 
65.2 65.2 
25.8 25.8 

37.4 52.7 52.7 
53.8 69.1 69.1 
60.9 66.0 66.0 
50.4 60.6 60.6 
43.6 79.3 79.3 
55.0 65.2 65.2 
41.1 36.0 36.0 

42.5 
84.4 
71.1 
60.6 
84.4 
65.2 
36.0 

57.8 
64.0 
71.1 
60.6 
69.1 
65.2 
36.0 

27.2 
48.7 
60.9 
50.4 
48.7 
60.1 
30.9 

52.7 
74.2 
66.0 
60.6 
79.3 
65.2 
25.8 

27.2 
43.6 
45.6 
35.1 
43.6 
14.2 
20.7 

45.6 155.8 50.7 50.7 60.9 60.9 45.6 0.0 45.6 60.9 45.6 
15.2 40.7 45.8 25.4 35.6 35.6 40.7 45.8 30.5 40.7 15.2 

30.5 135.6 40.7 45.8 35.6 30.5 30.5 30.5 45.8 35.6 30.5 

37.3 142.4 47.5 42.4 42.4 42.4 37.3 57.7 42.4 42.4 37.3 

ACCEL llASTE DIGESTION DELETED·INEFFECTIVE ALTERNATIVE j 
ALTER CORROSION ENV. lllPP 5.0 7.0 8.0 2.0 2.0 · · · 8.0 · 6.0 7.0 6.0 
ALTER BACTERIAL ENV. lllPP CONSIDERED IN EVALUATION OF OTHER ALTERNATIVES 

30.9 156.4 66.6 71.7 41.1 41.1 30.9 30.9 30.9 71.7 30.9 0 

0 

VITRIFY SLUOGES 3.0 3.0 2.0 2.0 2.0 3.0 3.0 2.0 2.0 . I 4.0 7.0 0 26.1 141.4 41.4 36.3 36.3 36.3 41.4 41.4 36.3 36.3 26.1 ~ 
TRANSMUTATION TECHNOLOGY NOT DEMONSTRATED FOR SUCH LARGE AMOUNTS OF 11 STE ~ 

--····································································································· •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• -0 

BACKFILL ALTERNATIVES 

SALT ONLY . 1.0 . 1.0 1.0 . 1.0 
SALT + GAS GETTER . 2.0 . 1.0 1.0 . . 5.0 4.0 . 
COMPACT BACKFILL . 1.0 . 1.0 1.0 . 2.0 . 
SALT + SORBENTS 3.0 3.0 4.0 1.0 1.0 . . 2.0 6.0 . 
PREFORMED COMPACTED BACKFILL 1.0 2.0 1.0 1.0 1.0 . . 2.0 
GROUT BACKFILL 1.0 2.0 3.0 1.0 1.0 . 3.0 2.0 
BITUMEN BACKFILL 1.0 0.0 5.0 1.0 1.0 . 4.0 1.0 
GAS SUPPRESANTS CONSIDERED UNDER GAS GETTERS IN BACKFILL 

~ 
,. 

"' '! ~ .. ., y ~ " " z 
_; .. .. ..,, .. ... - ... .;, ... ... .. ... ... ... ... ... 

8.0 7.0 9.0 38.7 38.7 43.8 38. 7 43.8 43.8 
8.0 7.0 9.0 38.7 38.7 48.9 38.7 43.8 43.8 
4.0 3.0 6.0 20.1 20.1 25.2 20.1 25.2 25.2 
8.0 7.0 7.0 36.7 52.0 52.0 57.1 41.8 41.8 
6.0 5.0 7.0 

~ 
34.0 39.1 34.0 34.0 34.0 

8.0 8.0 9.0 45.3 50.4 55.5 45.3 45.3 
3.0 5.0 5.0 . 24.8 0.0 45.2 24.8 24.8 

~ ~ 

... -· . -· .. ~ ~ :~ ~ '!! !! '!' 

38.7 38.7 38.7 
38.7 38.7 64.2 
20.1 20.1 20.1 
36.7 36.7 46.9 
28.9 28.9 28.9 
40.2 40.2 55.5 
19.7 19.7 19.7 

!! ~ !!, -~ 

43.8 38.7 
59.1 38.7 
30.3 20.1 
67.3 36.7 
39.1 28.9 
50.4 40.2 
40.1 24.8 
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ATTACHMENT C 
(contd.) 

PRELIMINARY EVALUATION OF ENGINEERED ALTERNATIVES 

E f F E C T I V E N E S S f E A S I B I L I T Y 

S Cc;> R E S C 0 R E WEIGHTED 

T 0 T A L S C 0 R E 0 f A N A L T E R N A T I V E 

FEASIBILITY 
~ RAD BIO CORR ~ HUMAN 1(2.4) (1.5) (1.0) I SCORE I RAD BIO CORR HUMAN 
):. ALTERNATIVE GAS GAS GAS PERM POR STREN LEA SOL BRINE INTRU REG TECH SCH WT.= 4.9 GAS GAS GAS PERM POI STREN LEACH SOLUB BRINE INTRU 
"'O ------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------0 
)> 

)> 

6 

FACILITY DESIGN ALTERNATIVES 

BRINE ISOLATING DIKES CONSIDERED UNDER 'SEAL INDIVIDUAL ROOMS 
RAISE WASTE ABOVE FLOOR NEEDS TO BE CC»4BINED WITH ADD SORBENTS TO BACKFILL 
BRINE SUMPS AND DRAINS DELETED-BRINE CAN'T FLOW DUE TO SALT RECONSOLIDATION 
GAS EXPANSION VOLUME 10.0 10.0 10.0 - - . - - - -
SEAL DISPOSAL ROOM WALLS TECHNOLOGY HAS NOT BEEN LABORATORY DEMONSTRATED 
VENT FACILITY NOT REGULATORY FEASIBLE 

~ VENTILATE FACILITY 4.0 5.0 4.0 - - - - -
ADD FLOOR Of BRINE SORBENT CONSIDERED UNDER BACKFILL + SORBENTS 
CHANGE EXTRACTION RATIO 1.0 2.0 1.0 1.0 1.0 - - - 2.0 -
CHANGE ROOM CONFIGURATION - - - - - - - - - 3.0 
SEAL INDIVIDUAL ROOMS - - 8.0 - - - - -
TWO LEVEL REPOSITORY - - - - - - - - 5.0 

WASTE MANAGEMENT ALTERNATIVES 

I 7.0 10.0 1.0 I 38.8 189.8 89.8 89.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 

4.0 4.0 4.0 19.6 40.0 45.1 40.0 19.6 19.6 19.6 19.6 19.6 65.5 19.6 

8.0 7.0 9.0 38.7 43.8 48.9 43.8 43.8 43.8 38.7 38.7 38.7 48.9 38.7 
7.0 10.0 7.0 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 38.8 54.1 
9.0 8.0 9.0 42.6 42.6 42.6 42.6 83.4 42.6 42.6 42.6 42.6 42.6 42.6 
1.0 8.0 1.0 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 40.9 

<.>MIN SPACE AROUND WASTE STACK 1.0 2.0 1.0 1.0 1.0 2.0 ~I 10.0 10.0 I "V10.o 8.o 
49.0 154.1 59.2 54.1 54.1 54.1 49.0 49.0 49.0 59.2 49.0 
42.2 42.2 67.7 o.o 42.2 42.2 42.2 42.2 42.2 42.2 42.2 SEGREGATE WASTE IN WIPP - 5.0 0.0 

DECREASE AMT Of WASTE/ROOM CONSIDERED UNDER ADD SORBENTS/GAS GETTERS TO BACKFILL 
EMPLACE WASTE/BACKFILL SIMUL CONSIDERED UNDER PREFORMED CC»4PACTED BACKFILL 
SELECTIVE VEGETATIVE UPTAKE NOT LAB DEMONSTRATED FOR TRU WASTE 

WASTE CONTAINER ALTERNATIVES 
0 

CHANGE WASTE CONT. SHAPE 1.0 1.0 1.0 1.0 1.0 - - - 1.0 - I 9.0 10tt\I 45.6 150.7 50.7 50.7 50.7 50.7 45.6 45.6 45.6 50.7 45.6 () 
CHANGE WASTE CONT. MATERIAL - - 2.0 · - - - - - - 8.0 8.0 . 40.2 40.2 40.2 50.4 40.2 40.2 40.2 40.2 40.2 40.2 40.2 
--------------------------------------------------------------------------------------------------- -- --------------------------------------------------------------------- ~ 

PASSIVE MARKER ALTERNATIVES :g 
MONUMENT "FOREST" 
MONUMENT COVERING REPOSITORY 
BURIED STEEL PLATE OVER REP. 

6.0 
10.0 
5.0 

9.0 10.0 10.0 
8.0 10.0 10.0 
7.0 10.0 10.0 

~ 

46.6 146.6 46.6 46.6 46.6 46.6 46.6 46.6 46.6 46.6 77.2 ~ 
44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 44.2 95.2 (5 
41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 41.8 67.3 _--J 

ARTIFICIAL SURFACE LAYER DELETED-UNABLE TO IDENTIFY A FEASIBLE CONCEPT I I I D 

~~-~~~~~-~~~-~~-~~~~~~-------=----=----=----=----=----=-----=-----=-----=-----~:~----~:~---~:~--~~:~-----~~--~~:~-~~:~--~~:~-~~:~-~~:~--~~:~--~~:~--~~:~--~~:~--~~:~. ~ 
MISCELLANEOUS ALTERNATIVES ~ I ~~~~~~~~~~~~ ~ 

DRAIN CASTILE RESEVOIR 
GROUT CULEBRA 
INCR. LANO WITHDRAWAL AREA 

TOTAL SCORE CALCULATIONS: 

DELETED-NOT CONSIDERED FEASIBLE 
DELETED-NOT CONSIDERED FEASIBLE 
NOT AN ENGINEERED ALTERNATIVE 

EFFECTIVENESS WEIGHTED SCORE= EFFECTIVENESS SCORE X (5. 1) 

I I I 
FEASIBILITY WEIGHTED SCORE = R[GULATORY SCORE X 2.4 + TECHNOLOGY SCORE X 1.5 + SCHEDULE SCORE X 1.0 

TOTAL SCORE Of AN ALTERNATIVE = EFFECTIVENESS WEIGHTED SCORE + FEASIBILITY WEIGHTED SCORE 

RAD GAS = Radiolytic Gas Generation 
BIO GAS = Biological Gas Generation 
CORR GAS = Corrosion Gas Generation 
PERM = Permeability of the Waste Stack 
POR = Porosity of the Waste 
STREN = Shear Strength of the Waste 
LEACH = Leachability of the Waste 
SOLUB = Radionuclide Solubility in Brine 
BRINE = Brine Inf low 
HUMAN INTRU = HlMllan Intrusion 
REG = Regulatory Score 
TECH = Technology Score 
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DOC/WIPP 91-007, REVISION 2, APRIL 1991 

B.O DESIGN ANALYSIS MODEL PROGRAM LOGIC 

The ROOM-SCALE component of the Design Analysis Model is outlined in the flow diagram in 
Figures B-1 to B-3. The other component, the SHAFT-SEAL programs is outlined in Appendix C. 
The Design Analysis Model instructions are written in a modular format such that the main 
program (ROOM-SCALE) is a driver routine which coordinates the functions performed by 
subroutines (Appendix B) used in modeling the processes considered (Section 2.0). 
Permeabilities of the shaft and panel seals are obtained by using the SHAFT-SEAL program 
(Appendix C) prior to use of the ROOM-SCALE program. This analysis provides data necessary 
in generating equations describing shaft-seal conductance over time. Calculations performed in 
the Design Analysis Model are dependent on data obtained from input files. Parameters which 
vary from one run to the next, such as brine inflow rate, creep closure rate, and waste form and 
backfill properties, are entered into the input file. The initial procedure of the program is to read 
this data file by calling a subroutine entitled READAT (Circle 1 in Figure B-1). After acquiring the 
variables from the data file, the program calls the next subroutine entitled INITIA~ Circle 2 in 
Figure B-1 ). The purpose of this subroutine is to perform the remaining calculaticf1s necessary 
to initialize the variables required by the model. These calculations provide information (which 
is evaluated using data from the input file) such as the initial void Ee in a panel and the initial 
moles of each gas present in the panel. Following initialization, e actual simulation process 
begins. Time is set to start at zero and the entire set of calculati ns is performed and repeated 
as the time variable is incremented (for instance, by f'\e year) until the termination conditions are 

satisfied. r 
After the initial void volume and 8ient pressure in the panel are defined, the subroutine 
BRINFLOW (Circle 3 in Figure B-1 lculates the cumulative inflow of brine during the current 
time increment and determines the oles of H20 contained in the brine. COMPACTION (Circle 4 
in Figure B-1) ca~cul es the cumulative inflow of brine during the current time increment and 
determines the mo s f H20 available in the panel. COMPACTION (Circle 4 in Figure B-1) then 
computes the co ·on stress due to the mechanical resistance to closure provided by the 
waste/backfill composite. The density of the solids within the panel is calculated based upon the 
current panel volume and the initial mass of the waste/backfill composite. The subroutine CREEP 
(Circle 5 in FigaJre B-1) calculates the extent of salt creep during the time increment and the 
height and width of a room-equivalent at the end of the time increment. 

The program then calls the subroutine MASSGAS (Circle 6 in Figure B-1) to estimate the molar 
rates of gas generation due to the combination of radiolysis and microbial activity, and due to 
anoxic corrosion. MASSGAS also accounts for gas consumption and transport due to various 
mechanisms. 

During the mass balance calculations, MASSGAS uses a number of subroutines in the following 
order: 

• GASOLUB (Circle 11 in Figure B-2) estimates the solubilities and Henry's Law 
Constants (in brine) of the various gases present in the panel. 

WP51 :EATF.1991 :R-1775-B B-1 
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• ADVECTION (Circle 1 in Figure B-2) estimates the rate of advection of gases into 
Marker Bed 139 and across the repository seals (Section 2.0). ADVECTION uses 
the following subroutines in evaluating the total molar advection rate at each point 
in time: 

• 

• 

• 

VISCO RR (Circle 7 in Figure B-2) estimates the gas mixture viscosity using 
a correlation that is applicable to both low and high pressure conditions. 

MBFLOW (Circle 8 in Figure B-2) estimates the void volume available for 
gas storage in the disturbed anhydrite beds at each point in time as brine 
is driven from the disturbed to the intact portions of the anhydrites. 

SHFTCOND (Circle 9 in Figure B-2) evaluates the total conductance of the 
four shaft seals as a function of time. ..,. 

DIFFUSION (Circle 2 in Figure B-2) calls DIFCOEF (Circle 10 in ~gure B-2) to 
determine the applicable diffusion coefficients and t~ calculates the molar rates· 
of diffusion of gases out of the panel into the brine r,urated host rock formation. 

VAPLIQEQ (Circle 4 in Figure B-2)~uates the number of moles of each gas 
that will dissolve into the volume o 'ne available in the panel (Section 2.0). 
Subroutine GASOLUB is called to valuate the Henry's Law Constants of the 
gases in brine. (2 

BRINTERACT (Circlb s'in Figure B-2) determines the amount of C02 that can 
rea~·th portlandite at the current panel pressure, the moles of portlandite 
con m , and the water generated by the reaction. The moles of each gas in the 
pan then updated in the MASSGAS to reflect the C02 consumption. 

The changes occurring in the MASSGAS subroutine are reflected in the number of moles of 
gases and liquids present in the panel. 

VOLESTIM (Circle 7 in Figure B-1) calculates the volume of the panel, and the volume of the air 
gap above waste/backfill composite (if no contact with the waste stack and the ceiling of the panel 
has occurred). These volumes are ~hen used to calculate the void volume of the entire panel. 
In addition, the molar volume, molar density, and the density of the waste/backfill composite are 
evaluated. Prior to incrementing the time step, the subroutine LKEOS (Circle 8 in Figure B-1) 
evaluates the panel fluid pressure. This subroutine uses the Lee-Kessler Equation of State (Reid 
et al., 1987) taking into account the compressibility of the gases. 

Consideration of the complex interactions that occur between the above processes enables the 
Design Analysis Model to predict the changes in fluid pressure, porosity, permeability and 
effective stress as a function of time for a typical storage room filled with waste and backfill. 
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The effects of human intrusion events may also be evaluated at any time. For consistency in the 
evaluation of alternatives, the intrusion is assumed to occur 5,000 years after decommissioning. 
At time equal to 5,000 years, the subroutine BOREHOLE (Circle 9 in Figure B-1) simulates the 
release of radionuclides resulting from three borehole intrusion scenarios (Section 2.0). All 
program values reflecting the conditions existing in the panel at the time of intrusion are sent to 
the BOREHOLE subroutine. The subroutine evaluates the permeability of the waste/backfill 
composite and the solubility of each radionuclide in brine. In addition, the volume of the cuttings 
removed from the repository by a drill bit and deposited on the surface is assessed for 
radionuclide content. For each of the three intrusion scenarios considered (ISE1 , ISE2, ISE1 E2 
in Figure B-3), the flow path through the panel contents is different (Marietta et al., 1989). The 
BOREHOLE subroutine makes use of the following subroutines: 

• 

• 

• 

• 

• 

• 

ESTHCKSS (Circle 1 of Figure B-3) estimates the hydraulic conductivity and the 
specific storage (volume of fluid released by a unit volume of aquifer under unit 
decline in hydraulic head) of the waste/backfill composite al the ti~ intrusion. 

RADACTIM (Circle 2 of Figure B-3) predicts the mass and activity of each 
radionuclide at the time of intrusion (5,000 years). C 
CUTTINGS (Circle 3 of Figure B-3) estimates the !1ease of radionuclides to the 
aboveground surface due to drill bit~tration of the repository. The erosion of 
the waste material immediately surro g the bit is included and depends on the 
anticipated strength of the waste/ba kfill composite in the panel. In addition, the 
mass and activity of ~ radionuclide are evaluated on a panel basis. 

RADSOLUB (Circle J of,Figure B-3) evaluates the solubility of each radionuclide 

in brirJ 

ISE1 k6E2, and ISE1 E2 (Circles 5, 6, and 7 in Figure B-3) are used to estimate 
the resulting radionuclide releases during each of the three intrusion events 
simulated (Marietta et al., 1989). Separate evaluation schemes are necessary as 
the three scenarios vary significantly in flow path configuration (Section 2.0). 

SUMRULE (Circle 8 in Figure B-3) is used to calculate the Measure of 
Effectiveness of an engineered alternative for each one of the three intrusion 
scenarios (Section 2.0). 

Following the BOREHOLE calculations, the program prints the resulting values to the output file 
and terminates. If intrusion is not being considered during the current run, the program continues 
to calculate the conditions existing in the panel until preset termination conditions are satisfied. 
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B.1 INPUT DATA AND PROGRAM INITIALIZATION (READAT AND INITIALIZE} 

The input required by the Design Analysis Model for evaluating the effectiveness of each 
engineered alternative is obtained from the input data file in subroutine READAT. The data in the 
input file are specific to the alternative being evaluated (see Section 3.0 for data development 
methodology). The parameters in the input file include: 

• Initial room dimensions (height, width) and initial panel volume 

• Time step size 

• Stress exponent in the creep equations 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Print counters 

Horizontal and vertical creep rate constants for the creep equations 

Number of gas components X 
Lithostatic pressure I 
Brine inflow rate assuming one atmosphere pressu~ maintained in the panel 

Initial porosity of the waste/backfill composite r __ _ 
Width of the air gap clearance above the waste/backfill composite 

Temperature in the panel /\. 

Microbial and radiolytic gas genera/;; ~tes 
Maximum potential ~en gas generation from anoxic corrosion of iron (steel) 

Duration of microbiaraJivity 

lnitia,....,,sity of the waste/backfill composite 

Stre~ensity and hydraulic conductivity-stress coefficients 

Void ratio-stress coefficients 

Element solubilities in brine 

Volume of waste/backfill versus stress coefficients for use in estimating the activity 
of radionuclides released to the surface with the cuttings of intrusion boreholes 

• Radius factor (number of borehole radii removed with cuttings) 

• Number of drum equivalents per panel 

• Time of human intrusion 

• Distance between boreholes in human intrusion scenario E1 E2 

• Brine pore pressure in intact anhydrite beds 

• Permeability of the anhydrite beds. 
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The use of these parameters in the Design Analysis Model will be discussed in subsequent 
sections of this Appendix. 

The subroutine INITIALIZE is called to initialize the variables which are used in the Design 
Analysis Model. The initial void volume in a panel is among the basic parameters required by the 
model. This requires that the volume of the air gap above the waste/backfill stack be evaluated 
as follows. Referring to Figure 1-1, there are 7 storage rooms in a panel. Separating the rooms 
are 100 ft. (30.48 m) wide salt pillars. In the drift area along the ends of the salt pillars, there are 
a total of 12 sections, each with height and width equivalent to that of a room (as specified in the 
input file), and each 100 ft. (30.48 m) long. As seen in Figure 1-1, there are 14 intersectional 
areas between rooms and access drifts which are square and have lateral dimensions equivalent 
to the width of a room. Thus, the volume of the air gap clearance is: 

where, 

vcknc = volume of air gap clearance(m3
) 

heme = thickness of air gap clearance (m) 
w _ = width of the room (m) 
1_ = length of the room (91.~ 

wp1u.r = width of the salt pillars ftJfWeen rooms (30.48m). 

1 (B.1-1) 

The following variables are then iniB.ed: 

• The f9i gas pressure in the panel, P, Is set to 0.101325 MPa (1 atm) 

• The gas constant is initialized as 8.314 Nm/mol °K 

• The moles of portlandite, Ca(OH)2, in a panel is estimated as the product of 13.03 
moVdrum and the number of unprocessed drum equivalents per panel. 

• The brine density is initialized to 1220 kg/m3
• 

• The molecular weight of the WIPP brine is set to 20.49 g/mol. 

• The molar density of the gas mixture in the panel (RHOM) is then evaluated as: 
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P0 = initial fluid pressure in the panel (Pa) 
R = gas constant (8.314 Nm/mo/ 0 K) 
T = absolute temperature (300 ° K) 

• The initial void volume in a panel is then calculated as: 

• 

Vvoid = initial void volume in the panel (m3
) 

Vc1mc = volume of the air gap clearance (m3) 
vpnl = initial panel volume (m3

) 

which is specified in the data inp~file 
nWB = initial waste-backfill porosity r 

(B.1-3) 

The total moles of gas present in t~net (N,,,,J initially is estimated as: 

~""' - RHOM v _ (B.1-4) 

• Air i£?sumed to be the only gas present in the panel initially. Thus the mole 
fra~ of nitrogen and oxygen are initialized to 0.79 and 0.21 respectively. 

• 

• 

• 

The initial moles of nitrogen and oxygen are evaluated by multiplying the initial 
total moles of gas (N,mai) by the mole fraction of each gas (i.e., 0. 79 for N2 and 
0.21 for 0 2). 

It is assumed that no brine is present in the panel initially 

The gases are initially assumed to behave as ideal gases; thus, the compressibility 
factor is assigned as 1.0 

• The porosity of the intact Salado Formation is initialized as 0.001 (Marietta et al., 
1989) 

• The area available for diffusion of gases is assigned a value of 31756 m2 based 
upon the areas of the floors, ceilings, and walls in the rooms and access drifts 
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• The molar rate of oxygen consumption is calculated by dividing the initial moles 
of oxygen present in a panel by 100 years, such that all the oxygen is consumed '' '•: 
in the first 1 00 years "ili 

• The volume occupied by the waste and backfill less pores (V28) is estimated as: "1•1 

(8.1-5) 

• The initial mass of the solids in the panel (msoldJ is then calculated as: 

(8.1-6) 

where, 

Pin111ai = initial density of the waste/backfill which~specified 
in the data input file r 

The final executable statement In the subroutine INk..IZE is a call to the subroutine DIFCOEF. 
The DIFCOEF subroutine evaluate~ diffusion coefficients of the various gases in brine, as 
described in the next section. r ' 

The diffusion coefficient of a solute "A" (gas), in solvent "8" (brine), is estimated in subroutine 
DIFCOEF using the Wilke-Chang correlation (Reid et al., 1987) for each gas present in the panel. 

The correlation takes the form: 

7.4 x 10-12 (cj>Ms)0·5 T 
DAB = --------

V 0.6 
µ8 A 

(8.2-1) 
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where, 

B.3 

DA8= mutual diffusion coefficient of solute A in brine B (m2/s) 
M8 = molecular weight of brine (20.49 g/ mo~ 

T = absolute temperature (300° K) 
µ8 = viscosity of brine (1.60 centipoise) 

VA = molar volume of solute at its normal boiling temperature (cm3/mo~ 
the molar volumes of the various solutes are tabulated below. 

v~ = 17.7 cm3/mol 
V0 Xf91M = 25.7 cm3/mol 

Vcattion dioxide = 33.3 cm3/mol 

4> = association factor of solvent 
(the value for brine is assumed to be the same as for water, i.e., 2.6) 

ESTIMATION OF VOLUME OF BRINE AND WATER INFLOW (BRINFLOW)1 

The volumetric rate of brine inflow is assumed to be directly ~ortional to the difference 
between lithostatic pressure and the current fluid pressure in a pfel. It is assumed that if the 
panel gas pressure equals or exceeds lithostatic pressure, brine inflow will cease. The volume 
of brine inflow during a time step is evaluated in th~broutine BRINFLOW as: 

DEL VB = ct::. P 8 (B.3-1) 

where, r 
DEL VB = volum~ri brine inflow rate into a panel during the 

time i t al (t to t+d~ (m3/yt} 
0 811,,. = brine flow rate assuming the pressure in a panel 

is maintained at 1 atm 
P 8 = dimensionless pressure term defined as 

(PF - PJ 
=----

(PF - Po) 

where, 

PF = lithostatic or farfield pressure , 14.8 MPa (146.1 atm) 
P = fluid pressure in panel at time, t = O (1 atm) 

P8 is 1.0 if gas pressure in the panel remains at 1.0 atm; 
P8 is 0.0 if the gas pressure equals or exceeds lithostatic pressure, PP 
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The cumulative volume of brine, VBCUM, which has flowed into the panel during time, t, is: 

VBCUM = fo' DEL VB dt (B.3.2) 

which may be expressed numerically as 

VBCUM(t+df} = VBCUM(t) + DELVB dt (B.3-3) 

where, 
dt = time step size (yr). 

The actual volume of brine remaining in the panel, VB, (i.e., brine which has;rt yet been 
consumed by anoxic corrosion) is also incremented by the same quantity, thus: I 

VB(t+dt) = VB(t) + DELVB dt (B.3-4) 

B.4 ESTIMATION OF ROOM CREEP CLOSURE (CREEP) r 
Chabannes (1982) has shown that the closure rate ~ circular opening in a viscoplastic media 
at plane strain conditions with Norton's Law, is a po~~nction of the difference between the far
field (lithostatic) and internal stresseeE (1988a) proposed an empirical equation for the creep 
closure in the rectangular rooms at . This empirical equation was based on the regression 
analyses of existing closure measu ments at various locations at WIPP. Based on the above 
two creep equation~d as first-order approximation, the creep equations for horizontal and 
vertical closure rate CJ .e Design Analysis model then take the form: 

dW = - Ew [(a .. - a)r h1'°65 w°-63 t-0~2 (horizonta~ (B.4-1) 
dt <Jc 

(B.4-2) 
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where, 

w = width of panel (m) 
h = height of panel (m) 

ac = constant (6.8975x1o-3 MPa) 
E., = horizontal creep constant (1.464x10-19 1 /yt) 
Eh = vertical creep constant (5.523x10-19 1/yt) 
a_ = lithostatic stress (14.8 MPa) 
a = internal stress in the panel which is the sum of the effective 

stress level of waste compaction (see Section 8.15) 
and the panel fluid pressure (MPa) 

v = stress exponent (4.95) 

The height and width of a panel room are evaluated at each time step by numerically integrating 
equations (B.4-1) and (B.4-2). This numerical integration is performed in the subr~e CREEP 

as: I 

and 

where, 

D 

h (t+dt) = h (t) + dh dt 
dt 

w (t•dt) - w (tf_ dw dt 

~ dt 

dt = time step size (yt) 
t = time at previous time step (yr) 

t+dt = current time (yt) 

(B.4-3) 

(B.4-4) 

The derivatives dh/dt and dw/dt are evaluated using the values of internal stress in the panel from 
the previous time step. 

The creep constants were evaluated using equations (B.4-1) and (B.4-2) assuming an internal 
stress level in the panel equal to 0.101325 MPa (1 atm). The resulting values of the creep 
constants, Ew and Eh, respectively, calculated in this manner are 5.523 x 10·19 /yr and 1.464 x 
1~9fy~ . 

If the internal stress equals or exceeds lithostatic stress, creep is assumed to cease. In the 
vertical direction, only gas pressure is assumed to impede creep if a clearance exists above the 
waste stack. Once the clearance is eliminated by closure, both the panel gas pressure and the 
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effective stress of waste compaction will retard the rate of creep closure. This neglects any 
effects of changing pore pressure on the creep constants. 

B.5 MASS BALANCES ON GASES IN THE PANEL (MASSGAS) 

In the routine MASSGAS a mass balance on water and on each gas is performed considering the 
following processes: 

• Advection into the intact host rock 
• Advection up the four shaft seals 
• Diffusion into brine saturated host rock 
• Dissolution of gases in brine which is present in the panel 
• Generation of gases by microbial and radiolytic mechanisms 1 
• Hydrogen generation by anoxic corrosion of metals 
• Consumption of water (brine) by anoxic corrosion of metals 
• Removal of carbon dioxide by reaction with cemen~sent in the waste. 

The rates of gas advection into the intact host rock and up the sh(tt" seals are evaluated in The 
subroutine ADVECTION (Sections B.6 and B. 7). 

Gases are assumed to diffuse into a fully brine satu~ host rock. The rates of this mechanism 
of transport are evaluated in the subroutine DIFF~~ (Section B.11 ). 

The amount of each gas which can r:rl. · tve in the brine present in the panel is evaluated in the 
subroutine VAPLIQEQ (Section B.~

1

.s:aluation is based upon solubilities and Henry's Law 
constants computed('11he subroutine GASOLUB (Section B.1 O). 

The consumption aVeeneration of gases by microbiaVradiolytic processes is modeled in the 
subroutine MASSGAS using assumptions described in Section B.12. 

Anoxic corrosion of metals present in the waste can potentially generate 1. 7 moles of hydrogen 
per year for each drum present in a room (see B.13). This rate will require 5x1 o-s cubic meters 
of water per year, per unprocessed waste drum. If the water (in brine) availability is less than the 
required amount to sustain the maximum generation rate, the hydrogen generation rate is scaled 
down appropriately. 

B.6 ADVECTION OF GASES INTO UNDISTURBED ANHYDRITE BEDS (ADVECTION 
AND MBFLOW) 

The advection of gases from the panel into the surrounding host rock is a potential mechanism 
by which generated gases may be dissipated. Several assumptions were made to simulate this 
process in the Design Analysis Model. The pores in the surrounding intact formation (outside the 
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DRZ) are assumed to be saturated with brine. For gases to advect into the host rock, the 
pressure of the fluid in the panel must exceed the sum of the pressure in the brine plus the 
threshold pressure. The threshold pressure is defined as the capillary pressure corresponding 
to full saturation under draining conditions. This pressure (also referred to as the bubbling or 
breakthrough pressure) is the pressure required to overcome capillary forces at the gas-brine 
interface and create an incipient, interconnected, gas-filled pore network. A table of predicted 
threshold pressures (as a function of intrinsic permeability) was developed by Davies (1989). The 
permeability of the intact Salado Formation is approximately 10-21 m2 (Lappin et al., 1989, Table 
3-1) which corresponds to a threshold pressure of 10 MPa. Therefore, the fluid pressure in the 
panel would have to exceed 24.8 MPa [10 MPa (threshold pressure) + 14.8 MPa (lithostatic 
pressure)] for advection of gases into the Salado to occur. 

The mechanism of advection into the surrounding Salado Formation is thus not considered due 
to the extreme panel pressures required to advect gases into the intact halite (1~a greater 
than lithostatic). However, the intact Marker Bed 139 (MB 139) is made up of anh te, and may 
have a permeability as much as three orders of magnitude higher than that of the intact halite 
(Aechard, et al., 1. 990, p. 171 ). Pressure tests of MB 139 indicate~ha the pore pressure is sub
lithostatic, resulting in a lower panel pressure being required to a t gases into the anhydrite 
beds. In modeling the advection of gases into the anhydrite beds, e anhydrites layers "a" and 
"b" overlying the repository are treated as a single bed and Ma et Bed 139 underlying the 
repository is treated as another bed. ()._ 

The baseline case analysis assumes that the anh~t~ bed pore pressure is 70% of lithostatic 
(10.36 MPa), and the permeability is~ m2

, with a corresponding 0.94 MPa threshold pressure 
(Davies, 1989). Thus advection int undisturbed anhydrite bed may occur when the panel 
fluid pressure exceeds 11.3 MPa [1 .36 MPa (pore pressure) + 0.94 MPa (threshold pressure)]. 
The model assum;ee the anhydrites above and below the repository are disturbed (fractured 
due to the mine ope ti ns) and are represented by two disks of 400 m radius and thickness of 
1 m for MB 139, .27 m for the anhydrite "a" and "b" composite layer. These disturbed 
anhydrite beds are assumed to be directly connected to the panels through fractures. The 
anhydrites are assumed to. be initially fully saturated with brine. 

A two-phase flow computer code was used to calculate quasi-steady state advection rates of 
gases across the intact-disturbed anhydrite interface as a function of: 

• Panel fluid pressure 
• MB 139 brine pore pressure 
• MB 139 intrinsic permeability. 

A description of this two-phase flow code comprises Appendix D. A parametric equation was 
developed using multi-parameter least squares regression (Box et al., 1978) from data obtained 
from a number of sensitivity runs varying panel fluid pressure and MB 139 brine pore pressure. 
The baseline case analysis assumed an anhydrite permeability of 10-19 m2 and a brine pore 
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pressure of 10.36 MPa which is 70% of lithostatic. The parametric equation is used in subroutine 
ADVECTION, and takes the following form: ,, ,,, 

where, 

rflANH = 
PANH = 
p = 
bMB = 
bab = 

fhANH = (1.27 - bab - bMs){-1.06966X10-5 
- 8.99901x10-1 

PANH 
2 

+ 8.39754x10-1 P 2 

- 1.04066X1 o-e( p - p AN,J 
+ 8.68640x10-1(P - PAN,J2} 

molar advection rate of gases into intact anhydrite beds (moVyr) 
brine pore pressure in MA 139 (MPa) 

height of brine in the disturbed marker bed (m) 

(B.6-1) 

panel fluid pressure 

1 height of brine in the disturbed anhydrite "a" and "b" compo te layer (m). 

The height of brine in the two anhydrite beds vary with time in the ~gn Analysis Model and are 
evaluated at each time step in the subroutine MBFLOW. The flu~ pressure in the panel must 
exceed the brine pore pressure in the anhydrite before brine flows from the disturbed anhydrite 
into the intact anhydrite. If the fluid pressure in ~panel exceeds the assumed brine pore 
pressure in the Salado (14.8 MPa), additional brine f"ITT'ow from the disturbed anhydrite into the 
Salado above the anhydrite "a" and "b" composite layer and into the Salado below MB 139. A 
Salado permeability of 3 x 10·21 m2 ~in et al., 1989) is used in the calculations. The volume 
of brine which flows out translates i~~ ~n additional storage volume for panel gases. The flow 
into the intact marker bed is assumed to be one-dimensional. The intact marker bed is assumed 
to be saturated wit~e at a pore pressure of PMe and is infinite in extent, with a permeability 
of 10·19 m2

• The tr~nt one dimensional flow equation: 

was solved subject to initial and boundary conditions: 

• 

• 

• 

The hydraulic heads in the intact anhydrite and the intact Salado layers are 
initially hANH and hSAL, respectively. 

At a distance far enough from the intact-disturbed interfaces, the hydraulic 
heads are hANH in the anhydrite and hsAL in the Salado formation. 

The hydraulic head at the intact-disturbed marker bed interface, hp. is equal to 
the pressure head in the panel. 
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Thus the solution is (Crank, 1975): 

where, 

h (x,t) = h1 + (hp - h1) erfc x 
2(0 t )0

•
5 

I R, 

D = hydraulic diffusivity (m21yl} 
tR = time since the panel fluid pressure exceeded the marker bed 

brine pore pressure, P ,,,8 (yl} 
hp = P /pg = hydraulic head at the disturbed-intact 

marker bed interface (m) 
P = fluid pressure in panel (Pa) 
p = brine density (1220 kgm3

) 

g = gravitational acceleration (9.80665 ms2
) 

(B.6-2) 

•Subscript "i" refers to either anhydrite MB 139 (MB) or anhydrite "a~d "b" composite layer (ab), 

or Salado (SAL). r 
The volumetric flow rate of brine into the~':°' layjiCll is evaluated from Darcy's Law as:_ 

0, - J<iA, ~ ix.,0 (B.6 3) 

where, 
r< 

a, = .r;;;;1,etric flow rate of brine from the disturbed anhydrite into the 

~~ layer "i" (m3/yl} 
K, = hydraulic conductivity of the intact layer "r relative 

to brine (myl} 
A, = cross-sectional area over which flow is occurring (m2) 

oh lx-0 =partial derivative of hydraulic head with respect to 
ox 

distance from the intact-disturbed anhydrite interface. 

Thus differentiating Equation (B.6-2) and evaluating the gradient at the interface (x = 0): 

(h - h\ 
Q=KA P 

11 

I I I (1tD1 tR )0.5 
I 

(B.6-4) 
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For the anhydrite beds, a hydraulic conductivity of 2.36 x 1 O -4 m/yr ws calculated and used in the 
model based on a brine density of 1220 kg/m3

, and a viscosity of 0.0016 Pa"S (Lappen et al., 
1989). The specific storage 1.21 x1 o-s m·1 was evaluated based on a marker bed compressibility 
of 10·9 Pa·1 Freeze and Cherry, 1979), a brine compressibility of 4.4x10-10 Pa-1 (Freeze and 
Cherry, 1979), and an assumed porosity, n, of 0.025. The hydraulic diffusivity was then 
calculated as the ratio of the hydraulic conductivity to that of the specific storage (Freeze and 
Cherry, 1979) and is equal to 19.5 m2/yr. A hydraulic diffusivity of 10.4 m2/yr was used for the 
Salado assuming a permeability of 3 x 10·10 m2 (Lappin et al., 1989). The cross-sectional area 
over which flow is occurring is calculated as: 

ASAL = 1tr!s1 = 502,655 m 2 

where, 

r..,. - radius of dlstutbed anpte beds (400 m). 

(8.6-5a) 

(8.6-5b) 

1 (B.6-Sc) 

To retain a balance of volume with~e disturbed anhydrite beds, any volume of brine which 
flows out of the disturbed anhydrit 1s sumed to be replaced by gas from the room. This is 
realized as the gas occupying the op of the disturbed anhydrites provides some area for gas 
advection. This arr1s then subtracted from that available for brine to flow into the intact 
anhydrites. V 
Therefore, the cross-sectional areas vary with time, since bMe and bab change with time, and are 
evaluated at each time step as: 

(8.6-6a) 

(8.6-6b) 

,, ,,, 

,, ··~ 

,, it 

... , 
f' 'I 

t· ! 

The total cumulative void volume that is available for gas storage in the disturbed marker bed, ' 1 

V101, is evaluated as: ,, ,1 

(8.6-7) 

If! 'I 
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If the height of the brine for the next time step, in either the marker bed (bM8 } or the anhydrite 
composite (bab}, evaluated through Equation (B.6-6) is negative, the height is set to zero and the 
cumulative void volume for the bed is then given by: 

where, 

bMJ..O) = initial height of brine in the disturbed marker bed (1.0m) 
b.b(O) = initial height of brine in the disturbed "a" and "b" composite 

layer (0.27 m). 1 

(B.6-8a) 

(B.6-8b) 

At each time step, an increase in available void volume is calculate a per-panel basis, based 
upon the desaturation of the disturbed anhydrites. In order to obt · he cumulative void volume 
per panel, the factor 0.109 is u~. This factor is the ratio of the panel floor area to that of the 
total storage floor area (8 panels and 2 equivalent~els) as listed in Table 4.7 of Lappin et al., 
(1989). This void volume is then added to the tota v ids available for pressurization by gases. 
The panel fluid pressure is then evaluated (see S ion B.16) using the total void volume. 

The rock below the (ej)}>sitory is assumed to be fractured such that all regions with void volumes 
are interconnected.L.:?1erefore, the panel fluid pressure is the same as the pressure at the base 
of the shaft. Since the disturbed marker bed is assumed to be saturated with brine, advection 
up the shafts cannot occur until the panel fluid pressure exceeds the marker bed brine pore 
pressure (to open a pathway). The four shafts which are to be sealed in the current repository 
design are (DOE, 1990c): 

• 
• 
• 
• 

The Waste Shaft (diameter= 6.096 m) 
The Construction and Salt Handling {C&SH) Shaft {diameter= 3.607 m) 
The Air Intake Shaft (diameter = 6.172 m) 
The Exhaust Shaft (diameter = 4.572 m) . 

A pseudo steady-state approach was taken in modeling advection up the shafts. The steady 
state gas continuity equation was combined with Darcy's flow equation through porous media. 
According to an equation of state, the density of the gas is directly proportional to the fluid 
pressure. This is based on isothermal conditions, due to low decay heats. 
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The resulting differential equation which describes the steady state fluid pressure distribution as 
a function of distance is: 

where, 

d2p2 
--=0 

dz2 

P = fluid pressure in shaft (MPa) 
z = vertical distance through the shaft to the ground surface ( m) 

The applicable boundary conditions are: 

where, 

P(z = 0, i.e., at the base of a shaft) = PP 
P(z = L, i.e., at the ground surface) = P111m 

P, = panel fluid pressurs (evaluated at each ( step) 
P ... - atmospheric prsssurs of ap.1325 MPa. 

The solution to equation (B.7-1) wittr!@above boundary conditions is: 

p r{'(~P 2 _ p 2) z + p 2 }o.s 
a1m p T p 

D 
The volumetric advection rate at the base of the shaft is evaluated as: 

QadVeclon = - kA dP lz-0 31.5576x10 8 slyr 
µ dz 

Differentiation of (B. 7-3) provides: 

A k (P.1m
2 

- P/) 31.5576x1Cl3 slyr 
QadVeclon = - --------

µ 2 L PP 
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(B.7-4) 
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where, 

Qadv9ctlon = volumetric advection rate up the shaft (m3/yr) 
A = area of shaft (m2) 
k = permeability of shaft ( m2) 
µ = viscosity of gas mixture in panel (MPa·s). 

The molar advection rate may be evaluated using an equation of state in the form: 

where, 

m,.., - molar advection rate up the shaft at the shaft base (movr( 
R = gas constant (8.314Nm/mol 0 1<') 
Z = compressibility factor of the panel gas mixtup;; 
T - absolute temperature (300 °/(). r 

Combining equations (B. 7-5) and (B. 7 ~) and defint,k/L = Cror gives 

• CTOT (pp - pa1r/) m -rr -..,,.2-µ---=z,......,R=-=r=--

where, 

Clor = total conductance of the four shaft seats. 

(B.7-6) 

(8.7-7) 

The permeability and the length of each shaft is assumed to be the same, although the diameters 
are different. The conductance of the waste shaft seal was obtained as a function of time by 
using the shaft-seal component of the Design Analysis Model (Appendix C). The total 
conductance of the four shaft seals was evaluated by scaling the cross-sectional areas of the 
other shafts relative to the cross-sectional area of the waste shaft. It is assumed that the radius 
of the disturbed rock zone (DRZ) surrounding the shafts is 5 times the radius of the shaft itself. 
The equations which describe the variation of the total conductance, Cror in (mDarcy m), of the 
four shaft seals with time, t, are listed below and are coded in subroutine SHFTCOND as: 

For 0 < t ~ 35 years 

Cror = exp(-6.306 - 4. 7843 x 10-2~ (B.7-8) 
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For 35 years < t s; 95 years 

CTOT = exp(-6. 7619 - 2. 706x1 o-3t 
+ 5.4411x10-5f - 3.714x10-7 t3) 

For 95 years < t s; 125 years 

Cror = exp( -1.429 - 5.5256x10-2 t) 

For 125 years < t s; 775 years 

CTOT = exp( -8.1159 - 1. 7525x10-3 t) 

For t > 775 years 

C,,,, ~ exp(-9.3899 - 3.5659 x10°' r 
8.8 ESTIMATION OF VISCOSITY OF GAS MIXT E VISCORR 

(8.7-9) 

(8.7-10) 

(8.7-11) 

(8. 7-12) 

The viscosity of the gas mixture in a panel is e aluated in the subroutine VISCORR. The 
viscosity is used in equation (8.7-7) ~timating the gas advection rates through the shaft seals. 

The Chung mixing rules (Reid et alf 1~87, pp 413-414) are used to estimate the pseudocritical 
temperature, Tcm• a~e pseudocritical volume, Vcm• of the mixture. 

The critical mixture ~pressibility factor, ~m is evaluated using Kay's rule (Reid et al., 1987, pp 
76-77) as: 

(8.8-1} 

where, 

y, = mole fraction component, "i" 
Zc1 = critical compressibility factor of component, "i ". 

The critical mixture pressure, Pcm is evaluated using the Prausnitz and Gunn combination (Reid 

''l, 

",, 

f' .• 

'"' .... 

'"' 

et al., 1987, p 77) as: '"' 

(8.8-2) 
"'''I 
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where, 

R = gas constant (8.314 Nm/mo/ 0 K). 

The Reichenberg method (Reid et al., 1987, pp 420-421) is used to estimate the viscosity of the 
gas mixture at high pressure. This method requires knowledge of the viscosity of the gas mixture 
at low (atmospheric) pressure. 

The low (atmospheric) pressure gas mixture viscosity is evaluated using the Wilke correlation 
(Reid et al., 1987, p 407). The viscosity of a gas mixture according to Wilke is: 

where, 

and, 

+ (µ,1µ
1
)1'2(M/M,)1'4]2 

[8(1 • '/).)]'" 

µ,, ~ viscosity oft~ mixture at low (atmospheric) pressure 

µ, -:rz· osity of pure component, "i" 
M, = m lecular weight of pure component, "i" (g/ mo~ 

NC - umber of components. 

{8.8-3) 

(8.8-4) 

The viscosity ratio according to the Reichenberg method is given as (Perry et al., 1984): 

QA p'J12 
L = 1 + -----'---
~ 8 P, + (1 + c P,0)-1 

(8.8-5) 
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where, 

µ = gas mixture viscosity at high pressure 

A = ( 1.9824 x 10-
3

) exp(S.2683 T, -o.s~ 
T, 

B = A(1.6552 T, - 1.2760) 

C = ( 0.1319) exp(3. 7035 T, -79.8678) 

T, 

D = ( 2.9496) exp (2.9190 T, -16.6169) 

T, 

T 
T, -

Tcm 

P, .P 
(} pcm 

r Q' = (1 - 5.655DM) 

D 
DM, = 52.46 DM;, pcm 

Tc~ 

T = absolute temperature (0K) 
P = pressure (MPa) 

and the gas mixture dipole moment, (DM,J, is evaluated as: 

NCNC DM2 DM2 
DMm =[am3.t.t(Y1Y1 : 1)]114 

J-11-1 a,
1 

a, = 0.809 \'i113 
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(B.8-10) 

(B.8-11) 

(B.8-12) 

(B.8-13) 

(B.8-14) 

(B.8-15) 
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Vc1 = critical volume of pure component "i" 

(B.8-16) 

(B.8-17) 

DM, = dipole moment of component "i" ( debye) 

B.9 DISSOLUTION OF GASES IN BRINE (VAPUQEQ) 

The brine is assumed to contain considerable quantities of nitrogen and methane foe, 1983). 
Therefore, the dissolution and exsolution of these two gases is not considered in the Design 
Analysis Model. The amounts of other gases dissolved in the liquidFase at each time step are 
evaluated in the subroutine VAPLIQEQ. The final equation used i e subroutine was derived 
as follows. 

A mass balance on gas •1• during a time step may~ as: 

moles of gas "i" which = ?s of gas "i" in gas 
have dissolved in brine e at time, t (g ,') 
during the time step (I ,di') 

or, D I cit - g t - g l+dt 
I - I I 

moles of gas "i" in gas 
phase at time, t+dt (g ,'+di) 

(B.9-1) 

Assuming changes in both the compressibility factor, Z, and gas pressure, P, are negligible during 
a time step, then from the equation of state: 

(B.9-2) 
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y, = mole fraction gas "i" in the gas phase 
P = fluid panel pressure 
V = void volume in pane~m3) 
Z = gas mixture compressibility factor 
R = gas constant (8.314Nmmol 0 1<') 
T = absolute temperature (300 ° K') 

fl 'I. 

Assuming the moles of gas dissolved in the liquid phase during a time step are negligible relative '' •1 

to the moles of liquid phase present at time, t, then: ii 11 

xt+ctt 
I 

cit t 11 + 11 

L' 

where, C 

(B.9-3) 

x:+ctt = mole fraction gas solute "i" in liquid phase at time, t+df 

f,' = moles of gas dissolved in liquid phase d~'N_ a time step 

1/ = moles of gas solute "i" in liquid phase arr start of the time step, i.e., at time, t 
L ' = total moles of liquid phase at time, t. 

Substitution of equation (B.9-2) Into ~lion (B.9-1) gives an equation with two unknowns, y,'"' 
and 11ctt. Q 
A second equation f'i ating y1

1
+ctt and 11ctt may be derived using Henry's Law (Reid et al, 1987) and 

equation (8.9-3). 

Henry's Law states that: 

t+ctt p t+ctt H y, = x, /,btfntl 

where, 

H,,btt,,. = Henry's Law constant for component "i" in brine (MPa) 
which is evaluated in routine GASOLUB. 
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Combining equations (B.9-3) and (B.9-4) yields: 

t+dt p _ (lt+dt I') H,,b,,,,. 
~ - I + I ~~ 

L' 
(B.9-5) 

Substituting equation (B.9-5) into (B.9-2) and the resulting equation into equation (B.9-1) yields: 

,,r = { ((' + 1/) Hl,bttne} ~ + J'!' 
:;#/ L 1 ZRT I 

(B.9-6) 

Solving for the moles of gas "i" dissolved in the liquid phase during a time step, I ,di, in equation 
(B.9-6) provides the final equation which is coded in subroutine VAPLIQEQ. 

g' !,' H,,btl,,. V 
I -

Lt ZR T f,' = r 1 + 
H,.bttne V 

Lt ZR T 

(B.9-7) 

Once the values of 1, .. have been evaluated for eAs using equation (B.9-7), the values of 
g 1, 11, and L t+dl are updated for the "time step as: r gtdt = g,' - f,' (B.9-8) 

D t+dt t ,dt 11 = 11 + 11 
(B.9-9) 

•*111 where, 

-

NC = number of components 

B.10 SOLUBILITIES AND HENRY'S LAW CONSTANTS OF GASES IN BRINE (GASOLUB) 

The solubility of each gas in brine for use in diffusion calculations (see next section), and the 
Henry's Law constants for use in subroutine VAPLIQEQ (Section B.9), are evaluated in subroutine 
GASOLUB at each time step. The brine is assumed to contain considerable quantities of nitrogen 
and methane so that neither dissolution nor diffusion of these gases into brine takes place (DOE, 
1983). 
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For dilute solutions, Henry's law provides a good estimate of solubilities (Reid et al., 1987). 
Solubilities of various gases in water will be evaluated first and then corrected for dissolution in 
brine. 

At equilibrium the following relations hold (Reid et al., 1987, pp 332 - 339): 

where, 

f,L V 
I = f, 

H,,_ter x, = 4> I y, p 

f,L = fugacity of gas "i" in water (MPa) 

f,v = fugacity of gas "i" in gas phase (MPa) 
H,,_,. = Henry's Law constant for gas "i" in water (MPa) 

x, = mole fraction gas .. i .. in water r 
4> / = vapor phase fugacity coefficient of ga i" 
y, = mole fraction gas "i" in gas phase 
P • fluid pt9SSUre (MPa). p.. 

(B.10-1) 

(B.10-2) 

The vapor phase fugacity coefficient ~mponent "i", 4> 1 will be assumed to be 1, as it is for ideal 

gases. r' 
The Henry's Law co~nt is corrected for pressure using (equation 8-11.3 of Reid et al., 1987, 

p 335) as: ~ 

y,P P 
In (-) = In H,,_,,,, 

x, 
VP v,-(P - VP) 

= In H,,_,,,, + --.,-~--
(R1} 

(B.10-3) 
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where, 

H,°'::a,., = Henry's Law constant for solute gas "i" in the solvent (water) 
at the vapor pressure of the solvent (MPa) 

H,';_,., = Henry's Law constant for solute gas "i" in the solvent (water) 
at the gas pressure in the panel (MPa) 

V, 00 

= partial molar volume of solute gas "i" at infinite dilution in water (cm3/mo~ 

The volumes of the various gases are tabulated below 
and are extracted from (Reid et al., 1987, p. 336) 

VP= vapor pressure of solvent (water) at 300°K (0.03 atm) 
R = gas law constant (8.314 Nmmol 0 K) 
T = absolute temperature (300°1<). 

Henry's Law constants for the gases in water are listed in Table B-1 (Atkins, 1982, p. 226). 

TABLEB-1 1 
MOLAR VOLUMES AND HENRY'S LAW CONSTANTS TASES IN WATER 

GAS 

Hydrogen 

Carb ~ioxide 
Oxygefl 

v,.. (\ 
(cm3/mol) r 

31 
33 

H1,watervp 

(MPa) 

7,119 
4,400 

167 

The Henry's Law constant for a gas "i" in brine will be estimated using the relation (Cramer) 

HP 
log ( ';",,.) = ks ms 

H,,_,,,, 
(B.10-4) 
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where, 

H,~""" = Henry's Law constant for gas 11i 11 in brine at pressure P 
k. = salting-out coefficient (kg/mo~ 

M. = molality of dissolved salts in the WIPP brine (8.80 moVkg). 

The salting-out coefficients for methane, carbon dioxide and oxygen are listed in Table 13 of 
(Cramer) at several temperatures. The salting-out coefficients at 27 °C (300 °K) were estimated 
by linear interpolation of the values for 20 °C and 40 °C. The coefficient for hydrogen was not 
available and was assumed to be equal to the average of the values for methane, carbon dioxide 
and oxygen. The salting-out coefficients are tabulated in Table B-2. 

T~e mole fraction gas 11i11 in brine, Xi• may then be evaluated by rearranging equ~ (B.10-2), 
with 4>1 = 1 as: I 

p x,=r,-p 
H1.btt11& 

(B.10-5) 

Once the mole fraction in brine has been evaluated, tt7"folubility concentration may be estimated 
using the following conversions: r 

where, 

(106cm3/m3) 

D 
Cs1 = solubility of gas 11 i" in brine (moVm3) 

Mb,,,,. = molecular weight of WIPP brine (20.49 gmo~ 
pb,,,,. = density of WIPP brine (1.22 g/cm3). 

{B.10-6) 

B.11 DIFFUSION OF GASES INTO BRINE SATURATED HOST ROCK (DIFFUSION) 

The host rock is assumed to be an infinite medium whose pores are saturated with brine. A 
potential exists for gases to dissolve and then diffuse into the brine due to concentration 
gradients. The gas diffusion rates are estimated within the subroutine DIFFUSION. The solubility 
of gases in brine at the gas-brine interface will be continuously increasing as a function of time 
according to Henry's Law due to increasing partial pressure of the gases. The functional form 
for the increase is not known in advance due to the complex coupling of processes within the 
panel. For a constant concentration at the gas-brine interface, the concentration profile for one 
dimensional diffusion into an infinite medium may be described by the following relation (Crank, 
1975, p 122): 
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TABLE B-2 

SAL TING-OUT COEFFICIENTS FOR EXPECTED GASES 

GAS SAL TING-OUT COEFFICIENT 

Hydrogen 
Oxygen 
Carbon Dioxide 
Methane 

~ (kg/mol) 

0.125* 
0.135 
0.104 
0.136 

The value of the salting-out coefficient for hydrogen was not av lable and is 
assumed to be the average of the values for oxygen, carbon dioxide and methane. 

r 

DAs = di~ffu' coefficient of gas "A" in brine "8" (m2/yl) 
Th di sion coefficients of gases are evaluated in 
th broutine DIFCOEF of the Design Analysis Module 
(see Section 8.2) 

Cs.A = solubility of gas "A" in brine "8" and is equal to the (moVm3
) 

concentration of "A" at the gas-brine saturated host rock 

(B.11-1) 

interface. These concentrations are evaluated in routine VAPLIQEQ 
of the Design Analysis Module (see Section 8.9) 

CA = concentration of gas "A" at a distance x from the gas-brine 
saturated host rock interface (moVm3

) 

t = time since repository decommissioning (yl). 
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Fick's Law of Diffusion (Crank, 1975, p 2) is then used to evaluate the molar flowrate of gas "A" 
into brine at each time step, based upon an initial condition of zero within the brine, as: 

where, 

. AD acAI 
mA = £ AB -- x-0 dX 

m. = molar rate of diffusion of gas "A" into brine (moVyr) 
£ = porosity of the brine filled host rock 
A = area available for diffusion (31756 m2). 

(B.11-2) 

Differentiating equation B.11-1 with respect to distance, x and evaluating the deriva~t the gas-
brine saturated host rock interface yields: I 

e A DAB cs.A (B.11-3) 

m, • (>t o,. !)°' r 
B.12 MICROBIAL AND RADIOLYTIC GENERATI F GASES MASSGAS 

The rate and total potential amount l!s generated microbially and radiolytically are assumed 
to agree with Lappin et al.,(1989). · ce radiolysis and microbial activity utilize the same 
substrates (organics), the rate of a.8 mole/drum/yr is assumed to represent both radiolysis and 
microbial activity. Fo~s generation due to anoxic corrosion, only brine (specifically the water 
in the brine) has bee a sumed to be the source of moisture. Water which is available from the 
waste is assumed to consumed in microbial activities. Clarifying, the two competing reactions 
for water (corrosion and microbial activity) are assumed to partition the sources of water (water 
in brine and water in the waste). While this partitioning is artificial, it assures that the same 
component is not used in two different reactions. Estimates were made to determine if excess 
water available from the waste will exist to support the microbial activity. 

An initial estimate of the amount of cellulose in the WIPP inventory is 6.a7 x 1 a6 lb (Lappin et al., 
1989). Assuming a yield (mass of biomass produced per mass of substrate consumed) of a.1 
(typical yields are in the range of a.3 to a.8), degradation of the waste would result in the 
generation of 2. 76 x 1 as g of biomass. Assuming a water content of 8a% for the biomass, the 
water requirement for microbial activity is 2.2 x 1 as g, or 22aaaa liters. Assuming a total of 4 x 
1 a5 drums stored in the WIPP, the required free water requirement per drum is a.55 liters. 

In summary, the water required for anoxic corrosion is provided by, and is limited by the 
availability of brine. The water required for microbial gas generation is provided by the water in 
the waste, and is not considered to be limiting. These assumptions may be modified and updated 
when better estimates of the rates become available. 
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The ratio being used for gases expected to be generated in the WIPP repository is arbitrary and 
is based on the following assumptions: 

• The gases being generated in any significant amounts due to microbial activity are 
N2, C02, and CH4 

• Although anaerobic conditions are assumed for the repository, methane is not the 
predominant gas generated. Under ideal conditions in a digester, methane and C02 

are generated in the ratio 7:3 (Atlas, 1984). The methane generation is easily upset 
under non-ideal conditions. In the repository, the pH, carbon-to-phosphorus-to
nitrogen ratio, oxygen depletion, etc. are far from being ideal for methane 
generation. Radiolysis may generate pockets of oxygen (still under oxygen limiting 
conditions) which will favor C02 generation. Hence C02 has been assumed to be 
generated in larger quantities than methane. 

Based on the previous discussion, these are the microbial gas generation parame~used in the 
modeling: 

• During the first 100 years, oxygen is completely con-.C~d with an equivalent molar 
rate of carbon dioxide production taking place. Al::~rated microbial activity is 
assumed to set in only after this pe~· This is a reasonable assumption, since 
microbial activity at optimum rates ~ · s availability of substrate, nutrients and 
water. This may be possible only aft r intimate mixing of the waste in the panel. 

• Accelerated microbial avity is assumed to ensue after 100 years at the rate of 
0.85 moles/drum/year c;~ a gas production potential of 606 moles/drum (Lappin et 
al., 19~. 4-7). 

• There~ the duration of microbial generation is 713 years, beginning 100 years 
after the start of the simulation. The gases which would be generated are methane, 
carbon dioxide, and nitrogen in the molar ratio 15:20:12. 

B.13 HYDROGEN GENERATION BY ANOXIC CORROSION OF METALS (MASSGAS) 

Anoxic corrosion of the metal drums is assumed to start at time= o and proceed until the gas 
production potential (894 moles of hydrogen/drum) has been generated (Lappin et al., 1989, 
p 4-10). The maxi mum hydrogen generation rate is 1. 70 moles/drum/year if 5x10-5 m3 of water 
are available, per year, per unprocessed waste drum. This is based on the assumption that 
amakanite is produced requiring 2 moles of water per mole of iron. If brine/water availability is 
less than the amount required for maximum hydrogen generation, the hydrogen generation rate 
is scaled down based on the amount of available water contained in the brine present in the 
panel. 
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B.14 REACTIONS OF CARBON DIOXIDE WITH BRINE AND CEMENT (BRINTERACTI 

It was estimated that there are approximately 13.03 moles of portlandite (Ca(OH)2) per equivalent 
drum in a panel of 75,240 drums. Carbon dioxide, which may potentially be generated, will 
dissolve in brine and react with the portlandite to yield calcite and water by the following reaction 
(see Appendix E): 

(B.14-1) 

The geochemical modeling codes EQ3NR and EQ6 (Wolery et al., 1983; Wolery, 1984) were 
used to determine the fugacity of carbon dioxide in the brine, at equilibrium. This fugacity was 
calculated to be 0.08 atm. At equilibrium, the fugacity of a component in the liquid phase is the 
same as the fugacity in the gas phase. The fugacity of carbon dioxide in the gas phase is 
assumed to be equal to the partial pressure of the gas (true for ideal gases). The m~ of carbon 
dioxide which are available for precipitation in brine are evaluated as: I 

mole of C02 =mole of C02 - 0.08 atm f 
available in gas phase ZRT 

(B.14-2) 
where, 

v. - void volume in panel (,f:;. 
Z = compreses factor of panel gases 
R = gas law ant (8.206x1o-s atm ·m3/mol0 K) 
T = absolute temperature (300° K). 

The number of mo"° co, available is scaled down by a factor which relates the amount of 
C02 which can react to form calcite to the amount of brine present in a panel. It is assumed that 
the reaction cannot proceed in the absence of brine. 

This scale factor is evaluated through the following relation: 

SCALFACT = 1 - [ Vv ] 
(Vv + Va) 

(B.14-3) 

where, 

V8 = volume of brine in panel (m3
). 
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The actual moles of carbon dioxide which are removed from the gas phase is then: 

mole C02 = mole C02 x SCALFACT 
removed available 

(8.14-4) 

The moles of portlandite consumed is then equal to the moles of carbonate minerals precipitated. 
If there are less moles of portlandite present in the room than what can potentially be consumed, 
then the maximum consumed is equal to the moles present. The moles of calcite and water 
formed is equal to the moles of portlandite consumed. The moles of water and the moles 
comprising the liquid phase are updated based on the quantity of water generated. The total 
mass of the solids in the panel is also updated based upon the mass of calcite created and the 
mass of portlandite consumed. 

8.15 ESTIMATION OF EFFECTIVE STRESS LEVEL OF WASTE 
COMPACTION (COMPACTION) 

As discussed in Section B.4, the sum of the gas pressure an~ effective stress level of 
compacting the waste defines the rate at which rock creep (clo:r;;; occurs. Densities of the 
waste/backfill composite, as a function of applied!ss level, have been evaluated for each 
engineered alternative (Section 3.0). Regression tions relating effective stress level as a 
function of density have been derived from the den -stress data. Coefficients of the regression 
polynomials are included in the inpBta file created for each alternative. The density of the 
waste/backfill composite is evaluate each time step by dividing the mass of the solids by the 
difference of the panel volume and t e volume of the air gap clearance in subroutine VOLESTIM 
(Section 8.17). Th~~ive stress level of waste compaction is then evaluated at each time 
step using the stres~el versus density regression equations in subroutine COMPACTION. 

B.16 PRESSURE ESTIMATION USING THE LEE-KESSLER EQUATION OF STATE (LKEOS) 

The pressure of the gas mixture in the panel is evaluated using the Lee-Kessler equation of state. 
This equation is a modification of the Benedict-Webb-Rubin equation of state (Reid et al., 1987). 
The Lee-Kessler equation is recommended by Reid et al. (1987), for generalized use in the 
computation of fluid pressure at expanded ranges of temperature and pressure. The equation 
is capable of accurately representing the liquid phase. In comparing the predicted 
compressibilities with experimental data, average errors were less than two percent for both the 
vapor and liquid phases. A complete description of the equation is provided in Reid et al. (1987), 
pp. 47-49 and pp. 84-87. 

The following is a summary of the methodology. 

WP51 :EA TF .1991 :R-1775-B B-35 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The pseudocritical properties of the gas mixture are computed as follows: 

where, 

Te11 = ( Te1 Tcl12 kl/ 

0e1 = critical temperature of component "r (0 K) 
v~m = pseudocritical mixture temperature (0 K) 

kl/ = binary interaction coefficient 
Vc1 = critical volume of component "i" (cm3/mo~ 

vcm = pseudocritical mixture volume (cm3/mo~ 
y, = mole fraction component "i" 
o, = Pitzer acentric factor of component "i" 

.Qm = Pitzer acentric factor of mixture 
R = gas constant (82.057 atm cm3/mol 0 K) 

Pcm = pseudocritical mixture pressure (atm) 
NC = number of components. 

(B.16-1) 

(B.16-2) 

(B.16-3) 

(B.16-4) 

(B.16-5) 

(B.16-6) 

In practice, the compressibility factor of an actual fluid is evaluated from the properties of a 
"simple fluid" (one for which Pitzer's acentric factor is zero) and those of n-octane, which is the 
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reference fluid for this method (Reid et al., 1987). Once the mixture pseudocritical properties are 
computed, the simple fluid compressibility factor, z!.0> is evaluated as: 

1 + .!!_ + _£_ + _!?__+ c
4 

[~ + 2-] exp ( -t) 
v v.2 v.3 \1.2 v.2 

z<~ =-----'----'-----'----------'-------'~ 
(B.16-7) 

T3 \1.2 , , 

where, 

T 
T,= -

Tcm 
(B.16-8) 

1 (B.16-9) 

2 3 ~ B = b1 - b/T, - b/T, - biT, r (B.16-10) 

c - c, - c.JT/)lr,' (B.16.11) 

r< D ~ cl, • cl.JT, (B.16-12) 

where the constant~ b2, b3, b4, c1, c2, c3, c4, d1, d2, Band-care given in Table B-3 under the 
"S~mple flui~" headi g. Next, the compressibility ~actor for the reference fluid, z!.Rl is computed 
using equations (B. ) through (B.16-12), but usmg the constants b1, b2, b3, b4, c1, c2, C3, c4, d1, 

~. B and -c of the reference fluid from Table B-3. 

The compressibility factor, Z, for the gas mixture is then calculated as: 

Z = Zf.Ol + Qm (Zf.Rl - Zf.Ol) 
0.3978 

The pressure of the gas mixture is then: 
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TABLE B-3 

LEE-KESSLER EQUATION OF STATE CONSTANTS 

CONSTANT SIMPLE FLUID REFERENCE FLUID 

b1 0.1181193 0.2026579 

b2 0.265728 0.331511 

b3 0.154790 0.027655 

b4 0.030323 0.203488 

C1 0.0236744 0.0313385 

C2 0.0186984 0.05036t 
C3 0.0 0.0169 

C4 0.042724 0.0415 

d1 x 1a4 0.155488 f>. 0.48736 

d2 x 104 0.623689 0.0740336 

B o.~ 1.226 

't 0.0 16 0.03754 

D Reid et al., 1987, p 48 

where, 

V = molar volume of gas mixture (cm3/mo~. 

B.17 ESTIMATION OF VOLUMES IN PANEL (VOLESTIM) 

Several volume related parameters are calculated in subroutine VOLESTIM and are described 
here. 

Once the height, h, and width, w, of an equivalent rocim are evaluated in subroutine CREEP 
(Appendix B.4) the volume of the panel (Vpn1), at the end of a time step is evaluated as: 

Vpn1 = 7 hwlroom + 12hwwp111ar + 14hw2 (B.17-1) 
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where, 

/room = length of the room (91.44m) 
w p111ar = width of a salt pillar between rooms (30.48m) 

The volume of the air gap clearance above the waste/backfill composite stack, Vcimc is then 
evaluated based on the discussion in (Section 8.1 ). 

(8.17-2) 

where, 

hstack = height of the waste/backfill composite stack (3.3528m) 

The creep of the surrounding halite creates an additional void volume within a zoni enhanced 
porosity which the panel gases will occupy. The rate and extent of creep closure will govern the 
magnitude of this void volume. This void volume is calculated at ~h time step as the product 
of the porosity of the intact Salado Formation (0.001) (Marietta, e I., 1989, Table 3-9) and the 
difference between the initial panel volume and the panel volume at the current time step. It is 
assumed that the zone of enhanced porosity doer\.ot contain brine and that all pores are 
interconnected. r 
The void volume in the panel, Vv, is~n evaluated as: 

vv = vpn1 -~ - VB + (Vp,JO) - Vp,Jn + vMB 

where, D 
Vws = volume of the waste/backfill composite less pores (m3

) 

VB= volume of brine in the panel (m3) 
VP111 (0) = initial panel volume (m3) 

VP111 =panel volume at current time step(m3
) 

(8.17-3) 

n =porosity of the intact Salado Formation (0.001) (Marietta et al., 1989) 
V MB = cumulative void volume that is available for gas storage 

in the disturbed marker Bed 139 underlying the repository ( m3) 
(Section 8.6). 

The molar volume (for use in pressure estimation (Section 8.18)) is calculated by dividing the void 
volume in the panel by the total number of moles of gas present in the panel. 
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Finally, the density of the solids in the panel is calculated as: 

where, 

mso1c1 
Psold = V _ V 

pnl clmc 

Pso1c1 = density of the waste/backfill composite (kglm3
) 

mso1c1 = mass of solids in the panel (kg). 

B.18 SIMULATION OF BOREHOLE INTRUSION CONSEQUENCES (BOREHOLE) 

(B.17-4) 

The consequences of three borehole intrusion scenarios designated as E1, E2 and E1 E2 
(Marietta et al., 1989) were evaluated as part of the EA TF modeling effort. The eff~eness and 
relative effectiveness measures of engineered alternatives are defined in Sectio B.25. For 
consistency in evaluating the relative effectiveness measures of engineered alte atives, the 
intrusion is assumed to occur 5000 years into the simulation, for all,. s. This results in a 5000 
year time span for the release of contaminated brine, which is h ~ in dejined as the "release 
time". 

The driver subroutine in the Design Analysis Mo~dhich cooroinates the intrusion scenario 
simulations is called BOREHOLE. This subrouti alls other subroutines to calculate the 
effectiveness measure for the three scenarios, for e ch alternative studied. The sequence of calls 
to various subroutines is indicated ~l2. order of the descriptions below. A detailed description 
of each subroutine follows in the sT""Lions of this chapter. 

Subroutine ESTHCKSS is called to evaluate the hydraulic conductivity and specific storage of the 
waste/backfill com~ at the time of borehole intrusion. 

Subroutine RADAC~ evaluates the mass and activity of each radionuclide in the total inventory 
at the time of borehole intrusion. 

Subroutine CUTTINGS is called to evaluate the activity of each radionuclide released to the 
surface with the cuttings and eroded material resulting from the drilling extraction process. In 
addition the mass and activity of each radionuclide is also evaluated in this subroutine, on a panel 
basis. 

Subroutine RADSOLUB evaluates the solubility of each radionuclide in brine. 

Subroutine ISE1 evaluates the volume of contaminated brine reaching the Culebra as a result of 
intrusion scenario E1 (Marietta et al., 1989). 

Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
alternative as a result of intrusion scenario E 1. 

Subroutine ISE2 evaluates the volume of contaminated brine released to the Culebra as a result 
of intrusion scenario E2 (Marietta et al., 1989). 
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Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
alternative as a result of intrusion scenario E2. 

Subroutine ISE1 E2 evaluates the volume of contaminated brine released to the Culebra as a 
result of intrusion scenario E1 E2 (Marietta et al., 1989). 

Subroutine SUMRULE is called to evaluate the effectiveness measure of an engineered 
,,, alternative as a result of intrusion scenario E1 E2. 

.. , 

B.19 ESTIMATION OF WASTE/BACKFILL COMPOSITE HYDRAULIC CONDUCTIVITY AND 
SPECIFIC STORAGE (ESTHCKSS) 

During the development of physical and chemical properties resulting from the use of engineered 
alternatives, a table of hydraulic conductivity versus stress level was generated for each 
alternative. The methodology for hydraulic conductivity development is described~· ection 3.0. 
The natural logarithm of the hydraulic conductivity is expressed as a ninth ord polynomial 
function of the effective stress level of waste compaction. Therefore, from kno edge of the 
effective stress level of waste compaction at the time of boreLo intrusion, the hydraulic 
conductivity is obtained from a regression equation. 

The specific storage of a porous media such as the waste/backfil composite can be evaluated 
from the following equation (Freeze and Cherry, 191\ p 59): 

Ss = pg(cx ~ (B.19-1) 

where, 

Ss = spi storage (1/m) 
p = den i of brine (1220kg/m3) 
a = co essibility of the wastfi backfill composite 
n = porosity of the waste/backfill composite 
p = compressibility of brine (4.4x10-10pa-1) (Freeze and Cherry, 1979). 

The compressibility of the waste-backfill matrix can be evaluated through the following relation 
(Freeze and Cherry, 1979, p 338): 

-1 de a=--
(1 +e0) do 

(B.19-2) 
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where, 

e = void ratio of the waste/ backfill composite 
e0 = void ratio of the waste/backfill composite at zero stress level 
a = effective stress level of waste compaction (MPa). 

For each engineered alternative, a table of porosity at various stress levels was developed 
(Section 3.0). The void ratio corresponding to a porosity value, n, is calculated through the 
relation: 

n e = ...,---
(1 - n) 

(B.19-3) 

For each effective stress level of waste compaction, a corresponding void ratio i~mputed. A 
ninth order polynomial provides an adequate expression for the void ratio as a fu~~fi~.n of stress 
level. The derivative of the void ratio with respect to stress level (de/do) is then obtained by 
differentiating the ninth order polynomial with respect to stress levr 

: - C, + 2C,G + 3c4a' + 4t +Sc.a' + 6c,a' 

+ 1 c8a
8 

+ ac9a
7 + 9cr (B.19-4) 

where, 

c,. .• c,0 = void m~. stress level regression coefficients. 

and evaluating this en ative at the effective stress level corresponding to the time of borehole 
intrusion. The coe ci ts of this regression equation are included in the input data file created 
for each enginee alternative. 

B.20 ESTIMATION OF THE INVENTORY RADIONUCLIDE ACTIVITIES (RADACTIM} 

''I 

To evaluate the effectiveness measure of an engineered alternative, it is necessary to compute ~,a 
the activity and mass of each radionuclide in the inventory, as a function of time. The activity of 
each radionuclide can then be estimated for any assumed time of intrusion. The modified '' '' 
inventory and simplified radionuclide chains (Lappin et al., 1989, p 4-25) were used in the 111il 

calculations. 

f''t 
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The simplified radionuclide chains are: 

The following table (Table B-4) contains the differential equations describing the variation of the 
quantity of each radionuclide with time, the decay constants and the initial activity of each 
radionuclide. 

where, 

n1 = atoms of radionuclide "i" 
a = decay constant of radionuclide "i" 

The decay constants were computed from the half-lives listed 
on pp. 4-25 of (Lappin et al., 1989) using thef!ation 
a = In 2/ half-life. r 

The differential equations listed in Table B-4, above,~- solved analytically. The activity of each 
radionuclide at the time of intrusion was calculatx;e product of the atoms of each nuclide 
and the decay constant of the nuc~A The evaluation of radionuclide activities and masses is 
performed in the subroutine RADAr·~· of the Design Analysis Program. 

B.21 ELEMENT SOLUBILITIES RADSOLUB 

The solubilities spe ed in the input data file of the Design Analysis Model are given by individual 
element and are not isotope (radionuclide) specific. To provide estimates of specific radionuclide 
solubilities, the following dimensional analysis relation is assumed valid: 

S, = M. AW, mt, 1000 //m3 

(B.21-1) 
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S, = solubility of radionuclide "i" in brine (g "i "I m3
) 

M. = solubility of element "e" in brine (mo/ "e"I I brine) 
Aw; = atomic weight of radionuclide "i" (g "i "I mo/ 1) 
mfi = mass fraction of radionuclide "i" 

= mass of radionuclide "i" in waste divided by the sum of masses of all 
isotopes (radionuclides in the waste of the element 
which includes isotope "i"). 

D 
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Radionuclide 
Constant 

240Pu 

23au 

241Am 

231Np 

233u 

~h 

238Pu 

234u 

2aoi-h 

226Ra 

210Pb 

239Pu 

TABLE B-4 

ACTIVITY DIFFERENTIAL EQUATIONS, INITIAL ACTIVITIES 
AND DECAY CONSTANTS OF RADIONUCLIDES 

ID Activity Differential Initial Activity 
index Equation (curies) 
"i" 

1 dn/dt = -°'1 n1 1.05 x 10 5 

2 dn/dt = °'1 n1 - ~n2 0 

3 dn/dt = -aan3 7.75 x 10 5 

4 dn.Jdt = aan3 - Cl4n4 8.02 

5 dnJdt = a4n4 - «sn5 7.72 x F 
6 dnJdt = «sn5 - aana 0 

7 dn,ldt = -~n7 j>. 3.90 x 10 6 

8 dn,/dt ~7 - a,n, 0 

9 dng/dt = n8 - agn9 0 

:o dn11/dt = agn9 - °'1on10 0 

dnnfdt = °'1on10 - °'11n11 0 

12 dn1/dt = -°'12n12 4.25 x 10 5 

[Lappin et al., 1989] 

Decay 
(a) 

(yr -1) 

1.060x10·4 

2.962x10·8 

!x10' 

39x10·1 

4.395x10·5 

9.329x10·5 

7.904x10·3 

2.841x10·5 

9.002x10·5 

4.332x10·4 

3.108x10·2 

2.876x10·5 

The mass fraction of 210Pb is evaluated by dividing the mass of 210Pb in the inventory at the time 
of intrusion by the total lead in the inventory. The mass of stable lead in the inventory used in 
the calculation was 513,000 kg (Drez and James-Lipponer, 1989). 

The specific radionuclide solubilities are evaluated in the subroutine RADSOLUB of the Design 
Analysis Model program. 
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8.22 ESTIMATION OF RADIONUCLIDE RELEASES WITH CUTTINGS (CUTTINGS) 

The activity of each radionuclide released to the surface (with the cuttings and eroded 
waste/backfill material) during the drilling process is evaluated in the subroutine CUTTINGS. 

The radionuclides are assumed to be evenly distributed in the waste and in the backfill existing 
between the waste containers and on top of the waste (i.e., it is assumed no radionuclides exist 
in the backfill on the sides of the waste stack to be conservative since this maximizes the activity 
density (Section 3.0). For each alternative, this effective waste volume (denoted by the variable 
VOLWST) is expressed by a ninth order polynomial equation. This equation was obtained by 
regressing the effective waste volume versus the effective stress-level of waste compaction data. 
The regression coefficients from this analysis are included in the input data file created for each 
individual engineered alternative. 

At the time of borehole intrusion, the effective waste volume is estimated using ~his egression 
equation (from knowledge of the effective stress-level of waste compaction). T most recent 
estimate of the number of drum equivalents in the repository is 5.56 x 105 (Lappin et al., 1989, 
p 5-9). The activity of each radionuclide in the total repository at the time of borehole intrusion 
is evaluated in subroutine RADACTIM (Section 8.19). The activityr:ach radionuclide for each 
drum equivalent is then established. The number of drum equiva s per panel is specified in 
the input data file. The activity of a radionuclide per panel is then e aluated as the product of the 
activity of that radionuclide per equivalent drum and the number of equivalent drums per panel. 
The activity density (curies of a radionuclide per cubfyleter of waste and backfill on top) is then 
the ratio of the activity of that radionuclide per panttt"the value of VOLWST. 

The activity of each radionuclide ret:.d to the surface with the cuttings and eroded material 
resulting from the drilling of a single hole (assumed to have a cylindrical shape) is evaluated 
in the subroutine CUTTINGS as: 

where, 

f) 1t (rf rbo)2 hroomA. .... , 
A ·~· x 

5.56 x 1 05 drum equivalents/ repository 

NDE 
VOLWST 

(8.22-1) 

ACl.(1 = activity of radionuclide "i" released to the surface with the cuttings 
and eroded material from a single borehole (curie) 

rf = radius factor (see below for description) 
rbor = radius of the intrusion borehole (m) 

hroom = height of room (m) 
A19p,1 = activity of radionuclide "i" in the entire repository (curie) 

VOL WST = effective waste volume ( m3) 
NDE = number of drum equivalents per panel. 

The radius factor will vary with the waste form to reflect the anticipated amount of erosion. For 
waste forms which are cemented and vitrified, one borehole radius was assumed (i.e. rt = 1 ). 
For all other waste forms a radius factor (rt) of 2 was assumed, except for supercompacted waste 
forms for which a radius factor of 1.5 was assumed. 
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The mass and activity of each radionuclide are then evaluated as: 

M = M,.p..J NDE _ Acut.1 

P-'·
1 

5.56 x 1 as drum equivalents/repository SA, 
(B.22-2) 

and 

Arep.,i NDE _ A 
Apane1,1 = cut.1 

5.56 x 1 as drum equivalents/repository 
(B.22-3) 

where, 

Ap-1,/ = activity of radionuclide "i" in a panel after removal 
of activity with cuttings (curie) ~ 

Mp-1,1 = mass of radionuclide "i" in panel at the time of borehole int 1 n (g) 
M,..,,,, = mass of radionuclide "i" in entire repository 

at the time of borehole intrusion (g) 
SA, = specific activity of radionuclide i (curie/g). 

B.23 CONTAMINATED BRINE VOLUME RELEAS DUE TO E1 INTRUSION SCENARIO 
(ISE1) 

Intrusion scenario E1 is modeled aitiingle borehole penetrating a waste-filled area located at 
the intersection of a room and dri arietta et al., 1989). The borehole passes through the 
repository and continues penetratin u til a pressurized brine pocket in the Castile Formation is 
struck. This scenario was modeled as a two-dimensional problem using the SWIFT-Ill flow code. 
The hydraulic condEty of the waste/backfill is assumed to be homogeneous and isotropic, with 
impermeable boun ri s at the room edges. The borehole is also assumed to be homogeneous 
and isotropic, with nductivity of 1 x 1 a ·3 mis. In addition, the borehole is assumed to have 
fixed pressures at the top and bottom of the repository. These pressures were evaluated by 
hydrostatic interpolation assuming a.92 x 1a 6 Pa in the Culebra (located 44a m above repository) 
and 16.a x 1 a 6 Pa in the Castile formation (located 27a m .below repository) (Marietta et al., 
1989). Preliminary sensitivity runs indicated that steady state conditions are attained in a short 
time span relative to the release time. 

Multi-parameter least-squares regression (Box et al., 1978) was used to derive parametric 
equations for the steady state flowrate (Q.) of Castile brine through the waste/backfill composite. 
These equations were based on data obtained from a series of SWIFT-Ill runs varying the 
hydraulic conductivity (K) of the composite and the intrusion borehole radius (r). The developed 
equations are given below: 

For K < 1 x 1 a -e mis 

ow x 1 as = a.2752 - a.4831 r + 92.675r2 - a.a276(-log K) (B.23-1) 
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For 1 x 1 O -a mis ~ K ~ 1 x 1 O ·6 mis 

Qwx105 =131.4734 + 6.5171r 
+ 81.2264r2 - 34.78(-log K)- 2.2282 (-log K)2 

For K > 1 x 1 O •9 mis 

Qw x 1()4 = 1608.0937 + 25.7528r - 847.4249(-log K) 
+ 149.0608(-log K)2 

- 8. 7619(-log K)3 

(B.23-2) 

(B.23-3) 

The volume of waste through which brine flows is termed the "wash-through volume". This 
volume is computed as an ellipsoid whose semi-axes are half the room height, an effective radius, 
and the effective width. The effective radius, r.11, is defined as the maximum di~san e from the 
borehole where the fluid velocity is 1 o ·12 mis. The effective radius is comp through a 
regression equation developed from SWIFT-Ill computer code runs using various aste/backfill 
hydraulic conductivities (K in units of mis). This parametric equation takes the fo : 

, .. - 41.8976 - 3.84383(-log K) + 0.064002f log K)' (B.23-4) 

If the effective radius is less than half the room wi~e effective width is equal to the effective 
radius; otherwise it is set to half the room width (thi e maximum lateral axis radius possible). 
The fraction of radionuclides available for release RLSFRAC, see Section B.25) is defined as: 

RLSFRAC = wa h- hrough volume - volume of cuttings 
total panel volume 

(B.23-5) 

The volume of brinQlch flows through the waste/backfill Is the product of the flowrate through 
the waste/backfill and the release time. 

B.24 CONTAMINATED BRINE VOLUME RELEASED DUE TO E2 INTRUSION SCENARIO 
(ISE2) 

Intrusion scenario E2 is modeled as a single borehole penetrating the center of a waste-filled 
panel (Marietta et al., 1989). It is assumed that no additional sources of water or external 
pressurized brine pockets are intersected during the drilling process. An analytical solution is 
used to evaluate the cumulative volume of brine released during the release time. This equation 
is derived by solving the one-dimensional radial flow equation: 

(B.24-1) 
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where, 

ti> = dimensionless hydraulic head = [h(r,O) - h(r,t)] 
h(r,O) 

r = radial direction coordinate (m) 
D = hydraulic diffusivity (m2/yr). 

with the following initial and boundary conditions: 

where, 

tj>(r,t = 0) = 0 

tj>(r = a,t) = ti>. [fixed pressure head of brine in the borehole 
based on the distance to the culebra] 

aq, i(r = b,t) = 0 [no flow at the edge of the pane~ ar 

a = radius of borehole (m) /\ 
b = equivalent radius of paner 

r 
= [(91.44m x 7w + 30.48m x 12w + 14w2)ht]112 (m). 

The initial hydraulic head in the paf h(r,O) is evaluated as: 

where, 

D h(r,O) = P(r,O) 
pg 

h(r,t) = hydraulic head at radius, r (m) 
P(r,O) = gas pressure in panel at the time of intrusion (Pa) 

p = density of brine (1220kg m3
) 

g = gravitational acceleration (9.80665m's2). 
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The solution to equation (B.24-1) subject to the initial and boundary conditions (B.24-2a,b,c) is 
given by (Crank, 1975, p 86) 

cl> = cl>• [1 -1t i e<-aa~ J/(.ba,,) Jo(nx,,) Yo(aa,,) - Jo(aa,,) Yo(nxn)] (B.24-4) 
n-o .if(.ba,,) - .fo(aa,,) 

where a" are the roots of the equation 

an [J1(.ba,,) Y0(aa,,) - J0(aa,,) Y1(.ba,,)] = 0 (B.24-5) 

where the J's and Y's are the Bessel functions of the first and second type respectively. 

The flowrate, a out of the panel and into the borehole is then from (Freeze and~rry, 1979, 
p 1s) I 

where, 

D 

dh dh 
Q = Av = -AK-I = -2rcaHK -Ir: 

ar ~· ar ~ 

Q • volumetric flo~m'lyl) 
A = ~of flow (m2) 
v = ific discharge (m'yt) 
K = y u/ic conductivity (m'yt) 
w = width of rooom in panel ( m) 
H = height of room(m). 

(B.24-6) 

The flowrate to the borehole as a function of time is evaluated from equation (B.24-6) as: 

Q(t) = 2cj> .n2-aHKhf.r,O) iexp(-Da.~t) f (an'a,b) (B.24-7) 
n-1 

where, 

( 
~ _ a,,J1 

2(.ba,,){ ~(aa,,)J0(aa,,) - J1(aa,,) Y0(aa,,)} 
f an'a,b, - ---------------

J/(.ba,,) - Jo 2( aa,,) 
(B.24-8) 
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The total volume of fluid released from the panel during release time, tri is evaluated by 
integrating equation (B.24-7) with respect to time which gives: 

- 1 - e<·Da!t) 
V,~tJ = 2c!> .1ilaHKh(r,O) E f (an'a,b) [ 

2 
] 

n-1 [Jan 
(B.24-9) 

The panel is assumed to be saturated with a homogeneous fluid with the properties of WIPP 
brine. Since the majority of the released fluid consists of generated gases, the actual volume of 
brine released is evaluated as: 

(B.24-10) 

where, 1 
V{t) = volume of brine released to Culebra over the release time (m3

) 

V,vJt) = total fluid (brine + panel gases) released to pg'ebra during 
the release time, t,. evaluated in equation (f24-9) (m3

) 

V""*' = void volume in panel at intrusion time (m3
) 

v_ = volume of brine in panel at imrp::n Ume (m'). 

The maximum quantity of brine av~e for release is the total volume of brine present in the 
panel at the intrusion time. This ~~ach neglects the effects of the gas expansion up the 
borehole. 

~ B.25 CONTAMINAQ BRINE VOLUME RELEASED DUE TO E1E2 INTRUSION SCENARIO 
(ISE1 E2) 

Intrusion scenario E1 E2 is modeled as two boreholes which fully penetrate opposite ends of a 
room filled with waste/backfill (Marietta et al., 1989). One borehole penetrates the pressurized 
brine in the Castile Formation and is assumed to be plugged between the repository and the 
Culebra. The second borehole penetrates the same panel but does not penetrate the Castile 
Formation and is plugged above the Culebra. A pathway is then established for the flow of brine 
from the Castile Formation through the waste and up into the Culebra. The boreholes are 
assumed to remain at fixed hydraulic heads neglecting slight changes in elevation from the 
bottom to the top of the panel. The volume of brine which flows through the waste is evaluated 
from the solution to the one-dimensional flow equation: 

WP51 :EATF.1991 :R-177S.B 
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d 

with the following initial and boundary_ conditions: 

h(x,O) = h0 = h1 
(B.25-2a) 

,,, 
The hydraulic head initially in panel is equal to the hydraulic head in the borehole penetrating the 111i 

Castile Formation. 

h(O,f) = h1 = 1337.3 m (B.25-2b) 

flit! 

The hydraulic head of the second borehole is due to the pressure in the culebra plus the 11 • 

elevation. 

h(l,f) = h2 = 787.9 m (B.25-2c) 

where, 

h = hydraulic head (m) ~ 
x = distance from the borehole penetrating the Castile ong 

the line connecting the two boreholes 

1 
I= separation of the two boreholes (on~m length is arbitrarily chosen 

as the distance separating the two o holes, i.e., 91.44 m) 
D = hydraulic diffusivity (m2/s). 

The solution to equation (B.25-1) su~ to initial and boundary conditions (B.25-2.i,b,c) is given 
by (Carslaw and Jaeger, 1959 pp 99-100) as: 

h(x,l) - D (h, - h,) x + 3. !; (h,cos111t - h,) sin( llltX) exp/. -DnYt) 
I 1t n-1 n I 12 

2 ;. . ( mx) ( -Dn27t2t) hof (1 -cos(m)) 
+ - .£JSm - exp ---

1 n-1 I 12 m 

(B.25-3) 

The volumetric flowrate of brine leaving the repository and flowing into the Culebra may be 
expressed as: 
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Q = volumetric flux of brine into the Culebra at time, t (m3/yf) 
K = hydraulic conductivity of the waste/backfill composite (mlyf) 
A = cross-sectional area of the borehole connecting the waste 

with the Culebra (m2} 

The total volume of fluid released to the Culebra during the release time, t r, is computed by 
integrating equation (B.25-4} with respect to time. 

The cumulative volume of brine released to the Culebra during the release time, tr• is thus: 

V{ 
, K." (h2 - h1}t, 21 - (h2cos(mt}-h1}cos(mt) '"' -Dn2n.2t,} t,, = - ,., - _ l: [ exM - 1] 

I Drt2 n-1 n2 /2 
_ 2hol i (1-cos(mt})cos(mt) [exp( -Dn

2rc2t,} _
11 

,,(' 

0rt2 n-1 n2 /2 I 

c (B.25-5} 

The quantity of radionuclides which can potentially be released is rmited to the quantity present 
in the volume between the two boreholes. This fract"2· (ALSFAAC, see Section B.26} of the total 
radionuclides in the panel is evaluated as: 

RLSFRAC = room width at time o borehole intrusion 
x roor!r§f_ght at time of borehole intrusion 
x roonr~gth I panel volume at time of intrusion. 

(B.25-6) 

The measure of effectiveness of an engineered alternative is evaluated for each alternative and 
for each of the intrusion scenarios in the subroutine SUMAULE of the Design Analysis Model. 
The measure of effectiveness is the sum (over all isotopes} of the ratios of the cumulative activity 
release of isotope "i" into the Culebra to that of the allowed activity release of isotope "i". The 
total activity of the WIPP radionuclide inventory was estimated by summing the activities of each 
radionuclide in Table 4-2 of Lappin et al. (1989). This sum is equal to 5.21 MCi. The allowed 
release for each radionuclide based on the CH-TAU waste inventory for the WIPP is obtained by 
multiplying the values in Table 1 of 40 CFA Part 191 by the factor 5.21 since the release limits 
(allowed releases} are based per MCi. The allowed releases of the radionuclides are shown in 
Table B-5, below. 

The release limits of radionuclides are stored in array AL in the subroutine SUMAULE. A call is 
made to SUMAULE after the cumulative volume of brine released to the Culebra , V(~}. and the 
fraction of radionuclides in the panel available for release (ALSFAAC) is evaluated for intrusion 
scenarios E1 and E2. The entire panel radionuclide inventory is available for release in Scenario 
E2; thus, the value if ALSFAAC for this scenario is equal to 1 . 
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TABLE B-5 

ACTIVITY RELEASE LIMITS OF WIPP INVENTORY RADIONUCLIDE$ 

RADIONUCLIDE 

240Pu 
238u 

241Am 
231Np 
233u 

2~h 
238pu 
234u 

2»rh 
22t1Ra 
210pb 
239Pu 

(Ci) 

521 
521 

521 
521 
521 
521 
521 

ACTIVITY RELEASE LIMIT 

521 

52 r 521 
521 
521 

If the summed release is being ev~ for intrusion scenarios E1 or E1 E2, then the mass of 
each radionuclide which can poter 'f "~ be released is scaled down as: 

where, 
M.va1i,1 = MP-'.J RLSFRAC 

M,Q- mass of radionuclide •1• available for release (g) 
Mpane1,1 = mass of radionuclide "i" in a panel at the time 

of borehole intrusion(g) 
RLSFRAC = ratio of the wash-through volume 

to the total panel volume (Appendices 8.23 and 8.25). 

(B.26-1) 

The dissolution of radionuclides in brine is assumed to be an instantaneous process. The 
solubility of each radionuclide in brine is evaluated in routine RADSOLUB (Section B.21). 

The released volume, V(~). is multiplied by the radionuclide solubilities, S1, to evaluate the 
maximum mass of radionuclides which could dissolve in the released brine. If the available mass, 
MavauJ is less than what could potentially dissolve in the brine, the mass released is inventory 
limited. The activity of radionuclide "i" released to the Culebra with brine, A,11118,1 is calculated by 
multiplying the mass released by the specific activity of the radionuclide. 

The activity of each radionuclide released with the cuttings from a single borehole, ~.1 is 
evaluated in subroutine CUTTINGS (Section B.22). If the summed normalized release is being 
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computed for intrusion scenario E1 E2, then the activity released with the cuttings is twice what 
it is for a single borehole. 

The measure of effectiveness (SUM RAD) of an engineered alternative with respect to an intrusion 
scenario is evaluated as: 

12 

SUMRAD = :I:(ACIA,/ + Abrl,.,JIRL, 
1-1 

(8.26-2) 

where, 

SUMRAD = effectiveness measure 
RL1 = activity release limit (allowed release) of radionuclide "i". 

The value of SUMRAD for an engineered alternative being studied is divided b~e value of 
SUMRAD evaluated for the baseline case design to obtain a measure of effecti~et~ss for the 
particular engineered alternative. These numbers cannot bet.s d to show or disprove 
compliance with EPA 40 CFR 191 for the following reasons: 

• Probabilities associated with intrusion events hav not been factored into the 
calculations made in these analyses. f\ 

• In these evaluations, EPA Summedfero'rmalized Releases are evaluated at the 
Culebra and not at th~t boundary since far-field modeling of flow and transport 
in the Culebra Dolomr ~ not being performed as part of the EATF project. 

D 

WP51 :EATF.1991 :R-1775-B B-55 



APPENDIX C ,,.(' 

DEVELOPMENT OF THE SEAL SYSTEM COMPONENT I 
OF THE DESIGN ANALYSIS M?L 

f>. 

D 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The basic goal of the sealing system is to limit fluid migration in, through, and out of the 
repository. A multiple component system allows individual seal components to serve different 
functions, to be effective over different time spans, and to exist in different locations and 
formations in order to ensure sufficient redundant barriers are in place at all times (Stormont, 
1988). The seal system objectives are accomplished by a combination of short-term and long
term seals. The short-term seals are to function for approximately 1 00 years after emplacement, 
the time of instib.Jtional control over the facility and the approximate time required for long-term 
seals to become functional (DOE, 1990c). 

The short-term seals in drifts consist of concrete plugs and possibly crushed salt. The current 
design indicates that short-term seals in the upper portions of the shafts consist of swelling clay 
material confined by concrete bulkheads. The disturbed rock zone (DRZ) around the seals 
represents a potential flow path for brine. Indirect evidence that the permeabil~· f salt may 
increase in the vicinity to an excavation is obtained from laboratory tests whic ndicate that 
permeability is dependent on confining stress. Kelsall et al. (1984) presents variation in 
permeability with radius from the excavation. Due to the surrou~· g salt creep closure, the 
stress is expected to build up rapidly on the concrete plug 'ch consequently reduces 
permeability of the DRZ and the plug-salt interface. The long-ter seals are made of crushed 
salt (DOE, 1990c) which is chemically and mechanically compatible with the host formation. The 
creep closure of the surrounding intact salt will co~lidate and density the crushed salt to a 
condition comparable to intact salt. Recent sb.Jdies ~rmont, 1988) show that when the porosity 
of the crushed salt decreases to 5 ~nt or less, its permeability approaches that of intact salt 
(Figure C-1). This information indLr that crushed salt provides a tight seal in the long-term. 

Two separate computer programs have been developed to model the short-term and long-term 
seals. The progra~EAL models the behavior of short-term seals, and the program SEAL 
simulates that of I n term seals. There are a number of assumptions and simplifications 
involved in this mo ling effort: 

• 

• 

• 

Analyses are for an idealized circular geometry and a homogenous media. Shafts 
are modeled more accurately because of geometry and the effects of stratigraphic 
layering on deformation. Therefore, these models should be cautiously applied to 
drift and panel seals. 

The backfill is emplaced to completely fill the opening . 

The temperab.Jre at any given time is assumed to be uniform for both the intact salt 
and crushed salt backfill for all time. 
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Figure C-1. Permeability Versus Fractional Density for Two 
Consolidation Tests on Wetted Crushed Salt 

(Stormont, 1988) 
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• Thermoelastic stresses and their influence on consolidation and closure are 
neglected. 

• Crushed salt backfill is assumed to consolidate homogeneously. 

• Pore pressure will not develop as a result of wet crushed salt backfill consolidation. 

• 

Furthermore, the result of the tests on wet crushed salt backfill material do not 
show a strong correlation between the consolidation rate and the moisture content 
(Sjaardema and Krieg, 1987). 

The stress field at each time step is the stationary, or steady-state stress field, 
which is a function of internal pressure and the far-field stress. 

Intact salt, crushed salt, and concrete were modeled in the programs. The beha~of concrete 
has been assumed to be linear and elastic in the range of stresses expected in 1t~e repository. 
For the behavior of moist crushed salt, the proposed model by Sjaardema and Krieg (1987) for 
the hydrostatic loading of crushed salt has been used (crushedE will not be subjected to 
deviatoric loading since the cross-section of seals are assumed e circular and the crushed 
salt is assumed to be consolidated homogeneously). Sjaardema d Krieg (1987) calculated the 
stress on crushed satt at the end of a time step, P ;>. follows: 

PF=~{~. [e-B, P. - ~ A ]exp {-t (K+S)}} 
81 a.+K+B a.+K+B 

D 
where: 

A, 80, 81, Ko, K1 are material constants 
P0 = is the pressure at the beginning of the time step 

r = is the volumetric strain rate during the time step 
B = B B K ePo(A+K,)/p 

0 1 0 0 

K = s
1 
KareK,p. 

a. = (K,Po + Apo - 2)r 
~ = K,por 
t = length of time step 

And the following assumptions were used: 
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{ 
<0.5 for <10% error 

at, ~t. rt <0.1 for < 1 % error 

Norton's law was used to model the creep behavior of the intact salt, and has been expressed 
by Munson et al. {1989) in the following form: 

where, 

f:.c = steady-state strain rate 

1 ~M = ~M exp{-C¥R7) 
~M = creep constant 

µ = salt shear modulus 
Q = activation energy r 
R = universal gas constant 
T = absolute temperature 
n = stress ex~nt 
a = generalizer 'f8SS 

{C-2) 

Chabannes {1982) proposed a clo~rm solution for a thick-wall cylinder of salt in plane strain 
condition. Allowing the external *i~\ to go to infinity, a solution is obtained for a circular 
opening in an infinite medium of salt. The solution accounts for the secondary creep of salt which 
was modeled by No~ law. Chabannes calculated the radial displacement (u r) rate (w) at any 
radius, r, as followsV 

w = du, = -~M [/3]n • 1 r 2a21n (Po-P)]n·r 
dt 2 t nµ ·r21n 

(C-3) 

where "a" is the radius of opening, P 0 is the farfield stress and P1 is the internal pressure. 

The program TSEAL, which models the behavior of the temporary seal, uses Chabannes' solution 
to model the surrounding intact salt and assumes a linear elastic model for the behavior of 
concrete plugs. From the consistency of the rate of deformation between intact salt and a 
concrete plug, the rate of pressure change on the plug can be calculated in the form of a first
orc:ler nonlinear differential equation. This differential equation is then solved using a numerical 
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integration scheme, and the pressure on the plug is calculated as a function of time. As a 
consequence of stress build-up on the concrete plug, the mean compressive stress in the DRZ 
will increase. Therefore, the porosity, and in turn the permeability of the DRZ, will decrease. The 
change in porosity at each point in time is calculated using the relaxed volumetric strain from the 
virgin state due to creep. The permeability of salt is then calculated using a relationship between 
porosity and permeability proposed by Lai (1971 ). 

The behavior of long-term seals is modeled by the SEAL program which uses the Chabannes 
solution to model the surrounding intact salt. The proposed model of Sjaardema and Krieg (1987) 
is used to model the compaction of backfilled wet crushed salt. At each time step, the stress 
increase on the crushed salt due to its compaction is calculated using Equation (C-1) through an 
iterative procedure. The effect of stress build-up in crushed salt on the rate of creep closure is 
considered by modifying the internal stress in Equation (C-3) at each time step. Permeability of 
crushed salt at the end of each time step is obtained using a relationship4'tween salt 
permeability and its fractional density (Figure C-1). The change in permeabilitt' of DRZ is 
calculated as in the TSEAL program, and as explained in the previous paragraph. 

r 

D 

WP51 :FLOPPY:R-1 ns-c C-5 



APPENDIX D 

MODELING OF GAS ADVECTION INTO ANHYr-ITE BEDS 

D 



•• 

.. 

,,.,. 

,.,. 

;,.,. 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

To examine the potential gas pressurization in the WIPP repository, all potential gas sources 
and sinks must be evaluated. One potential sink is the migration of the gases into the 
anhydrite layers which lie above and below the repository. The lower layer known as Marker 
Bed 139 (MB 139), is located approximately 1 meter below the repository (Figure D-1). The 
upper layers, anhydrite beds "a" and "b", are located approximately 4 meters and 2 meters 
respectively, above the repository. These anhydrite beds are considered to be made up of 
a disturbed zone and an intact zone. The disturbed zone is made up of fractured anhydrite 
caused by the repository excavation, and will exist beneath and above the entire repository . 
The intact zone is the undisturbed anhydrite, and exists beyond the area stressed by the mine 
operations. The anhydrite beds "a" and "b" overlying the repository are treated as a single 
composite layer for modeling advection. The program logic described below for MB 139 has 
also been used for the "a" and "b" composite bed. 

Once the gas pressure in the repository has exceeded the pressure in an anhydrite bed, the 
gas will begin to migrate through the disturbed halite above and below the ~*o and drifts 
into the disturbed zone of MB 139. The gas pressure will then drive the brin cated in the 
disturbed zone (Figure D-2) into the intact marker bed, due to the pressure gradi nt developed 
by increasing gas pressure in the room. The brine is easily displaced as the saturated 
capillary or threshold pressure in the disturbed marker bed ~i elatively small due to its 
enhanced penneability. However, as the brine reaches the un · rbed zone of Marker Bed 
139, there is a large increase in the threshold pressure resulti from the lower permeability 
of this region. This threshold pressure must be exceeded in addition to the MB 139 pore 
pressure in oroer for gas to flow from the distt.Ad marker bed into the intact anhydrite 
(Figure D-3). The lower permeability does not al.l~e gas to displace the brine in the intact 
marker bed as freely as it does in the disturbed marker bed. 

ASSUMPTIONS r< 
To model the gas ~ion from the repository through the disturbed anhydrite beds into the 
undisturbed anhyd.[./"'_ds, the following assumptions were made: 

• Eacti room in the repository is directly connected with the disturbed anhydrite 
beds above and below it (this implies that the rooms are a linked network and 
that the network is equalized with respect to pressure). 

• 

• 

• 

• 

• 

The gas displaces some brine in the disturbed anhydrite beds before the gas 
can migrate into the undisturbed zone 

The intact anhydrite beds are initially saturated 

The gas has the properties of hydrogen 

The capillary pressure of the undisturbed anhydrite beds are always equal to 
the threshold pressure (saturated capillary pressure) 

The disturbed anhydrite beds are a cylinder with a 400 meter radius 
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Figure D-1. Conceptual Model of Anhydrite Beds 
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Figure D-2 . Brine Migration After Panel Pressure Exceeds 
MB 139 Pore Pressure 
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Figure D-3. Brine and Gas Migration After Panel Pressure Exceeds 
MB 139 Pore Pressure and Threshold Pressure 
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• The flow is radial 

• The anhydrite beds have a constant thickness of 1 meter and 0.27 meters 

• The anhydrite beds are homogeneous and isotropic 

• The relative permeability curves for the intact anhydrite beds are the same as 
for the intact halite 

• The pressure in the room remains constant 

• The far-field pressure in the intact anhydrite beds remains constant 

• There is no localized depressurization of the host rock. 

Assuming that the gas has the physical properties of hydrogen permits the r·mum flow 
rates of gas into the intact anhydrite beds. 

Program Description 

A two-phase computer model was developed to simulate the C. advection into the intact 
anhydrite bed. The program developed is a versatile two-phase f1::t~ difference program which 
calculates the flow rate of gases in cubic metersisecond, mass per second, and moles 
per second. The program uses the IMPES (IMpli it ressure Explicit Saturation) method for 
solving two-phase partial differential equations. is program is based upon a radial two
phase flow equation, a detailed dep;>tion of which can be found in PARC (1990). 

The program allows the user to ~~ the important parameters such as the size of the 
disturbed zone, permeability of the intact anhydrite, capillary pressures, fluid properties, gas 
properties, bounda~essures, relative permeability curve, and the thickness of the marker 
bed. This flexibility fa litates the performance of sensitivity analyses on the listed parameters. 
This capability is p cularly useful to determine the dependence of the gas advection on the 
different hydrologic parameters of the system. 

The program was used to develop parametric equations for the gas advection rate (in moles 
per second) dependent on the permeability of the anhydrite beds, the far field pressure of the 
anhydrites and the pressure of the room. These equations were used in the Design Analysis 
Model to compute the gas advection rate. 

WP:EATF.1991 :R-1nS-APPD 0-5 



APPENDIX E ~ 

DEVELOPMENT OF BRINE/C02 INTERACTION PARAMETE~S 

"'' D 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The subroutine BRINTERACT was written to address the possible role of brine as a 'sink' for the 
gas carbon dioxide (COJ. Carbon dioxide will be produced by microbial activity in the waste 
panel rooms. If brine is available and in contact with cemented waste forms, the soluble masses 
of carbon dioxide and portlandite, Ca(OH)2, are available to react and produce calcite (CaC03) 

and water (H20) according to the reactions: 

(E-1) 

(E-2) 

Combining these two reactions yields the overall reaction for the consumption piss as: 

CO, + Ga( OH), --> caco, + H,O r {E-3) 

The overall reaction progress (i.e., moles of p~d CaC03 and H20) is limited by the 
availability of carbon dioxide, portlandite and brine~ J(';;y one of these components is exhausted 
or unavailable, the reaction progres~I terminate. 

The subroutine BRINTERACT begin~~ establishing the molar volumes of portlandite, calcite and 
water, and then determines if the carbon dioxide produced from microorganism respiration is 
greaterthan the equ~m fugacity of carbon dioxide in the brine. The fugacity of carbon dioxide 
in the brine (0.08 at~as been calculated with the EQ3NR/EQ6 (Wolery, 1983; Wolery, 1984) 
speciation/reaction-path program by equilibrating the brine with excess carbon dioxide, portlandite 
and calcite. A mass balance is also carried out on portlandite and water to determine if these 
components are present in excess and, therefore, available to react with the carbon dioxide. If 
all of the above conditions are met, the subroutine will continue. However, if the carbon dioxide 
produced by the microorganisms is less than the fugacity of carbon dioxide in the brine, or there 
is insufficient portlandite or water, the subroutine will terminate at this point (i.e., the reaction 
cannot take place). Assuming the above conditions are met, the subroutine will continue by 
calculating a scale factor, which relates the amount of carbon dioxide that can react to the amount 
of brine present. The scale factor is multiplied by the carbon dioxide present in excess of the 
fugacity equilibrium value to determine the number of moles available to react. It accounts for 
the relative proportions of void volume in the waste and brine volumes to estimate the fraction 
of waste that would be contacted by the brine (i.e., the fraction of cemented waste available to 
react). The scale factor (SCALFACT) has the form: 
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(E-4) 

where Vv is the void volume and V8 is the volume of brine. Therefore, if the void volume is very 
large relative to the volume of brine, the term in brackets approaches one and the scale factor 
approaches zero (i.e., the reaction will consume very little carbon dioxide if brine is limited). If 
the volume of brine is very large relative to the void volume, then the term in the brackets 
approaches zero and the scale factor approaches one. A scale factor of one would allow 
complete reaction of all available carbon dioxide, if not limited by portlandite. 

After the number of moles of carbon dioxide available for reaction have been determined, the 
subroutine reacts these moles with portlandite to produce calcite and water (reacti~-2). Mass 
balance calculations are then performed to determine the number of moles of carbo dioxide and 
portlandite remaining and the number of moles of calcite and water produced. he mass of 
portlandite consumed is subtracted, and that of calcite added, to ~total mass of solids in the 
panel. Water produced from the reaction is added to the total mr of liquid in the panel. 

Changes in the void volume are also calculated. ~id volume will decrease as this reaction 
progresses because water is produced and added t t volume of brine, and because the molar 
volume of calcite (a reaction product) is slightly gr: ater than that of portlandite (a reactant). 

After completing the mass and vol•sQbalances, the subroutine passes the moles of remaining 
carbon dioxide, water, portlandite,~Jci and total mass of solids, void volume, and volume of 
brine back to the DS subroutine. This terminates the subroutine BRINTERACT. 
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The EATF modeling objectives have been performed in accordance with the Quality Assurance 
(QA) program used by International Technology Corporation (IT Corporation). The title of the 
document governing this program is the "Quality Assurance Procedure for Software 
Development And Use At The International Technology Corporation Albuquerque Modeling 
Center". The purpose of this appendix is to explain how the QA program was applied to 
program verification and validation for the Design Analysis Model. Verification is the process 
by which the output (numerical results) of a computer program are determined to be "correct". 
Verification implies that the program solves the numerical problem as intended by the program 
author. Validation implies that the theory and assumptions used in constructing the program 
logic constitutes a correct representation of the process· or system being simulated by the 
program ROOM-SCALE, the main component of the Design Analysis Model, as it was 

· ,. developed by IT Corporation. The software QA procedure requires that such programs be 
verified using one, or some combination, of the following methods, depending on the intended 
use of the program: 

.. , 

• 

• 

• 

Independent manual calculations can be performed to verify prog~algorithms . 
Manual calculations must be documented and verified accordi~gl t~ Sections 
6.2.1 and 6.3.1 (included below) of the International Technology Corporation, 
Environmental Projects Group, Engineering O~tions Quality Assurance 
Manual, Revision 1, July, 1987 (referred to as thr11 EO QA Manual). 

The program results can be co,.med to the results of an "independently 
developed" program which perfo the same calculation. The term 
"independent development" can m a program developed outside IT or by an 
independent interna~rking group. If avoidable, a program should not be 
verified against ano program developed within the originating group unless 
the methodology a a pproach are entirely different. The input to both the 
program being venfied and the program used for verification should be 
indeMently checked. 

The ~gram results can be compared to analyses published in textbooks and 
journals or to the results of applicable experiments. A complete reference for 
such material should be provided. This method includes verification with closed
form analytical solutions. 

In addition, verification procedures are completely documented. This documentation includes, 
as appropriate: 

• Description of verification method used 

• Identification of the specific options verified 

• Set of verification comparison materials (e.g., checked manual calculations) 
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• Verification runs, (i.e., checked copy of the computer output) 

• Results. 

Validation documentation, as necessary, consists of published conclusions comparing model 
predictions with data from laboratory experiments, field experiments, natural analogues, and 
published conclusions made by external review groups. Information regarding the conditions 
for which the model is valid will be documented. 

The following are Sections 6.2.1 and 6.3.1 of the ITEO QA Manual which pertain to 
calculations. The relevant procedures listed in those subsections were applied to the EATF 
project. 

Calculations 

For many projects, calculations represent the most important source of inform~ when the 
work is completed. They shall be legible and in a form suitable for reproduc;~~~ filing, and 
retrieval. Documentation shall be sufficient to permit a technically ~lified individual to review 
and understand the calculations and. verify the results. r 
Calculations shall be performed on IT standard calculation paper whenever possible. 
Exceptions to this are items such as computer out! and graphs drawn on oversized paper. 
All calculation pages shall be individually identified · the exception of large computer output. 
IT calculation paper provides spaces for the origin tor's name and date of work, the checker's 
name and date, calculation subject~ject number, and page number. All of this information 
shall be completed for each pag · a uniform manner. For extra pages, such as large 
graphs, this information shall also included. 

Calculations should~ appropriate, include: 

• State~nt of calculation intent 

• Discussion of modeling requirements 

• Description of methodology used 

• Assumptions and their justification 

• Input data and equation references 

• Numerical calculations, including units 

• Results. 

Ull 

ff''' 

'"' 

f11 

Referencing input data, particularly input data obtained externally, is extremely important as '"' 
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it provides the basis for calculation checking. If initial parameters are supplied by an external 
source, the source shall be documented. Data that are provided by telephone shall be 
documented using an IT telephone record sheet. A request shall be made for formal written 
confirmation of critical data to serve as the final documentation. Input data may provide: 

• 

• 

• 

• 

• 

• 

Design program or regulatory requirements 

Performance and operational requirements under various conditions 

Data previously generated for a specific site or region (e.g., geological, 
hydrogeological, geochemical, geotechnical, meteorological, seismological, and 
man-made facilities and practices) 

Data previously generated for specific materials or chemical compounds (e.g., 
physical, chemical, geochemical, mechanical, thermomecJJffical, and 
toxicological) I 
Loadings 

Results of fleld and laboratory testing or other ca~tions 
• Other information obtained from the A._ent or literature/information surveys. 

Computer printouts that become an integral part /r;f;e calculations and shall be referenced 
in the calculations by the run num5r other unique means of identification. Short computer 
runs and spreadsheets can be dire incorporated into the calculations by affixing the output 
to IT paper or directly including o ut of standard sheet size (8-1/2 x 11 inches). 

At the end of a ca~a ion, the results should be summarized, if this will provide clarity. Also, 
all pages shall be secutively numbered. On IT calculation pages, the page numbers of 
individual calculati s shall be completed with the indexing of sheet _ of _. For the 
compilation of a set of calculations, the combined set should be consecutively numbered in 
the circles in the upper right corner of the calculation pages. 

Calculations which are preliminary in nature (i.e., those not contributing to final project 
information) shall be marked "preliminary". If "preliminary" calculations are retained for future 
reference, each page shall be clearly marked "preliminary". Quality control requirements with 
final calculations, such as checking, are not applicable to "preliminary" work. Calculations 
which are superseded or replaced shall be marked "void" or destroyed. If "void" calculations 
are retained for future reference, each page shall be clearly marked "void" and the calculations 
should include, as necessary, an explanatory note as to why they are "void". The explanatory 
note shall be signed by the originator. 

For calculations, the standard IT checking process is outlined as follows. 
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Assignments for checking shall be made or approved by the Project Manager. Verifications 1 ''! 
shall be performed by an individual(s) other than the person who performed the original work ,,,.1 
or specified the method or input parameters to be used. The individual(s) selected shall have 
the technical expertise in the calculation subject necessary to verify, as appropriate, that: 1181 

• Applicable design program, regulatory, and technical requirements have been 
properly identified and referenced and that these requirements have been met. ~'"! 

• Appropriate modeling and calculational methodology have been used 

• Assumptions have been adequately described and, when necessary, justified 

• 

• 

• 

• 

Input parameters have been correctly selected and incorporated into the 
calculation 

lnfonnation and equations from external sources have been refe~d 
Numerical calculations are correct and have been ~pletely documented 

Results are reasonable considering the input. r 
It is emphasized that a numerical check is not suffiJl\r,t. The checker is responsible for every 
item on every sheet -- including the completion r/Y'ffi_e title block and page numbers. The 
importance of a complete and thor~ review cannot be overemphasized. 

To properly check calculations: r 
• The ~· ·nator supplies the designated checker with a machine copy of the 

calcu ti s. Originals should not leave the originator's possession until they are 
read r final checker signing. 

• The checker marks the calculation copy with a yellow marker for all items he 
approves. 

• If the checker disagrees, for any reason, the checker crosses through the item 
with a red marker and writes the recommended correction or comment above 
it. 

• The checker signs and dates all pages of the checkprints. 

• The checker returns the checkprints to the originator who, in turn, reviews all 
recommended changes. Agreed-to corrections may be marked with check of 
a third color. If a disagreement still exists, the originator adds comments to the 
checkprints using the third color, initials and dates the checkprints, and then 
confers with the checker until all differences are resolved. 
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The originator corrects, or "scrubs", the calculation originals so they agree with 
the checkprints. A one-to-one correspondence between the originals and 
checkprints must exist. 

• The originator gives the originals and checkprints to the checker who compares 
them to verify all agreed-to corrections have been made. 

• When the checker is satisfied, the checker signs and dates the originals. 

Checkprints shall be maintained as a part of the project file, of equal importance as the 
originals. 

Under no circumstances shall calculations be altered after final signature by the checker. If 
it becomes necessary for calculations to be revised, the new pages shall be formally checked 
as described above. /'(' 

Verification of the Design Analysis Model I 
The room/panel behavior simulation portion of the Design Ana!' Model is comprised of a 
number of subroutines which are called by a main program. he shaft-seal portion of the 
Design Analysis Model is comprised of two programs. Each su routine of the ROOM-SCALE 
model was checked individually according to on:µthe three methods described above, as 
summarized in Tables F-1 and F-2. Each of the aft-seal programs were verified through 
independent hand calculations. 

Due to time constraints, the Design Analysis Model has not been compared to the 
Performance Ass~ent models which are currently under development by SNL. The EATF 
recognizes the im rt ce of such a comparison, and plans to explore methods of comparison 
with the Performa e Assessment models in the future, with appropriate input from SNL 
personnel. 

Additional Quality Assurance for This Report 

An independent review group was formed to review this report. The group consisted of an 
engineering and management consultant, and two professors in the fields of chemical 
engineering and geology. The modeling procedures were reviewed by the group for 
consistency, and termed by them to be a technically correct representation of the process in 
the repository, given the limitations involved. 
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TABLE F-1 "'f: 

ROOM-SCALE COMPONENT OF THE DESIGN ANALYSIS MODEL 

SUBROUTINE METHOD OF VERIFICATION 

ROOM SC AL Independent hand calculation 

READAT Independent hand calculation 

INITIALIZE Independent hand calculation 

DIFCOEF Independent hand calculation 

BRIN FLOW Independent hand calculation 

COMPACTION Independent hand cal:f:on 
CREEP Independent hand calcu ation 

MASS GAS lndepeEI hand calculation 
DIFFUSION lndepe nt hand calculation 

ADVECTION lndepe dent hand calculation 

VISCO RR p. Independent hand calculation 

SHFTSEAL Independent hand calculation 

MB FLOW Independent hand calculation 

BRINTERACT Independent hand calculation 

VOLESTIM Independent hand calculation 

LKE~ Independent hand calculation 

BOR LE Independent hand calculation 

RADACTIM Independent hand calculation 

RADSOLUB Independent hand calculation 

ESTHCKSS Independent hand calculation 

CUTTINGS Independent hand calculation 

ISE1 Independent hand calculation 
'''! 

ISE2 Independently developed program 

ISE1E2 Independent hand calculation 

SUM RULE Independent hand calculation "'I 

PRINTOUT Independent hand calculation 

TIMEDATE Not Applicable 
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TABLE F-2 

SHAFT-SEAL COMPONENTS OF THE DESIGN ANALYSIS MODEL 

SUBROUTINE 

SEAL 

TS EAL 

D 
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METHOD OF VERIFICATION 

Independent hand calculation 

Independent hand calculation 
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PREFACE 

The Expert Panel On Applications Of Cement Materials for use at the WIPP, was convened 
by the EATF from May 15-17, 1990, and was composed of individuals representing many 
disciplines and organizations. The participants included: 

CHAIRMAN AND FACILITATOR 

Jonathan Myers, IT Corporation 

PANEL MEMBERS 

D. R. (Rip) Anderson 
Ned E. Bibler 
John Boa 
Barry M. Butcher 
Mark Gardiner 
Hamlin Jennings 
Lawrence Johnson 
Chris Langton 
Ken E. Philipose 
Lillian Wakeley 

OBSERVERS 

Don Blackstone 
Tod Burrington 
Andrew Peterson 
John Valdez D 
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ORGANIZATION 

Sandia National Laboratories 
Westinghouse Savannah River Company 
U. S. Army Corps of En_gf('eers 
Sandia National Laborato1es 
IT Corporation 
Northwe~te University 
AECL R rch/Whiteshell 
Westing se Savannah River Company 
AECL Research/Chalk River j>. US Army Corps of Engineers 

DOE/WIPP 
Westinghouse/WI PP 
Sandia National Laboratories 
IT Corporation 
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EXECUTIVE SUMMARY 

An expert panel was convened as part of the Engineered Alternatives Task Force to determine 
whether cementitous materials should be considered further for use at WIPP to improve 
long-term performance and reduce uncertainties in key performance parameters. The panel 
included eleven members from organizations including the Army Corps of Engineers (2), 
Savannah River (2), Atomic Energy of Canada Ltd. (2), Sandia National Laboratories (2), 
Northwestern University (1 ), and IT Corporation (2). Observers were also present from 
Westinghouse and the DOE WIPP Project Office. 

Specific applications of cement-based materials considered are for use as backfill, waste 
forms, and container material. The panel was confident that a methodology can be developed 
to evaluate long-term performance of cementitous material formulations for use at the WIPP, 
and agreed that properly formulated cement-based materials are likely to m;;e long-term 
performance criteria including permeability and shear strength. The panel also utioned that 
the development of proper formulations for these applications should consider the specific 
environment and must take into account waste and repository characteristics. 

In the case of backfill, the ~anel recommended the use of a co~e with a high percentage 
of salt aggregate to provide deformability and maintain low p~~ability. Several reactive 
components were suggested for evaluation for use~a binder, including reactive alkalis such 
as Cao or MgO, hygroscopic glass, Portland cem zeolite, expansive clays, and aluminate 
cements. It is anticipated that such a formulation ave plastic properties that will self-seal 
and maintain acceptably low perme~ities under the conditions of 2,000 psi confining stress 
in the repository environment. r 

D 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is an underground 
repository designed for the safe geologic disposal of transuranic (TRU) wastes. TRU wastes 
are generated from defense-related activities of the U.S. Department of Energy (DOE). The 
underground storage area of the WIPP repository is located 2, 150 feet below the surface in 
the Salado Formation, composed of a bedded salt (halite) of Permian (250 million year) age. 
After emplacement of the waste in the WIPP storage rooms, closure of the repository occurs 
by the creep (plastic flow) of the surrounding salt formation. This creep is in response to the 
pressure gradient that exists between the far-field pressure away from the repository (referred 
to as the lithostatic pressure, or the pressure at the depth of the repository due to the 
overlying rock), and the pressure in the repository which is initially at atmospheric conditions. 
In a freshly excavated room, this creep rate is of the order of a few inches p~ar. Under 
ideal conditions, creep results in complete closure of the repository and t e waste is 
permanently encapsulated in salt and isolated from the surrounding environmen . 

The waste to be disposed consists of materials such as l~tory hardware, inorganic 
sludges, protective clothing, plastics, rubber, resins, and tools thf h~ve become contaminated 
with transuranic elements, mostly plutonium, with minor amounts of americium, uranium, 
neptunium, and thorium. The specific isotopes o~ese elements that are present in WIPP 
waste are generally alpha emitters with long half- and minimal heat production, although 
a small volume (less than 3 percent) of the invent ry is categorized as "remote handled" waste 
which has moderate heat produ! from short-lived fission products. The waste to be 
disposed is presently stored in 55 a on steel drums and a lesser number of steel boxes at 
major DOE waste generation and torage sites across the country. 

The anticipated environmental conditions in the WIPP repository are summarized as follows: 

• Temperature - The temperature in the repository is expected to remain constant 
at approximately 26°C. The average decay heat generation from the waste is 
less than 0.1 watt per drum which does not significantly raise the temperature 
above ambient. Remote-handled TRU (RH-TRU) waste has greater heat 
generation, however the volume of RH-TRU is less than 3 percent of the total 
inventory. 

• Humidity - Limited volumes of brine have been observed to flow into the 
repository (Deal and Case, 1987). After the facility is sealed, the humidity of 
the room will be controlled by the thermodynamic activity of H20 in the brine. 
Assuming there is a small volume of saturated brine in the sealed repository 
with gas above the brine, then the relative humidity in the repository will be 
buffered at approximately 70 percent. 

• Oxvgen - Although the repository will initially have an oxic environment, this 
oxygen is expected to be consumed in the process of microbial degradation of 
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organic materials present in the waste, thereby eventually leading to an anoxic 
environment. Some oxygen is also expected to be consumed by corrosion of 
the mild steel drums. However, some oxygen could also be generated within 
the repository from the radiolytic decomposition of brine. Overall, the rate of 
generation of oxygen by radiolysis is expected to be less than the rate of 
consumption of oxygen by microbial degradation and corrosion, therefore an 
anoxic environment is expected to be eventually established within the repository. 

• Stresses - The creep closure of salt surrounding the waste will eventually result 
in isostatic (non-directed) stress equal to the lithostatic pressure of about 2000 
psi (15 MPa). However; since the storage rooms are 33 feet in width and only 
13 feet in height, the closure rate in the ceiling-to-floor direction is greater than 
the closure rate in the horizontal direction. This will result in some directed 
stress until complete closure has taken place. Once the room has completely 
repressurized, isostatic conditions are expected to return. 

• Brine Composition - The major elements present in the bri~nclude er 
(-200,000 mg/I), Na+ (-85,000 mg/I), Mg+2 (-18,000 mg/I), ~ (- 8,000 mg/I), 
and SO/ (-17,000 mg/I). Br and B are also present at concent ation above 
1,300 mg/I. The pH is 6.1, and the total dissolved solids equal -350,000 mg/I. 
The brine is saturated with respect to the mineral&lite (NaCl) and anhydrite 
(CaS04). r 

1.3 REGULATORY CONSIDERATIONS 

The geologic disposal of TRU waste is governe 4 U.S. Environmental Protection Agency 
(EPA) Standard 40 CFR Part 191 ~Ee , 1985). ~!-regulation sets limits on the cumulative 
allowable releases of radioactivity o e accessible environment over a 10,000 year period 
based on predictive modeling ana referred to as performance assessment (PA). Both 
undisturbed performance as well a the consequences of inadvertent human intrusion in the 
form of future expl~ drilling through the storage rooms must be considered, as mandated 
by the EPA Standa . n addition, the Standard requires that the uncertainties in the predicted 
10,000 year cumul · e release be developed by propagating uncertainties in input parameters 
through the calculations. 

The performance assessment for the WIPP repository is being conducted by Sandia National 
Laboratories (SNL), and is expected to be completed by 1994 (DOE, 1990d). Work currently 
in progress at SNL has suggested that there might be potential problems with the current 
waste forms and/or repository design, and that some modifications may be necessary to 
demonstrate compliance with the EPA Standard. In response to this concern, and based on 
the recommendations of the National Academy of Sciences (NAS), the DOE WIPP Project 
Office established the Engineered Alternatives Task Force (EA TF) in September 1989. The 
charter of the EA TF was to evaluate the effectiveness and feasibility of various modifications 
to the WIPP facility design and waste forms that would improve the long-term isolation 
capability of the repository and/or reduce uncertainties in key performance parameters (Hunt, 
1990). Preliminary assessments of the long-term performance of the disposal system have 
identified three key parameters that affect disposal system performance: (1) gas generation, 
(2) waste form and backfill permeability, and (3) waste element solubility. The importance of 
these parameters is discussed in the following section. 
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1.4 GAS GENERATION 

Preliminary assessments of the long-term performance of the disposal system have identified 
gas generation as one of the key parameters that might affect performance of the disposal 
system {DOE, 1990a). Lappin et al. {1989) discusses the possibility that up to 1,500 moles 
of gas can be generated per drum (or drum equivalent) of waste from anoxic corrosion, 
microbial degradation, and radiolysis, at rates that may be as high as 2.55 moles/drum/year. 
Although processes exist to dissipate excess gas pressure, these processes are currently 
believed to be slow relative to the current estimates of gas generation rates, resulting in gas 
pressures in storage rooms that may temporarily exceed lithostatic pressure. The 
consequences of exceeding lithostatic pressure are currently being evaluated by SNL (Lappin 
et al., 1989). Unless these evaluations conclusively demonstrate that either excess pressures 
will not occur, or that excess pressures will not degrade the performance of the disposal 
system, some type of facility or waste form modification may be required to either eliminate 
or reduce the rate of gas generation. 

The three main mechanisms for the generation and consumption of gases in tl~nderground 
environment are: {1) corrosion of metals, {2) microbial activity, and {3) radiolysis. ~he potential 
for these mechanisms to generate gases is discussed below. 

Corrosion of Metals - The primary metals that are of concern "'respect to gas generation 
are ferrous alloys (iron and steel) and aluminum. These metair ~re present in the inventory 
as metallic waste as well as the 55-gallon steel drums and steel boxes that contain waste. 
There are two general mechanisms for corr~o of metals that may operate in the 
underground WIPP environment. Oxic corrosion rs when iron reacts with oxygen to form 
corrosion products, usually iron oxides. Anoxic orrosion occurs when iron reacts with brine 
or water vapor to form iron oxide~ oxyhydroxides plus hydrogen. The net effect of oxic 
corrosion is the consumption of gen, and the net effect of anoxic corrosion is the 
production of hydrogen. Water, n either a liquid or vapor state, is required for anoxic 
corrosion and is consumed in the process, suggesting that the availability of moisture may 
be the rate-limiting ~ in this process. Cement containers can be used to replace the steel 
drums and boxes, h eliminating a major source of metal in the inventory. The use of 
cement waste form and/or cement backfill will raise the pH of any brine in the storage room 
to values which tend to reduce the corrosion rates of iron-based alloys. The use of low 
permeability waste forms and backfill will limit the availability of brine for corrosion. 

Microbial Activity - Microbial activity can potentially break down organic materials such as 
paper, plastic, and wood, consuming oxygen and generating carbon dioxide and methane in 
the process. Sulfate reducing bacteria, if present, can generate hydrogen sulfide from sulfate 
present in natural brine, and nitrate reducing bacteria, if present, can generate nitrogen from 
nitrate salts present in the waste. The large mass of organic materials in the WIPP inventory, 
plus the presence of sulfate and nitrate suggest that there is a potential to eventually generate 
large amounts of gases. However, the rate at which these gases are generated is a key 
factor in predicting pressurization of the waste storage rooms. The use of a cement waste 
form and/or a cement backfill may raise the pH of any moisture present in the storage room 
to a range where the rates of microbial activity are reduced . 
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Radiolysis - Radiolysis has the potential to generate hydrogen and oxygen from the 
decomposition of water; and carbon dioxide, carbon monoxide, hydrogen, and methane from 
the decomposition of organic materials. Oxygen that is generated by the decomposition of 
water will probably be consumed by microbial or chemical reactions, but the accumulation of 
hydrogen, methane, and carbon dioxide is of potential concern. The dominant form of 
radiation present in TAU waste is the emission of alpha particles which have a very limited 
range. A "matrix depletion effect" is commonly noted in alpha radiolysis experiments where 
the gas generation rate decreases with time as the material that is in close proximity to the 
alpha source becomes depleted in volatile components. However, the matrix depletion effect 
has not been observed in situations where the alpha emitters are dissolved or are otherwise 
in intimate contact with aqueous solutions. The potential for the generation of radiolytic gases 
from unprocessed or incinerated waste immobilized in cement needs to be evaluated. 

1.5 PERMEABILITY 

A second potential problem with demonstrating regulatory compliance ie s to the 
consequences predicted from future inadvertent human intrusion events. ome of the 
preliminary evaluations of compliance with the containment requirement of 40 FR Part 191 
(EPA, 1985) performed by SNL suggest that some of the current waste forms (under current 
interpretations of human intrusion provisions) may eventually be~nd to be unacceptable for 
disposal at the WIPP (Marietta et al., 1989). This may be ue to uncertainties in key 
performance parameters of the waste forms. Key paramete that control the release of 
radionuclides during human intrusion scenarios ar~rmeability of the waste and backfill in 
the storage rooms and radionuclide solubilities. r 
The consequences of release sce!ari s involving the inadvertent exploratory drilling by future 
generations are critically depende the permeability of the waste storage rooms. Panel 
member B. Butcher (SNL) estimat t t the average permeability of the materials in the room 
needs to be within 5 orders of ma nitude of the intact host rock to demonstrate compliance. 
However, sensitivi~alyses performed subsequent to· the panel meeting suggest that five 
orders of magnitud is in fact too high. Currently, a reduction in permeability to 10"18 m2 for 
the backfill is reco nded, and a value of 10·1a m2

, if possible, is preferred. Both crushed 
salt and crushed salt with bentonite are predicted to reach 10-1

a m2 within 100 years. Some 
proposed alternative designs that lower the permeability of the waste and backfill involve the 
use of cemented waste forms and/or cement backfill. A key question here is whether a low 
permeability cement can be relied upon to maintain an adequately low permeability in the 
repository environment over the 10,000 year regulatory period. 

1.6 WASTE ELEMENT SOLUBILITIES 

The solubilities of waste elements in the repository environment have been identified as a 
critical performance parameter in SNL preliminary performance assessment analyses (Marietta 
et al., 1989). Solubility in this case is defined as the maximum amount of a waste element 
that can be dissolved in brine that may contact the waste. Most release scenarios involve the 
transport of contaminated brine from the waste storage rooms to the environment. Two critical 
parameters that determine the consequences of such scenarios are the volume of brine 
available for transport and the solubility of waste elements in that volume of brine. The 
radionuclide releases predicted from design analysis and performance assessment models are 
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linearly dependent upon the values chosen for waste element solubilities. Increasing the 
assumed solubility of a waste element by a factor of two for example, will increase the 
predicted release of that element by roughly the same factor. Thus, the uncertainty in release 
estimates are directly proportional to the uncertainty in solubility assumptions. 

Existing data on actinide element solubilities are available for dilute ground waters, but data 
appropriate for the brine environment at WIPP are not available, nor is there a valid method 
of extrapolating solubility data obtained from dilute systems to high strength brine 
environments. The current performance assessment calculations performed by Sandia National 
Laboratories use a range of actinide solubilities from 10-3 to 10·11 moles/liter (Rechard et al., 
1990). 

Some engineered alternatives under active consideration involve the use of cemented waste 
forms, the use of grout backfill, and the addition of lime (CaO) to the waste drums. 
Advantages of cemented waste, grout, and lime is that any brine that comes in contact with 
these materials will undergo an increase in pH from the ambient value of apR~mately 6.0 
up to a value of approximately 11.5. It is known that, in general, the solubilitie of actinide 
elements are several orders of magnitude lower at pH values above 9 than a neutral pH 
conditions, however, the exact decrease in solubilities over thi~ range in WIPP brines is 
unknown. The relative merits of these types of alternatives c nly be fully evaluated by 
obtaining estimates of waste element solubilities both at the ant ipated pH conditions and at 
the elevated pH conditions offered by these alternatives. 

It should be noted, however, that the pH of the _f'>l. environment can only be controlled by 
the use of a buffer if there is no significant movTm:t of fluid through the repository. Such 
movement would eventually dissolv.gd remove the buffer material, limiting its effectiveness. 
No such migration of fluid through repository is anticipated under undisturbed conditions. 
However, human intrusion scenari s that involve the connection of a storage room with an 
underlying brine re~seir in the Castile Formation may provide sufficient migration of brine 
through the room o ventually remove the buffer. In this case, the pH of the room 
environment would dominated by the pH of the Castile brine. 
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2.0 EVALUATION OF CEMENT-BASED MATERIALS 

The m1ss1on of the Cement Materials Expert Panel is to determine whether cementitous 
materials should be considered further for use at WIPP to improve long-term performance 
and reduce uncertainties in key performance parameters including gas generation and 
permeability of the waste/backfill composite. 

Specific applications considered for cementitous materials are for use as backfill to lower the 
permeability of the storage rooms, waste forms to immobilize waste elements in a low 
permeability medium, and for use as a container material to eliminate hydrogen generation 
from anoxic corrosion of the steel drums. 

There is little doubt that cementitous materials will, at least initially, perform adequately in 
these roles as backfill, container, and waste forms. The critical issue is on~ longevity. 
Values for critical parameters such as permeability of the cement must re in within an 
acceptable range for the 10,000 year regulatory period. The EPA standard re ognizes the 
difficulty in quantifying the performance of a disposal system over a long period of time and 
allows the use of "expert judgement" in estimating performancer:::' 

A working assumption that the Panel used in evaluating candid[e materials is that the more 
closely the materials resemble the host rock,~ more they reduce chemical potential 
gradients, thereby minimizing any driving force o degradation of the material. Risk or 
uncertainty can be reduced by minimizing the u of unlike materials. It was also assumed 
that in the case of backfill and wa~rms, rigid materials are not necessarily the best choice 
since a plastic material will have r..ealing properties under confined conditions. 

The Panel also cautioned against using conventional construction thinking when considering 
the longevity of cera-based materials in the WIPP environment. The major processes that 
affect the physical s bility of these materials in a surface environment are changes in 
temperature and h 1dity, cyclical wetting/drying and freeze/thaw, directed stresses, exposure 
to wind, and exposure to flowing water which can selectively remove leachable phases in the 
cement. However, these processes that can promote physical degradation do not occur in the 
WIPP repository environment. The constant temperature and humidity, isostatic (non-directed) 
stress, and low permeability of the host rock (which precludes flowing ground water) offer an 
environment that will tend to maintain the physical properties of cement-based materials. In 
this environment, chemical durability is the main issue. The dehydration of cement phases 
or the reaction of cement phases with C02 are processes that lead to a decrease in volume 
of solids. In rigid materials, these processes may lead to increases in porosity and 
permeability over time. However, if the material is plastic under the applied isostatic stress, 
then any· chemical reactions that lead to a volume reduction will not necessarily result in a 
corresponding increase in porosity. 

The following sections summarize the recommendations of the Cement Panel with respect to 
use of cement-based materials as a backfill, waste form, and waste container. 
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2.1 BACKFILL CONSIDERATIONS 

A backfill material will be emplaced between and around the waste containers and will be 
required to eventually consolidate under lithostatic stress to a low permeability and porosity, 
thereby encapsulating the waste. The requirements of the backfill are as follows: 

• Maintain permeability within three orders of magnitude of the intact host rock. 
This range of permeability will reduce the release of radionuclides in response 
to human intrusion events. 

• Fill voids as completely as possible. This will lead to rapid reconsolidation and 
will minimize the accumulation of brine in the storage rooms. 

• Maintain acceptable shear strength. This will reduce the volume of waste that 
may be brought to the surface if the storage room is breached by 7xploratory 

drill hole. ~ I . 
• Minimize residual free water. This will reduce the volume of contaminated fluid 

that may be available for transport away from the ~age room environment. 

The current reference backfill is crushed salt which has many fvorable properties and may 
prove to be acceptable. One potential drawback however, is that crushed salt has an initially 
high porosity and will require a certain length o~f· , ranging from approximately 50 to 150 
years, to reconsolidate and achieve acceptably lo rmeability and porosity. If performance 
assessment studies indicate that it is necessa to maintain low permeability and porosity 
during this early post-closure peri~en an alternate material may need to be selected. 

The recommendations of the PanJ fo~ such an alternate material is as follows: 

• 

• 

• 

Use ~ent with a high percentage of salt aggregate. This will provide 
defo~lity, will be self-sealing, and will maintain low permeability under the 
anticipated 2,000 psi isostatic confining stress. Concretes with aggregate 
contents as high as 95 percent have been used in underground applications at 
the Nevada Test Site, although concretes with high salt content have not been 
produced to date. 

Use a WIPP brine composition as the makeup water. This will minimize 
concentration gradients between the backfill and the host rock. 

Use the minimum volume of brine necessary to form an emplaceable grout. This 
will minimize the volume of residual brine. Water/cement mass ratios of less 
than 0.3 have been achieved, although not with brine. 

• Add the minimum amount of reactive component necessary to absorb most of 
the added brine when set. This will ensure that the backfill will have mechanical 
properties similar to that of consolidated salt. The Panel agreed that low 
modulus (50 - 100 psi), self-sealing concretes have been prepared before for 
other applications. 
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Reactive components that should be considered for evaluation include: reactive alkalis such 
as Cao or MgO, hygroscopic glass (silica fume), hemihydrite (partially hydrated gypsum), 
Portland cement, zeolites, expansive clays, and aluminate cements. The Panel advised that 
simpler systems such as aluminate cements are less complex than Portland-type formulations 
and therefore have more predictable behavior. Experiments will be required to select the 
reactive component and optimize the proportions of salt, brine, and reactive components. The 
objectives of these experiments may include the following: 

• Determination of hydration capacity 
• Characterization of hydrated phases 
• Development of optimal emplacement techniques 
• Determination of residual free brine volume 
0 Measurement of permeability under confining stress 
• Evaluation of set time 
• Determination of shear strength 
• Optimization of dry mix grain size 
• Measurement of initial viscosity. 

1! 1~1 

llil 

The following points were · made by the Panel on the ant~ted performance of the n 
recommended backfill formulation: re llit 

• 

• 

• 

Cement-based grouts can be formu1A to have plastic properties that will self-
seal and maintain acceptably low ;<rmeabilities under a 2,000 psi confining 
stress. 

Penneabilily and c~ropertles of this tonnulatlon will be similar to salt . 

No Enism that may degrade permeability could be identified under the 
antici t repository environmental conditions of constant temperature and 
humi · , lithostatic confining stress. Also, no ground water flow is anticipated 
that may dissolve and remove backfill material, with the possible exception of a 
human intrusion event that provides a connection with the room and a Castile 
brine reservoir. 

2.2 WASTE FORM CONSIDERATIONS 

The WIPP waste inventory can be divided into three main categories: sludges; organics (paper, 
plastic, wood, rubber, etc.); and inorganics {glass, metals, ceramics, etc.). If it is determined 
through the Performance Assessment process that the gas generation rates, permeability, 
shear strength, or waste element solubilities for some or all of the three waste categories are 
unacceptable, then some form of waste processing may be necessary to produce alternate 
waste forms with acceptable properties. The use of cemented waste forms provides the 
following potential advantages: 

• Low permeability and porosity, especially if a high salt aggregate formulation of 
the type proposed for use as backfill is used (see section 2.1 ). 
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• High shear strength, which will m1mm1ze release of waste in response to 
inadvertent exploratory drilling through the repository by future generations. 

• Establishment of a more favorable chemical environment. Portland-type cement 
will buffer the pH of any brine that comes in contact with the waste to values 
in the range of approximately 12. These conditions will reduce the anoxic 
corrosion rate of ferrous alloys, reduce the rate of microbial degradation, and 
lower waste element solubilities. 

Potential applications of cement-based waste forms are discussed below. 

Shredding and Cementing of Organic Waste - This waste form will have a lower 
initial permeability and porosity than unprocessed organic waste forms, and the pH 
buffer effect will reduce microbial degradation rates and lower waste element 
solubilities. 

Shredding and Cementing of Inorganic Waste - Glass, ceramic, and -;;J:mc waste 
forms can also be shredded or crushed and then cemented to produce a low 
permeability waste form. The elevated pH environmenet this waste form creates 
will reduce the corrosion rate of ferrous-based metals, t can increase the anoxic 
corrosion rate of metallic aluminum. If hydrogen gen ration from anoxic corrosion 
is determined to be a problem, then ce.entation of metallic aluminum should be 
avoided. 

Cemented Incinerator Ash - If it is det rmined that microbial gas generation must 
be eliminated, then som~e of thermal treatment may be required to destroy the 
organic component of t~t:,~ste. The resultant ash will need to be incorporated 
into a matrix to eliminate any hazard from airborne alpha particles. Cementation of 
incinerato~h from medical waste and low-level radioactive waste incinerators is a 
well esta is technology that can produce a low permeability, low porosity waste 
form with · e or no gas generation potential. The pH buffering effect of portland
type cement will have the added benefit of reducing waste element solubilities. 

Cementation of Sludges - Sludges consisting of chemically precipitated metal oxides 
and hydroxides comprise approximately 20 percent by volume of the total WI PP 
inventory [based on (DOE, 1988b)]. If it is determined that the permeability of these 
sludges are too high, then cementation of the sludges may be required to produce 
a waste form with a lower permeability. Cementation of newly-generated sludges can 
easily be accomplished by modifying the waste streams. Stored drums of sludge will 
need to be opened, broken into chunks, cemented and repackaged. 

One concern regarding cemented waste forms is that the intimate contact between the alpha 
emitters and free (unbound) water in the cement matrix may yield hydrogen and oxygen from 
the radiolytic decomposition of the water. The Panel recommends that the gas generation 
potential from this process be evaluated, and if necessary, investigate methods to reduce 
radiolytic gas generation. These methods may include the following: 

• The addition of nitrite salts to inhibit gas generation 
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• The use of heat to reduce the volume of unbound water 

• The use of a self-desiccating formulation to minimize unbound water 

• The application of mechanical force during the curing process to press excess 
water from the matrix. 

The panel cautioned that the influx of brine into the waste storage rooms should be avoided 
since such influx may cause additional radiolytic gas generation. 

The following summarizes the recommendations of the Panel on the applications of cement 
materials for use as waste forms. 

• Cemented waste forms will be effective in reducing the initial~ vi volume of 
the storage rooms, thus leading to more rapid repressurization o e repository 
environment. Rapid repressurization will minimize the volume of b ne that may 
seep into the storage rooms under a pressure gradient. 

• Formulations similar to those suggested for backflr:ould be evaluated. 

0 Grouting of metallic aluminum waste fi...ay generate hydrogen. 

The heterogeneous nature of the waste suggests~ the chemical interactions between the 
various waste components as they~ and degrade will probably be quite complex. For this 
reason, the longevity of cement waste forms is less certain than longevity of the 
recommended backfill formulation . The Panel cautioned that the chemical interactions 
between the waste and the ceme t matrix needs to be clearly understood or there will be 
no assurance thatBemented waste form will maintain desirable properties such as low 
permeability for 10 0 years. The Panel also stated that they have no reason to believe 
that aging reaction ill degrade the performance of cement waste forms. However, lacking 
a quantitative basis for long-term waste form permeability, greater reliance should be placed 
on the recommended backfill formulations rather than cement waste forms. 

2.3 CONTAINER CONSIDERATIONS 

Waste containers are required for ease of handling and to contain the hazardous and 

11Ji 
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radioactive materials, thus providing protection for workers and the environment. The current 1111 

containers are standard 55-gallon drums plus a lesser number of steel boxes. These 
11111 

containers provide adequate protection, however, if hydrogen generation from anoxic corrosion 
of steel is determined to be a problem in long-term performance of the repository, then an ff1I 

alternate container may need to be employed. , .,~ 

The requirements of such an alternate container are as follows: ,n1 

• The material should be easily fabricated into a container of the required shape. This 
can be a drum, rectangular box, or hexagonal cylinder. 
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• The containers should not degrade in any way that will significantly increase the 
permeability of the storage room environment. 

• The cost of the alternate container should not be greater than a container fabricated 
from a non-corroding metal such as titanium. 

• The container should be able to show compliance with the Department of 
Transportation (DOT) Type A Packaging Tests (DOT, 1989). Compliance is 
demonstrated by surviving a drop test and a puncture test with no loss of containment. 

• The container material should either not generate gas or have an acceptably low gas 
generation rate in the repository environment. 

• The container material should be chemically compatible with the backfill and waste 
forms. 

The panel agreed that cement-based containers should be considered aloqwith other 
materials for use as alternate containers. A wide range of properties is achievable with 
cement-based materials including high flexural and compressivr::::'rength, and low porosity 
and low permeability. r 
The challenge in designing a cement-based conta~·n r will be to utilize high-strength low-cost 
materials to minimize wall thickness and weight a II as maximizing payload volume while 
maintaining compliance with the DOT containmen uirements. The Panel agreed that this 
goal is probably achievable through the use of reinforcement materials embedded in the 
cement to increase strength. This ~oach will allow a lighter design with thinner walls than 
would be possible with non-reinforfd';cement. 

2.4 COMPARTMEN LIZATION CONCEPT 

The Panel suggest at a compartmentalization concept should be considered where waste 
is emplaced in a series of compartments that are isolated from each other by some low 
permeability material. With this approach, the total volume of waste that can be released by 
any single event (such as intrusion by an exploratory drill hole) is limited to the volume· of 
waste that is contained within the compartment that is breached. They further advised that 
the waste should be compartmentalized on several scales including: pieces of waste within 
containers embedded in cement, waste containers embedded in backfill, waste compartments 
within rooms periodically separated by zones of thick backfill, and individual waste panels 
isolated by panel seals. This "fractal compartmentalization" will provide engineered upper 
bounds on releases resulting from a wide range of intrusion events. 
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3.0 PANEL CONCLUSIONS 

The Panel is confident that a methodology can be developed to evaluate the long-term 
performance of cementitous material formulations for use as backfill, waste forms, and 
containers at the WIPP. They also agree that properly formulated cement-based materials 
are likely to meet long-term performance criteria including low permeability and high shear 
strength required for backfill and waste forms, and high impact resistance required for waste 
containers. 

In the case of backfill, the Panel provided guidance on the development and testing of a high 
salt aggregate formulation that will have plastic properties that will self-seal and maintain low 
permeabilities under a 2,000 psi confining stress. 

For waste forms, the Panel recommended that shredded and cemented organic ~inorganic 
wastes, cemented incinerator ash, and cemented sludges will produce superio aste forms 
if properly formulated. They did however caution that the development of effective rmulations 
for waste forms must take into account the repository environment as well as the physical and 
chemical characteristics of the waste to be effective for the 1 O,O~ear regulatory period. 

For containers, the Panel agreed that cement-based containers rhould be considered along 
with other materials for use as alternate containe'!rsA wide range of container properties is 
achievable with cement-based materials including h" lexural and compressive strength, and 
low porosity and low permeability, especially by in orporation of reinforcement techniques. 

D 

WP:EA TF.1991 :R-1775-AppG G-12 

,,,., 

Udl 

.. ' 

II J 

a1 I 



D 

APPENDIX H 

REPORT OF THE 
WASTE CONTAINER MATERIAL~ 

PANEL r 



'''" 

-

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

PREFACE 

The Waste Container Materials Panel, described in this report, was composed of individuals 
representing many disciplines and organizations. The participants included: 

CHAIRMAN AND FACILITATOR 

Hans Kresny, President, Solmont Corporation 

PANEL MEMBERS 

NAME 

Barry Butcher 
Noel C. Calkins 
Frank W. Clinard, Jr. 
F. H. Froes 
Hamlin M. Jennings 
Daniel C. Meess 
Jonathan Myers 
Rodney Palanca 
R. E. Westerman 

OBSERVERS 

Ravi Batra 
Doree Donovan 
Sayan Chakraborti 

AFFILIATION 

Sandia National Laboratories 
Calkins R&D Inc. 
Los Alamos National Laboratory 
University of Idaho 
Northwestern University 
West Valley Nuclear Services 
International Technology Corp. 
Westinghouse Electric Corp. 

Pacific Northwest Laborat.o~ 

Department of Energy (DOE) 
Westinghouse Electric Corporation D International Technology Corporation 
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EXECUTIVE SUMMARY 

The Waste Isolation Pilot Plant (WIPP) is an underground repository designed for the safe 
geologic disposal of transuranic (TRU) wastes generated from defense-related activities of the 
U. S. Department of Energy (DOE). The WIPP storage rooms are mined in a bedded salt 
(halite) formation, and are located 2, 150 feet below the surface. Once the waste is disposed 
in the storage rooms, complete closure of the repository occurs by the creep (plastic flow) of 
the salt formation, and the waste is permanently isolated from the surrounding environment. 

The geologic disposal of TAU waste is governed by the U. S. Environmental Protection Agency 
(EPA) Standard - 40 CFR Part 191 (EPA, 1985), which sets limits on the cumulative allowable 
releases of radioactive isotopes to the accessible environment over a period of 10,000 years. 
The study done to show compliance with this regulation is referred to as performance 
assessment. The performance assessment for the WIPP repository is being ~ucted by 
the Sandia National Laboratories (SNL), and is expected to be completed in . .J:~4 {DOE, 
1990d). Preliminary analyses performed at SNL indicate that the current waste forms may 
need some modifications in order to demonstrate compliancel!i· the EPA Standard. In 
response to this concern and based on the recommendations the National Academy of 
Sciences, the DOE WIPP Project Office established the Engin ed Alternatives Task Force 
(EATF) in September 1989. The charter of the EA TF was to evaluate the effectiveness and 
feasibility of various modifications to the current w~orms and/or WIPP facility design which 
would improve the long-term isolation capability of~ repository (Hunt, 1990). 

The ongoing performance assess~studies have identified gas generation as one of the 
three key parameters that might aff he performance of the disposal system (DOE, 1990a). 
The three mechanisms for the ge eration and consumption of gases in the underground 
repository are: n 

• Corro~ of metals 
• Microoial activity 
• Radiolysis. 

The corrosion of metals could take place by two general mechanisms; oxic corrosion, when 
iron reacts with oxygen to form oxides or oxyhydroxides, and anoxic corrosion, where iron 
reacts with brine or water vapor to form oxides/oxyhydroxides and hydrogen. Microbial activity 
has the potential to attack organic materials such as paper, plastic, and wood present in the 
WIPP waste inventory, consuming oxygen and generating carbon dioxide and methane in the 
process. Radiolysis can potentially generate hydrogen and oxygen from the decomposition of 
water; and carbon dioxide, carbon monoxide, hydrogen, and methane from the decomposition 
of organic materials. 

The gases produced by the above mentioned mechanisms may result in higher than 
acceptable pressure in the repository, because although the excess gas pressure can be 
dissipated by advection through the surrounding rock, the rate of advection is believed to be 
slow relative to the current estimates of gas generation rates. The effect of any excess gas 
pressure on the performance of the repository has not yet been conclusively determined, and 
is presently being studied by SNL. 
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The carbon steel drums and boxes that are presently being used for the storage of TAU waste 
are expected to corrode if they come in contact with the brine in the repository, and generate 
hydrogen by the process of anoxic corrosion. Although the effect of excess gas pressure is 
still to be determined by SNL, the EATF is studying alternate waste container materials, so 
that if necessary, modifications to the existing container materials can be addressed in an 
effective manner. 

The Waste Container Materials Panel (WCMP) was convened by the EATF from August 20-21, 
1990, for the preliminary identification and evaluation of alternative materials for manufacturing 
waste containers that would not generate gas in the WIPP environment. The panel comprised 
a group of technical experts from the following disciplines: 

• Basic Ceramic Research 
• Ceramic Fabrication 
• Cementitious Materials 
• Concrete Container Fabrication 
• Physical Metallurgy 
• Metallurgy/Corrosion 
• Geochemistry 
• Performance Assessment 
• Was1e Handling and Repository O~ons. 

The specific objectives of the WCMP were to: 

• Identify container m-Cf-ls that will not generate gas in the WIPP repository 
environment, or genf :: gas at substantially lower rates as compared to the 
exisE· ontainer material, and can be fabricated to the requirements for 
cont n nt, handling, and transportation of Contact-Handled Transuranic 
(CH- ) waste. 

• Evaluate the identified materials with respect to various design requirements for 
a waste container such as fabricability, availability, mechanical properties, etc. 

This report describes the methodology used by the WCMP to accomplish the above objectives, 
the evaluation of the different materials, and the conclusions reached by the WCMP regarding 
the possibility of using alternative waste container materials that would satisfy the gas 
generation requirements (if gas generation is determined to be a problem by the ongoing 
performance assessment studies). 

METHODOLOGY FOR WCMP EVALUATION 

The panel members were briefed on the WIPP repository, the different constituents of TAU 
waste, the regulations governing the disposal of TAU waste, performance parameters such as 
gas generation, permeability, etc., and the possible outcomes of excess gas pressure in the 
storage rooms. The existing configuration for the handling and transportation of TAU waste, 
the U. S. Department of Transportation (DOT) Type A Packaging Tests (DOT, 1989), and the 
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environmental conditions within the repository such as temperature, humidity, oxygen, stresses, 
and brine chemistry which are likely to be encountered by the waste container materials, were 
also explained to the panel members. 

The WCMP defined the following criteria for evaluation of the alternative waste container 
materials: 

• 

• 

• 

• 

• 

" 

• 

• 

Fabricability - The ease with which the material can be fabricated into a 
container with a size and shape similar to the existing 55-gallon drums. 

Availability - The availability of material to manufacture the required number of 
containers per year. 

Fabrication Capacity - The existing capacity to fabricate waste containers from 
the given material. ,{' 

Status of Technology - The current state of technology for fabric~tion of the 
material. 

Cost - .The overall cost for marufacturing a wastef§:ntainer including material 
and fabrication costs, but excluding any research and development costs that 
might be necessary for some materio/\_ 

Mechanical Properties - The ability ra~ontainer made of an alternate material 
to survive the DOT T A packaging tests. 

Gas Generation Pot ntial - The total moles of gas that can be theoretically 
generated by thermodynamically favored reactions between the alternative 
materirrtlnd all other species present in the repository environment. 

Gas c!(n'eration Rate - The rate at which gas might be expected to be generated 
from the material by either anoxic corrosion, microbial activity, or radiolysis. The 
panel members agreed that the rate of corrosion under anoxic conditions was 
a good indicator of the rate of gas generation. 

Since the existing waste containers are made of mild steel, the WCMP established mild steel 
as the reference standard material, and evaluated each alternative material by comparing it 
to mild steel with respect to the criteria mentioned above. 

Apart from the evaluation criteria mentioned above, the WCMP set forth the following general 

'''P! 

'"! 

design requirements for waste containers to be built from alternative materials: 1t·1 

• Eliminate or minimize gas generation from container material for the regulatory 
period of 10,000 years. _.,,, 

1"1 
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• Maintain complete containment of the waste for a minimum of 25 years, (the 
duration of the operating life of the repository). 

• Meet DOT Type A requirements. 

The WCMP also made the following assumptions about the waste containers made from 
alternative materials: 

• The alternative waste containers would be subject to the same regulations which 
apply to the existing containers. 

• The alternative waste containers may be "free-standing" (similar to a SS-gallon 
drum or box), or it could be "formed" around the waste by isostatically pressing 
a container material such as cement around a monolithic block of processed 
waste. 

The different classes of materlals and their subcategories evaluated by the W~P were as 
follows: 

• Metals 

• 

Copper and alloys 
Titanium and alloys 
High-nickel alloys 
Zirconium and al~ 
Stainless steel r 

Ceramics 

~ceramics 
C:{i;(mically bonded ceramics 
Glass 

• Cements 

Nonreinforced cements 
Discontinuous reinforcement 
Continuous reinforcement 

• Coatings 

Corrosion retardation 
Containment enhancement for monolithic waste forms 

• Polymers 

Polyethylene. 
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The WCMP assumed that all the brittle materials such as ceramics, cements, and glass, will 
be reinforced as required to provide whatever mechanical properties are deemed necessary 
to satisfy the DOT Type A packaging tests. 

RESULTS OF WCMP EVALUATION 

The evaluation of five different groups of materials (listed above) indicate that there are quite 
a few candidate materials which are likely to satisfy the design requirements for alternative 
waste containers. The WCMP believed that subsequent to the preliminary evaluation, with 
respect to the criteria defined earlier, there are two important characteristics that need to be 
verified for each of the candidate materials through development programs; the degree to 
which the material can satisfy the "no gas generation" requirement, and whether it can be 
fabricated into a container satisfying the appropriate transportation and handling requirements. 
Therefore, apart from cost, the WCMP summarized its evaluations of alternative materials in 
terms of four other criteria closely related to the verification of the above char~stics: 

• Time likely to be needed to establish the effectiveness of the materiJI in meeting 
the "no gas generation" requirement. ~ 

• Time likely to be needed to develop fabrication tfchnology, and make a full
scale fabricated container. 

• Probability of success in terms of th_fi..MP's best judgement that the material 
will satisfy the "no gas generation" ~~ement. 

• Probability of succesaerms of the WCMP's best judgement that the material 
can be fabricated intf ~~ontainer satisfying DOT Type A requirements. · 

• Cost fJintainer in comparison to mild steel. 

It was noted by the panel members that if DOT Type A requirements are to be met, then 
containers made of metals and polymers would probably carry the maximum payload per 
container. The WCMP also came to the conclusion that any research involving microbial gas 
generation is likely to become a long-term project because of the uncertainty associated with 
microbes. Therefore, whenever possible, experimental schedules for establishing the 
effectiveness of a material, and efforts to establish a full-scale product, should be planned in 
parallel to make the most efficient use of time. 

The conclusions of the WCMP are presented in Table HES-1. It should be noted that the cost 
estimates do not include any developmental costs, or the costs of building any new facilities 
that might be required for some materials. Also, the estimates of schedules do not include 
programmatic planning time likely to be associated with the planning of research strategies, 
approval of schedule and budget, etc. 

The summary presented in Table HES-1 is based on preliminary evaluation of these materials, 
therefore represents best estimates rather than precise values. The figures in Table HES-1 
provide relative estimates of the probability of the materials in meeting the effectiveness and 
fabricability requirements for a container, as well as the time required to verify these 
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Time to 
Establish 
Effectiveness 

Copper & Alloysb 1-2 yrs. 

Titanium & Alloys 1-2 yrs. 

High-Nickel Alloys 1-2 yrs. 

Zirconium Alloys 1-2 yrs. 

Stainless Steelb 1-2 yrs. 

Free Standing O yrs. 
Ceramicsc (validate) 

Chem. Bonded O yrs. 
Ceramicsc (validate) 

Glassc O yrs. 
(validate) 

Cementsc 1-2 yrs. 

Polymers 5 yrs.d 

a Relative to a mild steel container. 

TABLE HES-1 
SUMMARY OF RESULTS 

Time to 
Establish 

~-Scale Cost 
duct Factor' 

2 yrs. 5-8 x 

2~~ 10-20 x 

2 yrs. 15-35 x 

2 yrs. 35 x 

0-1 yrs. 5-8 x 

4-8 yrs. ~-30x 

3-5 yrs. 1-10 x 

2-4 yrs. 1-10 x 

\\ 
2-4 yrs. 2-8 x 

0-1 yrs. 5-10 x 

b Uncertainty associated with effect of microbes - not considered in duration. 
c Reinforced as required. 

t ~ 

Probability of 
Success In 
Establishing 
Effectiveness 

90% 

95% 

97% 

98% 

50% 

99.9% 

99.9% 

99.9% 

99.9% 

Indeterminate 

---\ 
d Should be dropped from consideration if effectiveness cannot be proven within 5 years. 

! .. 
" 

Probability of 
Success in 
Meeting DOT 
Type-A 
Reguirements 

100% 

100% 

100% 

100% 

100% 

30%-90% 

30%-85% 

20%-90% 

30%-85% 

100% 

~ 
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probabilities. The WCMP decided that copper, titanium, high-nickel alloys, zirconium alloys, 
ceramics, glass, and cements are all viable materials which could possibly satisfy the design 
requirements for an alternative waste container. However, there are some concerns associated 
with each material that need to be resolved. 

The WCMP noted that although ceramics and cements have excellent gas generation 
properties as compared to metallics, and are inexpensive, waste containers made from these 
brittle materials are likely to have smaller internal volumes due to the thicker container walls 
required to satisfy DOT Type A requirements. This will result in a smaller TRU waste payload 
per container. In addition, if the container weight is heavier than the existing drums, then 
fewer containers will make up the TRUPACT-11 payload, leading to increased number of waste 
shipments from the storage sites to the WIPP site. These factors can have large impacts on 
the overall program cost beyond the low unit costs required to fabricate the containers. It 
should also be noted that with the possible exception of cements, there is no technology 
presently in place to fabricate large containers from the nonmetallic materials. ~efore, the 
fabrication of an acceptable nonmetallic container that would satisfy the ocpT Type A 
requirements, is likely to require long-term research and development efforts. 

Among the metallics evaluated by the WCMP, with the exc~n of copper, there are 
expensive metal alloys (titanium, high-nickel, and zirconium) J'f h.~t have relatively fewer 
uncertainties associated with them, especially with respect to fabncability, and payload volume 
per container. Once their low anticipated corrosio~ns are validated under WIPP conditions, 
these alloys have the potential of immediately sati g the design requirements. Whereas, 
the higher end high-nickel alloys (e.g., Hastello C-276), and the zirconium alloys would 
substantially escalate program cos~ghly by $1 billion based on 600,000 mild steel drums 
at a cost of $50 per mild steel dru , e WCMP felt that the lower cost titanium alloys would 
be adequate for the purpose. Besi es, under the relatively mild temperatures expected in the 
repository environm~n (- 30°C}, there is not likely to be any notable differences in corrosion 
properties between e relatively inexpensive titanium alloys and the more expensive ones 
such as zirconium n higher end high-nickel alloys. 

The results of the WCMP should be used to: 

• Select a few promising alternative materials for detailed testing regarding their 

"'' 
d 

",, 

'"' 

fabricability and corrosion/gas generation properties •1 
'' 

• Evaluate, with the help of appropriate experiments, the effectiveness of the 
selected materials for meeting the "no gas generation" requirement •"' 

IL11i 

• Design and demonstrate the fabricability of the selected materials (reinforced as 
required} into a container satisfying all transportation and handling requirements ,,,, 

"''' • Estimate the total cost per container, and its impact on overall program cost for 
the selected materials based on the annual fabrication requirements. •wr 

Thus, the right choice of material would have to be decided by tests on a few promising 
materials for effectiveness and feasibility, and would also be determined by applicable cost, 
schedule, and transportation constraints. 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is an underground 
repository designed for the safe geologic disposal of transuranic (TAU) wastes. Transuranic 
wastes are generated from defense-related activities of the U.S. Department of Energy (DOE). 
The underground storage area of the WIPP repository is located 2, 150 feet below the surface 
in a bedded salt (halite) formation. After disposal of the waste in the WIPP storage rooms, 
closure of the repository occurs by the creep of the surrounding salt formation. This creep 
is in response to the pressure gradient that exists between the far-field pressure away from 
the repository (referred to as the lithostatic pressure, or the pressure at the depth of the 
repository due to the overlying rock), and the pressure in the repository which is initially at 
atmospheric pressure. In a freshly excavated room, the creep is of the order o~a w inches 
per year. Under ideal conditions, complete closure of the repository occurs du creep, and 
the waste is permanently isolated from the surrounding environment. 

The waste to be disposed at WIPP consists of materials sEas laboratory hardware, 
inorganic sludges, protective clothing, plastics, rubber, resins, tools that have become 
contaminated with transuranic elements, mostly plutonium with inor amounts of americium, 
uranium, neptunium, and thorium. The specific i~pes of these elements that are present 
in WIPP waste are generally alpha emitters with I half-lives and minimal heat production. 
The waste is presently stored in 55-gallon steel d s and a lesser number of steel boxes at 
ten major waste generation and sto e sites across the country. 

The geologic disp~o TAU waste is governed by the U.S. Environmental Protection Agency 
(EPA) Standard - C R Part 191 (EPA, 1985). This regulation sets limits on the cumulative 
allowable releases radioactive isotopes to the accessible environment over a period of 
10,000 years. The study done to show compliance with this regulation is referred to as 
performance assessment. Both undisturbed performance as well as the consequences of 
inadvertent human intrusion in the form of future exploratory drilling must be considered, as 
required by the EPA Standard. 

The performance assessment for the WIPP repository is being conducted by Sandia National 
Laboratories (SNL), and is expected to be completed by 1994 (DOE, 1990d). Work currently 
in progress at SNL has suggested that some modifications to the current waste forms may be 
necessary to demonstrate compliance with the EPA Standard (DOE, 1990a). In response to 
this concern, and based on recommendations of the National Academy of Sciences (NAS), the 
DOE WIPP Project Office established the Engineered Alternatives Task Force (EATF) in 
September 1989, to evaluate the effectiveness and feasibility of various modifications to the 
WIPP facility design and waste forms which would improve the long-term isolation capability 
of the repository (Hunt, 1990). Preliminary assessments of the long-term performance of the 
disposal system have identified gas generation as one of the three key parameters that might 
affect performance of the disposal system (DOE, 1990a). The different gas generation 
mechanisms are discussed in the next section. 
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1.3 GAS GENERATION 

The three main mechanisms for the generation and consumption of gases in the underground 
environment are: ~ 1 

Uili 

• Corrosion of metals 
• Microbial activity 
• Radiolysis 

Corrosion of Metals - There are two general mechanisms for corrosion that may occur in the 
underground WIPP environment. Oxic corrosion occurs when iron reacts with oxygen to form 
corrosion products such as iron oxides or oxyhydroxides. Anoxic corrosion occurs when iron 
reacts with brine or water vapor to form iron oxides or oxyhydroxides and hydrogen. The net 
effect of oxic corrosion is the consumption of oxygen, and the net effect of anff ocorrosion 
is the production of hydrogen. Water, in either a liquid or vapor state, is requi~ for anoxic 
corrosion and is consumed in the process, suggesting that the availability of mois re may be 
the rate-limiting step in this process. f. 
Microbial Activity - Microbial activity can potentially break dow · o~anic materials such as 
paper, plastic, and wood, consuming oxygen and generating ca n dioxide and methane in 
the process. Sulfate-reducing bacteria, if present~n potentially generate hydrogen sulfide 
from sulfate present in natural brine, and nitrate-~ ·ng bacteria, if present, can potentially 
generate nitrogen from nitrate salts present in the aste. The large mass of organic materials 
in the WIPP waste inventory, toge~th the presence of sulfate and nitrate, suggest that 
there is a potential to eventually gT~te large amounts of gases. 

Radiolysis - Radiolysis has the potential to generate hydrogen and oxygen from the 
decomposition of w~r and carbon dioxide, carbon monoxide, hydrogen, and methane from 
the decomposition anic materials. Oxygen that is generated by the decomposition of 
water will probably consumed by microbial or chemical reactions, but the production of 
hydrogen, carbon dioxide, and methane is of potential concern. The form of radiation present 
in TAU waste is the emission of alpha particles which have a very limited range. 

The carbon steel drums and boxes currently in use are expected to corrode if they come in 
contact with brine in the repository. The gases produced by anoxic corrosion and other 
mechanisms such as microbial activity and radiolysis, may result in higher than desired 
pressure in the repository,"because although processes exist to dissipate excess gas pressure 
by advection through the host rock, these processes are believed to be slow relative to the 
current estimates of gas generation rates. The effect of excess gas pressure on the 
performance of the repository is presently being studied by SNL. Whether gas generation is 
a problem has not yet been conclusively determined. Nevertheless, alternate container 
materials are being considered now by the EATF, so that if necessary, modifications can be 
made in a timely manner. 
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1.4 THE WASTE CONTAINER MATERIALS PANEL AND ITS OBJECTIVES 

The Waste Container Materials Panel (WCMP) was convened by the EATF for the preliminary 
identification and evaluation of alternative materials for manufacturing waste containers that 
would not generate gas in the WIPP environment. The panel comprised a group of technical 
experts from different areas of materials science, and from certain areas associated with the 
WIPP repository and its environment. The following disciplines were represented on the panel: 

• Basic Ceramic Research 
• Ceramic Fabrication 
• Cementitious Materials 
• Concrete Container Fabrication 
• Physical Metallurgy 
• Metallurgy/Corrosion 
• Geochemistry 

1 • Performance Assessment 
• Waste Handling and Repository Operations . 

A description of the qualifications of the members of the WCMP ~rovided in Attachment A. 
The objectives of the WCMP were to: r 

• Identify container materials that wil~t generate gas in the WIPP repository 
environment, or will potentially gen r e gas at substantially lower rates as 
compared to the existing container aterial, and that can be fabricated to the 
requirements for co~ent, handling, and transportation of Contact-Handled 
Transuranic (CH-TR r' a.ste. 

• Evaluate the identifiea materials with respect to various design requirements for 
a wa.f:Jontainer such as fabricability, availability, gas generation, mechanical 
propv, etc. 

This report describes the methodology used by the WCM P to accomplish the above objectives, 
the results of the WCMP deliberations, and the conclusions reached by the WCMP regarding 
the possibility of using alternative materials to manufacture waste containers that would meet 
design objectives . 
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2.0 METHODOLOGY USED BY THE WASTE CONTAINER 
MATERIALS PANEL (WCMP) 

The WCMP was convened from August 20-21, 1990. The panel members were briefed on 
the WIPP repository, the different constituents of TAU waste, the applicable regulations, 
performance parameters such as gas generation, permeability, etc., and the possible outcomes 
of excess gas pressure in the storage rooms. In addition, the existing configuration for the 
handling and transportation of TAU waste in the TRUPACT-11 package {NuPac, 1989), and the 
U.S. Department of Transportation {DOT) 49 CFR Part 173.465 Type A Packaging Tests (DOT, 
1989) were explained to the panel. 

2.1 ENVIRONMENTAL CONDITIONS WITHIN THE REPOSITORY 

The various environmental conditions in the WIPP repository which are mos~ely to be 
encountered by the waste container materials were outlined as follows: I 

• Temperature - The temperature in the repository isEx cted to remain constant 
around 26°C, which is the ambient rock temper e at the facility horizon. 
Radiogenic heat generation from the waste is min al {less than 0.1 watt per 
drum). Remote-handled TAU (RH-TAU) waste ge erates a greater amount of 
radiogenic heat, however it constituteo/1'f11Y three percent of the waste inventory. 

• Humidity - Limited amounts of brit:'~ave been observed to flow into the 
repository, and afte~ facility is sealed, the humidity of the room will be 
controlled by the ev :tion of the brine. Assuming there is saturated brine in 
the sealed repository "th air at atmospheric pressure above the brine, then the 

umidity in the repository will be approximately 70 percent. 

• Although the repository will initially have an oxic environment, this 
oxyge s expected to be consumed in the process of microbial degradation of 
organics present in the waste, thereby eventually leading to an anoxic 
environment. Some oxygen is also expected to be consumed during the 
corrosion process of the mild steel drums. However, some oxygen could also 
be generated within the repository from the radiolysis of brine. Overall, since 
the rate of generation of oxygen by radiolysis is expected to be less than the 
rate of consumption of oxygen by microbial degradation and corrosion, an anoxic 
environment is expected within the repository after the depletion of the initial 
oxygen. 

• Stresses - The reconsolidation of salt, which is plastic, will result in an isostatic 
stress equal to the lithostatic pressure of about 2000 psi {15 MPa). However, 
since the storage rooms are 33 feet in width and only 13 feet in height, the 
reconsolidation of salt in the ceiling-to-floor direction occurs much faster than the 
reconsolidation in a horizontal direction. This will result in some unidirectional 
stress until complete closure has taken place. Once the salt has completely 
reconsolidated, the stress is expected to be isostatic throughout the repository, 
and equal to the lithostatic pressure. 
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• Brine - The major elements present in the brine include Cl (-200,000 mg/I), Na 
(-85,000 mg/I}, Mg (-18,000 mg/I), K (-18,000 mg/I), and SO/ (-17,000 mg/I). 
Br and B are also present at concentrations above 1,300 mg/I. The pH is 6.1, 
and total dissolved solids equal -350,000 mg/I. 

2.2 EVALUATION CRITERIA FOR MATERIALS 

The WCMP defined the following criteria for evaluation of alternative waste container materials: 

• 

• 

• 

• 

• 

• 

Fabricability - The ease with which the material can be fabricated into a 
container with size and shape similar to a 55-gallon drum. Rectangular and 
hexagonal shapes were also considered. 

Availability - The availability of the raw material to manufactur=tt required 
number of containers per year (thousands of waste container er year for 
several years). 

Fabrication Capacity - The existing capacity to faE· te waste containers from 
the given material (i.e., whether there are faciliti vailable today which can 
accept a bulk order and start delivering waste c tainers within a reasonable 
time). 

Status of TechnolQ9Y - The curre.Ae of technology for fabrication of the 
material (i.e., whethe~t different techniques for fabrication are well understood 
for commercial-scale duction purposes, or if the technology needs further 
research and develo m t for implementation). 

Cost ~e cost of a material was defined as the overall cost for manufacturing 
a wa te container including both material and fabrication costs. Since the 
objec of this panel was primarily a preliminary evaluation of different 
prospective materials, the WCMP decided against subdividing the total cost into 
materials and fabrication because this would have complicated the process of 
evaluation to an extent well beyond the nature and scope of this panel. The 
WCMP also refrained from including developmental cost because of the 
difficulties in estimating the uncertainties associated with any research and 
development program. Any estimates of developmental cost at the onset could 
be significantly altered, if for example, there is an unexpected breakthrough in 
the research program. Therefore, developmental costs were not included as part 
of the overall cost. 

Mechanical Properties - These refer to the ability of a container made of an 
alternate material to survive the DOT Type A Packaging Tests (DOT, 1989). 
The WCMP decided to evaluate the materials in terms of certain mechanical 
properties (e.g., tensile strength, fracture toughness, etc.) which are required to 
satisfy the DOT Type A requirements. Although the WCMP could not evaluate 
whether meeting Type A would be a requirement or not in the future, it was 
decided that these requirements should be included in view of the existing WIPP 
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Waste Acceptance Criteria (DOE, 1989b) which list the DOT Type A packaging 
tests as a requirement for waste containers. It was decided that any material 
judged to be at least equivalent to mild steel in overall mechanical properties 
would be rated as "adequate." 

• Gas Generation Potential - This refers to the total moles of gases that can be 
theoretically generated by thermodynamically favored reactions between the 
alternative material, and all other species, given the repository environment (i.e., 
pressure, temperature, humidity, presence of brine, etc.). The WCMP agreed 
that given the potential complexity of the WIPP repository environment coupled 
with the regulatory period of 10,000 years, it is probably safer and conservative 
to assume that all reactions which are thermodynamically favored might 
eventually go to completion, unless adequate kinetic data is available to 
demonstrate that favored reactions will not occur. 

• Gas Generation Rate - This is defined as the rate at which gas i~pected to 
be generated from the material by either one of the three mechanis~x~iscussed 
earlier in Section 1.3. Whereas the gas generation~ntial gives an indication 
of the total amount of gas that could be generated ovided all reactions go to 
completion), the gas generation rate provides a m asure of how fast (or slow) 
this potential might be achieved. Thus, even if a given material has a high 
potential for gas generation, it can~be ruled out from consideration. An 
alternative container material might a rate of gas generation which is low 
enough that the rate of advection fro the repository is adequate to prevent high 
gas pressures in the;esitory. The WCMP was not in a position to address 
how low the gas ge ion rates need to be relative to the advection rates. 
However, for quanti tive comparisons, the WCMP agreed that the rate of 
corro~of a material under anoxic conditions was a good indicator of the gas 
gene L} rate for that material. 

Considering the broaa spectrum of materials being evaluated (ranging from metals to ceramics 
to concrete), the WCMP established mild steel as the reference standard material to facilitate 
easy comparison between the materials. The selection of mild steel was based on two 
re.asons: 

'"' 
1111 

• Since mild steel is being used for the existing waste containers, a comparison ,11, 

with mild steel provides an indication of the merits and disadvantages of each 
alternative material relative to the presently used container material. '"' 

• Since mild steel is a commonly used material for a wide variety of purposes, its 
properties are well documented and hence provide a firm basis for comparison. rq 

Thus, the WCM P decided to compare all alternative materials to mild steel with respect to 
each evaluation criteria discussed earlier. As an example, while evaluating the fabricability of 
a material, the WCMP would judge whether its fabricability is easier, the same, or more difficult 
in comparison to mild steel. 
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2.3 DESIGN REQUIREMENTS FOR WASTE CONTAINERS 

Apart from the specific criteria defined above for evaluation of materials, the WCM P also 
agreed to some general design requirements for waste containers to be built from alternative 
materials. These requirements were outlined as: 

• Minimize or eliminate gas generation from container material for the regulatory 
period of 10,000 years. 

• Maintain complete containment of the waste for a minimum of 25 years, (the 
duration of the operating life of the WIPP repository). 

• Meet DOT Type A requirements. 

• The containers should not degrade in any way that will significant~rease the 
permeability of the storage room environment. I 

In addition, the WCMP also made the following assumptions regarding the waste containers: 

• The waste containers fabricated from alternative .C.:::rials will be subjected to 
the same regulations which apply to the existing ~~ners. 

• The container may be "free-standing~e., similar to a 55-gallon drum or box), 
or it could be "formed" around ttft'Wast.e (i.e., by isostatically pressing a 
container material such s cement around a monolithic block of waste). 

2.4 MATERIALS SELECTED FO 

The WCMP initially~ted five different classes of materials for evaluation. Each class of 
material was furthe s ivided into its own categories by appropriate classification schemes. 
Metals were classifi by each metal and its alloys. Since ceramics are strongly bonded, they 
are all very stable materials from a gas generation standpoint, and therefore do not have any 
significant chemical properties to distinguish one from another. Therefore, ceramics were 
classified by their manufacturing method because there is a distinguishable difference between 
the processing techniques for different ceramics. In a similar manner, the WCMP decided to 
classify cements in terms of the reinforcements used in them because these lead to significant 
differences in cost and properties. The different classes of materials and their subcategories 
evaluated by the WCMP were as follows: 

• Metals 

Copper and alloys 
Titanium and alloys 
High-nickel alloys 
Zirconium and alloys 
Stainless st.eels 
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• Ceramics 

Fired ceramics 
Chemically bonded ceramics 
Glass 

• Cements 

Non-reinforced 
Discontinuous reinforcement 
Continuous reinforcement 

• Coatings 

Corrosion retardation 
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Containment enhancement for monolithic waste forms 

• Polymers 

Polyethylene. 

Each of the above materials were evaluated with ~ect to the criteria described earlier in 
Section 2.2. The results of the evaluation are de~d in the next section. 

D 
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3.0 RESULTS OF THE WCMP EVALUATION OF 
ALTERNATIVE MATERIALS 

The WCMP evaluated all the materials by comparing them to mild steel (as explained in 
Section 2.2), for each of the evaluation criteria described earlier. It should be noted that 
these evaluations were to a large extent judgmental, and are preliminary in nature. If 
performance assessment studies identify gas generation as an impediment to demonstrating 
compliance with the regulatory standard described in Section 1.2, then the evaluations of the 
WCM P could be used as a basis for any detailed future studies on alternative container 
materials. 

The WCMP also established rough estimates for the cost of mild steel to set up a baseline 
for cost comparison of alternative materials. It was agreed by the WCM P that based on a 
material cost of 27 to 37 cents per pound of mild steel sheet, and a:fal cost of 
approximately $50 for a 60-lb. drum, a fabrication cost of 50 cents per und was a 
reasonable assumption based on fabricating a 60-lb. drum. Thus, for cost co parisons, all 
materials were compared with the baseline of 77 to 87 cents pe~und of finished mild steel 
product. . r 
3.1 COPPER AND ALLOYS 

• Fabricability - Copper is a little hardA weld than mild steel because of its high 
thermal conductivity, and therefore jrng and handling of copper might be more 
difficult than mild st~owever, bearing in mind that the technology was well 
established, the WC rated the overall fabricabi lity of copper to be about the 
same as that of mil steel. 

• Avail ih - Assuming that any drums fabricated would use sheet metal as the 
starti aterial, the availability of copper and alloys was deemed to be plentiful, 
and quivalent to the availability of mild steel. 

• Fabrication Capacity - Although the technology for fabricating copper is well 
established, the WCMP did not think that there are facilities available today 
which could start manufacturing copper drums at a short notice. Therefore the 

• 

• 

fabrication capacity of copper and alloys was judged to be "limited" in 
comparison to mild steel. 

Status of Technology - Since the metallurgy and fabrication of copper are quite 
well understood, the status of technology was deemed adequate and equivalent 
to mild steel. 

Cost - The cost would depend on the type of copper or its alloys being used . 
The cost of electrolytic copper is about $1.50/lb. Assuming the fabrication cost 
to be close to $50 for a 60 lb. drum, the WCMP estimated the total cost of a 
copper drum to be roughly $150. This works out to be approximately 3 times 
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• 

• 

that of mild steel. The WCMP also consulted the report on container materials 
for high level waste (Braithwaite and Molecke, 1980) where cost per unit weight 
of a manufactured copper container was 8.2 times that of mild steel. However, 
the dimensions of the container cited in this report were much larger than a 55-
gallon drum, and the WCMP decided that for a smaller container the increase 
in cost is more likely to be 5 times that of mild steel. Overall, the WCMP 
agreed that a conservative estimate of 5 to 8 times that of mild steel would be 
a reasonable estimate for the cost of copper. It should be noted that this figure 
is very likely to increase if copper is alloyed with other materials. 

Mechanical Properties - Cold rolled copper will have mechanical properties very 
similar to that of lightly cold rolled low carbon steel, and if alloyed with 10% 
nickel, the properties could be very similar to mild steel. Bai on these 
assumptions, the mechanical properties of copper were rated to equivalent 
to that of mild steel. However, the WCMP agreed that the mechani I properties 
of a copper drum need to be verified after fabrication to determine whether 
copper needs alloying to enhance the propertif{ The alloying materials 
suggested for improvement were Ni (10%) or Zn f5%). 

Gas Generation Potential and Rate~opper or copper-alloys have been found 
to be stable and resistant to corrosi deaerated neutral pH conditions even 
under prolonged (2 months) expo re to brine at high temperature (150°C}. 
Therefore, under de~ed conditions, it is not a gas generator (Westerman, 
1988). However, t resence of any oxygen, sulfates, nitrates, or carbon 
dioxide open up a w e range of possibilities. The WCM P expressed concerns 
at t~hossibility of sulfates being reduced to sulfides by sulfate-reducing 
bact a, hich could then react with copper, resulting in the formation of copper 
sulfid d hydrogen. Similarly, the nitrates present in the sludges could be 
redu to ammonia which in turn could cause stress corrosion cracking in 
copper. There were other concerns expressed about the corrosion of copper 
in low pH (2.0) carbonic acid solutions which could potentially form from 
microbial activity. The study by Braithwaite and Molecke (1980) reported 
corrosion rates of copper to be 25 times less than mild steel. Therefore the 
WCMP rated the gas generation rate of copper to be low in comparison to mild 
steel. Limited experiments may be required to verify these low rates. 

The above scenarios notwithstanding, the potential for gas generation from copper depend~ 
entirely on the presence of a few microbially or radiolytically generated components such as 
C02, 0 2, H2S, N0"3, etc. The WCMP acknowledged the fact that the simultaneous presence 
of these species can at best be termed uncertain, and therefore agreed to rate the gas 
generation potential for copper as low. The WCMP recommends, however, that the effect of 
these species on gas generation potentials be resolved by appropriate experiments if copper 
is chosen as an alternative material for waste containers. 
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3.2 TITANIUM AND ALLOYS 

• 

• 

• 

• 

Fabricability - Titanium is a difficult material to weld, forge, or join for a variety 
of reasons. It has a tendency to weld to the tool during machining, leading to 
chipping and premature tool failure. Its low heat conductivity could increase the 
temperature at the tooVworkpiece interface, thereby adversely affecting tool life. 
Also, the surface of titanium alloys is easily damaged in machining operations, 
especially during grinding, resulting in lower fatigue strength (Kahles et al., 1985). 
The WCMP agreed that the fabricability of titanium is more difficult than mild 
steel. 

Availability - It was estimated that based on a requirement of 600,000 drums 
over a period of 25 years, and a weight of 60 lbs/drum, the m~teri I required 
would be approximately 1.44 million lbs/year. However, it shoul noted that 
because of the excellent corrosion resistance of titanium and its allo , the actual 
amount of material required could be less than the estimated figure of 1.44 
million lbs/year. This is only about 2% of the curre U.S. production capacity, 
and therefore availability of titanium was consid to be adequate for the 
purpose. 

Fabrication Capacity - Facilities are ~able at this time to manufacture titanium 
drums, and there are a few co ies who have fabricated drums with 
TiCode-12 and Grade 2 titanium. owever, these have been done only on a 
pilot-scale, and at pr~t no such facility exists to start delivering thousands of 
drums per year at a f!.~~ notice. A considerable amount of scale-up effort may 
be required, and so the current fabrication capacity can at best be termed 
"limite " 

Statu Technol - Since titanium can be fabricated, and has been 
demonstrated for drum fabrication on a pilot-scale, the WCMP rated the 
technological status to be equivalent to that of mild steel. 

• Cost - The report by Braithwaite and Molecke (1980) quoted the cost of a 
titanium container to be approximately 13 times that of mild steel. On this basis, 
the WCMP agreed that a cost of 10 to 20 times that of mild steel would be a 
reasonable assumption for titanium containers. The WCMP also noted that any 
alloying will increase the cost. 

• Mechanical Properties - Titanium has yield stress and ultimate stress values of 
approximately 40% higher than those of mild steel. However, the term 
"mechanical properties" as defined by the WCMP also included other properties 
like resistance to tear (for surviving a drop test). Therefore the WCMP agreed 
that considering all the variables involved, the mechanical properties of titanium 
and its alloys are not substantially better than mild steel and rated them to be 
equivalent to mild steel. 
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3.3 

• Gas Generation Potential and Rate - Titanium is susceptible to crevice corrosion 
under low pH conditions and temperatures ranging from 80°C to 150°C 
(Westerman and Telander, 1986). The product of crevice corrosion is titanium 
dioxide, but under anoxic conditions hydrogen will be released on the outside 
of the crevice. At the relatively low temperatures in the repository (around 26°C), 
the possibility of crevice corrosion is extremely low, especially if an alloy like 
TiCode-12 is used which is more resistant to crevice corrosion than the pure 
metal. However, it cannot be guaranteed that crevice corrosion would not occur. 
for 10,000 years. Also, considering the definition of gas generation potential, the 
WCMP decided that titanium could have a relatively high gas generation 
potential. 

Braithwaite and Molecke (1980) reported that the rate of unifor~rosion of 
titanium was 70 times less than copper which in turn was 25 tim s less than 
mild steel. On this basis, the rate of corrosion (and therefore gas generation) 
from titanium and alloys was rated low compared ~ild steel. 

HIGH-NICKEL ALLOYS r 
These alloys, which are often called "superalloys"~ically contain 40 to 75% nickel, 12 to 
20% chromium, 3 to 12% molybdenum, 1 to 45% 1 , and minor quantities of other metals 
as required for enhancing appropriate properties. 

• 

• 

Fabricabilitv - Althouganing or welding of these alloys is not considered to be 
a significant problemf t~y present major problems during cutting, sawing, or 
lathe-turning operations. The WCMP readily agreed that the fabricability of high
nickel ~s is more difficult than titanium, and definitely much more difficult than 
mild 5t"· 
Availability - The required amount is roughly equal to 2% of the existing capacity 
to produce these alloys. Also, since numerous facilities for producing these 
alloys exist in the U.S., the WCMP considered the availability of high-nickel 
alloys to be adequate. 

• Fabrication Capacitv - The fabrication technology of these alloys are well 
understood, but the alloys are primarily used for other purposes which have more 
stringent requirements (such as steam generators, etc.) There has been no 
need, so far, for drums made of these expensive superalloys, and therefore there 
is no existing fabrication capacity for superalloy drums. Although no major 
problems were anticipated by the WCMP, the implementation of high- nickel 
alloys as waste container material will definitely require the establishing of 
fabrication capacity. 

• Status of Technology - The WCMP agreed that the metallurgical and fabrication 
technology for of these alloys is well established, and the feasibility of scale
up to thousands of drums is not in doubt. However, fabrication technology may 
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have to be tailored to the production of containers depending on the chosen 
alloy. Since it is merely a question of time before proper facilities are 
constructed leading to scale-up, the status of technology for high-nickel alloys 
was rated to be adequate, and equivalent to mild steel. 

Cost - These alloys are very expensive and their costs exhibit a wide range of 
variation, depending upon the chosen alloy. lnconel-825, which is probably the 
cheapest of the group, is roughly 12 times more expensive than mild steel, 
whereas Hastelloy C-276 costs about 34 times more than mild steel. Thus, a 
cost of 15 to 35 times that of mild steel was considered to be a reasonable 
estimate by the WCMP. However, the WCMP noted that even the least 
expensive of these alloys might be adequate as a solution, if gas generation is 
determined to be a problem. , 

Mechanical Properties - These alloys have excellent mechanical pr~rties. Their 
tensile and yield stresses can range from 60-140 psi and 30-140 psi, 
respectively, depending on the alloy. Overa~ WCMP agreed that the 
mechanical properties were adequate for the pu. T and better than mild steel. 

Gas Generation Potential and Rate -~Compared to mild steel, the partial pressure 
of hydrogen in equilibrium with nick lower. If indeed the equilibrium partial 
pressure is low enough (2-3 atm.), e any corrosion reaction will stop at an 
early stage before any appreciable amount of hydrogen has been generated. 
However, the WCM~R recognized that apart from nickel there are chromium 
and iron present in t high-nickel alloys. Since both of these are much more 
susceptible to oxid ion than nickel, the overall gas generation potential of 
sup~r s was rated as moderate. The lower end superalloys have been 
show t crevice corrode in sea water. If the lower alloys are used, they need 
to · estigated for pitting and crevice corrosion. Although the report by 
Braithwaite and Molecke (1980) cited that lnconel-825 (low end) had almost 
similar crevice corrosion rates as Hastelloy C-276 (high end) for an experimental 
period of 28 days, it did mention that the rates are dependent on the dimensions 
of the specimen, duration of experiment, etc. Since the lower alloys also had 
corrosion rates which were much lower in comparison with mild steel, the gas 
generation rate for all of these alloys was rated low by the WCMP. 

3.4 ZIRCONIUM ALLOYS 

• Fabricability - The fabricability of zirconium is very similar to titanium. It is a 
difficult material to machine, and was rated to be ·much more difficult than mild 
steel for the same reasons outlined earlier for titanium and alloys in Section 3.2 . 

• Availability - The WCMP agreed that there are plenty of facilities in operation for 
making zirconium sheet. However, the WCMP did not have any rough estimate 
of whether the production of thousands of drums would have any major impact 
on the present supply of zirconium. Therefore, the availability of zirconium was 
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assumed to be adequate, provided it does not make an impact on the present 
capacity. 

• Fabrication Capacity - At present there is no existing capacity for making ti ii 
zirconium drums (i.e., there are no facilities fabricating drums made of zirconium 
at this time). However, since sheet metal technology for zirconium is well "' 
understood, the WCMP believes that the development of drum fabrication ti~ 
technology should be relatively straightforward. 

• Status of Technology - The technological status for fabrication of zirconium Mil 
drums was considered to be adequate by the WCMP. 

• 

• 

Cost - The Office of Civilian Radioactive Waste Management inve~ations on 
containers for high-level waste (Russell, et al., 1983) estimatea costs of a 
container made of zirconium alloy (Zircaloy-702) to be 35 times that mild steel. 
The WCMP thought that this was a reasonablertimate, especially when 
compared to the cost estimates for titanium and hi - ickel alloys discussed in 
Sections 3.2 and 3.3, respectively. 

Mechanical Properties - Since zirco:!· alloys are used for fuel cladding in 
nuclear reactors, the WCMP agreed t s mechanical properties were definitely 
adequate for the purpose of contain ent of TRU waste for 25 years as well as 
for meeting DOT Type requirements. 

• Gas Generation Pot tia and Rate - The WCMP used the thermodynamic 
arguments similar to the ones used for evaluating the gas generation potential 
of tita~ to conclude that zirconium also has a high gas generation potential. 

The c~sion rate of zirconium has been studied by Russell et al, (1983). 
These studies show that zirconium has exceptional corrosion resistance, and is 
predicted to be resistant to corrosion even at high temperatures for long periods 
of time. The extremely low rates of corrosion led the WCMP to conclude that 
zirconium will also have a very low rate of gas generation. 

3.5 ALUMINUM AND ALLOYS 

In view of the very low corrosion resistance of aluminum in brine, the WCMP could not justify 
the possibility of using aluminum as an alternative waste container material. By a unanimous 
decision, the WCMP eliminated aluminum from further consideration. 

3.6 STAINLESS STEELS 

The WCMP did express some doubts about considering stainless steels for evaluation, 
because of their known susceptibility to stress-corrosion cracking in solutions containing 
chlorides. However, keeping in mind that the conditions at WIPP are not going to be very 
extreme in nature, i.e., the temperature is expected to be below 30°C, and the fact that many 
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stainless steels will probably adequately resist stress-corrosion cracking in the WIPP 
environment, the WCM P agreed to consider stainless steels for further evaluation. Also, on 
the basis of the study by Braithwaite and Molecke (1980) which reported that the corrosion 
rates of stainless steel at high temperatures in brine similar to WIPP brine is 100 times less 
than mild steel, the WCMP decided that the gas generation rates for stainless steel are low 
enough to justify its further evaluation. 

• 

• 

• 

• 

• 

Fabricabilitv - The fabricability of stainless steel is not much different from mild 
steel, and for the purposes being considered, was rated to be the same as mild 
steel. 

Availability - Stainless steels are widely available materials, and there is 
adequate supply for manufacturing thousands of drums per year. 

Fabrication Capacity - Stainless steel drums are presently produi (although 
not in large quantities), and Oak Ridge National Laboratory uses them on a 
regular basis. Although the installation of additionrpacity might be needed, 
this is attainable, and therefore the WCMP consi ed fabrication capacity of 
stainless steel to be adequate. 

Status of Technology - The techn~y has been well demonstrated on a 
commercial scale, and is adequate '/t'f?Jrum fabrication. 

Cost - The cost of s~ss steel will depend upon the particular alloy chosen . 
Based on the study raithwaite and Molecke (1980) which quoted stainless 
steel to be 6 times ore expensive than mild steel, the WCMP decided that 
consi~· g the wide range of stainless steels available, a range of 5 to 8 times 
that ild steel would be a reasonable estimate for the cost of 300 series 
stainl steel. It should be noted that the cost of 400 series stainless steel will 
be lower. 

• Mechanical Properties - The WCMP decided that the mechanical properties of 
stainless steel were better than mild steel although not by a wide margin. 
Therefore, the properties were rated as "adequate." 

• Gas Generation Potential and Rate - The WCM P agreed that the overall gas 
generation potential from stainless steel would not be much different from mild 
steel, and therefore rated the gas generation potential as high . 

On the issue of rate of gas generation, the Braithwaite and Molecke (1980) study 
was quoted as having reported that the corrosion rates of stainless steel were 
100 times lower than mild steel when exposed to high magnesium brine at 250°C 
for 28 hours. The WCMP was hesitant to extrapolate such short-term data to 
the lower temperature conditions expected at the WI PP site, because it was 
noted that corrosion rates do not necessarily increase with higher temperatures. 
Therefore the WCM P questioned the applicability of the data from Braithwaite 
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and Molecke (1980) under WIPP conditions, and decided that the gas generation 
rate of stainless steel should be judged as moderate compared to mild steel. 
Additional testing under the WIPP conditions may be appropriate to clarify the 
gas generation rates from stainless steel. 

3.7 FIRED CERAMICS - FREE STANDING CONTAINER 

The majority of the WCMP initially expressed doubts about the fabricability of ceramics into 
free-standing containers (similar to a drum). It was suggested that using ceramic materials 
might cause a total redesign of the container (i.e., a deviation from the standard concept of 
containers which are normally visualized as initially "empty" with the waste packed inside later). 
In contrast, ceramic containers would probably be much more attractive for a processed 
monolithic waste form where the container will actually gain in mechanical propefoE from the 
monolithic waste inside it. Some advantages of using alternative shapes were po ted out as 
well. As an example, the current cylindrical design of drums allows more void pace when 
stacked in a storage room than a rectangular or hexagonal design. A reduction in void space 
using an appropriate shape (e.g., cubic) would decrease the re~d time for storage room 
reconsolidation, thereby reducing the time available for brine inflf into the repository. 

Finally, the WCMP believed that given the rapid! a ces in the science of ceramics, there 
is a high probability that a fired ceramic could be fo ated that can be fabricated into a free
standing container. In addition, all forms of cera ics, as well as glass and cements, could 
be reinforced as necessary to im~. mechanical properties. On this basis, the panel 
members proceeded to evaluate a rsstanding container made out of fired ceramics. 

• Fabricability - The possibilities of firing large monolithic pieces using available 
micro~ technology (especially for thick-walled vessels encountering 
tempe a re gradients) are becoming technologically manageable. However, 
althou promising technologies exist, the fabrication of these materials into free
standing containers has not yet been demonstrated. Also, since these containers 
have to be sealed, joining the lids to the body of the containers may present 
considerable challenges. Therefore, the WCM P rated the fabricability of these 
materials to be much more difficult than mild steel. 

• Availability - The basic material (i.e., fired ceramics) is widely available, and 
therefore its availability was judged to be adequate by the panel members. 

• Fabrication Capacity - There is no current fabrication capacity for free-standing 
containers made out of fired ceramics. However, alternative container designs 
based on existing ceramics fabrication capabilities should be investigated, 
because there might be alternate designs which are more feasible to fabricate 
from ceramics than a 55-gallon drum. 

• Status of Technology - The WCMP took note of the fact that although the 
fabricability of a 55-gallon drum has not been demonstrated, smaller pieces of 
alumina which have been extruded and then fired, have been obtained on a 
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laboratory/bench-scale setup. However, it was also noted that a common rule 
of thumb for ceramics is that the larger the piece, the lower the quality of the 
ceramic. Nevertheless, the WCMP concluded that although a ceramic drum has 
not yet been fabricated (probably because of cost and lack of need for one), the 
technology does exist to make a free-standing container and appears to be 
adequate. 

Cost- There was not enough information available regarding developmental cost; 
therefore, the WCMP only considered raw materials. Since the cost of alumina 
is approximately $1 O/lb and most other fired ceramics are more expensive, a 
figure of 25 to 30 times that of mild steel was deemed reasonable by the panel 
members. 

Mechanical Properties - The majority of the panel member~t that the 
mechanical properties of fired ceramics were much worse than mtd steel, and 
expressed doubts over whether a container made of a fired ceramic would 
survive the DOT Type A requirements. In a cerai:the atomic bond between 
metal and nonmetal is so strong and direction oriented that there is no 
mechanism for deformation. As a result, even hough the material may be 
strong in tension, brittleness willJ mt likely render a container vulnerable to 
damage from a 4-foot drop on an "elding surface. Thus, the WCMP rated 
the mechanical properties of fired amics to be much worse than mild steel. 

• Gas Generation Pot · I and Rate - The WCMP decided that since all these 
ceramic materials a ides, there is no chance of their generating any gas, 
and for all practical urposes, the gas generation potential is zero. However, 
since~e could be hypothetical scenarios of zirconium hydride present in the 
wast r: cting vigorously with an oxide ceramic, the WCMP was conservative 
and led the potential as "near zero" instead of zero. 

3.8 CHEMICALLY BONDED CERAMICS 

In a fired ceramic, the high-temperature process of firing strengthens the ceramic by allowing 
diffusion and shrinkage to fill the gaps in the material. The process succeeds, but introduces 
cracks in the material (Birchall and Kelly, 1983). Unlike fired ceramics, chemically bonded 
ceramics are processed at low temperatures and use water as a solvent for ions and as a 
medium for their diffusion. The process is similar to that of hydraulic cements (e.g., portland 
cement) where solids set and harden irreversibly in the presence of water. 

Application of chemically bonded ceramics to form a container around the TAU waste would 
probably depend heavily on the waste form. If the waste is converted to a solid monolithic 
form, it might be possible to compact specially prepared powders around the waste. If the 
waste remains in its present loose form, compacting powder around a mold instead of the 
waste, to create a free standing container, might be feasible. A container made of such 
reactive materials as tricalcium silicate, or a mixture of tricalcium silicate and a zeolite, will 
combine with free water, and will also react with carbon dioxide. These characteristics can 
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be advantageous in the repository. Some panel members expressed concerns about the 
permeability of the material, and also about the possible cracking of the material due to the 
development of nonuniform stresses when the material solidifies in contact with moist air. 
However, since the material has been reported to be denser than concrete or cement paste, 
the WCMP decided that the permeability is sufficiently low and would not be a drawback. 
Also, based ·on the fact that inspection under a confocal microscope had failed to reveal any 
changes in a 1/4-inch thick ceramic disk before and after immersing in water, the WCMP was 
assured that the material was not prone to cracking during solidification. 

The WCMP recognized that the application of this concept to the containment of TRU waste 
requires considerable research and development. Also, the installation of a filtered vent in 
each container (a transportation requirement) poses significant engineering challenges. 
Nevertheless, the WCMP evaluated chemically bonded ceramics as candidate ~rials. 

• Fabricabilitv - The fabricability of chemically bonded ceramics is noj difficult on 
a laboratory-scale, but definitely needs scaling up f~oanufacturing a container 
similar to a 55-gallon drum. However, assuming th he ease of fabricability of 
the material under laboratory-scale could be duplic ed on a commerciat scale, 
the WCMP rated the fabricability of this material be similar to that of mild 
steel. {\ 

• Availability - The basic materials useKr making this type of ceramic are certain 
silicates and zeolites ~are widely available, and therefore the availability of 
raw material is compr"e to mild steel and adequate. 

• Fabrication Ca aci - The fabricability of chemically bonded ceramics has been 
limit laboratory-scale, and there are no existing facilities which fabricate 

from these materials. 

0 Status of Technology - The technology needs to be developed for successful 
scale-up from laboratory-scale fabrication of these materials. The WCMP felt that 
a lot of research and development needs to be done in this area, and at best, 
the status of technology for chemically bonded ceramics can be termed as being 
"under development." 

• Cost - Since the material has been fabricated only on a laboratory-scale, it was 
difficult for the WCMP to establish a range of cost for its commercial fabrication. 
It was suggested that since the cost of the raw material is approximately 2 to 
3 cents per pound, a total cost of 1 O cents per pound might be reasonable, 
including the cost of the cold-isostatic pressing needed during fabrication. 
However, there was strong disagreement among the panel members regarding 
the cost of cold-isostatic press, and according to some panel members this step 
could cost as high as 25 cents/pound. Finally, the WCMP agreed that based 
on a conservative estimate of 25 cents/pound for the cold-isostatic press, the 
total cost would be close to 30 cents/pound, which was still considerably lower 
than the cost of mild steel. Since the cross-sectional area required for this 
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material to satisfy DOT Type A requirements is likely to be much more than mild 
steel, the WCM P decided that the lower unit cost of chemically bonded ceramics 
would be offset by the lower amount of material required for a mild steel drum. 
Therefore the overall cost was rated to be similar to mild steel. However, these 
cost estimates should be viewed in light of the uncertainties involved in the wall 
thickness and weight of any container made from this material. 

Mechanical Properties - The WCMP unanimously concluded that in general, the 
mechanical properties of this material would not be any better than that of fired 
ceramics, and therefore rated these to be "much worse" as compared to mild 
steel. 

Gas Generation Potential and Rate - The WCMP readily agreed th~t is material 
will be exceptional in satisfying the requirements for no gas gene on, because 
it does not generate gas by itself, and in addition also absorbs c rbon dioxide 
and, possibly, adsorbs hydrogen as well. Thus, both gas generation potential 
and gas generation rate were judged to be "near 'f!!.:" The WCM P also noted 
that this material might be useful as an effective rckfill in the repository. 

3.9 GLASS 

Glasses are more sensitive to radlaflon than cera~, and this was a concern to some panel 
members. However, given the fac~t t the majority of the isotopes of the elements present 
in the waste inventory are mostly a emitters, the WCMP decided that at such relatively 
low levels of radiation, the sensitivi o glass to radiation should not pose a problem. Another 
concern of the panel members w s the possible increase in the storage room permeability 
resulting from crusEglass rubble after the reconsolidation of waste storage rooms. If the 
small broken chun s f glass cannot be further compressed by lithostatic stress, then a 
tortuous, interconn ed path may develop for flow of brine through the waste stack. 

• Fabricability - The WCMP decided that glass containers were a well established 
technology, and the fabricability is equivalent to mild steel. 

• Availability - The availability of glass was rated to be the same as that of mild 
steel. 

• Fabrication Capacity - Products made of glass are being fabricated widely in the 
U.S., and therefore the fabrication capacity was considered to be the same as 
that of mild steel. 

• Status of Technology - This was considered to be the same as that of mild steel 
because of the same reasons outlined above. 

• Cost - The cost of a glass container was deemed to be similar to mild steel 
pending confirmation of exact cost figures . 
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• Mechanical Properties - The mechanical properties of glass are not likely to 
satisfy DOT Type A requirements because of the brittle nature of glass. 
However, the WCMP felt that if reinforced, glass might be able to withstand DOT 
Type A requirements. 

• Gas Generation Potential and Rate - For reasons similar to those outlined under 
the ceramics discussed earlier, glass was also rated to have a gas generation 
potential or rate near or equal to zero. 

3.10 NONREINFORCED CEMENTS 

The WCMP decided to evaluate cements as a general category instead of considering different 
types of cements (e.g., Portland cement, alumina-based cements, etc.) separ~ because 
the characteristics of all these cements related to the criteria for evaluation are luite similar. 

• 

• 

• 

Fabricability - The fabricability of cements, in general was rated by the panel 
members to be as easy as fabricating mild steel, ·~aps even easier. 

Availability - All basic materials needed for manufaJuring cement containers are 
widely available, and therefore avai~lity was not considered to pose any 
problem. r 
Fabrication Capacity ~mentitious materials are widely fabricated all over the 
U.S. Specific fabrica capability to produce TAU waste containers may need 
to be built depending on the final container design. 

echnolo - The technology is believed to be established well enough 
status of technology equivalent to mild steel. 

• Cost - Assuming a thick-walled structure and a cost of material of 2 to 3 
cents/pound, the total cost of a drum was not expected to be high in comparison 
to mild steel. Some panel members did express concern about the greater wall 
thickness likely to be required for a cement drum iri order to satisfy DOT Type A 
requirements, resulting in increased total cost. However, it was pointed out that 
fabrication does not have to produce a free-standing container. Rather, the 
waste could presumably be suspended in a bag at the bottom of a large tube 
that acts as a mold, and then free-flowing liquid cement poured around it. If 
such a fabrication process is adopted, then it has to be ensured that the density 
of waste in the bag is greater than the density of the liquid cement, otherwise 
there is the possibility of the waste floating up during container fabrication. The 
WCMP noted that this would be a good example of a "formed" container where 
the container will actually gain in strength, if the waste inside it is in monolithic 
form (e.g., shredded and cemented). This method would probably not require 
the extra wall thickness required by a "free-standing" cement container, and 
based on this assumption the panel members estimated the cost to be similar 
to that of mild steel. 
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Mechanical Properties - The mechanical properties of nonreinforced cement 
would be very similar to the ceramics discussed earlier, i.e., brittle and unlikely 
to survive a DOT Type A drop test. Therefore, the WCMP rated nonreinforced 
cement to be much worse than mild steel with respect to its mechanical 
properties. 

• Gas Generation Potential and Rate - Since cement is a porous material, it might 
absorb water leading to potential for gas generation by radiolysis if alpha-emitters 
are in close contact with the water. However, the WCMP assumed very little 
free water present, and rated nonreinforced cement to have low overall gas 
generation potential and rates. The WCMP noted that Portland or alumina-based 
cement will also result in higher pH values of any brine that~ come in 
contact with the containers, thereby causing decreased microbial generation, 
a reduction in the corrosion rate of ferrous materials, and a de ease in the 
solubility of actinides. The one drawback of cements, noted by the WCM P, is 
a possible increase in the corrosion rate of any al~num present in the waste 
caused by the increased pH. r 

3.11 REINFORCED CEMENTS 

A nonreintorced cement container can probably · 4eslgned to meet the DOT requirements. 
However, the payload volume may be small and td:ontainer weight quite high. The primary 
objective of using reinforcements i~-mprove the mechanical properties so that thinner walls 
can be used to satisfy DOT reqt_e~ents, thus increasing usable volume and decreasing 
container weight. Reinforcements that were considered were subdivided into two groups: 

• 
• 

Disc~uous reinforcement (e.g., particulates, transformation toughening, etc.) 
Cont~us reinforcement (e.g., wire, mesh, cage, etc.) . 

3.11.1 Discontinuous Reinforcement 

The WCMP agreed that discontinuous reinforcement of cements would not change the 
fabricability, availability, fabrication capacity, or status of technology in comparison to the base 
material (i.e., nonreinforced cements). Therefore, the WCMP rated all of these properties to 
be similar to mild steel, and hence adequate. 

• Cost - The cost will be a function of the cost of the material used for 
reinforcement. As an example, if rocks are used then cost will be relatively low, 
whereas, if the reinforcement material is carbon fibers, then cost will increase. 
The WCMP estimated that the cost using different reinforcement materials would 
range from 1 to 2 times that of mild steel. 

• Mechanical Properties - The WCMP felt that the mechanical properties of 
reinforced cements would be adequate to meet DOT Type A requirements. 
However, the WCMP noted that there were a lot of uncertainties about shape, 
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wall thickness of the container (which would probably be smaller due to 
reinforcement), and limitations on the maximum payload due to weight of 
container. All of these and their effects on the DOT Type A requirements need 
to be evaluated in detail. 

• Gas Generation Potential and Rate - This will almost be the same as that of the 
base material (i.e., cement) being reinforced, with marginal variation according 
to the gas generation properties of the material used for reinforcement. 
However, due to the reinforcement, the amount of cement required per container 
might be less than that required for a nonreinforced container thereby decreasing 
the total potential for gas generation to an even lower value than nonreinforced 
cement. 

3.11.2 Continuous Reinforcement 

• 

• 

• 

Fabricability - The WCMP judged continuous reinforge ent to be a more difficult 
and labor intensive process than discontinuous reinf cement. Automation of the 
reinforcing process (i.e., forming a cage/mesh, pu mg it in a mold, and then 
pouring concrete around it) is likely to be difficult, nd so the WCMP rated the 
fabricability to range from "more diffi~cto "much more difficult" in comparison 
with mild steel, depending on the tee · e used for reinforcing and the material 
used for reinforcement. 

Availability - There is Qshortage of cements or reinforcing materials, and the 
availability of materialr;~ termed adequate by the panel members. 

Fabric o Ca aci - Facilities are available for fabrication of reinforced concrete 
shape . owever, specific capabilities can be built only after a final container 
has b n designed. 

• Status of Technology - The WCMP had some doubts whether anything similar 
to a fiber-glass cage has ever been fabricated. However, they decided that this 
was more a question of engineering and set-up of fabrication facilities rather than 
technological development. Therefore, the status of technology was termed 
adequate. 

• Cost - There are a wide variety of technologies available for continuous 
reinforcement of cements (e.g., injection molding), and therefore the cost could 
vary over a wide range -- perhaps 2 to 3 times that of mild steel. 

• Gas Generation Potential and Rate - This was rated to be low for the same 
reason as presented under the discussion on discontinuous reinforcements in 
Section 3.11.1. The WCMP also noted that using metallics as reinforcement 
materials should not be a cause for concern from the standpoint of corrosion, 
because a lot of the reinforcing material will be embedded in cement and may 
never come into contact with the environment. In addition, the cement is likely 
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to raise the pH of any brine that might infiltrate through the container, and thus 
retard the corrosion rate. 

3.12 COATINGS 

Although coatings by themselves do not fall under the category of "waste container materials," 
the WCMP considered coatings from the standpoint of providing additional protection to the 
base material used for alternative waste containers. Coatings were subdivided under two 
categories depending on the purpose of the coating: 

• Corrosion retardation for metals and alloys 

• Containment enhancement for structurally weak containers (e.g.ice amics) or 
monolithic waste forms during waste handling and transportation 

After a brief discussion, the panel members agreed that coating metallics (especial mild steel) 
enhances their corrosion resistance. However, this only decreas=e rate of gas generation, 
but has no effect on the gas generation potential. It was also p · ed out by the WCMP that 
coatings are, at best, a temporary retardant on a time-scale of 1 ,000 years. Once the drums 
get crushed upon total reconsolidation of salt, it i~sry likely that part of the base metal will 
be exposed, and thereafter coatings would not be mpletely effective for stopping corrosion 
over a period of 10,000 years. In fact, it is extre I difficult to quantify or justify protection 
by coatings over such a long period of time. In view of these arguments the panel members 
eliminated coatings from any furthl?:luation, but noted that coatings that reduce corrosion 
rates could be a valuable approac rformance assessment studies can quantify the extent 
to which gas generation rates n d to be reduced. The WCMP also noted that certain 
coatings could be bl for enhancing the strength of cementitious or ceramic materials for 
fracture toughness. an example, solidified monolithic waste forms inside a cementitious 
container, may be ted with various materials such as polymers, to assure containment 
during transportation and handling until the WIPP repository is decommissioned. 

3.13 POLYMERS 

A significant problem with polymers is proving their stability over a period of 10,000 years 
under the processes of microbial degradation as well as radiolysis. Obtaining the proof of 
stability will require a substantial investment in research and development, and even then could 
not be guaranteed to be successful. Even if a polymer could be shown to withstand microbial 
attack in the short-term, the validity of such data is questionable over a 10,000 year period, 
because given the time, the microbes have the capability of adapting to new environments and 
attacking the organic materials present. Also, organic materials could break down by other 
mechanisms such as radiolysis, and then become susceptible to microbial attack. The WCMP 
took note of all these drawbacks of polymers, but decided that they have many desirable 
properties (no corrosion, toughness, etc.) to be discarded from consideration. Instead of 
generalizing for all polymers, the WCMP decided to evaluate polyethylene specifically, because 
many of its properties relevant to this evaluation were known. 
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Since status of technology for polymers is quite advanced, the WCM P did not have any doubts 
about the fabricability, availability, fabrication capacity, or the mechanical properties of 
polymeric containers. In fact, TRU waste stored in 55-gallon drums is actually contained in 
90-mil polyethylene liners inside the drums. Although it was estimated that the cost of such 
a container would be 5 to 10 times that of mild steel, the WCMP expected these containers 
to pass DOT Type A requirements. The major concern about the use of polymeric materials, 
as mentioned before, was that the gas generation potential and rates were unknown to panel 
members. Although a lot of information is available about the radiolysis of polymers and a 
substantial research and development effort might not be needed in this area, the WCMP felt 
that these materials would require detailed investigation for microbial degradation before they 
can be used as a container material. 

3.14 OTHER MATERIALS ~ 

Apart from the materials already discussed in Sections 3.1 to 3.13, the WCMP a1Jo examined 
a different material suggested by one of the panel members. 

This material Is based on a 10 to 20-year old technology popul€f known as impregnation 
into metal." The existing 55-gallon drums are impregnated from both sides with a non-oxide 
ceramic containing no free oxygen {such as boron~de) up to a thickness of 0.003 to 0.015 
inch. Since radiation is not a prime concern fo -TRU waste, there are a number of 
alternatives {e.g., manganese oxide, silicon oxide, tc.) that are cheaper. After impregnation, 
the metal surface can be coated wiE polymer {polyvinylidine) for additional protection. The 
impregnation is done by ion-bondin e ceramic to the metal by a proprietary method. The 
purpose of the ion-bond is to co vert the surface of the metal into a ceramic, thereby 
preventing corrosion. 

The WCMP expresO a lot of concerns about this material, especially about its corrosion 
properties when c~ed during the reconsolidation of salt. Although the panel members 
agreed that impregnation could provide corrosion protection for the metal surface {if 
impregnated on both sides), they were very much concerned about the region of 
unimpregnated metal sandwiched between the inner and outer surfaces ot the drum. The 
WCMP argued that after reconsolidation, the drums are most likely to rupture, leaving the 
unimpregnated metal at the center exposed to the corrosive environment in the repository. 
Once unprotected metal is exposed the corrosion process will start, and although the rate of 
corrosion might be low, the impregnation techniques will be rendered ineffective in the long 
run. Another concern of the panel members was about the ductility of the impregnated Jayer. 
Most panel members questioned the ability of this material to withstand the bending stresses 
expected during room closure without developing cracks or exposing unimpregnated metal. 

Overall, the panel members recognized that this could be a very promising material, especially 
for the purpose of reducing the rate of gas generation from corrosion, although it would not 
reduce the total potential of gas generation from mild steel drums. However, it appeared to 
the panel members that due to the proprietary nature of the technology, there was not enough 
information available about the material at this stage for a complete evaluation. Therefore, due 
to the lack of adequate information, the WCM P was unable to decide whether this technology 

WP:EATF.1991 :R-1775-APPH H-24 

'"' 

'''ll 

,.,~ 

'<''! 

17"1 

.... 1 

~··1 



·•· 

'"" 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

merits further evaluation. If performance assessment studies determine that merely controlling 
the rate of gas generation would ensure that there is no gas generation problem, then this 
could be a very promising material. 

A summary of the results for each material with respect to each evaluation criteria is presented 
in Table H-1. 

D 
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TABLE H-1 

EVALUATION OF ALTERNATIVE MATERIALS 

CRITERIA FOR EVALUATION 

GAS GENERATION 
FABRICATION STATUS OF MECHANICAL 

MATERIAL FABRICABILITY8 AVAILABILITY8 CAPACITY8 TECHNOLOGY• cosr PROPERTIES• POTENTIAL RATE 

Copper & Alloys Same Same D Limited Same 5-Sx Same Low Low 

Titanium & Alloys Much more difficult Same Limited Same 10-20x Same High Low 

High-Nickel Alloys Much more difficult Same None Same 15-35x Same Moderate Low 

Zirconium and Much more difficult Same None Same 35x Same High Low 
Alloys 

~ Stainless Steels Same Same Same 5-Sx Same High Moderate 

Fired Ceramics Much more difficult Same None Appears to 25-30x Much worse Near zero Near 
be same zero 

Chem. Bonded Same Same None Being Same Much worse Near zero Near 
Ceramics ~eve loped zero 

Glass Same Same Same ame Same Much worse Near zero Near 
zero 

Nonreinforced Same Same Same Same Same Much worse Low Low 
Cements 

Reinforced Cements Same Same Same Same 1-2x Probably Low Low 
Discontinuous 

Sam~ 
same 

Continuous Worse Same Same 2-5x Probably Low Low 
same 

Polyethylene Same Same Same Same 5-10x Same Requires Requires 
lnvestiga- lnvesti-

-\ 
ti on gation 

8 1n comparison with mild steel. 
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4.0 CONCLUSION 

The WCM P concluded that the evaluation of five different groups of materials showed that 
there are several candidate materials available which are capable of satisfying the design 
requirements for waste containers to varying degrees. In order to summarize the evaluation, 
the WCMP decided that there are two basic criteria that need to be addressed in detail for 
each one of the evaluated materials. One is the effectiveness of the material for meeting the 
"no gas generation" requirement; the other criterion is whether the material can be fabricated 
into a container satisfying the appropriate transportation and handling requirements. 

The effectiveness and fabricability of different materials would have to be established through 
development programs of varying durations for the different materials. As an example, 
materials like ceramics which are brittle, are likely to take a lot more development time than 
a metal like copper, to establish their fabricability into an acceptable container. ~efore, the 
WCMP summarized its evaluations of alternative materials with respect to the fo .. _ring criteria: 

• Time likely to be needed to establish the effectiveness of the material in meeting 
the "no gas generation" requirement. r,; 

• Time likely to be needed to develop fabrication tekhnology and actually make 
a full-scale fabricated container. 

• Probabiity of success in terms of ttACMP's best judgment that the material 
will satisfy the "no g~aeneration requirement." 

• Probability of succes i terms of the WCMP's best judgment that the material 
can be fabricated int a container satisfying DOT Type A requirements. 

• Cost Efontainer in comparison to mild steel. 

The WCMP assumed that all the brittle materials such as ceramics, cements, and glass will 
be reinforced as required to provide whatever mechanical properties are deemed necessary 
to satisfy the DOT Type A requirements. Thus, all materials evaluated earlier under the 
"reinforced" prefix were not summarized separately, but rather assumed to be included in their 
respective base material groupings. It was noted by the panel members that if DOT Type A 
requirements are to be met, then containers made of metals and polymers would probably 
carry the maximum payload per container. The WCMP also came to the conclusion that any 
research involving microbial gas generation is likely to become a long-term project because 
of the uncertainty associated with microbes. Therefore, whenever possible, all experimental 
schedules for detailed evaluation of materials should be planned in parallel to make the most 
efficient use of time. 

The conclusions of the WCMP are presented in Table H-2. It should be noted that the cost 
figures are taken directly from Table H-1, and do not include developmental costs, or costs 
of building any new facilities which might be required. Also, the estimates of schedules do 
not include programmatic planning time associated with planning of research strategy, approval 
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Time to 
Establish 
Effectiveness 

Copper & Alloysb 1-2 yrs. 

Titanium & Alloys 1-2 yrs. 

High-Nickel Alloys 1-2 yrs. 

Zirconium Alloys 1-2 yrs. 

Stainless Steelb 1-2 yrs. 

Free Standing 0 yrs. 
Ceramicsc (validate) 

Chem. Bonded 0 yrs. 
Ceramicsc (validate) 

Glassc O yrs. 
(validate) 

Cementsc 1-2 yrs. 

Polymers 5 yrs.d 

a Relative to a mild steel container. 

TABLE H-2 
SUMMARY OF RESULTS 

Time to 
Establish 
~Scale Cost 

uct Factor" 

2 yrs. 5-8 x 

2yr~ 10-20 x 

2 yrs. 15-35 x 

2 yrs. 35 x 

0-1 yrs. 5-8 x 

4-8 yrs. ~30x 

3-5 yrs. 1-10 x 

2-4 yrs. 1-10 x 

\\ 
2-4 yrs. 2-8 x 

0-1 yrs. 5-10 x 

Probability of 
Success in 
Establishing 
Effectiveness 

90% 

95% 

97% 

98% 

50% 

99.9% 

99.9% 

99.9% 

99.9% 

Indeterminate 

--\ 
b Uncertainty associated with effect of microbes·- not considered in duration. 
c Reinforced as required. 
d Should be dropped from consideration if effectiveness cannot be proven within 5 years. 
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Probability of 
Success in 
Meeting DOT 
Type-A 
Reauirements 

100% 

100% 

100% 

100% 

100% 

30%-90% 

30%-85% 

20%-90% 

30%-85% 

100% 
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of schedule and budget, etc. The conclusions of the WCM P for each material are discussed 
below. 

Copper 
It would not take a significant amount of time to evaluate the effectiveness of copper in order 
to reduce some of the uncertainties associated with its corrosion. Most experiments will take 
one to two years, depending on the extent of evaluation. However, as discussed earlier, 
copper could corrode if microbes reduce sulfates and nitrates in the repository. It should be 
noted that this uncertainty has not been included in the one to two year estimate of 
experimental duration. Full-scale production can probably be established in about two years, 
and might be done in parallel with effectiveness evaluation. 

The WCMP rated the probability of success for meeting the "no gas generation" requirement 
using copper or its alloys to be about 90 percent. Since this figure was based purely on 
qualitative judgment, the WCMP decided to assign probabilities to all the mate~rials and then 
later compared them to each other in order to be assured that the relative p entages for 
probabilities between different materials were reasonable. The WCM P did n have any 
doubts about the ability of copper to satisfy DOT Type A requirements and rated the 
probability of success at 100 percent. ~ 

Titanium r 
The time to establish the effectiveness of titanium w~ld be about one to two years. However, 
unlike copper, there is no microbial uncertainty wit anium. Some experiments are needed 
at high C02 overpressure in concentrated brine at e maximum temperature expected in the 
repository, and may be conducted at a higher tern rature to accelerate data acquisition. The 
WCM P was confident that these e~_ments could be done in one to two years. The time 
to establish full-scale fabrication car~ity was estimated to be similar to that of copper, i.e., 
approximately two years. 

The probability of sQss in meeting the "no gas generation" requirement for titanium was 
estimated to be 95(.p/rcent. Some panel members expressed concern at this high figure 
because of the high potential for gas generation from titanium. However, it was pointed out 
that the potential and probabilities are quite unrelated. As an example, even though diamond 
has a very high potential for oxidizing, the probability of this actually happening is very low. 
Also, titanium is known to be extremely corrosion resistant in a variety of environments 
because of a protective layer of titanium dioxide, which rapidly forms again if the surface is 
scratched. Although crevice corrosion can occur in brine this normally occurs at much higher 
temperatures than that expected in the repository. Like copper, titanium was not expected to 
face any problems in satisfying DOT Type A requirements and was rated to have a 100 
percent probability of success. 

High-Nickel Alloys 
As mentioned earlier, if these alloys are to be considered as candidate container materials, 
then pitting and crevice corrosion of these alloys needs to be investigated as well as data 
about the equilibrium partial pressure of hydrogen which will stop the corrosion reaction. 
These alloys are extremely corrosion resistant, so that any experiments to quantify their 
corrosion rates will take a long time. In addition, there is also the issue of finding the 
optimum alloy for the given conditions. The WCMP noted these issues, and decided that it 
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would take one to two years to establish the effectiveness of high-nickel alloys. The time for 
full-scale fabrication and the probability of success in meeting DOT Type A requirements were 
judged to be equivalent to that of copper and titanium based materials, i.e., two years and 100 
percent, respectively. Since the rates of corrosion of high-nickel alloys are slower than 
titanium, these were judged to have a slightly higher probability of success for gas generation 
requirements compared to titanium, and rated at 97 percent. 

Zirconium Alloys 
These were considered to be similar to the high-nickel alloys, except that in recognition of their 
exceptional corrosion resistance, these materials were rated to have a higher probability of 
success (98 percent) for meeting gas generation requirements. 

Stainless Steels 
The time for verifying the effectiveness of stainless steel should take no more than one to two 
years. However, like copper, uncertainties about microbial attack are also a~sated with 
stainless steels. These uncertainties are not included in the above estimates for xperimental 
duration. The time for full-scale production would be less than any of the ther metals 
discussed before, because drums are being produced now for~o ercial purposes. Since 
the present production capacity is not at a level required for man uring thousands of drums 
per year, the WCM P estimated a period of approximately one ye r for full-scale production of 
stainless steel drums. Like all metals, the probability for meetin DOT Type A was rated at 
100 percent. The relatively higher corrosion rates ~ainless steel in comparison to titanium, 
zirconium, etc., reduced the probability of success eating gas generation requirements to 
50 percent. 

Free Standing (Fired) Ceramics (2 
The WCMP felt that there was [o ~eed for any experimental studies to establish their 
effectiveness for m~ee· the "no gas generation" requirement. For all practical purposes these 
materials were cons e to have a 99.9 percent probability of success in not generating gas.· 
On the issue of tim quired for full-scale production, a broad range was noted because of 
a wide variety of m terial that can be used. As an example, a lower end material like low 
grade alumina could take a total of four years (two years to develop and another two years 
to scale-up), whereas a higher end material like toughened zirconia could take eight years. 
The same wide range would also apply to the probability of success in meeting DOT Type A 
requirements as well. The WCMP decided that the probability for low grade alumina would 
be about (30) percent whereas it would be considerably higher (90 percent) for a higher end 
material like toughened zirconia. 

Chemically Bonded Ceramics 
The gas generation characteristics were deemed to be similar to fired ceramics, i.e., they also 
were rated to have a probability of success of 99.9 percent and would not require any 
experimental time for verification. For full-scale production, it is conceivable that some sort 
of isostatic pressing technology might be developed quickly (one to two years). Once the 
technology for fabrication has been developed, the scaling up could take two to three years. 
Therefore, full-scale production could take anywhere from three to five years. Since this type 
of ceramics is not as tough as fired ceramics, the WCMP rated their probability of success for 
meeting DOT Type A to be 30 to 85 percent. 
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Glass 
The WCMP considered the fabrication of glass to be a well-established technology, easier than 
any other ceramic evaluated. Full-scale production of glass containers should take one to two 
years. However, recognizing the fact that glass needs to be reinforced, and that design and 
evaluation of mechanical properties cannot be done in parallel, the WCMP estimated that two 
to four years is probably a more realistic figure for full-scale production. All other criteria (i.e., 
probability of success, etc.) were judged to be equivalent to fired ceramics for similar reasons. 

Cements 
If cements are to be considered as candidate materials for alternative waste containers, then 
the chemistry of exposing cement to brine needs to be investigated in detail. This could take 
one to two years. There is also the need for verifying the stability of cement for 25 years. 
Using some kind of accelerated degradation process, the stability could probably be verified 
within two years. Therefore, the WCMP felt that two to fours years would be a reasonably 
conservative estimate for the full-scale production of a cement container. 

The pmbabllily of success for meeting gas generation requirements was rated ~.9 percent 
provided that proper reinforcements (such as glass) are chosen which do not generate gas 
themselves. For meeting DOT Type A requirements, the WCMrlt that these can be met, 
although a lot will depend on a cost effective compromise betw wall thickness, amount of 
reinforcement, and payload constraints. 

Polymers I\ 
The main problem with polymers is their possibr,aegradation under microbial attack, and 
radiolysis. The WCMP recognized that a given polymer might be effective, and be able to 
withstand microbial attack for 1 O~ years. The difficulty lies in the verification of their 
effectiveness, because short-term s arch data showing lack of microbial degradation does 
not guarantee that such degradati n would not take place over 10,000 years. Since there is 
a lot of uncertainty s· lved, the WCMP decided that if the effectiveness cannot be established 
within a period of ive years, polymers should be dropped from further consideration as an 
alternative waste c iner material. If they are selected, the polymers should not have any 
problem in meeting the DOT Type A requirements, and considering their well-established 
technology, it should not take more than one year for full-scale production of polymer 
containers. 

Coatings 
The WCMP did not discuss coatings with respect to criteria used for summarizing other 
alternative materials, because coatings were considered to be a subcategory of other 
alternatives (a part of the process rather than a container material by themselves). It should 
be noted that these coatings are for surface containment of solid wastes to facilitate handling 
and transportation, and for retarding the corrosion rate of metallics. For example, in the case 
of chemically bonded ceramics there is a possibility of contaminating the powder during the 
process. So an option is to paint or coat the surface to isolate any contamination. Thus, 
coatings should be used when and wherever applicable if it indeed improves the characteristics 
of the container material. 

It should be noted that the information presented in Table H-2 is based on preliminary 
evaluation of these materials, and represents educated estimates rather than precise values. 
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The figures in Table H-2 provide relative estimates of probability of the materials in meeting 
the effectiveness and fabricability requirements for a container, as well as the time required 
to verify these probabilities. The WCM P decided that copper, titanium, high-nickel alloys, 
zirconium alloys, ceramics, glass, and cements were all viable materials which could possibly 
satisfy the design requirements for an alternative waste container. However, there are some 
concerns associated with each material that need to be resolved. 

The WCMP noted that although ceramics and cements have excellent gas generation 
properties, and are inexpensive, waste containers made from these brittle materials are likely 
to have smaller internal volumes due to the thicker container walls required to satisfy DOT 
Type A requirements. This will result in a smaller TRU waste payload per container. In 
addition, if the container weight is heavier than the existing drums, then fewer containers will 
make up the TRUPACT-11 payload, resulting in increased number of waste shipments from the 
storage sites to the WIPP site. These factors can have large impacts on the overall program 
costs beyond the low unit costs required to fabricate the containers. It should ~ be noted 
that with the possible exception of cements, there is no technology present y in place to 
fabricate large containers from the nonmetallic materials. Therefore, the fabri tion of an 
acceptable nonmetallic container that would satisfy the DOT Tyr.p requirements, will very 
likely require long-term research and development efforts. . 

In contrast to the nonmetallics, and with the exception of coppe, there are expensive metal 
alloys (titanium, high-nickel, and zirconium) that ha'Erelatively fewer uncertainties associated 
with them, especially with respect to fabricability, payload volume per container. Once 
their low anticipated corrosion rates are validated under WIPP conditions, these alloys have 
the potential of immediately satisfyi~ design requirements. Whereas, the higher end high
nickel alloys, and the zirconium all ould substantially escalate program costs (roughly $1 
billion, based on 600,000 drums an a cost of $50 for an existing mild steel drum), the WCMP 
felt that lower cost titanium alloys would be adequate for the purpose. Besides, under the 
relatively mild condi~n at WIPP, there is not likely to be any notable differences in corrosion 
properties between t titanium alloys which are relatively inexpensive, and the more 
expensive ones sue as zirconium and higher end high-nickel alloys. 

These results of the WCMP should be used to: 

• Select a few promising alternative materials for detailed testing regarding their 
fabricability and corrosion/gas generation properties 

• Evaluate, with the help of appropriate experiments, the effectiveness of the 
selected materials for meeting the "no gas generation" requirement 

• Design and demonstrate the fabricability of the selected materials (reinforced as 
required) into a container satisfying all transportation and handling requirements 

• Estimate the total cost per container, and impact on overall program cost for the 
selected materials based on the annual fabrication requirements. 
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Thus, the right choice of material would have to be decided by tests on a few prom1smg 
materials for both effectiveness and fabricability, and would also depend on applicable cost, 
schedule, and transportation constraints. 

D 
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Mr. Kresny is the President of Solmont Corporation, and a consultant to IT Corporation, with 
over 33 years of multidiscipline technical and managerial experience in the nuclear industry. 
His background includes engineering and project management involving major nuclear facilities 
and programs, institutional issues resolution between the WIPP project and 23 States, shielding 
and radiation analysis, and nuclear space systems and power plant design. He was also the 
chairman of the WIPP Engineered Alternatives Multidisciplinary Panel. Education: Bachelor 
of Marine Engineering. 

PANEL MEMBERS 

Dr. Barry M. Butcher (Performance Assessment) 

Dr. Butcher is currently the Principal Investigator at Sandia Natl Laboratories (SNL) for 
WIPP programs related to the selection of backfill for the dispo I rooms, development of a 
model for the mechanical and hydrological response of the dispo I rooms, and investigation 
of engineered alternative concepts. He has over 3~ars of experience in investigation of the 
dynamic behavior of materials, and is the author er 30 publications on the subject. At 
SNL, he has held positions as Supervisor of th Stress Wave Research Division, and as 
Supervisor of the Geo mechanics Df<'vi · n providing rock mechanics support to the WI PP and 
Yucca Mountain projects. Educati · B.E., Civil Engineering; Ph.D., Engineering Materials 
(Materials Science). 

Mr. Noel Calkins (C~ic Fabrication) 

Mr. Calkins has 33 rs of experience as a mechanical engineer working in various areas 
of management, re arch and development, and production. The last 10 years of his 
experience have included working in Los Alamos National Laboratory. He has worked 
extensively in the area of fabrication of several materials including metals, ceramics, and 
composites. His process experience encompasses all traditional and non-traditional metal and 
ceramic removal systems, including water jet cutting, ultrasonic impact grinding, free abrasive 
machining (FAM), etc. He also holds patents in the areas of ceramic processing and ceramic 
armor. Education: B.S., Mechanical Engineering. 

Dr. Frank W. Clinard. Jr. (Basic Ceramic Research) 

Dr. Clinard is a Senior Laboratory Associate at Los Alamos National Laboratory {LANL) with 
over 25 years of technical and managerial experience in a variety of areas in materials 
science. His experience in LANL includes 17 years as a Project Leader for research in the 
area of ceramics for fusion reactor application, and as a Section Leader for irradiation effects, 
advanced materials, and physical ceramics. He has also been a consultant to various 
companies in the areas of physical properties of metals, ceramics, polymers, and ceramic 
composites. Education: . B.S., Mechanical Engineering; M.S., Metallurgical Engineering; Ph.D., 
Materials Science. 
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Dr. F. H. Froes (Physical Metallurgy) 

Dr. Frees is the Director of the Institute for Materials and Advanced Processes at the 
University of Idaho, and has been active in the fields of physical metallurgy, powder 
metallurgy, metal matrix composites and intermetallics for over 23 years. Before assuming his 
position at the University of Idaho, he has held various positions supervising research in the 
areas of titanium, aluminum, and superalloys at the Air Force Materials Laboratory in Dayton, 
Ohio. He also holds in excess of 40 patents in Material Science and related fields. 
Education: B.S., M.S., and Ph.D., Physical Metallurgy. 

Dr. Hamlin M. Jennings (Cementitious Materials) 

Dr. Jennings is an Associate Professor in the Department of Civil Engineering and the 
Department of Materials Science and Engineering at Northwestern University. He has 15 years 
of teaching and research experience in the area of cementitious materials. His research has 
included the study of microchemistry and microstructure of various ceramics and cement
based materials using mathematical modeling and transmission electron micros~. He has 
also been a member of the WI PP Cement/Grout Expert Panel which discussee1 he stability 
of cement-based materials in the WIPP environment for a period of 10,000 years. Education: 
B.S., Physics; Ph.D., Materials Science. 

( Mr. Daniel C. Meess (Concrete Container Fabrication) 

Mr. Meess is currently the Design Manager of the Nuclear Waste Department, Illinois LLW 
Project for Westinghouse Electric Corporation.1]; Hs over 15 years of project leadership 
experience in goal-oriented development of ced energy technologies, and the 
management of hazardous, low-level radioactive nd mixed wastes with a focus on project 
management, developmental engin;s· , and technical operations. He was the Project Leader 
for the development, testing, and mercialization of the SUREPAK modules for the safe 
storage and disposal of low-level ra ioactive and hazardous wastes. Education: B.S., 
Mechanical Engineering, and Public Affairs; M.S., Mechanical Engineering. 

Dr. Jonathan Myers~chemlstry) 
Dr. Myers is a Senior Technical Associate at IT Corporation with over ten years of geologic 
and geochemical experience solving technical problems in the field of hazardous and nuclear 
waste management. He has been actively involved in the WIPP and Yucca Mountain nuclear 
waste disposal projects, as well as the Swedish and Canadian waste disposal programs. He 
has also been a member of the WIPP Engineered Alternatives Multidisciplinary Panel, 
chairman of the WIPP Cement/Grout Expert Panel, and a participant in the WIPP Performance 
Assessment Program. Education: B.S. and M.S., Geology; Ph.D., Geochemistry. 

Mr. Rodney Palanca (Waste Handling) 

Mr. Palanca has 27 years of experience with the operation of nuclear submarine and land
based nuclear plants. He attained the rank of Lieutenant Commander in the U.S. Navy, and 
has supervisory and technical experience in nuclear reactor operation and testing, nuclear 
instrumentation and controls, nuclear chemistry and radiological controls, training curriculum 
planning and scheduling. He was also a member of the WIPP Engineered Alternatives 
Multidisciplinary Panel. He is currently a senior engineer in the WIPP Engineered Alternatives 
Group. Education: B.S., Chemical Engineering, plus numerous U.S. Navy nuclear training 
programs . 
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Dr. R. E. Westerman (Metallurgy/Corrosion) 

Dr. Westerman is a Senior Staff Scientist and Technical Leader of the Components Analysis 
Group at the Pacific Northwest Laboratories (PNL). He has 30 years of experience in the 
metallurgical and corrosion research of various materials, and has been involved in nuclear 
waste package development programs since 1977. At PNL, he has led a group involved in 
the selection and evaluation of metallic materials including nickel-, iron-, copper-, titanium-, and 
lead-based alloys, for application to engineered barrier systems for the long-term containment 
of nuclear waste. He has also acted in the capacity of Technical Leader of the chemical 
Metallurgy and Metallurgy Research Sections at PNL, either directing or contributing to a 
variety of programs, including the effect of hydrogen on the mechanical properties of titanium 
alloys and the manufacture and evaluation of alloy steel specimens made by various powder 
metallurgy techniques. Education: B.S., Metallurgical Engineering; Ph.D., Metallurgy. 
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EXECUTIVE SUMMARY 

The total risk associated with various waste treatments is an important component in the 
evaluation of the feasibility of alternatives conducted by the Engineered Alternatives Task Force 
(EATF}. Treatment of the wastes, prompted by the desire to improve long-term performance 
of the WIPP repository, will lead to some increases and decreases in different contributions 
to the total risk of the WIPP. It is the purpose of this study to evaluate numerically the 
balance between the changes in the short-term risk components and compare them to the 
expected improvement in the long-term risks. 

This study evaluates the total risks from treating, handling, transporting, and emplacing waste 
in the WIPP. It then compares the total risks associated with no waste treatment (baseline 
case) with those associated with the four selected waste treatments, carried out at four 
selected site combinations. The total risk of the WIPP operations, as envisaged in the Final 
Supplemental Environmental Impact Statement (U.S. Department of Energy, 199Qff and Final 
Safety Analysis Report (U.S. Department of Energy, 1989a) results in the evalu+tion of 124 
different contributions to the total risk or risk components. These components anse from the 
analysis of 73 scenarios (Appendix I, Section 4.3). The risk=ponents are written in 
mathematical form and their properties for different levels of tre ent activities are studied. 
According to these properties, all risk components are then aled appropriately to the 
treatments selected. Thus total risks of the WIPP for 16 treatment and location options are 
calculated. fJ... 
The comparison of these multi-component quan~s· is not a trivial operation. Only two 
numbers can be compared at one ! and only if they are measured for the same quantity, 
given in the same units. A no rocedure for comparing multi-component risks was 
developed for this purpose, using s me of the tools of Multi-Attribute Utility Theory (Appendix 
I, Section 3). As tznsequence of inserting only risk components as attributes into this 
theory, and due to m special characteristics common to all risk components, a special form 
of utility function is ed. Based on the properties of this function, two related quantities 
are then defined: the consequence reduction index and its inverse, the consequence 
augmentation index (Appendix I, Section 3.2.2). Both indices can be interpreted as the 
weighted geometric average of all contributions to the ·total risk, relative to the same 
contributions to the baseline risk. A reduction index larger than one indicates a decrease in 
overall risk; or, more precisely, in overall consequences, an index less than one, indicates an 
increase. Conversely, a consequence augmentation index larger than one is an indication for 
an increase in overall consequences, whereas an index less than one indicates a decrease 
in consequences . 

These indices are single, dimensionless numbers that can be compared directly. They are 
composites of all the risk components, weighted with a societal valuation of each particular 
component. Thus, a fatality will be weighted differently from an injury or the risk of some 
monetary losses. In deriving these societal valuations, the future application of this analysis 
is taken into account. In Section 6.4 and 9 of the main report, it becomes an integral part of 
the data base needed to decide between the feasibility of different treatment alternatives and 
the plant locations. This is, thus, a technical decision. Into this decision, the societal 
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valuations of different risk components need to be embedded. In the limited scope of this 
investigation it is assumed that there is one decision maker who consults with some experts 
to help him establish his own set of weights {Appendix I, Section 5.1 ). The decision maker 
then uses these weights in the procedure outlined to rank the total risks of the 16 
treatment/location options. 

In most cases, a risk comparison is part of a larger evaluation that will make a decision on 
engineered alternatives based on a number of criteria, among them total risk. The decision 
maker in that process will need to inspect the weighting process and possibly influence it in 
such a manner that it reflects the needs of his own multi-criteria decision analysis. In this way 
he becomes one of the most important members of the circle of experts consulted by the 
decision maker for the risk comparison, decisively influencing the weighting used in the ranking 
of treatment/location options. 

As an additional aid in making this ranking, the relevant standard errors of all p~eters are 
followed throughout the calculation, using algebraic methods of error propagation. The result 
is a set of risk reduction and augmentation indices with standard errors. Two athematical 
criteria are employed to establish significant and insignificant Fi ences between indices. 
More important, however, are the groupings of alternatives a the trends within groups 
established in this analysis (Appendix I, Section 5.1 ). 

The results of the decision maker's evaluation~ shown in Table l-ES-1, where the 
consequence augmentation indices are listed in x 4 array for all 16 treatment/location 
options. The four location options are listed horizo ally in increasing decentralization; the four 
treatment options are listed vert~iin increasing complexity of the treatment. The left 
column lists the consequence aug tion factors for a single treatment center at the WI PP. 
For treatment at the WIPP, trans rtation risks are thus unchanged from the baseline case, 
and the sharp increa~f the indices for Level Ill treatments {Treatment Option 4) reflects the 
rising influence of e reatment risks. For Treatment Option 4, the location dependence 
reflects the rising ence of the transport risks, mostly the reduction in normal traffic 
accidents due to the reduction in the number of transports when wastes are treated prior to 
shipment. The cells with the highest augmentation indices {greatest increase in risk due to 
treatment) have the lightest pattern; those with the lowest indices {here given as inverse 
values, that is, as consequence reduction indices) have the darkest shadings. 

ft!' 

' 

For Level II Treatment Options 1 and 2, the consequence augmentation indices are found to 'l!l J 

be closely grouped with overlapping errors. This signals a near independence from location 
and a general increase in the composite risk augmentation index to 1.5, resulting in an even '' 1

! 

shading of all the cells. 1111i 

For both Level Ill treatments {Treatment Options 3 and 4), clear trends with location are " 1
1 

evident. Level Ill treatments tend to significantly reduce the required number of TRUPACT- ai1I 

11 transports 
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relative to the baseline, untreated waste case. For Treatment Option 3, consequence 
augmentation indices of about 1.6 for treatment at the WIPP decrease to indices of 1.2 for 
decentralized treatment. An augmentation index of 1 means equivalence with the overall 
baseline risk. For Treatment Option 4, this trend is much stronger and the consequence 
augmentation indices range from the lowest to the highest value in the array. For this 
manpower intensive treatment, the increased treatment risk and the reduced transportation risk 
lead to an augmentation index of 2 for treatment at the WIPP, and to reductions with indices 
near 0.8 or 1 /1 .2 for treatment near the originators of the waste. 

In this context, it is important to realize that, although an index larger than 1 indicates an 
increase in consequences, the relationship is nonlinear and does not indicate an increase by 
this amount over the baseline risks. In fact, by virtue of the method used here, no absolute 
risks can be calculated for the treatment/location options. 

For an evaluation of the influence of each consequence component on the value~he index, 
the sensitivity study in Appendix I, Section G.4 lists the factors by which each component 
contributes to the result. These trends and their causes show that the radiologi al risks are 
among the smallest contributions to the total risk, both i~ the base~in risks given in the FSEIS 
(U.S. Department of Energy, 1990a) and in the risk comparison re. This arises from the 
valuation of society, which discounts traffic fatalities and njuries strongly, discounts 
occupational fatalities somewhat less, but puts strong emphasis on radiation injuries resulting 
in cancer and other health effects. The small~ and influence of radiation risks is a 
testimony to effective intervention by health phy s in this respect. Thus the low but 
generally much larger occupational and transporta on accident risks are expected to dominate 
most of the discussion. a 
Thus, in summary, Level II treatmbnt~ lead to an increase in consequences, which is not 
sensitive to the lo~· n of that treatment. Level Ill treatments, on the other hand, are 
sensitive to location v ing from large increases in total risk to moderate decreases. This 
general insight is f be insensitive to most of the biases encountered here; robust even 
with regard to the largest source of bias, the decision maker. 
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1.0 INTRODUCTION 

A key component in evaluating the feasibility of alternatives identified by the Engineered 
Alternatives Task Force (EATF) is the assessment of risk associated with the various waste 
treatments. Waste treatment will increase or decrease some components of the total risk of 
managing and transporting transuranic (TAU) wastes and of operating the WIPP. Most notably, 
decreases in the long-term risk components such as those due to human intrusion scenarios, can 
only be achieved at the price of increasing some short-term risk components, such as cancer 
risks; other short-term components, such as transportation risks, are decreased by some of the 
treatments proposed. It is the objective of this investigation to evaluate the balance of the short
term risk components and to weigh them against the improvements in the long-term risk 
components. 

This evaluation compares the total risks inherent in managing, transporting, ~ emplacing 
differently treated wastes in the repository relative to the baseline risks asso~i-cf ed with the 
shipment and emplacement of "as received" wastes. It also uses current WIPP waste container 
and repository designs. From the many possible treatments of th~astes, a few options were 
chosen to represent the span of characteristics of treated wastes, ith the various components 
of each compared against the "baseline" to arrive at a relative ris reduction factor. One of the 
primary tasks of this comparative risk assessment wAto scale all components of the total risks 
to the level of activity required by the different trea~t options. 

A relative risk assessment of thef!e WIPP operation over its operating lifetime and the 
subsequent post-closure period incl e risks for a variety of operations, incidents, and accidents. 
Most prominent among them are t ose connected with the transportation of the wastes, the 
corresponding hand~ operations, and the emplacement of the wastes underground. While 
these factors are a dr ssed in the "baseline" risk, selection of any waste treatment leads to 
additional risks due handling and transportation, in addition to the risks due to the treatment. 
Consequently, the relative risk assessment must consider all components of the total risk. 

Factors addressed by the relative risk assessment include transportation and occupational 
accidents, exposure to radiation either due to direct external exposure or incorporation of 
radioisotopes by the inhalation or ingestion route, and exposure to toxic chemical agents in the 
wastes. With the exception of traffic and occupational accidents not involving the radioactivity or 
chemical toxicity of the wastes, the risk components are all small. Traffic and occupational 
accidents pose larger risks, but these are essentially on the same scale as accidents in industrial 
operations of similar scope. For all risk components, both routine exposures and exposures 
under accident conditions are addressed and the corresponding risks to the public and the work 
force are considered. These short-term risks are evaluated both during the operational phase and 
as carcinogenic risks in 5 to 20 years. Long term risks are those associated with the hypothetical 
human intrusion event 5,000 years after decommissioning of the WIPP (see discussion of the 
Design Analysis Model in Section 2.4 of the main body of this report). These include the risks 
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to workers involved in human intrusion scenarios and to nearby residents that are. exposed to 
radionuclides released as a result of the intrusion. 

Increased handling due to waste treatment, and thus an increase in the work force, leads to an 
increase in the incidence of work-related accidents, resulting in both occupational injuries and 
fatalities. Among these accidents, forklift accidents are quite prominent because they contribute 
only 1 percent to the incidence of accidents but result in 1 O percent of the injuries with workdays 
lost (U.S. Department of Labor, 1986). Also, some waste treatments will result in an increase in 
the number of TRUPACT-11 shipments to the WIPP (because the treatment increases the weight 
of the waste form, which reduces the number of drums per transport), while others decrease the 
number of transports relative to the "baseline" case of no waste treatment. Of all risk 
components, transportation risks have the largest number of expected fatalities and injuries (U.S. 
Department of Energy, 1990a), and even relatively small increases/decreases will result in 
significant changes of both the short-term and overall risks. ~ 

The transportation risk components consist of the risks of death or injuries in accide~ts involving 
TRUPACT-11 transports, as well as the health effects due to direct ex~ures of the transport crew 
and of the public to penetrating radiations. The two components d to traffic accidents are the 
largest risk components projected for the entire WIPP activity ( .S. Department of Energy, 
1990a). In routine transportation, public and occ~uional radiation exposures are limited to 
persons on or near the highways traveled. In accid scenarios, however, the public at larger 
distances downwind or downstream may also be at risk. For these rare accidents, waste 
treatment may offer significant risk ~ctions if the fraction of wastes that are released as 
airborne particles is minimized. r '\ 
The largest contributi.io to the relatively small radiation risks of the actual disposal operations 
in the WIPP arise fr m irect irradiations of the work crew. These risks are not expected to be 
strongly affected be se the same amount of radioactivity has to be handled and emplaced 
underground, regardless of whether the wastes are treated. In the incident and accident 
scenarios, however, these smaller risk components could be significantly reduced. For radiation 
exposures, the changing risk of cancer as well as of genetic damages is addressed. For 
chemical toxicants, the reduced risks of both cancer and non-cancer health effects due to the 
destruction of Volatile Organic Compounds (VOCs) are discussed. Both the risk to workers and 
those to the public are addressed. 

All components of the overall risk that involve the actual treatment of the wastes will lead to a 
small increase in the number of injuries and fatalities. These risks arise here from routine 
treatment operations and from regular maintenance activities. Both the workers and the public 
are at risk, but it is mostly occupational risks that increase when wastes are treated. This is due 
to the deposition of airborne wastes in the interior of the plant, the filtration, and environmental 
dilution which are expected to reduce public exposures substantially. 
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Routine exposures can be assumed to be low due to the health and safety procedures instituted 
at the treatment facility. The requirements of the As Low As Reasonably Achievable (ALARA) 
concept (International Commission on Radiological Protection, 1959) are expected to be followed 
rigorously. Nevertheless, penetrating radiations will lead to a low-level radiation exposure in the 
workplace and, consequently, an occupational risk of cancer and of genetic damage is assumed 
to exist. Accidental events will lead to an increase of direct external and internal exposures but 
for a short duration only and with a relatively low probability. 

Fugitive emissions of radioactive aerosols from the enclosures of the treatment devices during 
routine operations will lead to a potential incorporation of radioisotopes by inhalation and 
ingestion, resulting in relatively small risks of cancer and genetic effects. The potential for such 
exposures is somewhat greater during routine maintenance operations, although personal 
respiratory protection and the enforcement of strict health and safety rules are expected to keep 
these risks low as well. 

The risk of exposure to volatile chemical toxicants, both carcinogenic and non-clnogenic. in 
treatment activities is expected to be higher than in any other operation because all waste 
enclosures such as plastic bags are opened at one point or anot~uring treatment, allowing 
the volatile organics to escape. Entraining the fumes in ventilating r streams will protect worker 
health, and adsorptive filters in the exhaust will protect the publi . The fraction of gases that 
penetrate to the outside may lead to health ~cts according to the carcinogenic or 
non-carcinogenic action of the toxicants. Escap substantial amounts of VOCs during 
accidental events may lead to increases of these e posures, but again for a short duration only 
and with a low probability of occurr~ 

The basic mathematical operation in evaluating different treatment options and the location of the 
corresponding faci~i · is a comparison of the total risks for two or more different 
treatment/location o tio s. This comparison is made difficult by the fact that the total risk is a 
multicomponent qu 1ty. Numerical comparisons, however, can only be carried out for two 
quantities of the same kind, measured in the same units. Consequently, only comparisons 
between the same components of two total risks are possible, falling short of the goal of 
comparing two total risks. For that purpose, it is useful to apply some of the tools of multicriteria 
decision analysis to risk comparison. Formerly a branch of economics, decision analysis has over 
the last few decades grown into an independent discipline, which offers the basic tools needed 
for an application to the comparison of multicomponent total risks. 

The method chosen here is based on Multi-Attribute Utility Theory (MAUT; Keeney, 1978) but 
modified and adapted to reflect the facts that all attributes are components of a risk and thus of 
a similar nature, and that risks are uncertain quantities, a characteristic that needs attention in 
the process of comparison. In the application of some of the tools of MAUT developed here, 
unusual restrictions and special considerations are imposed on the evaluation, leading to a new 
method of comparing and quantitatively ranking multicomponent quantities such as risks. 
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2.0 BASIS FOR EATF RISK COMPARISON 

2.1 GENERAL CRITERIA FOR COMPARISONS 

The EATF selected 14 combinations of alternatives for analysis, far too many to be subjected to 
a Comparative Risk Assessment. Four forms of waste treatments were selected for assessment 
of risk, primarily to span the range of treatment options. Similarly, multiple choices for the 
location of the Treatment Facilities (TF) are being considered. Four combinations of locations 
were chosen, again more to span the range of options than to represent four proposed or even 
feasible sitings. Since the risks of transporting the wastes are the largest contributions to the total 
risk of WIPP activities, it is important to study a wide range of possibilities in order to be able to 
make use of any significant risk reductions that may arise. 

The scenarios studied comprise all those discussed in the FSEIS (U.S. Departrrdt'of Energy, 
1990a) and in the RADTRAN Ill code (Madsen et al., 1986), except for the ;,·~~~~ intrusion 
scenarios that occur after the WIPP is decommissioned. These were treated using the Design 
Analysis Model (Section 2 of the main body of the report) plu~mplifying assumptions for 
radionuclide transport to the accessible environment. r 
In this analysis, routine operations, maintenance~rations, and accidents are considered 
whenever the treatment requires a change relative e baseline case. Baseline risks are not 
calculated in this study, but instead are taken from e risks discussed in the FSEIS and in some 
cases from the FSAR (U.S. Depart~of Energy, 1989a). Thus a risk comparison involves the 
detailed discussion of a particular e t, once with waste "as received," and once with waste 
treated in accordance with one of t e four options discussed. All other parameters that define 
the risk of the evenrarr kept exactly the same and cancel when calculating the relative risk 
reduction. V 
The risk comparison, therefore, is based on the evaluation of the complete mathematical 
expression approximating the risk and a study of the treatment dependence of each parameter. 
From this discussion, the scaling properties of the risk can be deduced. These properties 
determine how the risk will change when these parameters are given the values characteristic of 
the treated wastes or the treatment of the wastes . 

In the FSEIS, different phases of the overall WIPP activities are distinguished. This procedure 
is not followed here, because to do so would incur efforts outside the limited scope of this study. 
In particular, it is assumed here that the WIPP activities reach an equilibrium phase in which the 
total activity in the wastes produced during a year is the same as the activities of the wastes 
transported, treated, and emplaced in the repository during that year. All risks are, therefore, 
expressed in terms of risk per year of equilibrium operation. 

Appendix I 1-4 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

2.2 ALTERNATIVES SELECTED FOR ANALYSIS 

Treatment and location alternatives are selected to span the range of options discussed in more 
detail in the main report. 

2.2.1 Basic Considerations 

The baseline case and the treatment/location alternatives selected for evaluation are described u 

here at the minimum level of detail necessary to perform a risk analysis. 

2.2.1.1 Baseline Repository and Waste ("As Received") 

The baseline case for this analysis is the "proposed action" of the FSEIS, and in some cases from 
the FSAR. For the risk assessment, the most important assumptions about the Tsitory are: 

• Each room in a panel is filled with 6,000 drums containing "as received" waste and 
backfilled with crushed salt. G 
After repository closure, all panel and shaft seals fe in place, with crushed salt 

backfill. /\ 

These assumptions do not change with the four tr~ents selected for evaluation. In all four 
cases the1 activity in 6,000 drums F?ieated wastes is assumed to be higher than that for 
untreated wastes, the relative differe being a function of the extent to which radionuclides are 
concentrated during treatment. 

For the ri:;k assess'@, "as received" waste is defined as follows: 

• Sludges have some cement added as solidifying agents in a 208 L (55-gallon) 
drum. However, this does not result in a concrete monolith. 

• 

• 

Solid organics, metals, and glasses are in their original form, wrapped in multiple 
layers of high-density polyethylene inside a 2.3 mm (90-mil) liner in a 208 L 
(55-gallon) steel drum. 

The average drum contains 477 PE-GBq (12.9 PE-Ci) alpha activity and the 
corresponding average activities for emission of beta, gamma, and neutron 
radiation. 

2.2.1.2 Treatment Alternatives For Comparison 

In Section 3 of the main body of this report, 14 combinations of alternatives for waste treatment, 
waste container, backfill, and repository design are discussed. These combinations represent the 
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range of alternatives that might improve the long-term performance of the WIPP with regard to _ 
gas generation (from anoxic corrosion of steel or microbial degradation of organics) or human 
intrusion. Depending on the aspect that turns out to be most critical, there is thus a set of 
alternatives representing different levels of effort to effect an improvement. The span of 
treatments is represented by the four combinations of alternatives included in this risk 
assessment. 

In Table 1-2-1 these four treatment options are summarized. The alternatives are arranged in 
increasing complexity and effort. Treatment Option 0 is the baseline case involving handling, 
transport, and emplacement of wastes as they are planned today. In Treatment Option 1, sludges 
are not treated at all, but combustibles, metals, and glass are shredded and cemented. 
Treatment Option 2 is basically the same, except that sludges are cemented as well. Treatment 
Options 1 and 2 are, therefore, Level II treatments, which denote a reduction in gas generation 
rates but no change in gas-generation potential. 

Treatment Options 3 and 4, on the other hand, are Level Ill treatments involvingi sorting of 
the waste and a reduction in gas-generation potential by elimination of organics through 
incineration and encapsulation of the ashes by cementation or vi~r:' · ation. Treatment Option 3 
cements the sludges, and after sorting, shreds and cements the m /glass fraction, whereas the 
combustible fraction is incinerated and its ashes cemented. Tr atment Option 4 is the most 
complex treatment considered. It vitrifies the sludge~·ncinerates combustibles and vitrifies their 
ash, and finally decontaminates the metals by mel them with frit, disposing of the metal as 
low-level waste, and sending only the slag enriche in radioactive isotopes to the repository. 

In all of these treatments, the closuQ-erations in the repository are assumed to be identical, 
i.e., the same backfill (crushed sal~ ; used, and the same seals for panels and the entire 
repository are puta place. In this form, Treatment Options 1 and 2 correspond to 
Alternatives 1 and 2 ft e main report, whereas Treatment Option 3 corresponds to Alternative 4, 
and Option 4 to Alt ative 8. 

2.2.2 Process Descriptions for Treatment Alternatives Selected 

The process descriptions given here are generic, based on general information and on some 
details available from similar processes . 

2.2.2.1 Shred and Cement Combustibles, Glass, and Metals 

Risks are calculated using the following approach to shredding and cementing as one approach 
to waste treatment. Waste will be removed from the drums, sorted if necessary, and gravity fed 
into a shredder. Shredded waste will then be loaded into a feed hopper. Shredded waste and 
portland cement will be simultaneously loaded into 208 L (55-gallon) drums, and mixed with an 
in-drum mixer. This device consists of a motor and shaft attached to the drum in place of a lid. 
The shaft goes into the waste/cement mixture and rotates to form a homogenous waste form. 

Appendix I 1-6 



)> 
"C 
] 
:::> 
B. 
)( 

~ 

WASTE 
FORMS 

All 

All 

Sludges 

I Combustible 
Waste 

Metal/Glass 
Waste 

All 

All 

All 

All 

I 
I BASELINE 0 

Retrieve/Select 
Waste 

Assay and· 
Certify 

--

--

--

Load in TRUPACT-11 
Transport 

Unload TRUPACT-11 

Emplace in WIPP 

Human Intrusion 
After 5,000 Years 

TABLE 1-2-1 

ACTIVITIES FOR THE FOUR TREATMENT OPTIONS 

TREATMENT 
I OPTION 1 I OPTION 2 I OPTION 3 I OPTION 4 

Re~elect Retrieve/Select Retrieve/Select Retrieve/Select 
Waste Waste Waste Waste 

Assay and Assay and Assay and Assay and 
Certify Certify Certify Certify 

~ 
-- Cement Cement Vitrify 

Shred/Cement Shred/Cement Incinerate/ Incinerate/ 

~ 
Cement Ash Vitrify Ash 

Shred/Cement Shred/Cement Shred/Cement Decontaminate 

I 0 
0 

~ 
Loadi~CT-11 

=o 
Load in TRUPACT-11 Load in TRUPACT-11 Load in TRUPACT-11 

'"O 

~ 
Transport Transport Transport Transport 6 

0 
.:-.i 

Unload TRUPACT-11 Unload TRUPACT-11 Unload TRUPACT-11 Unload TRUPACT-11 :0 
m 
< 

Emplace in WIPP Emplace in WIPP--\ Emplace in WIPP Emplace in WIPP 
en 
6 z 
I\) 

Human Intrusion Human Intrusion Human Intrusion Human Intrusion -
)> 

After 5,000 Years After 5,000 Years After 5,000 Years After 5,000 Years '"O 
:0 
r 
~ 

<D 

~ 

! ! ! ! !: ~ ~ ~"' ~ '! ~ '!. !!' ~ r- ~ f!· '"!!. E'' ,~ r ·~ r. ';!!! tr -'2 r . ._ r ·~ sc ~ =r- ~ ~ '"t t::: ~ 

= = • - • ~ ~ - a - ~ • ~ • • • - • • • • • ~ • 4 • ~ ~ • • ~ • ~ • • • ~ 



""' 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The mixer is removed and drum lid installed. The shredding process results in an increased 
waste loading of 20 percent, with the cement occupying the void space within the shredded 
waste. The average weight of a processed drum is approximately 430 kg (950 lbs). This final 
waste form can be described as shredded waste encapsulated in cement. 

2.2.2.2 Cement Sludges 

Treatment risks assume the following approach to cementing sludges. The sludge is removed 
from the drums and pulverized into a granular form. The granular sludge is then mixed with 
cement either as an in-drum procedure or as a batch process. Cementing sludges will not result 
in a volume reduction. It is assumed that the volume of added cement is equivalent to the void 
spaces that exist in the sludge prior to reprocessing. The average weight of a processed drum 
is approximately 350 kg (760 pounds). The final waste form can be described as a concrete-like 
monolith with a homogeneous distribution of contamination. The material will be indistinguishable 
from cement within the monolith. For newly generated sludges this process is ~dy in use. 
There may be a need for refining the process to meet particular specifications. For +tared waste 
a new process would be required. 

2.2.2.3 Incinerate and Cement Combustibles 

Risks are evaluated based upon the following ;;:,cedure for incinerating and cementing 
combustibles. Waste is removed from the contain sorted, and fed into a shredder. After 
shredding, the waste will be directly fed into the i cinerator. Incinerator ash is collected and 
mixed with cement either as an in-dEprocess or as a batch process. This process results in 
an increased waste loading of thr one. The average weight of a processed drum is 
approximately 480 kg (1,050 lbs). T e final waste form can be described as a concrete block with 
a homogeneous dis~tion of contamination. The ash will be indistinguishable in the cement 

block. ~ 

2.2.2.4 Vitrify Sludges 

Risks are less well defined for vitrifying sludges because the process is not fully demonstrated. 
For newly generated sludges it may be possible to add a melter to the end of the process that 
generates the waste. For stored waste, the process is new. The sludge will be removed from 
the drums and pulverized into a granular form that can be fed into a microwave melter. Once 
processed, drums filled with melted sludge are removed from the microwave cavity and stored 
until cool. This process results in an increased waste loading of 9.1 to 1. The average drum of 
vitrified sludge weighs approximately 450 kg (1,000 lbs). The final waste form can be described 
as a borosilicate glass nugget. The sludge will be indistinguishable within the glass. 
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2.2.2.5 Incinerate and Vitrify Combustibles 

Waste will be removed from the containers, sorted, and fed into a shredder. The shredding 
process will be the lead-in for the incinerator. After incineration, the ash will be collected and fed 
into the vitrification process. The vitrification process will consist of feeding ash into a microwave 
melter in a continuous or batch mode. Drums will then be removed from the microwave cavity 
and allowed to cool. This process results in an increased waste loading of 13 to 1. The average 
drum of processed waste is approximately 520 kg (1, 150 pounds). The final waste form can be 
described as a borosilicate glass nugget. The incinerator ash would be an integral part of the 
glass. 

2.2.2.6 Decontaminate Metals and Glass by Melting 

The beginning of this process will involve removing all metallic compon~ from the 
combustibles. This involves a sorting process in which drums will be emptied ant all metallic 
components removed for decontamination. The remaining waste would be removed for 
incineration and vitrification (see Treatment Option 4). The cEmination from the metal 
components would be homogeneously contained within a borosilic lass nugget. This process 
involves melting metals and a preferential migration of the radian elides into the slag material 
(borosilicate glass). The metallic waste is eliminatet!;,om the waste inventory with this process. 
The process results in an increased waste loading 4 to 1. In the final product, the waste is 
in the form of a slag instead of a metal. The a erage weight of a drum containing slag is 
approximately 520 kg (1, 150 lbs). a 
2.2.3 Location of Treatment Plants ~e~cted 

The risk assessmentrofdie Engineered Alternatives considers the different numbers and locations 
of treatment plants t~ovide insights into the influence of these parameters on risk. According 
to the FSEIS, the transportation risk is the largest component of the total baseline risk. For each 
treatment option, the location options are varied from a single, centralized treatment facility 
located at the WIPP to a relatively decentralized option with local treatment facilities at all larger 
generator sites. The actual sites are chosen so as to best represent the multitude of possible site 
combinations for calculational purposes only. No other considerations were taken into account. 
If treatment should be required in the future, other influences and aspects would determine facility 
locations. The sites considered here are: 

Idaho National Engineering Laboratories (INEL) 
Rocky Flats Plant (RFP) 

• Hanford Reservation (HAN) 
Savannah River Site (SAS) 
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Argonne National Laboratories - East (AN L) 
• Lawrence Livermore National Laboratories (LLL) 
• Mound Laboratories (MOUND). 

Four facility siting options are described in Table 1-2-2. Only waste shipments from these ten 
originators will be considered in the risk assessment. 

Location Option 1 (Figure 1-2-1) has one treatment facility at the WIPP where all wastes are 
processed. This option corresponds to the baseline case as every waste generator currently 
plans to send its waste to the WIPP in an untreated state. Location Option 2 (Figure 1-2-2) has 
three regional treatment facilities located at the WIPP, Rocky Flats Plant, and the Idaho National 
Engineering Laboratory. The INEL processes its own waste as well as the waste generated at 
Hanford. The RFP processes only its own waste and the WIPP site all other wastes. 

Location Option 3 (Figure 1-2-3) has five treatment facilities. The WIPP processdwaste from 
smaller generators such as LANL, LLL, and NTS. The SRS acts as a regional tr~alment facility 
in the east and services ANL, MOUND, and ORNL facilities. The RFP, INEL, and HAN sites all 
treat their own waste before shipment to the WIPP. C 
Location Option 4 (Figure 1-2-4) has seven treatment facilities, on~ at each of the major waste 
generators. Only smaller waste generators such as Af\. MOUND, NTS, and LLL would ship their 
wastes directly to the WIPP for processing. r 
2.3 SCENARIOS SELECTED FOR K COMPARISONS 

Both routine and accident exposur scenarios are considered in the risk comparison. The 
following descriptiontz either summarized from information in the FSEIS or used in the analysis 
of the new treatmen ri s. No credit is taken for recently improved operating procedures, such 
as the use of a vent ood during the unloading of the TRUPACT-11 containers . 

2.3.1 Routine Scenarios for Baseline Risks 

Routine scenarios, denoted here by the letter N, describe the day-to-day exposures to radiation 
and chemical toxicants. 

2.3.1.1 Routine Scenarios for Handling and Disposal at the WIPP 

For this assessment, routine exposures are those that occur without detection by the radiation 
monitoring devices such as the Continuous Air Monitors (CAMs). Routine inhalation exposures 
that occur during waste handling operations are considered to be a continuous, chronic exposure, 
and workers are assumed as taking no respiratory protection. 
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TABLE 1-2-2 

LOCATION OF TREATMENT FACILITIES 

LOCATION 
OPTION INEL HAN RFP LANL ORNL SAS WIPP 

1 x 

2 x x x 

3 x x x x x 

4 x x x x x x 1 x 

x - Denotes the presence of a treatment facility. 
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2.3.1.1.1 N 1 Routine Exposure Scenario 

Drums may contain surface contamination at levels below those defined in the Waste Acceptance 
Criteria (U.S. Department of Energy, 1989b). Through routine handling, some contamination can 
be mobilized and suspended in the air. Occupational exposure results from inhalation and 
deposition of the suspended particles in the lung. Public exposures result from suspended 
particles which penetrate the High Efficiency Particulate Air (HEPA) filters and escape to the 
outside environment. 

2.3.1.1.2 N2 Routine Exposure Scenario 

In this scenario, a drum is perforated before it reaches the Waste Handling Building (WHB). 
During handling, but before assay and certification, small amounts are released from the drum, 
resuspended in the air, and subsequently inhaled by the work crew, resulting in a~o upational 
risk. Again the public may be exposed to the particulates that escape depositio n the HEPA 
filters resulting in the public risk component. There is no further risk after the dr m has been 
assayed and certified, as it is assumed that any perforation is detected by these procedures and 
remediated by overpacking. Recent changes in procedures (vent ~d) significantly reduce this 
small risk. r 
2.3.1.1.3 N3 Routine Exposure Scenario {),._ 

This scenario is identical to N 1 except that the routi/;; e~posure occurs underground and results 
in both occupational and public risk~ponents. 

2.3.1.1.4 N4 Routine Exposure scina~o 
This scenario incorOtes the risk from external radiation during the unloading, assay and 
certification, and tra~rt procedures in the WHB. All other elements of the scenario are the 
same as for Scenario N1. 

2.3.1.1.5 N5 Routine Exposure Scenario 

This scenario is identical to N4 except that the routine external exposure occurs underground 
during the unloading, transport, and disposal operations. 

2.3.1.2 Routine Scenarios for Waste Transport 

The routine exposure scenarios for the TRUPACT-11 transports are those evaluated in the 
RADTRAN-111 code (Madsen et al., 1986). They consist of a number of public and occupational 
exposure models designed to evaluate radiation exposures below regulatory limits for the general 
population. These models are used as baseline scenarios . 
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2.3.1.2.1 Routine Public Exposures Near Road Taken by the TRUPACT-11 Vehicle 

The public living or working in close proximity to the roads traveled by the TRUPACT-11 transports 
are routinely exposed to the low-intensity penetrating radiations emitted by some of the 
radioisotopes in the wastes. Exposures depend on the distance from the road, the speed of the 
transport, and the population density along the road for rural, suburban, and urban sections of 
each route used. 

2.3.1.2.2 Routine Public Exposures During Stops 

During stops, due to regulation breaks or caused by road conditions, a small portion of the public 
will be in relatively close proximity of the TRUPACT-11 transport, and will be exposed to the 
low-level penetrating part of the radioactivity in the wastes. These exposures can be of 
somewhat lengthy duration but are distributed among relatively few persons. 1 
2.3.1.2.3 Routine Exposures Due to Public Traveling in the Opposite Direction 

The publi.c traveling in vehicles in a direction opposite to that of the~UPACT-11 transport is also 
exposed to the penetrating radiations from the wastes. These lofi~~el exposures are of very 
short duration due to the high relative velocities ~j,\~urce and receptors, and take plac13 at 
relatively large distances, depending on the type ofrd. 

2.3.1.2.4 Routine Ex osure Due to P lie Travelin in the Same Direction 

Again, an exposure of the public to he low-intensity penetrating gamma and neutron radiations 
of source radioisotopf1in the wastes occurs. In this case, however, the exposure times may be 
considerably longer u to the low relative velocities and the proximity of the vehicles during 
passing. 

2.3.1.2.5 Routine Exposure of Crew During Transport 

During most of the time spent in transit, the crew is exposed continuously to the penetrating 
radiations emanating from the wastes in the TRUPACT-11 containers. Although still relatively low, 
considerably below occupational exposure limits, theirs are among the highest individual 
occupational exposures. 

2.3.1.2.6 Routine Exposures of Warehouse Personnel 

Warehouse personnel at both origination and destination points are exposed to the penetrating 
radiations of up to a full load of drums, however, without the shielding effect of the TRUPACT-11 
walls. This is mitigated by a larger distance and potentially some shielding required by health and 
safety regulations and ALARA concerns. 
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2.3.2 Accident Scenarios: Assumptions and Descriptions 

In this analysis, accidents are assumed to produce short exposures because extensive health and 
safety precautions are in place and assumed to be followed. Each accident scenario considered 
directly or indirectly by the risk assessment in the FSEIS will be described briefly here. 
Conservative assumptions are made with respect to the amount of radioactivity or chemical agent 
released per accident and the fraction available in respirable form. The assumptions made are 
uniformly on the conservative side leading to a bias in risk comparisons by overestimating the 
accident risks. No credit is taken for the measures planned for mitigation and control of the 
accident consequences. A dose calculation and a risk assessment are then made for each 
accident scenario postulated. Risks are calculated for both the public and occupationally exposed 
persons. Only accidents considered by the risk assessment in the FSEIS will be described, as 
others have been discounted because of extremely low probability of occurrence or because no 
release is postulated. 

2.3.2.1 Accidents During Handling and Disposal 

The accidents during handling and disposal are those denoted by ~etter C in the FSEIS. The 
descriptions are given only in the detail required for a risk compa'fon. 

2.3.2.1.1 Drum Oro from a Forklift in the WHB C 

With a certain frequency, a waste drum will be dro ed from a forklift in the WHB. Waste drums 
are Type A packages and are desig~ withstand a 4 foot drop without being damaged enough 
to release activity. However, it is ~f'~s~~rvatively assumed in the FSEIS that the drop results in 
the loss of the lid, the inner plastic liner tears, and part of the drum content is spilled. Of the 
wastes spilled, a fra~ is suspended and available in inhalable form. The drum is assumed to 
contain the 477 PEG (12.9 PE-Ci) cited as the average alpha radioactivity per drum. It is 
further assumed th the Waste Acceptance Criteria (WAC) limit of 5 percent of the total 
radioactivity in the drum is contained in the one weight-percent of particles with diameters less 
than 10 µm. Particles greater than this size are not considered to be respirable. Resuspension 
is assumed to cancel the depletion of activity in the room air by sedimentation or plate-out, so the 
total amount of suspended radioactivity in the room air reaches an equilibrium value. Between 
the WHB and the outside, HEPA filters are on-line that would reduce the source term to the 
environment by a factor of about one million. 

Worker doses are estimated assuming established operating procedures and facility design. It 
is also assumed that the workers in the immediate area will respond as trained and immediately 
evacuate the area. The contamination will spread slowly and the internal deposition is, therefore, 
not considered to be part of the exposure. Where applicable, these assumptions will be 
transferred to other scenarios. 
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2.3.2.1.2 Two Drums Punctured bv= Forklift, One Drum Dropped in the WHB (C3 Accident) 

It is postulated that a forklift accidentally punctures two drums with its forks and the lid of a third 
drum falls off as it falls from the stack. Withdrawing the forks from the drums is not advisable but 
is assumed to happen. For the drum with lid loss, a C2 scenario is involved; for each of the 
punctured drums another fraction of the waste is spilled, but from then on the probability of 
suspending an inhalable fraction of the activity and other assumptions are the same. 

2.3.2.1.3 Transporter Hits a Pallet in the Underground Storage Area (C4 Accident) 

A transporter is assumed to hit a pallet of waste drums in the underground storage area, causing 
the drums to fall. As in the C2 scenario, it is conservatively assumed that the lid of one of the 
drums is knocked off and the inner liner tears. This accident is identical to the C2 scenario with 
the exception that it occurs underground. HEPA filters are not assumed to be on-li~s they are 
assumed not to be activated by the radiation detection instruments. Workers dow tream from 
the accident would receive an inhalation dose. This part of the assessment di fers from a 
C2 accident above ground in that there is a higher rate of air flow Ei · the repository and there 
is probably a longer distance between the point of release and th orkers. It is assumed that 
the plume is homogeneously distributed in a volume equal to 4. by 3.5 by 6.1 cubic meters. 
Conservatively, the workers are assumed to not be w/\ring a respirator and to be in an area not 
normally occupied. r 
2.3.2.1.4 Drum Oro s from Forklift i e Under round Stora e Area C5 Accident 

This accident and its ramifications a e bounded by the previously described C4 'scenario. 

This scenario is identical to the C3 accident scenario except that it occurs underground and that 
the HEPA filters are assumed to be off-line. It is further assumed that a depletion of activity 
occurs by plate-out and sedimentation before release to the environment. The subsequent risk 
to the public can be calculated from this information. The occupational worker exposure is 
modelled after the C4 accident scenario. 

2.3.2.1.6 Fire Within a Drum Underground (C10 Accident) 

Spontaneous ignition within a drum is postulated to occur only in the Underground Storage Area, 
because the probability rate is very low and the residence time in the WHB is brief. It is not 
assumed that such an event would spread to adjacent waste drums. It has been estimated that 
the probability of spontaneous ignition within a drum is less than 1 per 1.8 million drum-years. 
The drum involved in this accident is assumed here to have an average radioactivity content, 
contrary to the FSEIS which assumes a total alpha activity, in excess of 37 PE-TBq (1,000 
PE-Ci). The spontaneous ignition is postulated to suspend some of the radioactivity content into 
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the air underground. The deposition rate is high due to the fact that the suspended particles are 
in a heated state and will react with the cooler surfaces within the facility. The release to the 
environment and thus the amount of activity available for public exposure is estimated, assuming 
no HEPA filtration. There is no occupational dose postulated for this event because the waste 
is emplaced and stored downstream from the workers. 

2.3.2.2 Accidents During Waste Transports 

The accidents described here are the scenarios given in the RADTRAN code used in the FSEIS 
for TRUPACT-11 transports. 

2.3.2.2.1 Direct Consequences of Traffic Accidents 

Traffic accidents, involving a TRUPACT-11 transport, its crew, and members of the p~b · and their 
vehicles are the largest contribution to the total risk of WIPP operations (U.S. partment of 
Energy, 1990a). The number of traffic fatalities and injuries is directly related to t e number of 
transport-kilometers and is thus sensitive to the location of the Treatment Facilities. These are 
the consequences of typical traffic accidents, not modified in an6ay by the radioactivity or 
chemical toxicity of the cargo. r 
2.3.2.2.2 Nondis~ersal Trans~ortation Accidents h. 
Nondispersal accidents mainly constitute a source of penetrating radiation with a limited range 
of significant exposures due to the ~ease of radiation dose rate, roughly with the inverse of 
the square of the distance. In rare as s, close-in exposures may be incurred that cause early 
and late health effects such as radi tion sickness, cancer, somatic, and genetic effects. Here, 
the averages for acc_Mt severity, taken over the entire waste transport system and given in the 
FSEIS, are assumev 

2.3.2.2.3 Transportation Accident with Waste Dispersal 

In this scenario, an average over large parts of the transportation system is assumed for the 
typical severe accident with an atmospheric suspension and dispersion of a fraction of the wastes 
(see U.S. Department of Energy, 1990a). Dispersion will subject the public to inhalation 
exposures and to direct exposures due to airborne radioactivity and activity deposited on the 
ground. 

... 2.3.3 Routine Scenarios for Treatment Options 

... 
The modular composition of the TF allows the relatively simple evaluation of the risks for routine 
operations and maintenance. The same standards for health and safety, as well as ALARA, used 
for WIPP operations are assumed here also. Similarly, exposures to volatile chemicals are limited 
by forced ventilation, filters, and chemicals traps. 
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2.3.3.1 Occupational Accidents Typical of Industry 

Risks of occupational fatalities and injuries are evaluated for the crew of the TF and the WHB. 
As no direct incidence data are available, information for similar industries are used. With forklift 
movements an integral part of the operations in handling the wastes, forklift accidents are given 
special attention. 

2.3.3.2 Routine Radiation Exposures During Normal Operations 

For routine operations with each one of the treatment devices for different waste forms, exposures 
to penetrating radiations are incurred. Shielding designed to satisfy health and safety criteria 
reduces this exposure to ALARA levels, taking into account duration of treatment and time-motion 
studies for the device. 

Despite airlocks, some low-level airborne activity is assumed to escape from the ef ure of the 
device and inhaled and ingested by unprotected workers outside the enclosure. Risks are 
evaluated by calculating Cumulative Effective Dose Equivalents (Es). The activity levels in 
air are assumed to be minute because they are low enough not e detected by any of the 
monitors. After passing through the HEPA filters, the residual airb rne activity, further diluted by 
atmospheric dispersion, can lead to low exposures~he public. Similarly, fugitive emissions 
from the device enclosures are assumed to le o occupational exposures. Residual 
concentrations of voes after passing through filter and traps are carried outside the plant and 
are attenuated further by atmosphe~ispersion, leading to very small public exposures to 
chemical toxicants. r \ 
2.3.3.3 Routine Ex os res Durin Normal Maintenance 

In routine maintena , both external and internal exposures occur. External exposures arise 
from the surface contaminations of device and enclosure. Internal exposures occur by 
penetration of or bypassing of the respirator and by ingestion. The CEDE is the quantity needed 
to evaluate the risk of cancer and genetic effects. Resuspended activity, after passing through 
HEPA filters and diluted by environmental dispersion, will lead to some public inhalation 
exposures. The routine exposure to chemical agents during maintenance will be very low 
because treatment will reduce the presence of voes to negligible levels. 

2.3.4 Accident Scenarios for Treatment Options 

Due to the limited scope of this study and the effort required for the accident risk assessment of 
the six treatment devices and the appropriate accident scenarios for each, accidents in the TF 
are not considered in this study. Routine exposures to radiations and chemicals, as well as non
radiation, non-chemical work accidents typical of this type of industry are the only contributions 
to the risks of treatment taken into account. Neglecting the accident risk will lead to an 
underestimate of the treatment risk, and will thus introduce a bias in favor of the treatment options 
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over the baseline case, although the bias is not considered severe enough to invalidate solid 
conclusions. 

2.3.5 Human Intrusion Scenarios 

The repository in an undisturbed state poses no direct risk of significance to man or environment 
(U.S. Department of Energy, 1990a, 1990c). Human intrusion is needed to bring noticeable 
amounts of radioactivity or chemicals to the surface. 

2.3.5.1 General Considerations 

Human intrusion scenarios are based on the assumptions discussed in Sections 2 and 4 of the 
main report. Most important for the risk comparison are the following characteristics: 

• The intrusion occurs 5,000 years after decommissioning of the repos1-

The hydraulic conductivity of the waste/backfill composite is the weighted geometric 
mean of the waste forms and backfill properties. C 

• The borehole conductivity is 1·10·3 meters/second (clein sand/gravel) obtained from 
Table 2-2 in Freeze and Cherry (1979). /'J.,_ 

• Waste element solubilities have been ast:m~d to be 1 •1 O -6 mol/liter from Table 3-1 O 
in Marietta, et. al. (1989)a 

The three scenarios used here are bes:ribed in detail elsewhere (Marietta, et al., 1989). The 
details relevant for a~ assessment are given here. 

2.3.5.2 The E1 Sce~o 
The E1 scenario, shown schematically in Figure l-2-5a, assumes a borehole penetration through 
a waste-filled panel and continuing into or through a pressurized brine pocket existing in the 
Castile Formation underlying the repository. Afterwards, the drillhole is assumed to be plugged 
near the surface and just above the Culebra aquifer. Risks to man arise from three sources: 
drilling, cuttings in the drilling mud from the repository exposing the drilling crew directly; wind 
erosion of the dried drilling mud leading to an inhalation exposure of the nearby public; and 
radioactive wind and/or brine contaminating the Culebra aquifer and a stock well drilled into it. 
This results in contaminated beef and an ingestion exposure of the public. 

The model for the drill cuttings is straightforward, as is the model for the wind erosion of the 
dried-up mud pool and the subsequent atmospheric dispersion. The relevant quantity in both 
cases is the activity contained in the cross-section of the borehole and the depth of the repository 
(3 drums). Pressurized brine flows through the borehole and through an ellipsoidal volume of the 
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wastes, transporting additional activity to the surface (see Section 2.2 and Appendix B.18). The 
contamination of the Culebra aquifer is modeled using a parametric equation relating flow rate 
through the waste/backfill composite to the hydraulic conductivity of the composite. This equation 
was developed for Section 2.2 of the main report using data from a transport model (Reeves et 
al., 1986). 

2.3.5.3 The E2 Scenario 

Scenario E2, shown in Figure l-2-5b, assumes a borehole penetrating just into the repository, not 
passing through. After penetration the borehole is assumed to be plugged, once near the surface 
and once above the Culebra aquifer. The scenarios exposing the drilling crew to direct radiation 
from the drill cuttings in the mud, and the subsequent public exposures are essentially 
unchanged. The scenario leading to the contamination of the Culebra aquifer is modeled using 
an analytical solution for the radial flow equation through a porous medium, ~ulating the 
borehole and the panel as concentric circles (Walton, 1989). The model is discu ed in more 
detail in Section 2.2 of the main report and in Appendix B.18. The same model s in the E 1 
scenario is used to estimate the contamination in the Culebra aqu~and the stock well. 

2.3.5.4 The E 1 E2 Scenario r 
The E1 E2 scenario, shown schematically in Figure 1-./\c, assumes a combination of the first two 
scenarios; two boreholes penetrate the repository irf'(h; same panel. One borehole provides a 
pathway for brine flow from the C;raa· Formation brine pocket directly into the panel. After 
drilling through the repository and th ine pocket, it is assumed to be plugged near the surface 
and between the repository and th Culebra. The other borehole provides a pathway for the 
contaminated brine t~r ach the Culebra aquifer, as it is plugged near the surface and above the 
aquifer. Both bore ole provide separate sources for the exposure of the drilling crew and 
subsequently of the lie by activities derived from drill cuttings. The contamination of the 
Culebra occurs by way of a flow path from the E1 borehole through the wastes to the E2 borehole 
and up to the Culebra. The model for the contamination of that aquifer and the stock well is the 
same as the one used in scenario E1. 

2.4 ASSUMPTIONS FOR RISK ESTIMATES AND COMPARISONS 

The assumptions presented and discussed in this section are limited to those that apply to all risk 
models in this study. More detailed assumptions are made the the need arises. 

2.4.1 General Assumptions 

Risk components may be dependent on several variables. These include treatment options. 
location options, routine scenarios, accident scenarios, and human intrusion or late effect 
scenarios. Variables such as routine and accident scenarios use the baseline cases as detailed 
in the FSEIS as a basis for comparison (U.S. Department of Energy, 1990a). As stated before, 
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the baseline cases for the human intrusion scenarios are those of the main body of this report. 
Treatment and location options vary the risk components but again the baseline case is used as 
a basis for comparison. 

This study uses the same information given in the FSEIS when describing accidents, events, 
locations, severities, environmental conditions, and dose-effect relations. As in most of the 
FSEIS, risks are given as risks per year of operation, but they refer to the equilibrium phase. 

The following assumptions are made for the purposes of the risk comparison mostly due to the 
limited scope of this study or due to lack of information on baseline risks. 

• Only CH-TRU waste is considered; RH-TRU waste is not included. 

• 

• 

All CH-TRU waste is exclusively transported by truck . 

Risks are estimated for the equilibrium phase of operations only. 

All waste is shipped and handled in 208 liter (55-gallo~ums; no other packaging 
is considered. ·ru• 
No drums with more than average alphJ:\tivity 477 PE-GBq (12.9 PE-Ci) and the 
corresponding beta-, gamma- and neut~ctivities are taken into account. 

t'ff 

,,,,, 

,,,,, 

f' '111' 

Maximally exposed indiQals are not specifically analyzed; they are, however. fl'' 
included in the averaginf ~ ••it 

Somatic t"ts of radiation other than cancer are not evaluated. 

• Human intrusions scenarios lead to the only post-closure effects considered. 

• The FSEIS, the FSAR, and corresponding calculation briefs are the only sources used 
for calculation of baseline risks. 

A constant value is assumed for the annual rate of activity emplacement in the repository. The 
annual rate of activity emplacement is an important factor for radiological risk assessment. 

2.4.2. Treatment Assumptions 

,, ,, 

,,,, 

ti,, 

A treated waste has properties different from those of untreated waste resulting in changes of ,.,, 
radiological risks. However, the following simplifications will be assumed: 

• The gamma radiation spectrum and the neutron spectrum emitted by the variety of 
isotopes do not change with the waste form. 
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The treatment of the waste is assumed not to affect isotopic leachability or isotopic 
composition. 

• There is no attenuation of gamma radiation within the waste or its containment. 

• The particle spectrum and the mean aerodynamic diameter of inhalable aerosols 
generated in an accident does not change with waste treatment, although the number 
of particles does. 

All of these assumptions are basically conservative or at least neutral, because they apply to 
treated and untreated waste alike. However, due to their sometimes overly conservative nature, 
these assumptions do introduce biases, so that they should be eliminated, if possible. The 
spectra and the source-absorption of the gammas are conservative assumptions that can be 
removed by relatively simple calculations. The latter are not done here becaus*'ef he limited 
scope of the study. The assumption of the generated particle spectrum being i ependent of 
waste treatment is borne out by the empirical particle generation model used here nd thus has 
a low priority for replacement. The assumption of constant leachability, however, is more difficult 
to replace because, due to the preliminary nature of the treat~t descriptions, the waste 
properties are not known sufficiently well. Note that it is a conservrve assumption, which does, 
however, lead to an anti-treatment bias. 

2.4.3 Location Assum~lions P.. 
The baseline case, transportation~· s received" waste only, is the same as the Location 
Option 1, with the TF at the WIPP nsequently, transportation risks are the same in both 
cases. Other options involve the se of additional sections of road, not traveled over in the 
baseline case. The ~mption is made here that the fractions of travel in urban, suburban, and 
rural regions and all ot r parameters are given by the same regional averages as those given 
in the FSEIS. 

As treatment changes the density of the wastes, and thus the number of waste shipments, there 
is a reduction or increase in transport-kilometers, both loaded and empty, and thus a 
corresponding change of the risks in some of the contributions to the total transportation risk. 

2.4.4 Weight Restrictions Due to Treatment 

The entire waste shipment consisting of three TRUPACT-lls, waste, and truck/trailer assembly, 
must not exceed 36.2 metric tons (80,000 lbs.). according to 23 CFR 658.17 (U.S. Department 
of Transportation, 1975). Treatment, with the corresponding volume reduction of the waste, may 
increase the weight of the waste form, thereby making complete utilization of the TRUPACT-11 
containment unlikely. Each treatment option has an associated volume and weight reduction or 
increase, and from this information a utilization of the TRUPACT-11 is obtained. Clearly, 
cementing of wastes increases weight to the point that complying with weight restrictions 
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becomes an issue. The chances are greater that an increased number of shipments, above the 
much smaller number calculated using the volume reduction only, is required for Level II treated 
wastes. 

Weight restrictions also seem to apply to forklift operations and forklift loading capacities. 
Depending on the treatment alternative, the number of forklift operations increases due to 
treatment. Yet, although treated drums are much heavier, a heavy-duty forklift is assumed to take 
care of the same number of drums as before without significant increase in accident rates. 

2.4.5 Cause-Effect Functions 

The cause-effect relationships for cancer due to radiation are assumed to be of the linear no
threshold type (National Research Council, 1990). Although some of the calculations in the 
FSEIS are using the linear-quadratic approximation of BEIR Ill (National Research Wncil, 1980), 
the differences at the low doses encountered here are insignificant (U.S. Departmert ?f Energy, 
1990a). The choice of the linear no-threshold hypothesis is made here, because the linear
quadratic model does not allow the use of the person-Sievert (pers~m) concept. The inability 
to use this concept would needlessly complicate the calculation. r 
2.4.6 Significant Figures Given {\ 

The final values calculated are given with a numbraf digits determined by the standard error. 
Regardless of the precision of the inEata, all intermediate data are given with at least one digit 
more than significant. This will avo mulation of rounding errors. Final results are normally 
given to one significant digit in the rror because errors are rarely known to a better accuracy. 
This then determine(}e corresponding number of significant digits for the value. 
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3.0 COMPARISON OF MULTI-COMPONENT RISKS 

3.1 COMPARISON OF MUL Tl-COMPONENT RISKS 

3.1.1 Definition of Risk 

The concept of risk gives rise to many different definitions, which are mostly dependent on the 
immediate application. One of the more general definitions is that of Kaplan and Garrick (1981), 
which is used here. It defines risk in terms of a triplet of quantities: a scenario, a consequence, 
and a corresponding probability (for a more detailed description see Attachment B.21 ). 

As an example, a risk can be defined by a scenario that postulates an exposure of the whole 
body of an individual to penetrating gamma rays for a short time, resulting in the consequence 
of leukemia five to ten years later with a probability of 0.1 percent. While more in~or ation such 
as the radiation dose absorbed by the body may be necessary to calculate the r bability, it is 
implied by the value of that probability and is, therefore, not an absolutely necessary atum. Less 
information than the triplet, however, will result in ambiguities berau e. the same scenario can 
also lead to acute radiation sickness in the short term or several r types of cancer, such as 
lung cancer, in the long term. 

These different consequences illuminate an importeaoperty of almost all risks of an event or 
an activity: Such risks consist of a number of dif t components. Only rarely is a single 
individual the subject of a risk assessment, and imilarly, only rarely is an event completely 
described by one scenario. Thus, ~hree quantities that define a risk usually have a multi
component structure. An activity su<f ~the operation of the WIPP entails hundreds of activities, 
events, and possible consequences. Also, it involves tens to hundreds of workers and, 
potentially, hundre~f:olthousands of persons in the general population. Total risks of activities 
such as the WIPP ~nus quantities with a multi-component structure. 

This multi-component structure of the total risk of an activity presents problems when the total 
risks of two alternate approaches, such as different waste treatments, are to be compared. 
Basically, it is only possible to compare two numbers, thus restricting a comparison to the values 
of two quantities measured in the same units. For any multi-component risk, this means that a 
formulation must be found to reduce the multitude of component values to one characteristic 
measure which then can be compared for two alternatives. 

In this context, it is important to note that many decision makers prefer to compare all 
components of two total risks in a "seat-of-the-pants" procedure. While this may work well in 
many cases, it is not transparent and is, therefore, of dubious value in adversarial proceedings 
or other situations where decisions and their basis must be documented. The measures for risk 
comparison proposed here are fully transparent without unnecessarily fettering the valuation 
process of the decision maker. In order to accommodate decision makers that want to work with 
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the raw data for each component or for a decision maker on a higher level, these data are 
provided and discussed. 

3.1.2 Uncertainties in Risk Assessment 

Usually, risk calculations are beset by considerable uncertainties, which can be expressed 
numerically by assigning or calculating random and systematic standard errors (see for instance, 
Seiler, 1990). Random or statistical errors arise from many possible causes; their signs cannot 
be predicted, nor can they be prevented. These kinds of errors can be decreased, however, by 
increasing the amount of information on which the quantity is based, for example, the number of 
measurements taken. Systematic errors, on the other hand, usually have an identifiable cause, 
affect every measurement by the same mechanism, and if properly investigated, can sometimes 
be avoided or corrected for. They cannot, however, be decreased by increasing the number of 
measurements taken. "1 
A typical example of random errors are the fluctuations in the count rate of a radiJion counter 
exposed to a constant flux of particles. Typical systematic errorsEthose caused by the use 
of a defective scale, resulting in uniformly high or low measurement r those caused by the use 
of a model that does not account for a pertinent effect, and th refore, yields systematically 
distorted values. 

Both types of errors need to be taken into account i.kisk assessment, although random errors 
are easier to evaluate and handle.~ematic errors are most often based on little more than 
an educated guess or some experi al evidence using different methods of measurement or 
calculation. In a comparison of risks, these standard errors play a major role in helping determine 
whether or not a dif~ce between two risks is really significant. The fact of an insignificant 
difference in risk is v.portant datum in further evaluations using risk comparisons as input. 

3.1.3 Comparison of a Single Risk Component 

In comparing single risk components for a number of treatment/location options, it is 
advantageous to use a particular risk component as a baseline and do all comparisons relative 
to that baseline risk. In the context of the comparison attempted here, the risk component for 
waste "as received" serves as baseline risk. If the comparison of the baseline risk and the risk 
of the alternative is done in the form of a ratio, a risk reduction factor may be obtained which 
incorporates a number of advantages (Section 8.2.2 and 8.2.3). Due to the fact that risk 
components can be generally written as a product of a number of factors, all those that are 
common to both risks and do not change with_ treatment, will usually cancel. Among these factors 
are often the most uncertain ones, such as the probability of the initiating event and the 
probability of the consequence such as the lung cancer risk coefficient. 

fl'! 
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Risk reduction factors are, therefore, much less uncertain than absolute risks and often have a .,,1 
simple algebraic structure that allows the use of a simple algebraic procedure to estimate the 
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standard errors of the result based on the standard errors of the input parameters. This process 
is called error propagation (Brandt, 1976; Bevington, 1969; Seiler, 1987). Also, systematic errors 
in quantities in the remaining factors that appear both in numerator and denominator of the ratio 
tend to cancel, if not completely then at least in part. This can be seen by examining a ratio with 
an unknown error factor in both numerator and denominator: as long as it affects both in a linear 
manner, the factor cancels; if its effect on both is nonlinear, it will cancel at least in part. 

This risk comparison has the nature of a retrofit, imposing differently treated wastes to the risk 
assessment in the FSEIS. Evaluating the systematic errors in that assessment would, therefore, 
require an effort beyond the scope of this study. Consequently, it will be assumed that systematic 
errors also cancel for the largest part, leaving a small residual that does not contribute 
significantly to the total standard error of the risk reduction factors. The errors shown are thus 
exclusively of a random nature and will, therefore, tend to be somewhat too small. 

3.1.4 Aggregation of Risk Reduction Factors 

In order to keep the number of attributes or risk components of the multi-attribute utility functions 
to a reasonably low number, it ·is often necessary to aggregate co~ents that contribute to the 
same generic type of consequence. A typical example is the ag egation of risks arising from 
different chemicals in the same scenario, or the aggregation o various contributions to the 
occupational cancer risk due to transportation. A~swn in more detail in Sections B.3.4 and 
G.1 of this Appendix, aggregation in the first case st done at the level of risks, that is, by 
combining risks and then forming risk reduction fa tors. 

In the second case, aggregation iast done at the level of risk reduction factors. This is 
especially true in the case where Io~e the component risks are obtained from substantially 
different formulae. f}regation then requires the knowledge of the values of the component 
risks, so that a lar e sk reduction factor, applied to a very small risk, cannot dominate the 
aggregation. Weig d averaging of the components will avoid this problem. For the averaging 
process over widely spread risk reduction factors, a weighted or unweighted geometric average 
is usually preferable over a weighted or unweighted arithmetic average (see Sections B.3.4 and 
C.2.1 of this Appendix). 

In this aggregation phase, the decision maker responsible for the comparison first exerts his 
influence. It is he who decides which components to aggregate into supercomponents. This 
selection influences the societal valuation process and needs to be done in a way that takes risk 
perceptions into account. 

3.2 SOME TOOLS OF MULTI-ATTRIBUTE UTILITY THEORY 

It is important for the understanding of the risk comparisons proposed that what is done here is 
very different from multi-attribute utility theory. Only some of its tools are being used in a manner 
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that is designed to make the utmost of the similarities between risk components and avoid most 
of the criticisms of the multi-attribute utility approach. 

3.2.1 Single Attribute Utility Functions 

From the field of economics and economic decision theory, the concept of the utility of a 
commodity can be adapted for use in the comparison of risk components. A risk reduction factor 
is, according to its magnitude, assigned a utility or in other words, a usefulness or value. It 
should be noted that in epidemiology the inverse of the risk reduction factor is called the relative 
risk. According to its magnitude, it is consequently assigned a dis-utility or negative utility. 

There is a relationship between the quantity of a commodity and its utility, known as the Law of 
Diminishing Marginal Utility (LOMU). It states that the slope of a utility function decreases as the 
commodity increases (see, for instance, Samuelson, 1973). In risk assessme~he LOMU 
expresses the fact that, for example, a unit increase in the relative risk is most detri ental when 
the risk is 1; it is less detrimental when it is 1 O; and even less so when it is 100. Si ilarly, a unit 
increase in the risk reduction factor is most beneficial when it is 1 ;E swhat less beneficial when 
it is 1 O; and so on. Graphically, this type of relationship is show · Figure 8-1, in Attachment 
8, where, as an example, a logarithmic dependence is plotted as function of the argument. In 
risk management, the LOMU expresses the fact tha~unit increase in a occupational risk of one 
fatality, would almost certainly result in a change of h hand safety procedures. A unit increase 
in a projected total risk of 1,000, on the other hand ould not result in any significant change of 
procedure. The LOMU is, therefore~ integral part of this method of risk comparison. 

In a discussion in Attachment 8.3.2,t;" i~ shown that the requirements of the LOMU as applied to 
risk comparison and~needs of error propagation result in defining a class of utility functions 
of which the logarith ic ependence is the simplest example (Figure 8-1 ). It is, therefore, chosen 
as the form of the s e attribute utility function for all risk components. Pre-defining the form 
of the utility function in this manner is a departure from the usual practice of MAUT. It is justified 
by the fact that, apart from a valuation factor, all risk components are subject in the same manner 
to the influence of the LOMU and should thus have the same dependence. 

3.2.2 Multi-Attribute Utility Functions 

The combined utility function for all risk components is chosen to be a linear combination of their 
utility functions weighted by societal value judgments. This procedure is the simplest form that 
will most likely satisfy the needs of an error propagation calculation. In this manner, the value 
of the modified utility function, called the utility index, and its standard error are obtained. Larger 
utility indices are preferred over smaller ones unless the difference is insignificant. Negative utility 
indices indicate an increase in overall risk over the baseline case, positive indices signal a 
reduction in total risk. 
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The weight with which the single-attribute utility functions are multiplied in the linear combination 
are the societal value judgements for each risk component. In another departure from the usual 
form of MAUT, these weights do not give a valuation of, say, a life lost to cancer, but rather a 
reduction in the risk of lives lost to cancer. This results in a set of weights which are quite 
different from the valuations usually applied in MAUT. 

A mathematical analysis in Section B.3.3 of this Appendix shows that this multi-attribute utility 
function has a unique interpretation. It is the basis from which two quantities can be derived: the 
risk reduction index and its inverse, the risk augmentation index. These quantities are the 
weighted geometric averages of all component risk reduction factors or component relative risks, 
respectively. The weights are the societal valuations of small risk reductions or increases. In this 
report, the risk reduction index and its inverse are the quantities of choice for the comparison of 
risks . 

3.3 RANKING AND UNCERTAINTIES 

The ranking process described here is another fundamental difference to conventional multi
attribute utility theory. Here, standard errors are available and~ differences between risk 
reduction indices are a measure of preference. thus, ranking is n only an ordinal process but 
a comparison of differences and errors yields information on the sig ificance of these differences. 

3.3.1 Calculation of Standard Errors P.. 
The propagation of the uncertainty ~ssed in the standard error of a parameter or a variable 
to the value of the function in which a pears can be evaluated using different methods. Some 
of these are discussed in Attachme t C as far as they are needed in this study. Basically, the 
approach taken her~ws the derivation of an analytical expression for the standard error of a 
risk reduction factor~ utility function, and, finally, for the risk reduction index. 

For numerical procedures, numerical methods have to be used. The standard error for that 
particular factor in the risk equation can then be inserted into the analytical expression for the 
standard error of the risk. Thus, numerical procedures that evaluate the entire risk reduction 
factors should be avoided. Mostly, the errors are small enough to use the error propagation 
formula in a simple approximation for normally distributed quantities (Bevington, 1969; Brandt, 
1976; Seiler, 1987b). When the relative errors get larger, standard errors given for lognormally 
distributed quantities can be used (see Sections C.1.1.3 and C.1.2.2 of this Appendix). 
Otherwise, higher approximations for the analytical expressions may be needed (Seiler, 1987b). 

In this manner, the standard errors of the risk reduction factors and the risk reduction indices can 
be calculated. During the process of aggregating the component risks into classes, such as 
public cancer risks due to waste transportation, error propagation will be taken into account also, 
in order to provide an unbroken chain for the influence of all pertinent uncertainties. 
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3.3.2 Indifference to Ranking 

Ranking of utility indices with standard errors is a simple evaluation as long as the difference 
between two adjacent indices is large compared to either one of the standard errors. Conversely, 
if the difference between them is small compared to either standard error, the difference is 
insignificant. For differences comparable to the standard errors, the situation is more difficult. 
Here, the two criteria developed by Goodmann (1986) can be applied (see Sections B.4.3 and 
G.4.1 of this Appendix). Both are based on the fact that most of the information on the 
distributions of the utility indices is available for the central part of the distribution, not th~ tails. 
Thus, the criteria concentrate on the area of the mean and one or two standard errors around that 
mean. Using Goodmann's criteria, the utility indices are then arranged in classes of one or more 
indices that are insignificantly different with significant differences between the classes. 

D 
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4.0 SCALING AND AGGREGATION OF RISK COMPONENTS 

4.1 SCALING OF BASELINE RISKS 

Most risk components discussed in the FSEIS and the FSAR are affected in some manner by the 
treatment of wastes at some location or other. In order to evaluate the corresponding properties, 
the full algebraic expression for each risk component is given. Each parameter is then evaluated 
as to its dependence on either the waste treatment and/or the location option. This separates 
the risk into a constant and a dependent part. This property of the risk equation allows the 
appropriate scaling of the risk to the level required by the 16 treatment/location options. 

Based on the scaling properties of a risk component, the risk reduction factors and their standard 
errors can be calculated. Some of the parameters needed for that scaling are ba~ed n models 
for the processes involved in creating or modifying the risk components. The models are 
discussed in Attachment D . 

4.1.1 Risks Due to Radiation Exposures C 
The risks of exposure to external radiations have public and occu~ational components, leading 
to both cancer and genetic damage in the long t~, and for high doses, to acute radiation 
sickness in the short-term. Incorporated radioisot lead to internal organ doses with more 
focused damages and carcinogenic processes. 0 er somatic and short-term radiation effects 
are not generally considered here. a 
4.1.1.1 Radiation Risks in Routine La~dling 
Routine handling invOs a number of scenarios for internal exposures, discussed in Section E.1 , 
and external exposJ;.?s', discussed in Section E.2. For internal exposures only the inhalation 
route is considered. Due to general health and safety procedures, the ingestion route yields 
much lower risks. The baseline risks are not known for all risk components, leading to difficulties 
with aggregation later on. 

The values for the risk reduction factors show widely differing values, reflecting different scaling 
properties. Values for the risk reduction factors range from slightly above and below 1 in 
Tables E.1-1 and E.1-3, which evaluate risks due to surface contamination of the drums, to 
10,000,000 in Table E.1-2, which evaluates risks due to waste leakage out of a perforated drum. 
This risk is subject to a dramatic risk reduction, albeit in ? small risk. When these three risk 
reduction factors are aggregated in a supercomponent, it is important to weight them properly so 
as to avoid a bias due to that large value . 
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4.1.1.2 Radiation Risks Due to Handling Accidents 

Handling accidents can lead to inhalation exposure of work crews and, after passing through 
HEPA filters and environmental dispersion, to exposures of the public. These risks are discussed 
in detail in Section E.3. Sometimes the corresponding risk reduction factors are the same; mostly 
they are different. The risk reduction factors for accidents are uniformly high, due to the fact that 
these scenarios involve inhalation exposures and treatment drastically curtails airborne particle 
production. The risk reduction factors range from one hundred thousand to a million in 
Tables E.3-1 and E.3-2 to ten million in Tables E.3-3 and E.3-4 and to ten and a hundred billion 
in Table E.3-5. The baseline risks range from 1 O -4 and 10 - 5 in most of these tables to one in 
ten billion for a C10 accident. Proper weighting here will be essential because the largest risk 
reduction factors (ten and a hundred billion) are associated with an excessively small risk. 

4.1.1.3 Risks in Routine TranSQortation 1 
The definition of "risks from routine transportation of the wastes" is that these risks arise 
exclusively from exposures to penetrating radiation of the crew anEthe public using the same 
road and living or working along that road. The risk components waste transport are those 
given and discussed in the code RADTRAN Ill (Madsen et al., 1 86). These components are 
discussed in more detail in Section E.6.3. The d~t or the calculations have also been taken 
from the RADTRAN code and the FSEIS. The ris duction factors for the public along the 
transport route given in Table E.6-3 range fro 1 to 1 O; those for public risks at stops 
(Table E.6-4) have ranges that do~vary significantly from 1, nor do those for the public 
travelling in the same and the oppo irection (Tables E.6-5 and E.6-6). This is mostly due to 
the fact that, regardless of treatme , the same amount of radioactivity is transported. For the 
same reason, occupt:'f al transportation risks involving the transport crew, the handlers, and the 
warehouse personn I h ve reduction factors that do not deviate much from unity (Tables E.6-7 
to E.6-9). 

4.1.1.4 Risks in Transportation Accidents 

Serious transportation accidents are not expected to occur during the transportation period, but 
they carry the potential for population exposures. Again, the formulae and data of the RAD TRAN 
Ill code were employed to evaluate the risk reduction factors for each scenario. These are 

discussed in detail in Section E.6.4. The risks due to direct exposure during non-dispersal 
accidents (Table E.6-4) again do not reduce significantly, that is, do not have risk reduction 
factors that deviate significantly from one. Those due to dispersal accidents, all assembled in 
Table E.6-10, vary from 1 to about 15. This denotes the suppression of risks due to waste 
dispersal in the atmosphere for the fraction of the transport which is done as treated waste. 
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4.1.1.5 Risks in Post-Closure Human Intrusion 

Radiation risks in three human intrusion scenarios are evaluated using the models in this report 
rather than those of the FSEIS. There is a direct exposure of the drilling crew to radioactive 
cuttings. Later, there is the potential for an inhalation exposure from these dried-out cuttings and 
an ingestion exposure from radioactivity reaching the surface via the Culebra aquifer. This risk 
component is discussed in Section E.7, and the reduction factors are given in Table E.7-1. For 
the E1 and E2 scenarios, the factors for the drilling crew cluster closely around a value of five, 
given essentially by the activity mobilization for the baseline case as compared to any treatment. 
For the E1 E2 scenario the reduction factors for the risk to the drill crew ranges from 0.1 to about 
6 but are applied to a very small risk (Table E.7-2). The reduction factors for the public risk by 
inhalation are the same as those for the drill crew for all scenarios. For ingestion, risk reduction 
factors for the E1 scenario lie between ten and one hundred thousand for an exceedingly small 
baseline risk of 2 • 10 · 12 (Table E.7-3); for the E2 scenario they range from 1 4ao 6 but for a 
baseline risk of 6 • 10 · 11 

; and for the E1 E2 scenario, the factors range from ab a million to 
ten billion, applied to a baseline risk of 3 • 1O· 6 

• 

4.1.2 Risks Due to Chemical Toxicant Exposures C 
Exposures to volatile organic compounds lead to both public and oicupational risks. The health 
effects are cancer and noncarcinogenic health effepepending on the chemical compound. 

4.1.2.1 Risks in Routine Handling 

Volatile organic compounds in the ~e are vented through the carbon filters of the drums, 
leading to low level chronic exposures, both public and occupational. Potentially the largest 
exposures occur un~ound next to a nearly filled room with 6,000 drums. This may lead to 
exposures of person el elow ground, above ground near the exhaust, and of the public outside 
the WIPP area. H re both cancer and noncarcinogenic effects are considered. Detailed 
evaluations are given in Section E.4. The cancer risk reduction factors for above ground 
exposures are independent of the chemical and range from values near unity to about 50,000 
(Table E.4-2). These factors, however, are applied to exceedingly small cancer risks near 1 O -14

• 

Risk reduction factors for below ground emissions have about the same range, 1 to 100,000, but 
some of the risks are at least in the 1O· 7 range (Table E.4-3). 

For noncancer health effects, risk reduction factors are again in the range of 1 to 10,000 
(Table E.4-6) but the risks assigned for workers above ground are excessively low, lying in the 
range of 1o· 15 to 1o· 16

; for workers below ground, they reach up to 10 · 8 (Table E.4-8). 

4.1.2.2 Risks Due to Handling Accidents 

U4 In chemical accident exposures only non-carcinogenic effects are considered in the FSEIS, the 
short-term exposures to accidental releases being too small to result in cancer risks of any 
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significance. The accident scenarios are discussed in detail in Section E.5. The risk reduction 
factors for a C2 or C3 accident range from 2 to 7 ,000 and are applied to very small baseline risks 
near 1 O - 10 {Table E.5-2); those for C4, CS, and CS accidents range from about 20 to about 
200,000, still applied to risks of about 1o- 10 {Table E.5-4). 

4.1.2.3 Risks in Post-Closure Human Intrusion 

Only one chemical, lead, is evaluated in the post-closure human intrusion scenarios. These are 
discussed in detail in Section E. 7 .4. These morbidity baseline risks are exceedingly low and will 
not be pursued further. 

4.1.3 Transportation Accidents 

Public fatalities and injuries as direct effects of the impact in accidents involving th~r1UPACT-ll 
transports have the same risk reduction factors listed in Table E.6-2. These valu.~l,r~nge from 
roughly 0.5 to 4, but they are applied to the largest annual risks in the FSEIS, about 0.2 fatalities 
and about 3 injuries. 

4.2 SCALING OF TREATMENT RISK 

In this evaluation, general occupational risks, exteln\1 and internal radiation exposures from 
routine operations and from routine maintenance Ye'examined. For chemical toxicants, only 
routine operations are considered a~aintenance only traces of voes should be encountered. 
Due to the limited scope of this stuf \o accidental exposures of any kind are included. 

4.2.1 General Occu ational Risks 

Working in the WH r the TF puts the crew at risk for occupational accidents resulting in 
fatalities and injuries. In particular, forklift accidents are considered because they tend to have 
more severe consequences. These issues are discussed in detail in Section F.2. The risk 
reduction factors for general accidents and injuries but also for forklift fatalities and injuries lie 
between 0.26 and 0.076, that is between a factor of 4 and 14 below 1, indicating an increase in 
risk by these factors (Tables F.2-1 and F.2-2). As they are applied to sizeable baseline risks, 
they will have a strong influence on the risk comparison. 

4.2.2 Radiation Risks in Routine Operation and Maintenance 

Risks from exposure to penetrating radiations during treatment of wastes in different devices are 
discussed in detail in Section F.3.1 and F.3.2. The risk reduction factors for routine external 
exposure range from 0.1 to 0.5, that is, 2 to 12 times lower than 1; for maintenance the factors 
are 200 to 300 lower (Table F.3-2). By these factors, therefore, the risks are increased over the 
unknown baseline risk of external exposure during assay and certification. For routine internal 
exposures during operations, the risk reduction factors are 1 /200 to 1 /3000 as shown in Tables 
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F.3-3 and F.3-4. During routine maintenance, the risk increases are factors 10,000 to 100,000 
(Tables F.3-5 and F.3-6). 

4.2.3 Risks in Chemical Toxicant Exposures 

These risks are due to VOCs, mostly released during shredding or sorting of the wastes and 
penetrating through the airlocks. They are discussed in Section F.5 for both cancer and 
noncarcinogenic effects. The risk reduction factors show a strong increase in risk due to the 
mobilization of the VOCs enclosed in drums, liners, and wrappings. The risk reduction factors 
for the much smaller public risks are the same. For routine operations, occupational and public 
risks are subject to risk reduction factors of roughly 1/100,000, indicating a strong increase. The 
baseline risks during assay and certification are not available. This holds for both cancer and 
non-cancer health effects (Tables F.4-1 and F.4-2) . 

4.3 AGGREGATION OF RISK COMPONENTS 

4.3.1 Problems of Aggregation 

In this evaluation, 124 component risks are analyzed and their risk ~ction factors derived. This 
includes all subcomponents. This number is too large to handle in a comparison and must, 
therefore, be lowered by aggregation. Many of the~isks lead to the same consequence, and 
can thus be aggregated into supercomponents. E~o. it is expedient to discard some of the 
small risks because a larger risk o~t e same exposure is already being considered. Thus, 
genetic damage is usually smalle n the cancer risk from the same radiation exposure 
(National Research Council, 1980, 1 8 , 1990). Also, almost no information on genetic baseline 
risks are available in the FSEIS. These subcomponents are, therefore, not selected for 
aggregation. Similaf1'9')ealth effects of lead poisoning for post-closure risks and the non-cancer 
risks due to exposue,;o chemical toxicant are not involved in the process either. 

In this context, it is important to note that once a cure for cancer is found, cancer reverts from a 
fatality risk to a morbidity risk. Other somatic effects, such as lifespan shortening, and genetic 
effects will then become of main concern. From this point of view, genetic damages should be 
selected for aggregation. The main reason for not selecting these components is the fact that 
the genetically relevant doses and the cumulative effective dose equivalents (CED Es) are mostly 
non-linearly related and that the baseline risks are mostly unavailable. 

As discussed before, the first task of the decision maker is to decide on the extent and the 
grouping of the aggregation of risk components. This must be done in a manner that groups 
components with the same societal valuations; not too detailed so as to make relative valuations 
difficult, not too coarsely so as to erase significant differences. 
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In the case at hand, eight supercomponents are formed from the remaining 73 subcomponents: 

1 . Transportation fatalities 
2. Transportation injuries 
3. Occupational fatalities 
4. Occupational injuries 
5. Occupational cancers 
6. Public cancers 
7. Late occupational cancers 
8. Late public cancers. 

Six of these supercomponents are evaluated in the FSEIS. In addition, numbers 3 and 4, the 
occupational accident fatalities and injuries, are included here. In a comparison of treatment risks 
involving more or less personnel they are important and have thus been includeg,..{ 

In these aggregations, problems arise when no values for the baseline risk compone~ts are given 
in the FSEIS or the FSAR. In this case, the aggregation haf: be done by unweighted 
averaging. A large risk reduction factor will then tend to dominate t verage even if it is applied 
to a minute risk. This dominance can be reduced somewhat by u ing the geometrical average. 
Even so, unweighted averaging will introduce a r!s· ual bias. In the absence of data on the 
baseline risks, however, unweighted averaging m e used until a numerical risk value is 
available for the aggregate. From then on, appr riately weighted averaging will lead to the 
supercomponents without further bi(2 

After the aggregation into supercorrf"o~ents, the total risks have been in effect sorted in terms 
of consequences, betl;·n at the same time summed over all scenarios and exposed individuals. 
This is the situation o hich Equation (B.2.6) in Attachment B refers, where the total risk has 
been aggregated to a vector of consequence components. From this point in the calculation 
onward, the aggregated risk reduction factors are, therefore, more aptly termed consequence 
reduction factors. Their numerical values are listed in Table 1-4.1 as functions of treatment and 
location options. 

4.3.2 Aggregation Into Supercomponents 

4.3.2.1 Supercomponents 1 and 2: Fatalities and Injuries in Transportation Accidents 

Due to volume changes resulting from treatment and thus transportation increases for Level II 
treatments, and transportation decreases for Level Ill treatments, the aggregated risk reduction 
factors for Supercomponent 1 range from between 0.5 and 1 for Level II treatments to values 
above 1 to about 4 for Level Ill treatments. This signals an increase in risk for Level II and a 
decrease for Level Ill. Although the departures of the factors from one are not large, they impact 
on the largest risks in the study (0.2 fatalities and 3 injuries per year of operation) and the 
variations are thus of great importance. The supercomponents show little change with the 
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FACTORS 

r 1 cA 

r 2 KA 

r 3KA 

r 4KA 

r 5 KA 

r 6 cA 

r 7 cA 

r 8 cA 

CONSEQUENCE 
RISK REDUCTION 

FACTORS 

r 1 cA 

r 2 KA 

r 3 cA 

r 4 KA 

r 5 c A 

r sc>.· 

r 1c>. 

r 8 cA 

£ 

1 

1.00 ± 0.00 

1.00 ± 0.00 

0.276 ± 0.016 

0.276 ± 0.016 

0.853 ± 0.031 

1.13 ±0.00 

4.96 ± 0.48 

106 (2.3) 

1 

1.00±0.00 

1.00 ± 0.00 

0.17 ± 0.01 

0.17 ± 0.01 

0.704 ± 0.023 

1.13±0.00 

6.86 ± 1.36 

221 (2.4) 

.. 
l r $ r if 

TABLE 1-4-1 

COMPILATION OF CONSEQUENCE REDUCTION FACTORS* 

TREATMENT OPTION "' 1 I TREATMENT OPTION .. 2 
LOCATION LOCATION 

2 D3 4 1 2 3 

0.760 ± 0.048 0.714 ± 0.057 0.715 ± 0.058 1.00 ± 0.00 0.719 ± 0.042 0.666 ± 0.048 

0.760 ± 0.048 0.714 ± 0.057 0.715 ± 0.058 1.00 ± 0.00 0.719 ± 0.042 0.666 ± 0.048 

0.276 ± 0.016 0.276 ± O.o16 0.276 ± 0.016 0.260 ± 0.015 0.260 ± 0.015 0.260 ± 0.015 

0.276 ± 0.016 0.276±~ 0.276 ± O.o16 0.260 ± 0.015 0.260 ± 0.015 0.260 ± 0.015 

0.814 ± 0.030 0.846 ± 0. 0.852 ± 0.032 0.841 ± 0.030 0.801 ± 0.029 0.833 ± 0.030 

2.64 ± O.ot 7.44 ± 0.02 9.47 ±0.02 1.13 ±0.00 2.65 ± 0.01 7.46±0.02 

4.96 ± 0.48 4.96 ± 0.48 4.96 ± 0.48 5.05 ± 0.49 5.05±0.49 5.05± 0.49 

106 (2.3) 106 (2.3) 106 (2.3) 115(2.2) 115 (2.2) 115 (2.2) 

~ 
TREATMENT OPTION .. 3 TREATMENT OPTION • 4 

LOCATION LOCATION 

2 3 4 1 2 3 

1.10 ± 0.17 1.17±0.26 1.18 ± 0.27 1.00 ± 0.00 2.00 ± 0.06 3.27 ± 0.21 

1.10±0.17 1.17±0.26 1.18±0.27 1.00 ±0.00 2.00 ±0.06 3.27 ± 0.21 

0.17 ± 0.01 0.17±0.01 0.17 ± 0.01 0.076 ± 0.0042 0.076 ± 0.0042 0.076 ± 0.0042 

0.17±0.01 0.17±0.01 0.17±0.01 0.076 ± 0.0042 0.076 ± 0.0042 0.076 ± 0.0042 

0.435 ± 0.018 o.6n ±0.025 0.699 ± 0.027 0.704 ± 0.028 0~9 0.420 ± O.o17 

7.47 ±0.02 2.65 ± 0.01 7.46 ± 0.02 9.49 ± 0.02 1.13 ± 0. 2.65 ± O.o1 

686 ± 1.36 6.86 ± 1.36 6.86 ± 1.36 9.39 ±0.99 9.39 ±0.99 9.39 ±0.99 

221 (2.4) 221 (2.4) 221 (2.4) 2030 (2.6) 2030 (2.6) 2030 (2.6) 

* Erro'rs given in braces are geometric standard deviations of lognormal distributions. 
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location for Level II treatment, a small change in Treatment Option 3, but a substantial protective 
effect for Treatment Option 4 if done in distributed facilities near the originators. The aggregated 
risk reduction factors are listed in Table 1-4-1. 

4.3.2.2 Supercomponents 3 and 4: Occupational Fatalities and Injuries 

The general occupational fatalities and injuries in working in the Treatment Facility and in the 
WHB show increases between factors of 4 to 13. These are applied to a baseline risk of 2 10 · 3 

fatalities and 0.5 injuries per year of operation. Due to the assumption of the model, there is no 
location dependence, but a steady decrease in the risk reduction factors and, therefore, a strong 
increase in risk for more complex treatments (Table 1-4-1 ). 

4.3.2.3 Supercomponent 5: Occupational Cancer 

This supercomponent aggregates the risk reduction factors of 22 components. D~o the lack 
of baseline data, they have to be aggregated without weights into four intermediate components, 
thereby introducing a bias. Further aggregation of these four i~mediate components into 
Supercomponent 5 introduces no further bias because of appropriat eighting. The values show 
risk reduction factors of about 7 for Level II treatments and abo 11 for Level Ill treatments. 
There is not much variation with the location param'Jt, indicating the expected insensitivity of 
this supercomponent to the location of the TF. With· ased level of treatment, however, there 
is a distinct gain in occupational safety. 

The supercomponen~public cancers is also aggregated from 22 risk reduction factors. Again, 
they have to be agg eg ted to four intermediate components for which baseline risk values are 
available, incurring ias in the unweighted portion of the averaging process. The fully 
aggregated risk reduction factors range from 1 to 12. Here, there is a clear trend in each 
treatment alternative for an improvement in public safety if the TFs are moved out towards the 
originators, and a trend toward an increase in these gains with more elaborate waste treatment. 

4.3.2.5 Supercomponent 7: Post-Closure Occupational Cancers 

These are the unweighted aggregates of the risks to the drilling crews in the three human 
intrusion scenarios. The risk reduction factors range from about 5 to about 10. They are, 
however, applied to an exceedingly small risk of 3 • 10 · 8 

• 

4.3.2.6 Supercomponent 8: Post-Closure Public Cancers 

This component aggregates the public cancer risks due to inhalation and ingestion of radioactivity 
transported over time to the surface. Substantial risk reductions are achieved by treatment, 
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ranging from about 100 to 2,000. The baseline risk, however, is again small with an expected 
cancer incidence of 7 • 1 O -5 

• 

D 
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5.0 COMPARISON OF THE TOTAL RISKS 

5.1 SOCIETAL WEIGHTS 

5.1.1 General Considerations Regarding Weights 

The weighting needed to give each component its proper valuation is not the same as the 
weighting used in Multi-Attribute Utility Theory. This difference arises from the fact that the 
argument is not a risk but a risk reduction factor, but also from the use of the logarithm of the risk 
reduction factor as the utility of risk reduction. The usual valuations, such as setting the 
widespread practice of an occupational fatality or injury equal to one-half of a public fatality or 
injury, have to be re-examined in the light of a risk reduction or augmentation. As discussed in 
Section B.3.5, the valuation of a particular risk reduction depends on the ma~n· de of the 
baseline risk component. In this study, most of these components are sm so that the 
valuations are relatively weak functions of the risk values. 

Within the scope of this study, and taking into account that the sel~on of alternatives for waste 
treatment is essentially a technical decision, with societal input, th decision maker charged with 
making the risk comparison will seek advice from a group of knowl dgeable persons with diverse 
interests and views. They will make their valuat~·o known to him as well as the rationales 
leading to those weights. Based on this advice, t cision maker selects his own rationales 
and arrives at his own weights. He may treat th m as decision parameters without standard 
errors or as stochastic quantities. a 
In this context, it should be borne in ~in~ that risk assessments and risk comparisons are usually 
done with an ulterio~tive such as a selection process in mind. Thus the decision maker for 
the risk comparison ks for another decision maker, charged with making that selection. The 
environment of the riteria other than risk that enter into the selection process will have an 
influence on the weighting in the risk comparison. This dependence arises from the cross
relationships such as the one between cost, feasibility, and some components of the 
consequence vector. The decision maker for the risk comparison may thus not only have to 
balance the advice received and his own rationales, but also the needs of the decision at the 
higher level. 

As an example for a weighting, a risk reduction or augmentation by a factor of two for the annual 
number of traffic fatalities and injuries depends on the absolute baseline values of 0.2 fatalities 
and 3 injuries when compared to the valuation of a risk reduction or augmentation by a factor of 
two for the occupational risk of fatalities (0.002 per year) and injuries (0.5 per year). While the 
need for a reduction of the traffic risk may seem paramount, it must be seen in the context of the 
annual deaths and injuries due to traffic accidents. In New Mexico alone, 538 traffic fatalities and 
324,962 traffic injuries occurred in 1989 (New Mexico Highway and Transportation Department, 
1990). The incremental risks due to WIPP transports is 0.04 percent for fatalities and 0.01 
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percent for injuries. On the basis of these relationships and the relative valuations of fatalities 
and injuries, some of which will be severe, absolute weights of 10, 7, 5 and 4, for example, can 
be established by a particular expert for transportation fatalities, transportation injuries, general 
occupational fatalities, and occupational injuries, respectively. By considering similar relationships 
between all the supercomponents, a complete set of weights can be established (see Section 
G.2.2.1 of this Appendix). 

The normalized societal weights selected by the decision maker as decision parameters are given 
in Table 1-5-1, together with numerical values for the annual baseline risk components. These 
values are then used to arrive at the risk reduction or risk augmentation indices to be used in 
decision making. Here only the interpretation of the indices will be reported, as the use made of 
this information is outside of the scope of this study. It is contained in the main body of this 
report, where this information is put to further use. 

5.2 COMPARISON OF THE ALTERNATIVES 

5.2.1 Consequence Reduction and Augmentation Indices C 
The values of the consequence augmentation index \JI IC :1. resulti[g from the weighting of the 
previous section are given in Table 1-5-2, grouped f~'rs y treatment options (first index) and then 
by location options (second index). The augment 1 index is chosen for presentation here 
because there is a net increase in that index for 1 of the 16 treatment/location options, and 2 
of the 14 (Options 33 and 34) are cEtible with 1, which means that the overall consequence 
is about the same as that for the bas · e case. Only two options (43 and 44) show a decrease 
in the index, that is, values lower th n one. 

An application of GoosQnn's criteria of indifference (see Section G.3.1.2 of this Appendix) shows 
that only 12 of the l;.i> possible combinations of indices lead to a confirmed or possible 
indifference between indices. A better idea of the groupings within options can be obtained by 
a visual inspection of the probability distributions of the consequence augmentation indices 
(Figure 1-5-1 ). These distributions give the probability of finding a given index at a particular 
value. Here, instead of lognormal distributions, normal distributions are used (for narrow 
distributions the differences are small). For clarity, all location options for Treatment Option 3 are 
plotted as negative values. Thus for Level Ill treatments there are clear trends with regard to 
location. Options 31 and 41, with treatment exclusively at the WIPP, have the highest increases 
in the index for Treatment Options 3 and 4, respectively. For Treatment Option 3, locations near 
the waste originators lead to no substantial change in the indices, whereas for Treatment Option 
4, a location of the facilities near the originators leads to the only decrease in overall 
consequence indices. Level II Treatment Options 1 and 2, with eight distributions, have indices 
that lie very closely together. They thus lead almost independent of location to increases in 
consequence indices between 1.4 and 1.5. 
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TABLE 1-5-1 

SOCIETAL VALUATIONS, NORMALIZED WEIGHTS 

RISK SUPERCOMPONENT ANNUAL BASELINE RISK NORMALIZED WEIGHT 

1 Transportation fatalities 0.2 0.33 

2 Transportation injuries 3 0.23 

3 Occupational fatalities 0.002 0.17 

4 Occupational injuries 0.7 0.13 

5 Occupational cancers 0.005 o.~ 
6 Public cancer 0.02 0.1 

7 Late occupational cancers 3·10- 8 0.003 

8 Late public cancers 7·10- 5 r 0.007 
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TABLE 1-5-2 

RISK AUGMENTATION INDICES FOR 16 TREATMENT/LOCATION OPTIONS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

'P 1 1 1.40 ± 0.02 

'P 1 2 1.51 ± 0.04 

'P 1 3 1.41 ±0.05 

'P 1 4 1.37 ± 0.05 

'P 2 1 1.43 ± 0.02 

'P 2 2 1.58 ± 0.04 

'P 2 3 1.49 ± 0.05 

'P 2 4 1.45 ± 0.05 

'P 3 1 1.62 ± 0.02 f>. 'P 3 2 1.42 ± 0.09 

'P 3 3 1.23 ± 0.11 

'P 3 4 ~o ± 0.11 

'P 4 1 2.06 ± 0.03 

'P 4 2 

D 
1.28 ± 0.02 

'P 4 3 0.88 ± 0.03 Decrease by a factor of 1.14 ± 0.03 

'P 4 4 0.82 ± 0.03 Decrease by a factor of 1.21 ± 0.04 
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Figure 1.5-1. Risk Augmentation Indices for the 16 Treatment/Location Options 

Appendix I 1-47 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

The same information is once again displayed in Table l-ES-1 in the Executive Summary, which 
lists facility locations in rows and treatment options in columns. There is very little variation 
between the values of the risk augmentation index of the Level II treatments. For Treatment 
Option 3, a Level Ill treatment, there is a trend toward the periphery (waste originators) leading 
down to an insignificant increase in the index. As in Figure 1-5-1, there is a dramatic location 
dependence for Treatment Option 4, the most extensive treatment of all, leading from the largest 
increase in the consequence augmentation index (2.1) to the largest decrease in overall risk (0.8). 
As an aid to the eye, the very light pattern selected in that figure for Group 1 shows the largest 
increase in consequence augmentation; Group 2 with a denser pattern is clustered between 1.2 
and 1.5; Group 3 is almost neutral, that is, almost compatible with 1, whereas Group 4 with the 
densest pattern is composed of the two options that result in a consequence reduction. 

5.2.2 Interpretation of the Results 

An analysis of the different contributions to the consequence augmentation or re:ur:on indices 
shows that the transportation risks and the occupational accident risks contribute ~~~~~antially to 
the value of the indices. The post-closure risks due to humans· sion, on the other hand, 
contribute at most a few percent to the value of the indices, that is, ut as much as the average 
standard error. For the short-term components, transportation lume increases for Level 11 
treatment options and decreases for Level Ill trea~nts. Manpower requirements and thus 
general occupational accidents and injuries increa bstantially from Treatment Option 1 to 
Treatment Option 4. 

For Location Option 1, treatment at Q WIPP, waste transport contributes the same risks as in 
the baseline case. The treatment, tk:'ever, causes additional risks which result in the highest 
indices for the two Lt? Ill treatment options but nearly the lowest for the two Level II treatment 
options. The trend f r ore decentralized facilities for Level II treatments is undefined, for Level 
Ill treatments, howe , it is clearly toward lower values. This shows the opposing influences of 
the transportation risks and the treatment risks. 

For Level II treatment options, the modest increases in both transportation and occupational 
accident consequences result in an almost uniform increase in consequences with an 
augmentation index of about 1.5. For Level Ill treatments options the opposing influence of the 
changes in risk due to transportation and manpower are responsible for the moderate spread due 
to location in Treatment Option 3, and the wide spread with locations for Treatment Option 4. 

An analysis of the eight factors that form the consequence reduction indices (see Section G.4) 
shows that the traffic accidents are responsible for most of the location-dependence in the 
treatment/location matrix, whereas the occupational accidents cause most of the treatment 
dependence. Radiological risks form only a small part of the total risk, the largest contribution 
being the public cancer risk in transportation accidents. This clearly reflects societal priorities 
according to which radiological risks are most coherently and most successfully pushed down to 
low levels, whereas occupational accidents are less vigorously suppressed, and traffic accidents 
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are attacked with only little effort. The same analysis shows post-closure cancer risks contributing 
a few tenths of a percent for occupational risks, and a few percent for public risks; altogether an 
almost negligible influence. 

5.2.3 Influence of Biases 

Additional, more detailed evaluations of the numbers generated for the indices meet with several 
difficulties. One arises from the biases due to the unweighted aggregation of many risk reduction 
factors. Another arises from the biases introduced by some of the model assumptions that do 
not give credit to treatment where credit is due, or do not assign an additional risk component 
where one should be assigned. The last difficulty is the weighting chosen here with values that 
could easily be chosen differently. 

The unavoidable use of unweighted aggregation introduces biases of unknown amounts and 
signs. It is believed that, by the choice of supercomponents and the use of tb(Q'eometrical 
averages, their influence is kept as small as possible. The model assumptions fnade for the 
entire risk comparison and for some parts of it also add biases of indeterminate signs and 
unknown magnitude. Again, they are believed to be small, but sornrJf them could be significant. 

Quite generally, these biases are due to the fact that this risk !mparison is a retrofit to the 
FSEIS; that is, it did not grow organically out of it. ;ps a lot of detail was lost, information that 
would be necessary for appropriate aggregation. In 'fferent application of this method for risk 
comparison, this bias would not arise. 

There is, however, another source as, at the same time more prevalent and more subtle. It 
arises from the widespread use of do~;ding calculations, worst-case models, and upper limits. 
Any risks values dtrei on this basis clearly overstates the risk, resulting in a bias. For risk 
comparisons it is, t er ore, imperative to have risk values derived by the use of best-science 
models as well as t r standard errors. The use of biased models and biasing assumptions 
should be minimized. 

An unavoidable third type of bias arises from the value system of the decision maker and those 
of his set of advisors. The influence of either a different decision maker or a different set of 
advisors will result in different.societal weights. The set of valuation questions have a very 
narrow scope, however, so that the valuations of the risk reduction factors for a given baseline 
risk do not vary strongly. Even that bias is not seen to be critical. 

The first two biases are expected to result in perturbations of the risk augmentation indices, 
mostly in the nature of positive or negative shifts. It is not believed that their elimination would 
lead to major differences. The third bias, however, can potentially lead to more pronounced 
shifts. The valuations of a different decision maker with a different set of advisors might well 
loosen the close association of all Level II treatment options and might even establish a small 
location trend. The main facts that arise from this analysis, however, are expected to remain. 
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In sum, then, it is not thought that these effects will lead to major changes in trends, although 
noticeable shifts within these trends are probable. 

5.2.4 Conclusions of the Risk Comparison 

The risk comparison in this study results in some clear groupings and trends among the risk 
augmentation indices for various treatment and location options: 

• The baseline risks are very small, so that even clear-cut increases in consequences 

iili! 

still result in very small risks for all treatment and location options. "1' 

• 

• 

Appendix I 

Level II treatment options show little or no discernible trends for different locations . 
However they uniformly show an increase for the consequences, that is a 
consequence augmentation index near 1 .4. In the context of inte~ng these 
indices, it is of importance to realize that consequence reduction and :f ~~entation 
indices are not linearly related to the actual set of baseline risks. Thus an index of 
1 .4 does not mean a 40 percent increase in the bastlin risks. However, it does 
signify an increase in th~ total consequences. This no · earity also means that no 
absolute treatment risks can be inferred from these in ces. 

Level Ill treatment options show a distinc~nd in location dependence with the risk 
decreasing as the TFs are located clos~ the waste producers. For Treatment 
Option 3, this results at b~in total risks about equal to that of the baseline case. 
For Treatment Option 4, ever, an actual increase to a risk augmentation index of 
1.8 and decreases dew to 0. 7 can be realized for the two most decentralized 
location options, respectively. 

These in_Qes and decreases of the societally weighted risk augmentation indices 
are almoirn~ependent of the long-term risks. This is due to the low valuation of the 
long-term risk components and their independence from the location options. It is, 
therefore, the balance between the short-term risk components that drives this risk 
comparison. 
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ATTACHMENT A 

EATF RISK ASSESSMENT GLOSSARY 

40 CFR Part 191 - EPA standard for managing and disposing of spent nuclear fuel, high-level, 
and transuranic wastes. Subpart A deals with managing and storing of wastes, while Subpart B 
covers long-term isolation and disposal. 

40 CFR Part 268 - EPA regulation governing land disposal restrictions; consists of five subparts 
as follows: Subpart A - General; Subpart B - Schedule for Land Disposal Prohibition and 
Establishment of Treatment Standards; Subpart C - Prohibitions on Land Disposal; 
Subpart D - Treatment Standards; and Subpart E - Prohibitions on Storage (Code of Federal 
Regulations). ~ 

Accessible Environment - The accessible environment means to (1) the atmosp~ere, (2) land 
surfaces, (3) surface waters, (4) oceans, and (5) all of the lite:hs here that is beyond the 
controlled area (see 40 CFR Part 191 .12[k]). 

Activity - The number of nuclear disintegrations occurring in an ar itrary quantity of material per 
unit time. {),._ 

Advection - The transport of fluid by bulk motion furo~gh a porous solid due to a difference in 
absolute fluid pressure across the~ 

AIRDOS - A computer code used to calculate health risks due to the atmospheric dispersal of 
radiaoctivity. Q 
Alpha Particle - Pl. positively charged particle made up of two protons and two neutrons 
(therefore, identical to a helium nucleus). Emitted in the radioactive decay of certain nuclides. 
It is the least penetrating of the three types of radiation: alpha, beta, and gamma . 

Anhydrite - A mineral consisting of anhydrous calcium sulfate (CaS04}. It is equivalent to 
gypsum without water, and is denser, harder, and less soluble than gypsum. 

Anoxlc - Without oxygen. 

Argillaceous Rocks - Rocks containing appreciable amounts of clay. 

Argillaceous - Pertaining to, largely composed of, or containing clay-sized particles or clay 
forming minerals. 

Attribute - the value of utility assigned to a particular component of the risk. 
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Backfill - Material (such as crushed salt or grout) placed around the waste containers to fill the 
open spaces in the room. 

Becquerel (Bg) - The SI unit of radioactivity. One Bq equals one disintegration per second. 

Bell Canyon Formation - A sequence of rock strata (sandstones, shales, and limestones) that 
form the uppermost unit of the Delaware Mountain Group; of significance because it is the first 
regionally continuous water-bearing formation beneath the WIPP underground workings (Lappin, 
et al., 1989). 

Bentonite - A commercial term applied to clay materials containing montmorillonite (smectite) as 
the primary mineral. 

Biomass - The dry weight of living matter, including stored food, present in a spe~population 
and expressed in terms of a given area or volume of the habitat. I 
Borehole - (1) A manmade hole in the wall, floor, or ceiling o~ubsurface room used for 
verifying the geology, observation, or the emplacement of waste isters. The horizontal wall 
holes are used for remote-handled transuranic (RH-TRU) wast , (2) A hole drilled from the 
surface for purposes of geologic or hydrologic testin~r to explore for resources. 

Brine Pocket - Pressurized brine of unknown origi~~ of limited extent contained in fractured 
anhydrite within the Castile Formati~cated 210 m below the WIPP repository. 

Cancer Risk Coefficient - The fac~r ~sed to convert radiation dose in Sievert (Sv) to Latent 
Cancer Fatalities. Narical value taken from the BEIR Ill (National Research Council, 1980) 
Report is equal to 0.[:31 Sv -1

• 

Carcinogens - A substance that causes or enhances the processes which turn a normal cell into 
a cancerous cell. 

Castile Formation - A formation of evaporite rocks (interbedded halite and anhydrite) of Permian 
age that stratigraphically underlies the Salado Formation. 

Cement/Cementitious Material - A dry powdered mixture of silica, alumina, lime, iron oxide, and 
magnesia. 

CH-TRU Waste - Contact-Handled TRansUranic waste, packaged TRU waste whose external 
dose rate does not exceed 2 mSv (200 mrem) per hour. 

Cloudshine - The exposure from cloudshine is the direct external dose from the passing cloud 
of atmospherically dispersed radioactive material. . 
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Committed Effective Dose Equivalent (CEDE) - The weighted sum of the dose equivalent to 
organs or other tissues that will be received following an intake of radioactive material for a 
50-year period following that intake. 

Compaction - Mechanical process by which the pore space in the waste is reduced prior to 
waste emplacement. 

Composite - A single, homogeneous mixture of waste and backfill material which has physical 
and chemical characteristics resulting from the application of a particular engineered alternative. 

Compressibility - The property of a substance capable of being reduced in volume by application 
of pressure; quantitatively, the reciprocal of the bulk modulus. 

Conceptual Model - The set of hypotheses and data that postulate the descriptio~ behavior 
of the disposal system. I 
Concrete - A mixture of grout and some type of aggregate (such ~one pebbles or salt rock). 

Conservative - When used with predictions or estimates, a conse~ive estimate is one in which 
the uncertain values are used in a way that maximizes their negative or undesirable impact on 
the system. In risk comparisons, this approach cr"fr a bias. 

Continuous Air Monitor (CAM) ~strument that continuously monitors the air for certain 
present concentrations of toxic subrces or radioactivity. 

Controlled Area - The controlled area means (1) a surface location, to be identified by passive 
institutional control~t encompasses no more than 100 km and extends horizontally no more 
than 5 km in any re tion from the outer boundary of the original location of the radioactive 
wastes in a disposa system; and (2) the subsurface underlying such a surface location (40 CFR 
Part 191.12[G]). 

Creep - A very slow deformation of solid rock resulting from constant stress applied just below 
the elastic limit; refers to the geologic phenomenon experienced as salt under high compressive 
loading begins to flow plastically. 

Creep Closure - Closure of underground openings, especially openings in salt, by plastic flow 
of the surrounding rock under pressure. 

Culebra Dolomite Member - The lower of two dolomite units (the other being the Magenta 
Dolomite Member) within the Rustler Formation that are locally water bearing; the first laterally 
continuous unit above the repository to display significant permeability (Lappin, et al., 1989). 

Curie - The old unit of activity. One curie (Ci) equals 3.7 • 1O 10 nuclear disintegrations per second. 
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Darcy - An English standard unit of permeability, defined by a medium for which a flow of 1 cm3/s 
is obtained through a section 1 cm2 for a fluid viscosity of 1 cP and a pressure gradient of 1 
atm/cm (one Darcy is equal to 9.87 • 10 ·11 m 2). 

Darcy's Law - The law which states that the rate at which a fluid flows through a permeable 
substance per unit area is equal to the permeability (a property of the substance through which 
the fluid is flowing) times the pressure drop per unit length of flow, divided by the viscosity of the 
fluid. 

Decay (radioactive} - Process in which a nucleus emits radiation in the form of alpha or beta 
particles, neutrons, gamma rays, or positrons, and undergoes spontaneous transformation into 
one or more different nuclei. 

Decontamination - The removal of toxic or unwanted material (especially radio~ material) 
from the surface of, or from within, another material. I 
Delaware Basin - The part of the geologic Permian Basin in s!Feastern New Mexico and 
adjacent parts of Texas where an ancient sea deposited thick laye of evaporites approximately 
200 million years ago. It is partially surrounded by the Capitan R ef. 

Design Analysis Model -The main program used t~lyze the relative effectiveness of various 
modifications to the WIPP facility and waste forms 'K'::nu compared to the WIPP disposal system 
reference design and current waste ~s. 

Deterministic - Pertaining to an ekct'mathematical relationship between the dependent and 
independent variablM a system. 

Dewey Lake Red ~ - A formation that overlies the Rustler Formation and is composed of 
reddish brown marine mudstones and siltstones interbedded with finegrained sandstone. 

Diffusion - The transport process whereby ionic or molecular constituents move under the 
influence of their kinetic activity in the direction of their concentration gradient, from higher 
concentrations to lower concentrations. 

Diffusion Coefficient - The proportionality constant in Fick's Law of Diffusion defined as the 
amount of solute material per unit time that diffuses through a unit cross-sectional area under a 
unit concentration gradient; with fundamental dimensions of area per unit time. 

Diffusive - Characterized by the transfer of chemical components from a region of higher to one 
of lower concentration. 

Dispersion Function - Function that models the dispersion of a substance through the 
environment. 
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Disposal Phase - The 20 year period by which DOE proposes to permanently emplace TRU 
wastes in the WIPP. 

Dolomite - A sedimentary rock consisting primarily of the mineral dolomite [CaMg(C03 ) 2]; 

commonly associated with limestone. 

Dose - A general form denoting the quantity of radiation or energy absorbed. For special 
purposes it must be appropriately qualified. If unqualified, it refers to absorbed dose. (The SI 
unit of absorbed dose is the gray; the old unit is the rad.) 

Drift - A horizontal mine passageway. 

§1 - An event or scenario: intrusion of a borehole through a disposal panel into a pressurized 
brine occurrence in the Castile Formation (Marietta et al., 1989). ~ 

E2 - An event or scenario: intrusion of a borehole into a disposal panel (Marietta el al., 1989). 

E1 E2 - The combined scenario involving a borehole intrusion in~ disposal panel and into 
pressurized brine followed by the intrusion of another borehole intf the same panel. 

Effective Waste Volume - The volume of the wastej>\ckfill composite minus the volume of the 
backfill along the sides of the waste stack; paramf1t9! used in the Design Analysis Model to 
calculate radionuclide releases to th;:...?rface due to the removal of drill cuttings. 

Exposure - A measure of the ioniz~ produced in air by gamma or x-ray radiation. It is the 
sum of the electrial charges on ions of one sign produced in air when all electrons liberated by 
photons in a volume~ent of air are completely stopped in air, divided by the mass of the air 
in the volume eleme(!!/The special unit of exposure is the Roentgen. 

Fick's Law - The law which states that the rate of diffusion of matter across a plane is 
proportional to the negative of the rate of change of the concentration of the diffusing substance 
in the direction perpendicular to the plane; in other words, a species "i" diffuses (moves relative 
to the mixture in the direction of decreasing mole fraction "i"). 

Fissile - Describing a nuclide that readily undergoes fission (splitting) by absorption of neutrons 
of any energy. 

Fugacity - An idealized vapor pressure; equal to the vapor pressure when the vapor behaves as 
• an ideal gas. 

Gamma - Penetrating electromagnetic radiation emitted in some nuclear decays. 

GBq - GigaBecquerel (10 9 Bq). 
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Gray - The SI unit of absorbed dose. One gray is produced by the absorption of one Joule of 
energy in a mass of one kg. 

Grout - The material which results when a cement is combined and well mixed with a fluid. 

Groundshlne - The exposure from groundshine is the direct external dose from radioactive 
material that has deposited on the ground after being dispersed from an accident site. 

Half-life - The average time required for an unstable element or nuclide to lose one-half of its 
radioactive intensity in the form of alpha, beta, gamma radiation, or neutrons. 

Halite - The mineral rock salt, NaCl. 

Hazard Index (HI) - The ratio between the daily intake of a chemical and an accept4" reference 
level. .. , . 

Hazardous Waste - Restricted nonradioactive wastes that exceed ~ards or do not meet other 
requirements of 40 CFR Part 268 with regard to toxicity or mobility rruction (DOE, 1990d, Vol. 1 , 
p. 1-1). 

Headspace - Gas volume in a closed waste drum. P.. 
HEPA Fiiters - High Efficiency Partir\e Air Filters. 

Hydraulic Diffusivity - The ratio of the hydraulic conductivity to the specific storage with 
fundamental dimensir') of area per unit time. 

Hydraulic Conducu"1<v- The rate of aqueous flow, in volume per time, through a cross-section 
of area under a unit hydraulic gradient at the prevailing temperature. 

Immediate Danger to Life and Health (IDHL) - Level or concentration of toxic agent that causes 
an immediate danger to life and health. 

Isotope - A species of atom having the same number of protons but differing in the number of 
neutrons in its nucleus. In most instances, an element can exist as several isotopes differing in 
the atomic mass. Isotopes can be either stable or radioactive (also called radioisotdpes or 
radionuclides). 

Isotropic - Having the same properties in all directions. 

Joule - SI unit of energy, equal to the energy expended by a force of 1 Newton over a distance 
of 1 meter. 
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Jig - Kilogram. 

km - Kilometer. 

Lithostatlc Pressure - Subsurface pressure caused by the weight of overlying rock or soil 
(14.8 MPa at the WIPP repository level). 

m - Meter. 

MB 139 - Marker Bed 139: one of 45 siliceous or sulfatic units within the Salado Formation 
consisting of about 1 m of polyhalitic anhydrite and anhydrite. MB 139 is located within the WIPP 
horizon. 

MBg - MegaBecquerel (106 Becquerel). 

mJ - Milli-Joule (1 o ·3 J). Subunit of energy. 

Morbidity - An early morbidity, premature death due to causal agp 
MPa - Megapascal (106 Pa). 

Newton - SI unit of force: 1 N is the force needed ~celerate a mass of 1 kg by 1 ms·'. 

Nuclide - A species of atom charact~d by the number of protons (Z), number of neutrons (N), 
and energy state. r \ 
Occu ational Risk isk of occupational work due to the treatment, transport, handling, or 
emplacement of Co a -Handled transuranic waste at the WIPP. 

Pa - Pascal; SI unit of pressure produced by a force of 1 Newton applied over an area of 1 m2
• 

Panel - Within the WIPP, a panel consists of seven underground rooms connected by 1 O m (33 
feet) wide drifts at each end. 

Particulates - Fine liquid or solid particles such as dust, smoke, or fumes found in the air or in 
emissions. 

PE-Bg - A radiactive hazard index factor; relates the radiotoxicity, a given activity, of TRU 
radionuclides to that of Plutonium-239. 

Performance Assessment - The process of assessing the compliance of a deep, geologic waste 
repository with the Containment Requirements of 40 CFR Part 191 Subpart 8. Performance 
assessment is defined by Subpart B as an analysis that (1) identifies the processes and events 
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that might affect the disposal system, (2) examines the effects of these processes and events on 
the performance of the disposal system, and (3) estimates the cumulative releases of 
radionuclides, considering the associated uncertainties, caused by all significant processes and 
events. These estimates are incorporated into an overall probability distribution of cumulative 
release to the extent practicable (40 CFR Part 191.12(q)). 

Permeability - A measurement of the ability of a rock or soil to transmit fluid under a hydraulic 
gradient dependent upon the interconnectedness of the interstices. 

Person-slevert - A unit of population dose, equivalent to man-sievert. 

Polyhalite - A hard, poorly soluble evaporite mineral: K2MgCa2(S04k2H 20. 

Porosity - The porosity of a rock or soil is its property of containing interstices or~ and may 
be expressed quantitatively as the ratio of the volume of its interstices to its total vflume. 

rad - An old measure of radiation dose absorbed by a tissue or othe~terial. 1 rad corresponds 
to the absorption of 10 mJ/kg of material. r 
Radioactivity - The property of certain nuclides of s~taneously emitting particles or energy or 
of undergoing spontaneous fission. r 
Radioactive Waste - Solid, liquid, or ~ous material of negligible economic value that contains 
radionuclides in excess of threshold Fl\ntities. 

Radiolysis - Chemicf14ecomposition by the action of radiation. 

Radionuclide lnvenle/v - A list of the types and quantities of radionuclides in a container or 
source. Amounts are expressed in the activity units of (Becquerel) or in specific activity units of 
(Becquerel perm 3). 

Radionuclide - An unstable nuclide of an element that decays or disintegrates spontaneously, 
emitting radiation. 

RADTRAN - Computer code used to calculate radiological risks of transportation (Madsen et al., 
1986). 

Reference Level - The level at which no observable effects are obtained from a certain chemical 
exposure. 

Rem - An old unit for dose equivalent. It is numerically equal to the absorbed dose in rads 
multiplied by a quality factor of the radiation type. 
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RH-TRU Waste - Remote-Handled TRansUranic waste. Packaged TRU waste whose external 
surface dose rate exceeds 200 mrem per hour, but not greater than 1,000 rem per hour. 

Risk - The product of probability and consequence. The radiological risk of a scenario is the 
population dose equivalent resulting from that scenario multiplied by that scenario's probability 
of occurence and the risk coefficient such as a cancer risk coefficient. 

Risk Assessment - Qualitative or quantitative evaluation of health and environmental risks 
resulting from exposure to chemical, radioactive, or physical agents. 

Room - An excavated underground cavity; within the WIPP, a room has the following dimensions: 
width = 1 O m (33 feet); height= 4 m (13 feet); and length = 91 m (300 feet). 

Rustler Formation - A sequence of Upper Permian age elastic and evaporite rock~t contains 
two dolomite marker beds (the Magenta and the Culebra Dolomite members), a a verlies the 
Salado Formation . 

.§. - Second. (' 

Salado Formation - A sequence of Upper Permian age evaporite rocks containing 45 numbered 
"anhydrite" marker beds (MB 101 through MB 145) irAbedded with halites of varying purity and 
accessory minerals such as clay and polyhalite. r 
Scenario - A combination of events ~processes that represent a present event or a possible 
future condition of the repository; faffo~ examined include geologic and groundwater systems 
that could contribute to the escape of radionuclides from the repository, and release into the 
accessible environmf1E} 

Sealing - Formation ~arriers within man-made penetrations (shafts, boreholes, tunnels, drifts). 

Sievert (Sv} - The SI unit of radiation dose equivalent which is the product of the absorbed dose 
(in Gray), the quality factor of the radiation, and other factors. 

Shaft - A manmade hole, either vertical or steeply inclined, that connects the surface with the 
underground workings of a mine. 

Solute - The substance dissolved in a solvent. 

Specific Activity - Total activity of a given radionuclide per gram of a compound, element, or 
radionuclide. 

Storativity - The volume of water released by an aquifer per unit surface area per unit decrease 
in hydrologic head. 
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TBg - TeraBecquerel (1O 12 Bq). 

Threshold Limit Value (TLV} - Basis for Hazard Index. A time-weighted average for an 8-hour 
period intended to protect workers over a career of exposure. 111

•' 

Threshold Pressure - The capillary pressure corresponding to full saturation under drainage 
conditions required to overcome capillary forces at the gas/brine interface and create an incipient 
interconnected gas filled pore network. 

Tortuosity - Measurement of actual path of flow through a porous medium. 

Transmutation - Any process by which a nuclide is transformed into a different nuclide, or more 
specifically, when transformed into a different element by a nuclear reaction or decaY,. 

Transuranic Radioactive Waste (TRU Waste) - Waste that, without regard to s~e or form, 
is contaminated with more than 37 Bq (100 nCi) per gram of waste of alpha-emitting transuranic 
isotopes with atomic numbers greater than 92 and half-lives greaEan 20 yr, except for: (1) 
HLW; (2) wastes that the DOE has determined, with the concurre of the EPA Administrator, 
do not need the degree of isolation required by 40 CFR Part 191; o (3) wastes that the NRC has 
approved for disposal on a case-by-case basis in a~rdance with 1 O CFR Part 61. Heads of 
DOE field organizations can determine that other a-contaminated wastes, peculiar to a 
specific site, must be managed as TRU waste. 

Treatment Facility - Place(s) at whiantact-handled waste is to be treated by different means 
either before, during, or after transpdrt~~on. 

TRUPACT-11 - The ~ Type B package designed to transport Contact-Handled transuranic 
waste to the WIPP sil7.1t is a cylinder with a flat bottom and a domed top that is transported in 
the upright position. Each contaminant vessel is non-vented and capable of withstanding a 
pressure of 345 kPa (50 pounds per square inch). Capacity of each TRUPACT-11 is fourteen 
208 L (55-gallon) drums, two standard waste boxes, or one box and seven drums. 

, .. 
Utility Index - The value of the Multi-Attribute Utility Theory function. This function describes the ,.,.: 
value assigned to a particular combination of attributes. 

,, w 

Viscosity - The resistance that a gaseous or liquid system offers to flow when it is subjected to .. , 
a shear stress. 

I' r 

Vitrification - Term which implies the melting or fusing of residue into a glass matrix. 

Void Volume - The total volume in a matrix not occupied by the matrix material. 
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Waste Handling Building (WHB) - The area at the WIPP which receives waste and where waste 
is assayed, if necessary, to prepare for emplacement. 

Waste Form - The condition of the waste, its type, and physical form. Provides information on 
the waste contents, how the waste is processed, and on the chemistry of the constituents. 

Waste Acceptance Criteria (WAC) - The DOE document describing the criteria by which 
unclassified transuranic waste will be accepted for emplacement at the WIPP and the basis upon 
which these criteria were established (U.S. Department of energy, 1989b). 

D 
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ATTACHMENT B 

THEORETICAL BASIS FOR RISK COMPARISONS 
USING SOME OF THE TOOLS OF MULTI-ATTRIBUTE UTILITY THEORY 

B.1 INTRODUCTION 

Scenarios considered in risk assessment rarely lead to a single consequence; usually the total 
risk of one or more events consists of a number of different components such as fatalities, 
injuries, and dollars lost. Quite generally, risks are multidimensional quantities with components 
of widely different character, measured in different units. For two reasons, this makes the 
comparison of risks nontrivial: (1) a numerical comparison can only involve two nu~rs and (2) 
only numbers measured in the same units can be compared. f 

Therefore, for a comparison of multicomponent quantities, all comt:on nts must be converted to 
the same units through multiplication by an appropriate scale conversion factor, and all 
components must be combined in a manner prescribed by so e rationale to form a single 
number. Two such numbers can then be compared unequivocally, provided that the algorithm 
used for the combination is, mathematically speakir}6\_a well-behaved function. For rationales 
such as the ones discussed here, the functions us~e rather simple and do not present any 
mathematical difficulties. 

The fields of economics and decCJ. theory offer the required rationales in the form of 
multi-attribute utility functions (Covelt~~ 987; Fishburn, 1978; Keeney, 1978; Von Neumann and 
Morgenstern, 1944)£l:se functions not only convert all components to the same units, but also 
involve societal val · dgements, for instance, by explicitly defining a dollar equivalent for a 
human life lost. Th function values are called utility indices and are the quantities to be used 
here for risk comparisons. In risk management, this generic approach was successfully used to 
select the three finalist sites for the high-level radioactive waste repository (Gregory and 
Lichtenstein, 1987; Keeney, 1987; Merkhofer and Keeney, 1987). In that selection process, a 
number of different attributes, such as aesthetic, cultural, and socio-economic impacts, as well 
as repository cost, were considered in addition to some components of the total risk. It is 
demonstrated here that this theoretical framework can not only be applied to comparing utility 
indices based on risk components alone but that the similarity of the components may be used 
to advantage. 

It is, however, important to realize that the use made of multi-attribute utility theory proposed here 
differs in several significant aspects from the conventional approach. Indeed, except for the 
derivation, this application to the comparison of total risks has few aspects in common with the 
usual multi-attribute utility approach to decision making. Most important among the differences 
is that the purpose of the procedure to be developed is exclusively to compare two or more risks, 
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which are quite similar quantities. It is not the intent to make management or policy decisions, 
such as those indicated in the last paragraph, on the basis of often widely different criteria. As 
a consequence, full advantage is taken of all similarities, particularly with regard to the valuations 
of reductions in risk. 

In the applications of multiattribute utility theory to date, ranking is based purely on the concept 
of preference without recourse to the numerical uncertainties of the utility indices; that is, the 
indices are treated as if they had no standard errors. Consequently, this approach is not able to 
make explicit use of the other basic concept of value theory: that of indifference to the ranking 
of two utility indices (Fishburn, 1978; Von Neumann and Morgenstern, 1944). In ranking risks 
using utility functions, the fact of indifference to ranking two alternatives is a highly significant 
datum, particularly if the alternatives differ in attributes other than risk, such as cost, technical 
viability, and reliability. In an additional procedure, these aspects can then be taken into account 
to make management or policy decisions. · f 
Normally, risk comparisons are not or should not be stand-alone procedures (Seiler, 1990b). 
They are more likely tied into a larger framework for the evaluE· of alternatives. In this 
environment, it is imperative that a close interaction exist betwee e decision makers at both 
levels, because the viewpoints and valuations in a stand-alone risk omparison are not the same 
as those in a risk comparison embedded into anothl:study that depends on its results. 
It is the purpose of this theoretical approach to appl e tools of multi-attribute utility theory to 
the comparison of risks, to propose a particular f rm of writing risks and utility functions for 
making these comparisons, to discuEe properties of that particular form and similar forms in 
detail, and, finally, to introduce an u ainty evaluation for the utility index and apply it to two 
indifference criteria for the ranking p ocess. 

8.2 COMPARISON@' RISK COMPONENTS 

B.2.1 Risk as a Multicomponent Quantity 

The basic quantity risk will be used here in the form defined by Kaplan and Garrick (1981), 

(B.2.1) 

where Si defines a particular scenario, Ci one of its consequences, and P; the probability of that 
consequence. The complete set of I scenarios and outcomes of a given activity describes its 
total risk. In set notation 

(B.2.2) 

The possible scenarios Si include different people at risk with individual risks R; which can be 
summed to obtain a total risk R for all J possible consequences Ci , each of which is expected 
to occur E i times. In other words, E i is the expectation value for the effects in all exposed 
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individuals. The total risk can then be written as a set of all J combinations of scenarios and 
consequences, 

(B.2.3) 

Alternately, this total risk can be written as a vector 

R = ( R1 , R2 , ••• , Ri•··· RJ) , (B.2.4) 

where the components R 1 of the total risk are given by the same expectation value of the number 
of effects E 1 as in Equation (B.2.3) 

(B.2.5) 

where the index j now has to imply both scenario and consequence. The mea~i of the real 
number E 1 can thus range from the number of traffic or latent cancer fatalities t t e number of 
dollars necessary to clean up an accident site. Potentially, the number of compon nts J is quite 
large. Methods to aggregate some of them to decrease their num~e to a manageable size will 
be discussed in the context, weighting the components in Seer B.3.4. Regardless of the 
number of components, however, the notation of Equation B.2.4) clearly indicates the 
multicomponent nature of most total risks. 

The comparison of total risks is made difficult by t~ulti-component structure, because there 
exists no unique mathematical fram~w rk for comparing these risks at the present time. Yet risk 
comparisons are needed in many ssessments and in most risk management activities. It 
is, therefore, of importance to dev op cols that allow a comparison of total risks, such as an 
index that summarizes the combined impacts of all components of the risks being compared. 

In this context, it is Qrtant to realize that the risk defined in Equation (B.2.1) and the total risk 
defined by Equatio~.2.3) or (B.2.4) are two different quantities. However, for want of a more 
appropriate term, both are usually called risks. The terminology used here is to apply the 
qualified term total risk to the second set of equations, defining the expectation values for each 
consequence. As long as the index j implies both scenario and consequence this usage will be 
maintained. 

In the aggregation mentioned above, the number of components is reduced from J to a more 
manageable number J 0 • This implies a summation (or integration) over the number of scenarios 
and over the persons exposed. The resulting quantities are more in the nature of an expectation 
value of a total risk than a risk, and call for a different term. Taking into account that Equations 
(B.2.2) and (B.2.3) contain exactly the same information, yet another formulation for this data set 
is 
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(B.2.6) 

where the components Ci are given by the analog to Equation (B.2.5). 

Ci = Ei . (B.2.7) 

Note that the only real difference between Equations (B.2.4) and (B.2.6) is the range of the index 
j, which runs from 1 to J in Equation (B.2.4) and over the much reduced range from 1 to J 0 in 
Equation (B.2. 7). In the latter, the index runs exclusively over the different consequences Ci , 

1 selected in the aggregation process. The quantity C defined by Equation (B.2.6) is, therefore, 
termed the consequence vector. 

B.2.2 Uncertainties in Risk Comparisons ~ 

In many risk assessments, the numerical analysis of uncertainties is either not peJ,rmed at all 
or then just perfunctorily, more as an afterthought. This may in p~rt e due to the fact that the 
treatment of uncertainties is often difficult; at any rate it is more inv ed and more delicate than 
the actual risk calculation (Bevington, 1969; Brandt, 1976; Iman an Helton, 1988; Seiler, 1987b). 
However, in any state-of-the-art risk assessment, an appropriate numerical error analysis is a 
central and time-consuming part of the entire effort (¥\Section B.4.2 and Attachment C). Also, 
its results should be reflected in the final quotations}'11lie risks, even if it is only by the number 
of significant digits given (LaGoy, 19~ 

When two or more total risks are co~ed, the uncertainties of each component of the total risk 
become of paramount importance, because the task of a risk comparison is not merely to rank 
risks according to soeriterion or other, but rather to do so while keeping track of risks that are 
not significantly diff re t from others. These comparable risks can only be assigned to a 
particular group but annot be ranked within it. Failure to follow this procedure can result in 
considerable losses of money or other societal goods due to more efficient alternatives which 
were mistakenly ranked lower and consequently rejected. In order to follow the procedure 
outlined here, criteria that indicate an indifference to ranking need to be applied, such as 
Goodman's criteria of an insignificant difference (Goodmann, 1986). 

The uncertainties of most risk components are usually rather large due to such uncertain factors 
as the probability of the primary event in a scenario or the risk coefficient for lung cancer due to 
high-LET irradiation of the respiratory tract by inhaled 238 Pu. However, closer inspection of risk 
comparisons shows that these errors have the character of errors of scale which can sometimes 
hide even highly significant differences (Seiler, 1990b). These scale errors should either be 
removed by appropriate methods (Seiler, 1990b) or they can be eliminated by an appropriate 
normalization of the risk component. 
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B.2.3 Normalizing a Risk Component 

The most elegant way to reduce the error of a risk component is a normalization, that is, a 
recalibration of the component in different units. In this operation, many common factors cancel. 
Quite generally, a component R J k of the total risk can be separated into a product of n i different 
factors Fi k v, often with some of the factors being sums of products, 

n, 
Rjk = Fjk1 Fjk2 ••• Fjk nj = II Fjkv ' 

(B.2.8) 
V:1 

where the indices j, k, and v stand for the risk component, the alternative being compared and 
the risk factor, respectively. For use as a normalization quantity, a number of different risks can 
serve. Convenient choices are the baseline risk components, or the average of every component 
over all K alternatives. In this context, it is important to realize that normalizatio~ a shift of 
scale that does not change relative uncertainties. I 
Denoting the normalization risk by the index k = 0, the normalized~is component r i k is the old 
risk component Rik measured in units of the normalization risk . or, in the terminology of 
epidemiology, the new risk rJk is a relative risk. In the normalizati n, a number of the factors in 
numerator and denominator will usually cancel; often only one or two factors remain. If the 
number of remaining factors is n J, the relative risk i~ven by 

r n, 
II Fjkv 
v =1 (B.2.9) = n, 
II ~ov 

The error of this r~s thus much smaller than the erro:·:, an absolute risk, and error 
propagation can be handled in the usual first-order or Gaussian approximation for small relative 
errors (Bevington, 1969; Brandt, 1976). If some relative errors are not small, higher order terms 
in the Taylor series may have to be used (Seiler, 1987b). 

Sometimes the same parameter appears in both numerator and denominator. but does not cancel 
as in Equation (B.2.9), because the factor containing it is a sum of products. In this case, the 
error propagation formula should not be used on the absolute risks Rik , but on the relative risk 
function r J k (x) = r i k (x 1' x 2, ..• , x p) with a set of P independent parameters {x P} = {x PI p = 1, P} 
that influence the uncertainty of the final result. The Gaussian approximation, which consists of 
the first correction term of a multi-dimensional Taylor (Korn and Korn, 1968) expansion of r i k (x) 
around the point x, then yields 
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(8.2.10) 

Analogously, numerical methods (Cox and 8aybutt, 1981; Helton, 1961; Iman and Helton, 1988) 
should focus on the relative risk r J k rather than on the product of the residual factors F J k v of the 
absolute risks in numerator and denominator. Some of the aspects relevant to this report will be 
discussed in more detail in Attachment C.1 . 

B.3 TOOLS OF MUL Tl-ATTRIBUTE UTILITY FUNCTIONS 

8.3.1 Decision Theory 

Decision theory is a discipline grown out of economics and operations rese~ that has 
developed rapidly in the last few decades. It is a system of concepts and ~athematical 
procedures which are helpful in making decisions while pursuing multiple objectives. Some 
approaches are based on the economic concepts of preference~d utility (Fishburn, 1978; 
Keeney, 1978), collectively often called value theory, and incorporat ndividual and societal value 
judgments in a mathematical framework combining different attribu es. 

Von Neumann and Morgenstern (1944) are crediteJ"':l.th the primary development of modern 
axiomatic theory of utility functions for decision p7o:~ses; more recent developments have 
resulted in a mature axiomatic theosentral to this economic theory are the binary relations 
of preference theory based on the co c ts of preference (the consumer prefers A to 8, actually 
he 'strictly prefers' A to 8; or in math matical symbolism: A >- B ) and indifference (the consumer 
is indifferent to a choE· etween A and 8, or in mathematical symbols: A - B ). Utility functions 
describe the consum r's aluation of various amounts of commodities such as money, goods, and 
services. The num al value of a utility function is called the utility index (Henderson and 
Quandt, 1971 ). 

B.3.2 Single Attribute Utility Functions 

Utility indices are used to rank alternatives; the differences between the values of different 
alternatives, however, are not necessarily indicative of the intensity of preference. Utility 
functions, as usually constructed, are thus deemed to have ordinal, but not necessarily cardinal 
properties (Fishburn, 1978; Henderson and Quandt, 1971; Keeney, 1978). However, for the 
purposes of comparing risks, cardinal properties are desirable in order to facilitate error 
propagation calculations and evaluate the significance of differences between utility indices. 
Utility functions with the necessary properties can be constructed in a manner that avoids sizeable 
higher-order derivatives, for example, by using linear or logarithmic functions of gains or losses. 
For these functions, it is then possible to calculate standard errors for the utility indices and use 
them in a meaningful discussion of significant differences. The discussions here are given in 
terms of unaggregated risk components but hold equally well for aggregated components. 
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From the utility point of view a risk contribution or a number of expected health or environmental 
effects Ei k are a disutility di k or a negative utility -u 1 k • If the disutility di k is assumed to be 
directly equal to the number of effects, it is given by the expression 

(8.3.1) 

where the indices j and k denote the component and the alternative, respectively. As long as 
the value of E 1 k is larger than one but not too large, the linear utility function is a good measure 
for the loss of value. If E 1 k is considerably less than one, the linear function does not give a 
reasonable measure for a risk reduction by - say - an order of magnitude; it undervalues that risk 
reduction. If E 1 k is much larger than one, on the other hand, it will tend to overvalue a risk 
reduction by the same factor of ten. The same arguments can be made for a linear utility that 
involves normalized risks. 

In economic terms, the use of the linear form disregards the relationship between ~uantity of 
a commodity and its utility, known as the Law of Diminishing Marginal Utility (Fi~fb~rn. 1978; 
Samuelson, 1973). Put in mathematical terms, it states that the derivative of the utility decreases 
as the quantity of the commodity increases. Thus the use of the~m 'marginal' in economics 
does not agree with its mathematical definition (see for instance K n and Korn, 1968). In order 
to limit the use of this term to its mathematical meaning, the aero ym LOMU will be used from 
now on to denote the law. {'),._ 

In risk management, the LOMU expresses the fJ;;t~at, for example, a unit increase in the 
relative risk is most detrimental whe~1s 1, it is less detrimental when r1 k is 10, and even less 
so when r i k is 100. Similarly, au i rease in the denominator is most beneficial when the 
relative risk is 1 , less beneficial whe it is 1/10, and so on. Graphically, this type of relationship 
is shown in Figure 1-t?, where, as an example, a logarithmic dependence f(x) = loga x is plotted 
as a function of the r ment x. Given in Figure 1-8-1 b is its derivative, df(x) I dx = 1 I (x In a) 
as a function of x. e function f(x) adds one unit of disutility for every factor, a, by which the 
argument x increases. 

Using a logarithmic form with base a for the disutility inherent in a risk component leads to the 
second form of the utility function to be discussed here. The formulation 

(B.3.2) 

removes the asymmetry about the point ri k = 1, except for a sign. It is, therefore, antisymmetric 
with respect to unity and able to cover large variations in the relative risk ri k. In fact the definition 
of a risk reduction factor pi k by 

(B.3.3) 

allows the writing of the modified utility function in the form 
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The Law of Diminishing Marginal Utility shown here (Figure 1-8-1 a for the single-attribute utility 
function U(x) = log a x. For each factor, a, by which the argument x increases or decreases, the 
utility increases or decreases by one unit. The change per unit increase of argument x, that is, 
its derivate du(x)/dx = 1/(x In a) is shown in Figure l-B-1b. As required by the LMDU, it 

continuously decreases as the argument increases. 
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(B.3.4) 

= Q In Pik ' 

with the definition of the 'modulus' of the logarithm with base a 

Q = I~ a . (B.3.5) 

This type of utility function is antisymmetric in the arguments r i k and pi k and s7etric with 
respect to risk increases and risk reductions. - I 
Utility functions that appear most useful in the comparison of total risks combine most of the 
qualities discussed above. The set of these single-attribute utility f:!lctions will be called class 
9\ s utility functions in this paper and is defined by the following prf'Perties: 

1. 

2. 

3. 

Exhibiting the behavior required by the '3~'v(U, and having a parameter that allows 
it to approximate the dependence of thf?"ity function on the risk reduction factor. 

Exhibiting antisymmetry~ respect to an argument of unity, i.e., it is symmetric, 
except for the sign, with ~ect to r i k = 1, and thus also pi k = 1. . 

Being "mathematically well behaved functions," i.e., they are continuous, monotonic, 
differenti~, and have, in addition, only small values of the higher derivatives. 

4. Being ~urable, i.e., a larger difference of the utility function for two different 
values of the argument means a larger difference in the intensity of the preference 
for the higher argument over the lower one, and vice versa (Dyer and Sarin, 1979). 

From the discussions above, the need for most of these properties is evident; the requirement 
of small higher derivatives is needed in order to justify the use of the Gaussian approximation for 
the propagation of errors. Together with the requirement of measurability, this condition assures 
a meaningful mapping of the uncertainty distribution onto the utility function. Clearly, the functions 
discussed in Equations (B.3.2) and (B.3.4) fulfill all of these requirements, whereas 
Equation (B.3.1) fails with regard to the first condition, except for small deviations of the argument 
from unity. 

B.3.3 Aggregation of Components 

Among the J components of the total risk, many involve the same incident or the same type of 
incident, say, routine occupational whole-body exposure to low-LET radiation, as well as the same 
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consequence, say, leukemia five to fifteen years later. The expected value of leukemia cases 
among the workers for several different exposure scenarios is a typical candidate for aggregating 
components into the single risk component of leukemia due to routine occupational low-LET 
whole-body radiation exposure. All contributions to this combined risk would have the same 
societal weight Yi, i.e., be subject to the same valuation. 

There are essentially three ways to aggregate similar components: (1) aggregate before forming 
the risk reduction factor; (2) aggregate risk reduction factors before forming the utility function; 
and (3) aggregate after forming the utility functions. Each method has its area of applicability, 
although in many cases the method of choice is not necessarily evident. The basic requirement 
for aggregation, however, is that the components lead to the same consequence, typically a 
health or environmental effect. 

The first method is indicated, for instance, when the index j differentiates s~ between 
individuals exposed in the same event and at risk for the same health effect. This aggregation 
is of the type that leads to the number E i of health effects in Equation (B.2. ). For the 
aggregation labeled~. which combines the n ~ components betweet: labels J ~ _, and J ~ , with 
indices given by the limits 1 :::;; J ~- 1 :::;; J ~ :::;; J, the combined risk red · n ratio becomes a sum of 
products, quite likely multiplied by some common factors. Th can be seen by rewriting 
Equation (B.3.3) as a risk reduction factor p ~ k for thX.ombined component ~ 

J~ !::' 
L Rjo f2 = i·~:-• (B.3.6) 

L Rjk 

The detailed derivaQof the algebraic form :tJ;~, and its properties are given in Attachment 
C.2, Aggregation of Risk Components. Also discussed there is the calculation of the error for the 
risk reduction factor, ~ p ~ k , which requires the application of the Gaussian approximation. 

The second method should be used when it seems justified to add risk reduction factors in some 
appropriately weighted fashion. This is indicated in some studies where only several conditional 
accident scenarios are discussed, that is, the results given are subject to the condition that the 
initiating event has occurred, but little information is available on the probability of that event. 
Also, some highly uncertain low-probability events may be more amenable to the estimation of 
the risk reduction factor than to the estimation of the absolute risk. In these cases, it may be 
useful to estimate the combined risk reduction factor as a weighted arithmetic or geometric 
average of the individual factors, 
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J~ 

P~k = L w~j Pjk 
(8.3.7) 

j: J~_, 

or 

J~ 

p ~ 1C = II ( p j ic) w~i • (8.3.8) 

j:J~_, 

Equations (8.3. 7) and (8.3.8) do not have the usual form for weighted means because the sum 
of the weights is normalized to unity. Once this is taken into account, the equations assume the 
correct form. 

The choice between the arithmetic and the geometric average depends on the ch~eristics of 
the evaluation. In risk comparisons, risk reduction factors often vary widely. 1~'Th~t case, a 
geometric mean may be preferable. For the aggregation of more densely clustered risk reduction 
factors, the arithmetic average may be preferable. r 
The problem in using Equations (8.3.7) and (8.3.8) lies in finding an adequate rationale for the 
determination of the weights w ~ 1 • It may, however, A. easier to approximate the influence of a 
particular risk reduction factor on a combined factor~ to estimate its absolute value. In some 
of these cases, the relative contribution of that component to the total baseline risk of the 
aggregation I; may be deemed appr~te, 

w~i = 

D (8.3.9) 

v ... J~-· 

In other cases, equal weights may be more adequate. Generally, the second method is indicated 
when separate risk reduction factors are needed, but there is no rationale for a separate attribute 
in the multi-attribute utility function. 

The third method should be used when component utilities should be added and weighted with 
the same societal valuation Yi. This is often the case with the risk components targeted by the 
risk reduction methods that distinguish the alternatives k. For these components a direct 
evaluation of the utilities is indicated. In some instances, however, these contributions to the 
utility index tend to overwhelm other contributions by their sheer numbers, even though they 
should be viewed more as a single contribution. To avoid this situation, the composite single
attribute utility function may be written as 
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Jt 

u~k = Q L w~v In ( Pvk) (8.3.10) 

v=Jt-• 

with relative weights w i; i . These weights are often most appropriate when set equal to each 
other, that is to 

1 
= (8.3.11) 

with a sum over the n i; weights normalized to unity. In some situations, however, another way 
of weighting may be more appropriate. Some additional thoughts on the best choice of method 
and on the implementation of that choice are presented in Attachment C.2, Aggre~on of Risk 
Components. f 

1 In the aggregation process from J different components down to J 0Eponents, the terminology 
changes because this summation leads to a quantity in the nature an expectation value (see 
Section 8.2.1, above). This is recognized by the definition of the onsequence reduction factor 

ri• = <P, ( {Ppl , (8.3.12) 

aggregated by one of the functions a Equations (8.3.7) to 8.3.8) from a subset of the set of 
all risk reduction factors. This qua~it~ is used in the formulation of the multi-attribute utility 
theory. 

Utility functions for multiple attributes, such as the risk reduction components of a relative total 
risk, can be written as some combination of their marginal utility functions, the modified 
single-attribute utilities e i k, weighted by societal value judgments (Covello, 1987; Keeney, 1978; 
Merkhofer and Keeney, 1987). The corresponding mathematical weights g i express the valuation 
by society of different components, such as cancer fatalities, monetary losses, loss of limbs, and 
workdays lost in accidents. As in the case of single attribute utility functions, the value of the 
function is called the utility index U k. 

There are many ways to decompose the multi-attribute utility function into combinations of their 
marginal utilities (French, 1986; Keeney and Raiffa, 1976; Zeleny, 1982). For risk comparisons, 
the most interesting one is the additive decomposition. In the approach used here, two forms of 
the multi-attribute utility function will be discussed: both are additive, one using linear and the 
other logarithmic marginal utility functions. Thus 
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J. 

Uk = const 'E gj ejk 
j=1 

(B.3.13) 

where the marginal utility functions are given either by Equation (B.3.1) or Equation (B.3.4), and 
where canst is a constant scale factor. 

Apart from these properties, these multi-attribute utility functions fulfill the other conditions of what 
we shall call class 9t m functions: 

1. Their marginal utilities are class 9t s utility functions. 

2. Similar to the requirements of condition 3) for class 9t s functions, they are 
mathematically 'well behaved' and represent a smooth n-dimensional s~e without 
large curvatures in (n+ 1 )-dimensional space. I 

3. The utility functions are measurable, i.e., a larger difference between the function 
values of two alternatives means a larger difference r;ne intensity of preference 
between the two alternatives. r 

The exact nature of the intensity of preference (Fre~, 1986) discussed in the third condition is 
not of direct relevance here, because, as stated re, the requirement of measurability is 
introduced in order to ascertain a meaningful mappi g of the uncertainties onto the utility indices. 
The second condition is the reason wEe multiplicative decomposition of the multiattribute utility 
function is not used here. Multipli e functions have considerably more potential for large 
surface curvatures than additive fun tions. 

The first additive fun~ to be discussed here is the weighted linear combination of linear utility 
functions for each at{otalite according to Equations (B.3.1) and (B.3.4). It leads to a multi-attribute 
function of 

(B.3.14) 

where S is an arbitrary normalization factor. If it is chosen as the sum of weights g i, 

(B.3.15) 

then normalized weights y i can be defined by 
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g. 
'Y - 1 
j=-' s 

(8.3.16) 

resulting in a utility index Uk that corresponds to the weighted arithmetic mean of all component 
utilities, 

J. 

Uk = L 'Yj Pjk . 
i·1 

(8.3.17) 

These linear combinations of linear utility functions are best used when the total risks to be 
compared are rather similar in most components. In these cases, the linearity of utility with a 
small increase or reduction in risk is a useful concept. The range of applicabilit#restricted, 
however, because of the asymmetry with regard to the unit relative risk and the in1bility to give 
expression to the LOMU. 

If the marginal utilities 0 i k are given by the logarithm of the risk reCiion component according 
to Equation (8.3.4), the additive form yields a multi-attribute utilify~ k which is the weighted 
arithmetic mean in a logarithmic space with base, af\ 

J. r' 
~ Q ~ Y; In P;• . (B.3.18) 

This function thus has the global properties required of a class 9i m function. The wide range of 
relative risks due to f2management and remediation efforts, often many orders of magnitude, 
can be covered eas ly y assigning an appropriate base, a, to the logarithm to be used in the 
marginal utility funct1 ns. 

Intuitively, the use of the weighted arithmetic and the weighted logarithmic mean of the 
component utilities as measures of the multi-attribute utility makes sense. The first is appropriate 
when the values r J k are clustered relatively closely around the value of 1, the second is more 
appropriate when there are wide spreads between component values. 

The selection of the weighted logarithmic average in Equation (8.3.11) as the multi-attribute utility 
function of choice in this paper may be less obvious. It is mostly justified by the desirable 
properties of a class 9i m multi-attribute utility function and the fact that function (8.3.11) is the 
most slmple representative of this class. This choice is arbitrary, but it is based on a rationale 
that should be sufficient for the general purpose of comparing risks. 
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For the comparison of risks with logarithmic utility functions, the unique property of these functions 
may be used directly by defining with the anti-logarithm a risk reduction index which is the 
weighted geometric mean of all the risk reduction factors r i 1C 

J. 

E>k =auk= II (rjk)ri 
j .. 1 

or its inverse, the risk augmentation index 

1 

E>k 

It is these quantities which will be used here for risk comparisons. 
contributions from the different components are the factors 

<I>jk = (rjk) 1
i. 

so that 

J. I\ 
ek =IT K. a j:1 

(B.3.19) 

(B.3.20) 

In this form z indices, 

(B.3.21) 

(B.3.22) 

Writing the consequence reduction i~e~ as a product allows a simple analysis of the contribution 
of each component j he index. 

B.3.5 Determination 

Together with the selection of the utility function, the assignment of the weights g i is a crucial part 
of the comparison of risks or consequences, because it involves the numerical evaluation of 
societal value judgments such as the value of a human life, the true societal cost of temporarily 
or permanently displacing people from their home or workplace, or the losses incurred in 
damaging or destroying an environmental system (Covello, 1987; Edwards, 1987; Graham and 
Vaupel, 1981; Svenson and Karlsson, 1989). An appropriate representation of different technical 
and non-technical viewpoints is, therefore, of paramount importance. 

This purpose is best accomplished by eliciting the judgmental values of a group of experts. In 
this group, the viewpoint of political authorities at the local and state level, of the regulating 
agencies, and the operational engineer must be represented, as well as the concerns and values 
of the local population, and the needs and priorities of society as a whole. The group of experts 
will, therefore, have to comprise technical specialists, risk assessors and managers, as well as 
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social scientists and others that can introduce regulatory and popular concerns into the evalua 
tion. In this context, it is important to keep in mind the use to which the comparison of total risks 
or consequences is put. The composition of the group of experts will be quite different for 
different uses, such as selection of technological alternatives for a project already decided on, or 
the determination of whether to do a project or not. In the second case, much more societal input 
is needed, whereas in the first case a corresponding viewpoint needs to be represented. 

In economics and decision theory, the weights g i or y1 are often called value trade-offs or scaling 
factors, and convert the risk component given in its appropriate units into a new quantity 
measured in dollars. This leads to the difficult question of the monetary value of a human life 
(Edwards, 1987; Graham and Vaupel, 1981; Gregory and Lichtenstein, 1987; Keeney and Raiffa, 
1976; Merkhofer and Keeney, 1987), and to the problem of the appropriate discount rate for that 
value if the life is lost to cancer in 10 or 20 years instead of being lost in an occupational accident 
today. These problems become paramount, if not insoluble, when - as an examlt- the risk 
comparison involves different versions of a repository for radioactive wastes, and th s needs to 
balance the values of money and lives lost today and 5,000 or 10,000 years from n w (Graham 
and Vaupel, 1981; Svenson and Karlss.on, 1989). C 
This difficulty, however, seems to arise not so much from havir{;' to make the actual value 
judgment, but from the practice of expressing the r~lts of that judgment in dollars and using 
traditional economic methods to discount them. Re e t experience has shown that monetary 
values are not an adequate measure of many socie issues such as health and environmental 
risks (Keeney, 1990a; Keeney, 1990~; enson and Karlsson, 1989). In public perception, many 
risks carry a price that cannot be ured in dollars (Slavic, 1987; Svenson and Karlsson, 
1989). The concern for the safety o future generations is a typical example: Since our society 
has decided to worry about lives that may be lost in the far-off future, it clearly assigns weights 
which are largely ind(p6),dent of absolute dollar values or meaningful discount rates. By many 
people, weights are (!pire likely to be assigned on the basis of a rationale such as: Every 
generation should take care of its own wastes and not burden future generations with problems 
caused by less than optimal methods of disposal. 

The normalization of risk components used here side-steps the difficulty of assigning absolute 
dollar values. Using either the relative risks r i k or the risk reduction factors r i k for disutility or 
utility, respectively, involves dimensionless quantities. In weighting them, there is also an 
important change in the question posed: It is no longer "What is the value of a human life lost 
today relative to the dollar?" but rather "What is the value of a reduction by a factor F in the risk 
of lives lost today relative to the same reduction in the risk of monetary losses?" Appropriate 
aggregation into consequence components does not change this valuation. 

The value of a consequence reduction, however, still depends on the absolute value of the 
consequence. For a relatively large value, a reduction by a factor F is more valuable than for a 
value that is already small. In part, this is but an alternate form of the LOMU, reformulated for 
the fact that risk is a disutility. Class 9\ m multi-attribute utility functions such as the one in 
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Equation (B.3.11) account in part for this property and the corresponding weights should thus be 
assigned for the part of the function near unity, i.e., for the neighborhood of r i k = 1 and thus also 
r i k = 1. This takes care of the variability of the utility with respect to the risk reduction factor. 
The weighting, however, still depends on the absolute value of the baseline risk R i 0 for that 
component. For the relatively small values often encountered for highly controlled operations, the 
dependence is usually weak. For substantial or large total consequences, with several tens or 
hundreds of fatalities, however, that dependence is quite strong. Thus, considering the absolute 
consequence component together with the consequence reduction factor will yield a meaningful 
weight. 

There are a considerable number of methods for eliciting and evaluating expert judgment 
discussed in the literature (French, 1986; Keeney and Raiffa, 1976). However, the totally different 
type of valuation needed here will require extra care. Some aspects of importance in this 
particular type of consequence comparison are discussed in more detail in Attac~t G. 

B.4 THE RANKING PROCESS AND UNCERTAINTY I 
B.4.1 The Ranking Process and Its Robustness C 
The values of the utility indices provide a basis to establish a ranLng among alternative risks. 
Some of these rankings, however, may be spuri<IJ\ because the numerical values of the 
uncertainties in the utility indices may be larger tha~comparable to the differences by which 
preference is established. Due to the uncertainties of the utility functions, two risks may actually 
be indistinguishable and should be ~d equally. 

The ranking of the set A of K different alternatives thus leads to sorting them into B indifference 
classes I b with one f'CF}1ore members which are mutually indifferent to ranking (French, 1986). 
Thus, in set notatio1)P9 indifference class I b is defined by 

lb= {a EA I E>a-E>b}. (B.4.1) 

It can be shown, however, that there exists a strict preference relationship between the B 
indifference classes 

lb>-. lb>- .... >- lb>- .... >-.la, 
1 I 2 I I I I 

(B.4.2) 

where the strict preference between indifference classes is denoted by >-i and defined by 
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for any (B.4.3) 

i.e., by the requirement that all elements of the preferred class are strictly preferred to all 
elements of the other class. On this basis, the classification in Equation (B.4.2) characterizes the 
ranking information needed in risk comparisons. The value of a consequence reduction index 
e k and its uncertainty ~E> k provide the data for the 1,mcertainty analysis of the ranking process. 
resulting in a ranking and a multiplicity at equal rank (French, 1986; Goodmann, 1986). The 
procedure is discussed in Section B.4.3. 

B.4.2 Standard Error of the Utility Indices 

The uncertainty ~E> k of the consequence reduction index arises from the se4,; of all P 
stochastic quantities that enter into the calculation of the index. The Gaussian ~Xr~ximation 
(Bevington, 1969; Brandt, 1976; Seiler, 1987b) yields for the stand~error 

(~ E>,J2 = t ( () E>k( { Xp}) ]2 (~xv )2r (B.4.4) 

V=1 dXV ~ 

An analogous expression can be derived for the rishu~mentation index 'I\. 

This approximation for small errors aains only the linear term of a multidimensional Taylor 
series (Korn and Korn, 1968) but sho

1

~,d suffice for most cases. If a given risk component 
involves larger unceaties, an approximation which is appropriate for large errors, may be 
required. Examples re the use of lognormal distributions for highly uncertain parameters, the 
use of higher terms i e Taylor series (Seiler, 1987b), or the use of numerical methods (Cox 
and Baybutt, 1981; Helton, 1961; Iman and Helton, 1988). 

B.4.3 Criteria for Indifferent Ranking 

Two aspects of risk comparison are important in the process of ranking relative risks or risk 
reduction factors and using that result in risk management: the preference of one alternative over 
the other, and, conversely, an indifference to ranking two alternatives. Membership in these two 
sets is determined by a comparison between the difference in consequence reduction indices of 
two risks and their uncertainties, i.e., by some kind of a statistical test. 

The problem of indifference when comparing risks with overlapping probability distributions is 
different from that encountered in the usual statistical tests. It has been discussed in detail by 
Goodmann (1986), who derived two criteria for an insignificant difference between two risks by 
assuming that only the two first moments of the probability distributions, i.e., the means and the 
standard deviations, are known. 
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The first is based on a measure of the divergence D (X1 , X2) between two distributions f 1 (x) and 
f 2 (x) derived in information theory 

(B.4.5) 

The divergence is positive semi-definite, the null value being obtained only for identical 
distributions. As long as the divergence is smaller than a limiting value D 0 , 

(B.4.6) 

the distributions have an insignificant difference. 

The second criterion is of a more statistical nature. _At a preset confidence~I V0 , the 
confidence intervals with the confidence limits x('lhi and x<

1
l10, I 

x~:1 

J ti ( x) d x = V0 • 
(B.4.7) 

x,~1 

are determined for i = 1,2. The confidence levels V ,kc distribution i within the confidence limits 
of the distribution j are then determi"y, 

D 
rx~ J f;(x) dx = vii . 

x\!l 

(B.4.8) 

From these cross-function confidence levels, the test quantities E 1 i are determined as the relative 
changes from the confidence level V 0, 

e;i - (B.4.9) 

,.,. These relative increments E 1 i in the confidence levels must be smaller than the limiting relative 
increment £ 0 , resulting in the two conditions 

(B.4.10) 

Criteria (B.4.6) and (B.4.10) for an insignificant difference between two probability distributions 
~· can be combined to sort a set of probability distributions into indifference classes. The limiting 

values for the two criteria are given in Goodmann's paper for normal and lognormal distributions. 
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Clearly, Goodmann's method can also be used to establish the indifference between two or more 
consequence reduction or augmentation indices. As long as the nature of their probability 
distributions can be estimated with a reasonable degree of confidence, Goodmann's criteria 
should yield useful results. 

Values for the risk reduction indices and their standard errors can be used with Goodmann's 
criteria for normally or lognormally distributed quantities to establish preference or indifference to 
ranking between the K indices. It should be noted in this context, that in establishing indifference 
among three or more quantities, transitivity does not necessarily hold. Therefore, indifference to 
ranking has to be established for all possible pairs of a set of alternatives. These comparisons 
then identify the indifference classes I b • 

B.4.4 Distributions of the Consequence Reduction Indices 

The errors of the risk reduction indices can be estimated using traditional me~s. If it is 
assumed that the n i remaining factors in numerator and denominator of the nor~Ii~~ed risk of 
Equation (B.2.9) are all lognormally distributed, then the multi-attribt utility function (B.3.12) is 
normally distribut ed and the standard error can be estimated dir y. According to Equation 
(8.3.19), the consequence reduction indices are then lognormally istributed. 

Remaining factors with normal or mixed distributi~ in Equation (B.2.9) can give rise to 
problems. In that case Mellin transforms can be u/t(d (Springer, 1979) or numerical methods 
such as Monte Carlo calculations. HEer, such complex methods may not be needed. As long 
as the total number I of contribution the J components of the total risk is relatively large, 
say 10 or so, and a sizeable fractio o these I terms contributes substantially to the total, the 
central limit theorem of probability theory states that the multi-attribute utility index is 
approximately normCJ11'Y)istributed (Korn and Korn, 1968). The consequence reduction indices 
are then lognormall~tributed for narrow distributions, an approximate normal distribution can 
be used. In that case, the tables for lognormal or normal distributions in Goodmann's paper can 
be used to determine the limiting criteria (Goodman, 1986). 

B.5 PRACTICAL APPLICATIONS 

B.5.1 Utility Index as Weighted Arithmetic Mean 

Practical applications of the utility function defined by Equation (B.3.10) to problems involving risk 
among the attributes already exist (Keeney and Raiffa, 1976). A similar approach has been 
suggested for the selection of routes for the transport of hazardous materials (Seiler, 1988). 
Although the marginal utilities in Equation (B.3.10) do not allow for the LOMU, the conditions for 
which linearity is a useful concept are met quite often, typically in a choice among pre-selected 
alternatives, where those with sizeable differences in important risk components are no longer 
present. 
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The evaluation of sites for the high-level radioactive waste repository, leading to a reduction of 
the number of sites from five to three (Keeney, 1987; Merkhofer and Keeney, 1987), is a typical 
example in which the less appropriate sites have already been eliminated. In this example, 
considerations other than risk were included also. However, the final decision by the Department 
of Energy dropped a number of attributes such as cost and made the decision based mostly on 
risk components. In these evaluations, no consideration was given to the uncertainty of the utility 
indices, and indices with rather small differences were ranked as different, although there is a 
suspicion that some of them might be indifferent to ranking. 

A widely used method of multiple criterion decision making that is in many ways similar to the 
linear combinations of utility functions is the Analytical Hierarchy Process of Saaty (Saaty, 1980; 
Saaty and Vargas, 1982; Zahedi, 1986). It can be viewed as incorporating most aspects of the 
utility function and its weight into the weighting of the hierarchy. Formally this can be viewed as 
setting the marginal functions in an additive value function to unity a~ery level 
(Kamenetzky, 1982). The hierarchy process is ordinal and does not allow for th 1 corporation 
of distribution functions for the parameters, which would result in a standard error for the total 
weight. 

B.5.2 Logarithmic Utility Functions 

The utility functions most likely to meet the needs ~· k comparisons are class 9\ m functions. 
Among the functions of this class, the weighted log · ic average of Equation (B.3.17) seems 
to be the easiest to use. Risk comparisons ofte involve components that are dramatically 
different due to determined attempts~sk reduction. Efforts to reduce some components of the 
total risk, however, almost always f.e~lt in increasing some other components, often by a 
considerable factor. The logarithmic dependence of Equation (B.3.17) covers these ranges quite 
easily. It is for these~ons that in the first practical application of the approach presented here, 
this function will be s d in a comparison of the total risks of engineered alternatives for the 
treatment of transur ic wastes to be emplaced in the WIPP. 

Apart from the logarithmic single-attribute utility functions, the two major differences between the 
approaches discussed in the last section and the one discussed here are the calculation of 
dimensionless relative risks or risk reduction factors, and the use of error estimates for the utility 
indices. The dimensionless approach avoids the necessity to estimate the value of social costs 
and losses in terms of dollars or some other unit, and allows a direct valuation in terms of an 
increase or decrease of a consequence reduction factor. The use of uncertainties allows the 
application of the concept of indifference to ranking, resulting in groups of indistinguishable 
consequence reduction indices. 

B.6 DISCUSSION 

Some of the tools of multi-attribute utility theory have been used to construct a framework tor the 
comparison of multicomponent risks. Contrary to its application in economics or in public policy 
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decisions, however, the aim is not to predict an optimal course of action for public policy or the 
investment behavior of an individual or a corporate entity. The intent is rather to provide a 
transparent method for ranking multicomponent risks, using a somewhat arbitrary but intuitively 
appealing rationale. 

No attempt is made to arrive at a single, 'correct' solution for all segments of society. On the 
contrary, the ranking obtained here is clearly not unique but depends on the numerical values 
assigned to the weights for each risk component. This method can thus be used by anyone with 
a different system of societal values to derive his or her own ranking of the same risks, based on 
the same set of values for the marginal utility functions in Equation (B.3.13). This approach is 
in effect an attempt to put the comparison of risks on a rational basis without ignoring different 
sets of subjective, personal, or institutional valuations. 

On the other hand, this method allows a direct evaluation of the influence of d:trent value 
judgements on the ranking process. In many cases, the information that wid ly different 
valuations that do or do not have a drastic impact on the ranking process may be n important 
datum to come out of the risk comparison. G 
In this context, it should be noted that the method introduced herers a quite general procedure 
which is applicable for the comparison of many mul!i-omponent quantities. Of course, the use 
of class 9\ m and 9\ s functions must be justified fore articular case; otherwise, other classes 
can be defined which have the appropriate proper es for the utility functions of the particular 
problem at hand. 0 
Another important aspect of the methoJ proposed here is the use of the standard errors of the 
consequence reductf.io indices to determine the significance of a difference between two total 
risks and, thus, to d ter ine a possible indifference to ranking. This is a neglected aspect of 
comparisons which e addressed here because of the normalization to relative risks and risk 
reduction factors proposed, and because both first-order and higher-order approximations are 
available for the calculations of error propagation. 

It should be noted that these error estimates only address the random but not the systematic 
errors in the risk calculations. Due to their nature, the treatment of systematic errors is difficult, 
if it is possible at all (Seiler, 1990a). However, in the normalization process, systematic errors 
may cancel entirely or at least in part. Combined with the use of class 9\ m multi-attribute utility 
functions, in particular that of Equation (B.3.17), this approach thus allows to make a routine 
estimate for the standard errors of the utility indices which are needed in this process. 

The use of the weighted geometric mean in Equation (B.3.18) as the multi-attribute utility function 
of choice is, of course, arbitrary and is defensible mainly as one of the simplest choices among 
class 9\ s and class 9\ m functions. It is important in this context, to remember that the intent of 
the method presented here is not to make valid predictions of economic or social behavior but 
to provide a framework for the comparison of risks according to different valuations. 
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Comparisons-of total risks are usually made in order to support the making of technical or public 
policy decisions. For that use of the comparison of the risks of alternatives, the main points are: 

1. A ranking of risks is merely a decision tool; it should not and cannot replace the 
decision maker. 

2. A ranking of risks is only rarely the sole basis for a decision; many other criteria enter 
into that process. 

3. The existence of an insignificant difference between some total risks allows focusing 
on the question which of the other attributes exert the largest influence on the 
decision. 

The ranking of several risks into a number of groups of insignificantly different utility indices can 
support many types of decisions. Important among them are decisions between~e nological 
options in all phases of the process of realizing a complex project. As pointed t above, an 
important facet of these decisions is the fact that risk is just one of the factors that i fluence the 
outcome and by no means the most important one. In most applications where risk is introduced 
as one of the final decisive factors, risk assessment is not used t~st advantage. A frequent 
use of risk comparisons in every decision phase of a project will rtpke more appropriate use of 
the process (Seiler, 1990b). 

In this context it is important to remember that '""-~-cision makers are involved in such a 
process: one at the level of the risk comparison a~donO: at the level of the subsequent technical 
or policy decision. The concerns 0th have to be injected into the weighting, taking into 
account the contribution of each ccf.s~uence component. This interaction between the two 
decision makers is an essential step in the integration of the risk comparison into the next higher 
decision process. D 
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ATTACHMENT C 

UNCERTAINTIES AND AGGREGATION OF RISK COMPONENTS 

C.1 PROPAGATION OF ERRORS 

C.1 .1 Gaussian Approximation 

C.1.1.1 General Considerations 

The uncertainties of parameters and variables in a function result in an uncertainty in the function 
value. This is called propagation of errors of the input values through the function. Analytical 
expressions for the propagation of errors through algebraic expressions are no~ly based on 
a number of assumptions such as the requirements that all stochastic variables ~ontributing to 
the result are normally distributed, that all partial derivatives of second or higher order are very 
small, and that the relative errors of the stochastic variablEee small. The absence of 
correlations between the stochastic variables makes the for e much more manageable; 
however, if correlations do occur, they are assumed to be limited o correlations between only two 
variables. 

The existence of an analytical expression fAe propagation of errors, although often 
cumbersome algebraically, brin~gveral advantages to the error analysis. The most important 
is that the algebraic properties e expression can be studied independent of the size of the 
contributing standard errors. no her is that the contribution of each variable to the total 
uncertainty of the result can easily be isolated, making sensitivity studies relatively simple. 

In numerical e.Oations of differential equations and other mathematical procedures, it is 
obviously impo~i'e to obtain an algebraic expression for error propagation, but numerical 
methods are available to obtain the necessary information (Cox and Baybutt, 1981; Iman and 
Helton, 1988). Often, these results can then be inserted into the algebraic expression for the rest 
of the calculation, thus restoring the advantages of the analytical solution. 

Even so, it is generally recognized that it is more difficult and often more time consuming to 
determine the standard error of a stochastic variable than to actually measure it. Similarly, error 
propagation is a more difficult and complex procedure than the direct evaluation of the numerical 
value of a risk or some other quantity. 

C.1 .1.2 Gaussian Approximation for Normally Distributed Quantities 

To study the propagation of standard errors through an arbitrary algebraic function F, it is 
assumed that all needed derivatives of that function with regard to its variables and parameters 
xi exist. Thus, 
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(C.1.1) 

where all parameters are normally distributed stochastic variables and parameters have a mean 
x 1 and standard errors Li x 1• The variables can be arranged as a vector x = (x ,, ... x" ). As long 
as the relative errors are small, i.e., Li x 1 << x 1, a multidimensional Taylor series (Korn and Korn, 
1969), can be used to approximate the function <I> (x} and terminated after the first term. 
Statistical theory requires an incoherent superposition of the amplitudes (Bevington, 1969; Brandt, 
1976; Seiler 1987b} in the expansion 

(~ F)2 = t {r a ct> (x)J ~xi}2 (c.1.2) 

/=1 l axi ~ 

Here the partial derivatives (in braces} are to be evaluated at the point x. This aJproximation is 
only valid for small errors. For larger errors, additional terms in~Taylor series expansion are 
needed. When using higher order terms, care must be take ensure convergence of the 
series. In algebraic forms, such as F = x _, , the pole near x = may lead to semiconvergence 
or outright divergence (Seiler, 1987b}. 

Expression (C.1.2) also assumes that the quant,/:;-x, and their errors /1 x, are uncorrelated. If 
the errors Li x, are correlated, ~ terms are needed (Bevington, 1969; Brandt, 1976; Seiler 
1987b}. The Gaussian approxi rn is then 

(~F)2 = t t (act> (x) J(acI> (x) Jcr~ (C.1.3) D ,., i·' l a x, a x, 

where the quantities a 1 i 
2 are the elements of the covariance matrix between the variables x 1 and 

xi, and the partial derivatives are again evaluated at the point x. The diagonal elements are the 
standard errors 

(C.1.4) 

,,, 

···~ 
and the off-diagonal elements a iJ 

2 are the covariances which measure the degree of correlation "i 

between the corresponding variables. 

C.1.1.3 Gaussian Approximation for Lognormally Distributed Quantities 

A lognormal distribution for a variable x is a distribution with the property that the distribution for 
log a x is a normal distribution. It is most often used in evaluating the standard error of highly 
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uncertain stochastic variables. The lognormal distribution in linear space is characterized by a 
mean X and the geometrical standard deviation cr 

9 
(X). It is related to the upper and lower 68% 

limits X + and X _ by the relations 

X. = X a
9 

(X) , (C.1.5) 

and 

(C.1.6) 

Similarly, the upper and lower 95% limits X hi and X 10 are given by 

2 x hi = x (Jg ( x ) ' (C.1.7) 

and 

(C.1.8) 
x x,o = 2 ' cr;A._X) 

Error propagation using Equations (C.1.2) or (~ can be studied by a transformation of the 
function in Equation (C.1.1) into ~ithmic space. Obviously, this is most profitable for products 
or products of powers, which rer\J\' to linear combinations in logarithmic space. 

C.1.1.4 A tions for Quantities With Different Distributions 

If an expressio ntains stochastic variables with different distributions, an algebraic approach 
is sometimes possible using Mellin transformations (Springer, 1979). Normally, however, 
numerical methods such as Monte Carlo calculations have to be used. A number of numerical 
procedures and spreadsheet codes have recently become available. They will not be used here, 
however. 

C.1.2 Basic Expressions Often Used in This Report 

C.1.2.1 Error Propagation for Normally Distributed Quantities 

From the general equation, special expressions for error propagation in simple algebraic forms 
can be generated. For more complex forms, some of the more advanced tools of calculus may 
be needed to generate the error propagation formulae. Here, only the simplest forms will be 
discussed explicitly. The assumption is made that the stochastic·variables xi are uncorrelated. 
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C.1.2.1.1 Sums and Differences 

For direct sums and differences of stochastic variables, written in a general way as 

n 

F1 =<l> 1 (x) =.E (±1)x;, (C.1.9) 
is1 

where x is the parameter vector; x = (x , , ... x ") and the factor (± 1) indicates a free choice of 
sign for every term. The general equation then yields the expression 

n 

(t1F1 )2 = L (t1x;)2. (C.1.10) 
i=1 

Thus, for sums or differences, the square of the standard error is equal to the sulthe squares 
of the standard errors for all terms. 

Often, linear combinations of stochastic variables are encountef, such as 

n 

F, = <1> 2 (x) = tp.±1) a; X;. (C.1.11) 

If the parameters a ; are non-sto~tic param~ters, the standard error is 

(t1F2)2 = L (a;t1X;)2. 
i= 1 D 

(C.1.12) 

It should be noted that the expressions above are exact, because there are no second order 
terms in the Taylor series. 

If the parameters a i are stochastic quantities with standard errors ~a i , however, the standard 
error is given by 

n 

(t1F2)2 
= .E {(a;t1x;)2 

+ (x;t1a;)2 } (C.1.13) 
i=1 

which is no longer exact, but an approximation of the Gaussian type. 
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C.1.2.1.2 Products and Ratios 

For a function <t> which is a product of the form 

n 

F3 = <D3(X) =II x~1 
I 

(C.1.14) 

; .. 1 

where the exponent (± 1) indicates a free choice of exponent for every factor, the application of 
Equation (C.1.2) yields the expression 

(C.1.15) 

F3 1=1 X; ( 
11 F3 

]' = t (~]
2 

Thus for products and ratios, the square of the relative standard error is the sumihe squares 
of the relative standard errors of all factors. More generally, for a product of power 

F. = <1>4 ( x) = IT xi' r (C.1.16) 
; .. 1 

the basic equation for the Gaussian approximati~elds 

(C.1.17) 

D 
All these equations are no longer exact but are approximations. Also. for ratios, care must be 
exercised with large errors due to the proximity of the pole for 1 /x in at x = 0. For larger errors, 
it is advisable to express standard errors as geometric standard deviations for lognormal 
distributions. 

C.1.2.2 Error Propagation for Lognormally Distributed Quantities 

The most appropriate application of lognormal distribution involves products of powers of 
variables, such as 

n 

Fs=<l>s(X)=Il 
i: 1 
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In logarithmic space to base a, the function value F 5 is then a normally distributed quantity 
because the variables log a x 1 are normally distributed and the factors p 1 are non-stochastic, 

n 

log a F 5 = L P; log a X; . 
is1 

By defining the transformed variables as 

Ys = loga Fs • 

the function y, is a linear combination of nor~ally distributed stfastic variables 

y, = 'f /)/ 

(C.1.19) 

(C.1.20) 

(C.1.21) 

This expression has the same st'2ure as Equation (C.1.11) and the exact expression for error 
propagation is given by r~" 

D 
n 

(~Ys) 2 = L (P;S;) 2
• 

i=1 

(C.1.22) 

Transformation back into linear space yields 

(C.1 .23) 

bec~use of the relationship 

(C.1.24) 
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C.1.3 Useful Approximations for Error Propagation 

C.1 .3.1 Function of Normally Distributed Variables 

Writing the expression for error propagation in the Gaussian approximation in the general form, 

( ~ f) 2 = ( a ~ a }2 + ( b ~ p )2 + . . . , (C.1.25) 

can be useful to study the influence of standard errors of different relative magnitudes. Assume 
that the terms on the right-hand are rearranged with (a.Lia.) being the largest term. The expression 
can then be rearranged again to give 

1 (C.1.26) 

= (a~ a.) J 1 + ( B) 2 + ... 

= (a~a.) [1 + C] . 

This last equation can be used to obtain a l~or the ratio B which yields a negligible 
contribution C to the total error. ~s, setting B = 1 /3 shows that a term (b ~~). which is three 
times smaller than (a.Lia.}, contrib only five percent to the final error. This is due to the "sums 
of squares" structure of Equation (C .. 2) (Seiler, 1987b). For other ratios of B, the contributions 
are given in Table C.1-1 and shown in Figure C.1-1. According to the judgment of the 
investigator, the~ribution of the smaller error can be neglected for a critical ratio B, say below 
B = 1/3. In this co text, it should be borne in mind that, as second moments of a distribution, 
standard errors always more uncertain than the means themselves (first moments). It is also 
important to note that, according to Equation (C.1.2), the ratio B is not always the ratio of the 
standard errors but the ratio of the products of the derivatives with the standard errors. 

C.1.3.2 Lognormal Distributions 

Sums or differences of lognormally distributed variables are no longer lognormally distributed 
variables. An approximation useful for error propagation is to fit two different normal distributions 
to the upper and the lower parts of the lognormal distributions of each term and treat them 
separately. Thus, the lognormally distributed terms aj in the sums or differences with geometric 
standard deviations cr 

9
{a i ) have upper and lower 68% limits of 

(C.1.27) 
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TABLE C.1-1 

RELATIVE CONTRIBUTION OF THE SMALLER STANDARD ERROR IN 
THE GAUSSIAN APPROXIMATION 

RATIO B CONTRIBUTION C 

1 /1 41% 

1/2 12% 

1/3 5% 

1/4 3% 

1/5 

~ 1/6 

Figure C.1-1. Relative Contribution of the Smaller Standard Error in the Gaussian 
Approximation. 
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and 

(C.1.28) 

A normal distribution with the same limits has standard errors of 

(C.1.29) 

for the upper limit, and 

Lla. = [1 -__ 1_] 
,,10 ag (a;) 

(C.1.30) 

for the lower limit. These are assigned for every term in sums or ditterencesfrhe sum of a 
number of these terms 

n 

S=°E(±1)a;, (C.1.31) 
is1 

where the factor (± 1) indicates an arbitrary sign each term, has an upper limit of 

n 

L a ;2 [a g ( a;) - 1 ] 2 , 
(C.1.32) 

;., 

and a lower limit of 

D 
[ ]

2 
n 2 1 'E a; 1 - _ (a;) . 

;., ag 

(C.1.33) 

The distribution of S is approximately normal for a large number of terms (1 Oto 20) according to 
the Central Limit Theorem (Korn and Korn, 1968). For only a few terms, the largest term is likely 
to determine the resulting distribution. These may thus be approximately lognormal. Similarly, 
if a large number of terms is dominated by one contribution, the distribution of the sum resembles 
a lognormal distribution. 

In a lognormal approximation to the resulting distribution of the sum S, the geometric standard 
deviation is approximated by 
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The mean is best derived by the first or second expression on the right-hand side 

sh. 
S = 8 10 cr g ( S) = ' 

crg ( S) 

(C.1.34) 

(C.1.35) 

In a normal approximation to the resulting distribution of the sum S, the mean is given by 

(C.1.36) 

and the standard error by 

r (C.1.37) 

A choice between the two approximations is best made on the basis of the actual values a 1 and 
cr,(a,) involved. p. 
C.2 AGGREGATION OF RISK PONENTS 

C.2.1 Weighted Averages for th Aggregation Risk Reduction Factors 

The arithmetic mean is most often used for the process of weighted averaging 

n 

x = L W;X;' 
(C.2.1) 

;.1 

where the average is performed over the set {xn} of quantities using the normalized weights w 1 

n 
(C.2.2) 

For the aggregations encountered in this risk assessment, baseline risk components are used to 
generate the weights according to 
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(C.2.3) 

where 8 = 'o' or 'p' for occupational and public, respectively, and {n i} is the set of baseline risks 
being aggregated. The aggregated risk reduction factor then becomes 

(C.2.4) 

Note that factors common to all component risks R J 5 I(,_ cancel in Equation (C~2.3 . This is a 
characteristic common to this kind of weighting processes which are independen multiplication 
by an arbitrary factor. Consequently, in radiation risks, for instance, it is sufficie t to know the 
doses in order to perform a weighted average; there is no need to actually convert doses to risks. 
Usually weights thus have errors that are rather small comparedEthose of the risks. In many 
cases they can be neglected in comparison to those of th isk reduction factors being 
aggregated. Then, the error of the aggregated risk reduction fa tor r JI(,_ is 

(C.2.5) 

As long as the weight can be reg~d as a non-stochastic quantity, this expression is exact and 
holds even for large relative error Oil' p ~ 0 I( A. • 

In cases where etandard error of the aggregation weight cannot be neglected, it is useful to 
note that the de o inator of Equation (C.2.3), after all common factors in the numerator and 
denominator ha een eliminated, contains one term with the same factors as the numerator. 
An evaluation of the standard error using the general Gaussian error propagation formula will, 
therefore, lead to a partial compensation of the component errors. The resulting standard error 
of the weighting factor 6..w ~ can then be used to calculate the error of the aggregated risk 
reduction factor according to Equation (C.1.13) . 

(C.2.6) 

This expression is not exact and holds, therefore, small relative errors of both factors only. If the 
relative errors of p ~ 5 KA. and w ~are not small, an exact expression can be derived (Seiler, 1987b). 
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C.2.1.2 Aggregations Using Weighted Geometric Average 11 ,t. 

The geometric average is an arithmetic average taken in logarithmic space. Using the definition "'' 
y 1 = log ax 1 , the weighted arithmetic mean is given by 11 i11 

n 

Y = L wi Yi· (C.2.7) 
i-1 

A transformation back into linear space leads to the expression 

n 
X = II X ;w, . (C.2.8) 

The usual exponent of 1/n is not in evidence h::e. because the sum of the weigi normalized 
to unity according to Equation (C.2.2). Here again, the weig~hs re independent of common 
factors. This form of weighted averaging is best employed wh n he values x 1 are distributed 
over a wide range, for instance over many orders of magnitud In such cases, the arithmetic 
mean has a tendency to a bias in favor of the highest value. 

In the aggregation of risk reduction factors with w~ given by Equation (C.2.3), the aggregated 
risk reduction factor is given by 

0 A = II ( PsoicA r~ . (C.2.9) r ),c s~{n;} 
For weights wit~all standard errors that can be neglected compared to those of the risk 
reduction factortJie standard error of the aggregated risk reduction factor is 

(C.2.10) 

For non-negligible but still small relative errors of the weights w i;, the error propagation formula 
yields the expression 

(C.2.11) 

For larger relative errors, a sufficient approximation can be obtained (Seiler, 1987b). 
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ATTACHMENT D 

AUXILIARY MODELS FOR HANDLING AND TREATMENT 
OF THE WASTES 

D.1 HANDLING AND TREATMENT OF WASTE 

D.1.1 Baseline Case 

The baseline case assumes no treatment of the waste, either prior to or after its arrival at the 
WIPP facility. The waste is handled for assay and certification and transported through two 
separate areas: the Waste Handling Building (WHB) at ground level, and the Underground 
Storage Area. The baseline scenario for untreated waste comprises all routinel:.ations and 
accident events incorporated in the FSEIS (U.S. Department of Energy, 1990a). owever, only 
average drums are considered in this report, even though the FSEIS addresses ecial drums, 
such as those with an activity of 37 TBq (1000 PE-Ci). 

The handling operation that is best suited to serve as the baselin ~eration is the initial handling 
of the wastes in the Waste Handling Building, in particular the ask~~nd certify part. It is already 
included in the baseline, but can serve well as a -~~ard for risk increases. Unfortunately, it is 
a small operation and baseline risks for many asr are not available in the FSEIS. 

D.1.1.1 Operations in the WHB (2 
The waste is brought into the wrfs i~ TRUPACT-11 containers through entry air locks, inspected 
and unloaded. lne Receiving and Inspection Area, the drums are then assayed and certified, 
and loaded onto aci ty pallets. The facility pallet is subsequently transferred to the hoist air lock 
by forklift. The crew working inside the WHB consists of 12 people (U.S. Department of 
Energy, 1989a): 9 waste handlers, 2 health physicians, and 1 Quality Assurance person. Two 
forklift operations are required inside the WHB: one to transport the TRUPACT, one to transfer 
the palletized load to the hoist air lock. 

All operations in the WHB are assumed to be independent of waste treatment. Drums heavier 
due to treatment are assumed to be handled by proportionally heavier equipment at equal risk. 

D.1.1.2 Operations Underground 

Once inside the hoist air lock, the facility pallet is transferred to the underground station by waste 
hoist. Operations below ground consist of transferring the waste to the diesel transporter and 
transportation to the final waste storage area. In the final waste storage area. the drums are 
removed from the transporter by forklift, and emplaced in the selected location. Underground 
operations total two forklift and one diesel transporter operation. Total crew underground consist 
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of four people (U.S. Department of Energy, 1989a}: two waste handlers, one health physicist, and 
one Quality Assurance person. In this assessment, it is assumed that neither personnel, forklift, 
nor transporter operations are influenced by waste treatment. For heavier drums, heavier forklifts 
will be used. 

D.1.2 Treatment Facility 

In the limited scope of this study, the Treatment Facility (TF} is assumed to consist of seven 
identical modules (independent of treatment option}, each consisting of up to six different 
operational areas, according to the Treatment Option selected. In Level II treatments, that is, in 
Treatment Options 1 and 2, only two operations are needed: shredding and cementing. 
Additional operations are needed for the two Level Ill treatments. In Treatment Option 3, 
incineration and cementing of the ashes are added, resulting in a total of four ope~· ns: sorting, 
shredding, incinerating, and cementing. In the most complex Treatment Optio cementing is 
dropped and two more operations are added: smelting and vitrifying. 

The seven modules are planned to operate independently from ~another, regardless of their 
location and distribution. This model of the treatment plant, theffore, does not account for any 
economies of size, thereby introducing a slight bias in favor of decentralized treatment facilities. 
This bias is mostly monetary, but the risk is if\ienced mainly by potential economies of 
manpower, which are not addressed here. r 
In treating the waste, one additio~ssumption is made concerning the average drum. Sludges 
are usually in drums by thems e . Thus the appropriate fraction of sludge-filled drums is 
assumed (Vetter, 1990), with the rest filled by a mix of combustibles, metals, and glasses in the 
proper proportion 

D.1.3 Risk Co ents Considered Here 

The risk components associated with specific operations of handling and transportation of the 
waste during the waste treatment, that are discussed in the FSEIS, are included in that part of 
the evaluation of the total risk. The risk components considered here stem from radiation and 
hazardous chemicals encountered during the actual treatment process, and from general work 
accidents found in similar industrial operations. 

As general occupational accidents and injuries, not directly related to effects of radiation and toxic 
chemicals, are important in comparing different levels of treatment with different manpower 
requirements, two risk components are added to those considered in the FSEIS: occupational 
accident fatalities and occupational accident and exposure injuries. These components will 
change with increasing manpower needed for the more complex treatments of the waste. 
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D.1.3.1 Radiation and Chemical Risk of the Actual Treatment Process 

Despite containment of the wastes and shielding against nuclear radiation, workers are exposed 
to low levels of radiation and hazardous chemicals originating from the waste. Normal operational 
releases would encompass radiation exposures at a certain distance from the waste, and 
inhalation of volatile organic chemicals present in the waste. Accident releases would encompass 
larger radiation doses due to loss of containment for radioisotopes, and larger exposure to 
chemicals in the waste. 

D.1.3.2 General Work Accidents in Similar Industry 

The majority of the operations conducted with the waste, before, during and after the treatment 
process, involve handling and transportation. Within those operations, there are risks associated 
with manual and mechanized work, which are unrelated to the nature or compositg:J· of the waste. 
Since the largest number of man-hours during transportation are spent on forklift o erations, data 
for injuries and fatalities, and correspond_ing risk components associated with fork ift operations, 
have been obtained. Other accidents, associated with malfur·ons and breakdowns of a 
mechanical nature, are not treated separately, due to the assump i that such an accident would 
not result in direct injuries or fatalities. 

Within the risk components mentioned, both pub)k\md occupational risks arising from normal 
operations (such as routine handling and mai~nce) and accident events are taken into 
account. .. 

For the actual wtt.treatment, the risks due to operational accidents are not considered in this 
report, due to t e rge effort required tor the evaluation of the overall risk associated with 
numerous paten · accidents. This decision will tend to slightly bias the evaluation in favor of 
treatment. This bias, however, should not be too noticeable because the risk of process 
accidents is usually not very large, compared to other components . 

In the evaluation of internal exposures to radioisotopes, only inhalation risks are considered. 
Direct ingestion risks are neglected, due to the much smaller probability of occupational ingestion 
of CH TAU waste. Even in the case of externally contaminated drums, where waste could come 
into direct contact with the handlers, protective clothing and initial radiological surveys would 
minimize the risk of waste ingestion. For such cases, the major component of the risk would 
arise from possible inhalation of suspended waste. 

Also not taken into consideration, but referenced in the FSEIS and FSAR documents (U.S. 
Department of Energy, 1989a), are risks arising from inhalation of diesel exhaust from the waste 
transporters, and from the operation and maintenance of electric-powered forklifts. It is assumed 
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that transporters and forklifts are electric powered and they have the appropriate power to handle 
the drums of the waste treatment chosen. Thus no changes are foreseen with waste treatment. 

D.2 MODELS FOR TREATMENT OPERATIONS 

D.2.1 General Considerations 

The basic assumption in modeling treatment operations in the TF is that the same health and 

'"' 

safety standards based on the As Low As Reasonably Achievable (ALARA) concept are observed 1t•• 
here as in the WHB. Thus, any perceived risk will be minimized within the limits generally d 
observed in nuclear research and industry, based on DOE and NRC guidelines. 

Shielding against penetrating radiation will be based on routine time-motion st~d· for normal 
operation and maintenance. Monitors for direct radiation, continuous air monit r for high- and 
low-LET radiation are in operation for an early indication of potential health and sa ety problems. 
The risk of exposure to volatile organic compounds is the only one involving chemical agents that 
is evaluated here. Exposure to metals and halogenated and oth6xic organics by ingestion or 
skin contamination is not treated in the FSEIS and will, thereforf not be considered. 

Maintenance operations are assumed to be dri~e y ALARA considerations. Their frequency 
is aimed at keeping the contamination remaining r self-decontamination of the device within 
bounds. The frequency is thus assumed to b a design parameter without uncertainty. The 
operation and maintenance of a~ment plant results in a considerable amount of secondary 
wastes from operation and, abov from maintenance (decontamination). From health physics 
operations in existing facilities, t is secondary waste is assumed to amount to 2 to 3 percent of 
the wastes trea~e A simple linear model. that accounts for secondary wastes increases the 
number of drum re eived annually from 40,000 to 41,000, that is, feeds the secondary wastes 
back into the in mg waste stream. Note, however, that the baseline load remains at 40,000 
drums annually. 

Effluent controls are needed to bring the facility into compliance with all applicable regulations. 
Ventilation air is passed through HEPA filters, liquids are processed, and filters and process 
waste added to the secondary waste. 

D.2.2 Treatment Operations 

D.2.2.1 Assay and Certify Operations 

This operation is the same for all drums that arrive at the TF and the WHB. No credit is taken 
for the easier operation at the WHB for treated waste with more reliable certification. However, 
increased forklift operations and.general industrial risks are accounted for. 

Appendix I, Attachment D 1-102 

fiil 

,,,, 
llhil 

,,.,.! 

111111 

l'!'I 



.,, 

... 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Routine and maintenance operations are defined to serve as baseline for other operations. Intra
site transport by forklift, crane, and conveyor belts is designed to minimize human exposures. 

Assay and certify operations are assumed to need 0.6 man-hours per drum with a standard error 
of about 10 percent. For maintenance of the area, 96 ± 12 man-hours are estimated for every 
maintenance operation. Maintenance is estimated to be necessary after processing 1000 drums. 

D.2.2.2 Sorting Operations 

Sorting is needed only for Level Ill treatments, that is, for Treatment Options 3 and 4. It involves 
breaking the liners and all wrappings, allowing all gases in the headspace to vent into the 
containment. Sorting is either done in bubble suits inside the containment or by operators 
working with gloveboxes and conveyor belts. 

Routine sorting is assumed to require 1.5 ± 0.15 man-hours per drum; for the ma~ance of the 
sorter containment 96 ± 12 man-hours are estimated. It is again estimated that~:

1

intenance is 
needed after 1,000 hours. 

D.2.2.3 Shredding Operations 

The shredding operation will be doubly conta~·n with an air lock system to transfer waste 
containers to the shredder. Waste containers additional waste, assumed to be passed 
through the shredder. Shredding is a high dust reducing operation that will require an efficient 
air cleaning system, monitoring, ~ne cleanup, and maintenance. 

Risks from exposure to penetrati~g ~diation during routine operations are reduced by shielding. 
During maintenare perations, these risks are reduced by self-decontamination of devices and 
structures, short Ila able exposure times, and frequency of decontamination. Internal exposures 
can occur throu nhalation of suspended wastes outside the containment, and through leakage 
through the airlock from inside the containment. 

Chemical risks are assumed to be smaller here as most volatile organics are assumed to have 
escaped by the time the waste reaches the shredder. The rest, partly encapsulated by solids, 
is assumed to be released in this operation. 

Shredding operations are estimated to require 1.0 ± 0.06 man-hours per drum. For maintenance 
240 ± 18 man-hours are estimated. Maintenance is assumed to be needed after every 1,000 
drums. 
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D.2.2.4 Cementing Operations 

In Treatment Option 1, only shredded metals/glasses and combustibles are cemented and in 
Treatment Option 2, sludges are also cemented. In Treatment Option 3, all three waste forms 
are cemented, but combustibles only after incineration. 

The cementation process consists of metering waste and cement into drums through a system 
of feed hoppers. Waste and cement can be mixed within the feed system prior to loading into 
drums or by in-drum mixing. A protective sleeve is used to channel material from the feed system 
into an open drum. This sleeve prevents waste from spilling outside the drum and acts as a 
barrier between workers and contaminated waste. Decontamination and maintenance of 
cementation equipment will be more extensive if mixing occurs within the feed system, as 
opposed to in-drum mixing. .,.f 

The cementing operation is assumed to require 0.60 ± 0.06 man-hours per drum.I Maintenance 
is assu~ed to occur every 1,000 drums and need 48 ± 6 man-h?. 

D.2.2.5 Incineration Operations r 
After sorting and shredding, combustibles are inf'{:ated and the ashes sent to cementing in 
Treatment Option 3 and to vitrification in Treatmrption 4. 

Waste enters the incineration pEs through an air-lock. From the air-lock, waste is fed into 
the combustion chamber by gra or a mechanical ram. Ash resulting from the combustion 
process is collected in traps at t e bottom of the incinerator. Ash from the incineration process 
becomes feed m~ial for solidification or vitrification. 

An incineration Was system removes any particulates, acid gases, and radionuclides which 
pass through the incinerator. The off-gas system is a source of secondary wastes in the form of 
scrubbing solutions and filters. Filters can be recycled through the incinerator, while scrubbing 
solutions require solidification. The incinerator and off-gas systems require routine maintenance 
in the form of ash removal, filter replacement, scrubbing solution treatment, etc. Decontamination 
activities for the incineration process tend to be labor-intensive due to the complexity and number 
of components comprising the system. 

Normal operations are estimated to require 0.30 ± 0.03 man-hours per drum;, maintenance 48 
± 6 man-hours. Maintenance is postulated to be needed every 1,000 drums. 

D.2.2.6 Metal Melting Operations 

After sorting and shredding, metals and glasses are melted together with frit. This operation 
potentially involves multiple melting operations such as an induction melter (for steels) and a 
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melting pot (for lead) to accommodate ranges of melting temperatures for various WIPP metallic 
wastes. Operators will manually feed metallic wastes into the melter. Once melting is complete 
(radionuclides are assumed to partition preferentially into the slag}, slag is removed from the 
melter. The contaminated slag will not form a nonporous glass waste form and must be re-melted 
with glass frit to form the final homogeneous glass waste form. Decontaminated liquid metal will 
be poured into molds, allowed to cool, and is then packaged for disposal as Low Level Waste 
(LLW). Maintenance and decontamination activities will be labor intensive for metal melting 
processes as refractory material or the melters themselves will require periodic replacement. 

Decontamination by melting is a time-consuming operation; 8.0 ± 0.6 man-hours are estimated 
per drum treated. Maintenance is also needed often, once after every ten melting operations; 
maintenance itself is estimated to take less effort, 24 ± 3 man-hours for every operation. 

D.2.2.7 Vitrification Operations ~ 

Vitrification of sludges and incinerator ash can be accomplished through the use of L joule-heated 
melter, microwave melter, or a plasma furnace. In these proEcs waste and glass frit are 
metered into the heating chamber and melted to form a glass liqu Feed waste does not require 
handling by operators for these processes. Microwave heating i an in-drum vitrification process 
whereas joule-heated melters and plasma furnaces utilize heating chambers. Once a drum has 
been filled with vitrified ash/sludge, it is placed in ~ge where the contents are allowed to cool. 
These vitrification processes have off-gas syste~ilar to those described in Section D.2.2.5. 
Microwave melting does not involve extensive maintenance and decontamination because the 
microwave cavity is the only com~t in the system subjected to contamination (aside from the 
off-gas system). The joule-hea d elter and the plasma furnace will require labor intensive 
maintenance and decontaminati n. 

Vitrification opeOs are estimated to require 2.0 ± 0.2 man-hours, maintenance 48 ± 6 
man-hours, neeU' ~nee every 200 drums. 

D.2.2.8 Assembly of Manpower Needs for Operation and Maintenance 

Time and manpower needs estimated for each operation and given in the preceding section are 
assembled in Table D.2-1. The size of the crews and the time required are estimated using 
operational concerns from the manpower figures. As the uncertainty of the manpower was 
estimated, it can be assigned exclusively to the factor time. 

The maintenance schedule and the man-years of manpower needed are listed in Table 0.2-2. 
The throughput is 41,000 drums per year, independent of treatment. For safety reasons, the 
smelters are assumed to be small 1-drum melting pots or furnaces, leading to a large number of 
maintenance operations, requiring the largest amount of manpower . 
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TABLE D.2-1 

TIME AND MANPOWER NEEDS FOR ROUTINE 
OPERATIONS AND MAINTENANCE * 

ROUTINE OPERATIONS 
(PER DRUM HANDLED) 

OPERATION MANPOWER a 

Assay 3 

Sort 3 

Shred 2 

Cement 3 

Incinerate 3 

Smelt 2 

Vitrify 2 

' This is quantity N ,.'"1 £3 later. 

b This is~ntity t 57(u) used later. 

c This is~ntity N 07M used later. 

d This is quantity t 53(u) used later. 

TIME (hrs) b 

0.20 ± 0.02 

0.50 ± 0.05 

0.50 ± 0.03 

0.20 ± 0.02 

0.10 ± 0.01 

4.0~ 
1.0 ± 0.1 

ROUTINE MAINTENANCE 
(PER OPERATION) 

MANPOWERC TIME (hrs) d 

6 16 ± 2 

6 16 ± 2 

6 40 ± 3 

r: 16 ± 2 

16 ± 2 

3 8±1 

3 16 ± 2 

* Standard errors given here are based on an estimate of the relative error of the 
man-hours needed. Accordingly, the error is attached here to the time estimate only. 
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TABLE D.2-2 

MAINTENANCE SCHEDULE * 

NUMBER OF ANNUAL TIME SPENT ANNUALLY ON MAINTENANCE 
MAINTENANCE OPERATIONS** (MAN-YEARS) *** 

v OPERATION FREQUENCY TREATMENT OPTION TREATMENT OPTION 
(PER DRUM) 0 1 3 4 0 1 2 3 4 

0 Assay 1/1000 oa 41 41 41 41 oa 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 

1 Sort 1/1000 I 0 0 0 33 33 I 0 0 0 1.5 ± 0.2 1.5 ± 0.2 

12 I ~331 Shred 1/1000 0 33 33 0 

Cement 1/1000 I 0 33 41 0 3 30 O I 

3.8 ± 0.3 3.8 ± 0.3 3.8 ± 0.3 3.8 ± 0.3 

0.8 ± 0.1 1.0 ± 0.1 0.7 ± 0.09 b 0 

4 Incinerate 1/1000 I 0 0 0 16 16 I 0 0 0 0.4 ± 0.05 0.4 ± 0.05 

5 Smelt 1/10 I 0 0 0 0 1640..L.. 0 0 0 0 18.9 ± 2.4 

6 Vitrify 1/200 I 0 0 0 0 68c I 'O 0 0 0 1.6 ± 0.2 c 

* Assuming an annual throughput of 41,000 drums. 
** This is the function <l> 5BKM used later. 
*** This is the function <l> 60 _<ul used later. a Cement ash from combustibles. -\ 
b Vitrify ash from combustibles. 
c Maintenance is already included in baseline case. 
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D.3 MODIFICATION OF BASELINE DATA 

D.3.1 Increase in Manpower Needs Due to Treatment 

The manpower reduction factor Fm"' is defined by 

Fm"' 
N (O) 

01 
=--· 

N (1<) 
01 
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(D.3.1) 

where N 0 1 M are2 the number of workers needed for treatment K and N 0 1 (o> are the 12 workers 
in the WHB for the baseline case. The manpower reduction factor Fm"' for treatment K is smaller 
than one, denoting an increase in manpower needs. On the basis of the assumption that the 
treatment facility is subject to the same health and safety restrictions as the ~te handling 
building, the evaluation can regard it as an extension of the WHB with additional people. The 
main exposures occur during handling and equipment maintenance. 

The numerical values are estimated from the total number of~n-years for operations and 
maintenance needed to treat 41,000 drums annually. Data from fables D.2-1 and D.2-2 are used 
to generate the data listed in Table D.3-1. Since these values are annual needs in man-years, 
the totals for each treatment option can be tran~Ad directly into crew sizes, from which the 
ratios Fm"' can be calculated. r 
Included in the uncertainties ar(;{stematic errors due to the differences between potential 
treatment facilities. This is done fec\use Fm"' is a basic quantity for the treatment that appears 
everywhere. These systematic uncertainties are estimated to be equal in size to the random 
standard errors. D latter are, therefore, multiplied by a factor of .f2, according to the relation 
(Seiler, 1990b) 

S~01 = s; + s; , (D.3.2) 

where S 101 is the total standard error, Sr the random standard error, and S5 the systematic random 
error. The final values and standard errors are also listed in Table D.3-3. 

D.3.2 Reduction Factor for Public Exposure 

For the public risk due to emissions from the TF, the change in the risk equation appears in the 
function <I>; d dM and thus the number NP 1 M of exposed persons incorporated in that function. In 
a simplified model for the four locations discussed here, it will be assumed that the functions 
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TABLE D.3-1 

MANPOWER NEEDS FOR TREATMENT, MANPOWER REDUCTION FACTORS Fm" * 

ANNUAL WORKTIME FOR OPERATION AND MAINTENANCE (MAN-YEARS) 

OPERATION INDEX TREATMENT OPTION ic 

v 0 1 2 3 4 

Assay a 0 11.5 13.7±1.2 13.7 ± 1.2 13.7 ± 1.2 13.7 ± 1.2 

Sort 1 25.2 ± 2.4 25.2 ± 2.4 

Shred 2 19.6 ± 1.0 19.6 ± 1.0 19.6±1.0 16-± 10 
Cement 3 10.2 ± 1.0 12.8 ± 1.2 9.4 ± 0.9 

Incinerate 4 (7:02 2.7 ± 0.2 

Smelt 5 82 ± 5.3 

Vitrify 6 I\ 14.7 ± 1.3 

Total 11.5 43.5 ± 1.8 06.1±1.9 70.6 ± 2.9 157.9±6.1 

Workforce b, N
0 1 

{IC) 12c ("') 44 ± 3 46 ±3 71 ± 4 158 ± 9 

Fm" r ~276 ± 0.016 0.260 ± 0.015 0.170 ± 0.010 0.0760 ± 0.0042 

* Errors calc0.d using data from Table D.2-1. 
a 40,000 dru~rocessed, other entries 41,000 drums processed due to secondary wastes. No 

maintenance included in baseline, assumed to be included in FSEIS data. 
b Errors increased by .f2 due to the assumption of a systematic error of equal magnitude. 
c Manpower in WHB, baseline: 12 above ground. 
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<I>; dd(IC) are independent of treatment Kand depend only on the number and locations of the NP /"l 
persons exposed. This relation is incorporated in the public exposure reduction factor 

<I> (o) N (o) 
F = idd = p1 

91C (IC) ( ) 
<I> N IC 

idd p1 

(D.3.3) 

Due to the increase in exposed persons, the factor Fu is expected to be less than one. For 
location at the WIPP, the treatment facility will affect the same area and population. The 
dispersion function and the number and locations of the exposed members of the public are the 
same, but there are now two sources, assuming that the same health and safety concerns dictate 
the allowable releases for WHB and TF. For locations elsewhere, the same additional population 
risk is assumed to be allowed, leading to the same factor Fe", regardless of location. The 
exposure from handling operations is then estimated to be about twice that ~o the WHB 
emissions alone with a random error of about 15 percent, i.e., I 

F
9

" = 0.50 ± 0.08 . (D.3.4) 

The error is obtained f ram the observation that for similar opera~ a sp.read of ± 30% : 60% 
for a 95 percent confidence level is incompatible with the health and safety goals. This results 
in the standard random error of 15 percent used fl!i..ve. 

The systematic error of the public exposure red,io.n factors is obviously much larger and will 
have to encompass the treatmen~tion dependence of the public exposure ratio. Rather than 
estimating it, it would be more prcra~le to amend the model to show the appropriate dependence 
on treatment and location. 

In waste treatment, the large void spaces in the drums are reduced and in some treatment 
options the actual volume of the wastes is reduced also. The numerical values for the volume 
reduction factors, averaged over the different waste forms, are given by the weighted arithmetic 
average 

w 

where the definition of the weights is given by 
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11 w = (D.3.6) 

with the normalization property 

(D.3.7) 

Here W is the number of different wasteforms, n w is the number of drums of wasteform w 
produced per year, f w" is the volume reduction factor for wasteform w due to treatment K. The 
relative weights, 11 w• defined in the second part of Equation (D.3.5) add to unity.ft: values are 
11 s = 0.2 for sludges, and 11c=11 m = 0.4 for combustibles and metals, respectively Vetter, 1990). 
The volume reduction factors for different waste forms are estimated on the basis f the methods 
reviewed for the main report. Their errors, L\f w" , are assigned ort basis of prudent upper and 
lower limits for the processes. For the total volume reduction f r F v" the errors are 

w 

VIC L_,, W WK ' 
( L\ F ) 2 = 't"'J>.. L\ t ) 2 (D.3.8) 

assuming that the standard errors of the 11 w r:I~ ve weights are at least a factor of three smaller 
that those of the individual volum~duction factors f w ". 

For Treatment Option 1, which rea~es sludges unaltered while combustibles and metals are 
shredded and cetrlnted, the volume reduction factors are estimated to be f s 1 = 1 ± 0 for sludges, 
f c 1 = 1.2 ± 0.2 f r c mbustibles, and f m 1 = 1.2 ± 0.2 for metals. The combination according to 
Equation (3.15) Its in an average volume reduction factor of 

Fv
1 

= 1.2 ± 0.1 . (D.3.9) 

For Treatment Option 2, which cements sludges while again shredding and cementing 
combustibles and metals, the volume reduction for cementing sludges is again assumed to be 
1 by filling the head space with cement. All wasteforms thus have the same volume reduction 
factors as those of Treatment Option 1, 

Fv 2 = 1.2 ± 0.1 . (D.3.10) 

Treatment Option 3 cements sludges, incinerates combustibles, and cements the ashes while it 
shreds and cements the metals. The volume reduction is f s 3 = 1.0 ± O for sludges, and the 
overall volume reduction for the incineration of combustibles is estimated to be f c 3 = 3 ± 1. As 
this procedure is based on the PREPP process (Tait, 1983), which also shreds the drums, the 
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volume reduction factor for metals is somewhat higher than that for Treatment Options 1 and 2, 
and is estimated to be f m 3 = 2 ± 0.5. The composite volume reduction factor is 

Fv3 = 2.2 ± 0.5 . (D.3.11) 

For Treatment Option 4, which vitrifies sludges, incinerates combustibles and vitrifies their ashes, 
while it melts and decontaminates metals, the volume reduction factors are larger. Sludge 
vitrification by microwave heating is well known (Petersen et al., 1987), yielding a reduction factor 
offs 4 = 9 ± 1. For metals and combustibles, the maximum fissile radionuclide content of a drum 
by the WAC provides the limits. If concentration is assumed to result in an average of 80 percent 
of the limits, the volume reduction factor is f m 4 = f c 4 = 9.4 ± 1.5. The composite volume 
reduction is then 

Fv4 = 9.3 ± 0.9 . 1 (D.3.12) 

These data are assembled in Table D.3-3. 

D.3.4 Transportation Reduction Factor 

The volume reduction factor F v lC leads to a reduc°fji n in the number of barrels handled annually 
by the factor F v lC • The maximum transport wei t ·s set at 36.2 metric tons (80,000 pounds), 
however, so that the full reduction cannot be reali d. Therefore, a correction factor needs to be 
applied. 

The number of treated drums pe~PACT-11 can be calculated using the effective payload for 
the 14 drums of 3.3 metric tons (7,265 pounds) and data on the weights of treated drum (see 
main report). T"ighted average over the three wasteforms is 

v Wo 
ndlC = 3 (D.3.13) 

L fw WWK 
x~1 

where 

n d lC = Number of drums per TRUPACT-11, 
W 0 = Load limit of TRUPACT-11 (kg), 
f w = Fraction of wasteform w, and 
W w = Mass of treated drum of wasteform W. 

These numbers are given in Table D.3-2 based on the data in the main report. The load factor 
f tlC• that is the fraction of the 14 drums that can on average be loaded into the TRUPACT-11 is 
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TABLE D.3-2 

TRANSPORTATION REDUCTION FACTORS 

Treatment 
Option 

1 

2 

3 

4 

8.15 

7.58 

7.38 

6.42 

0.582 1.2 ± 0.1 

0.542 1.2 ± 0.1 

0.527 2.2 ± 0.5 

0.458 9.3 ± 0.9 

a Number of treated drums that can be transported in TRUPACT-11. 
b 

Load factor of TRUPACT-11. r 
Average volume reduction factor. 
Transportation reduction factor. 

c 

d 

D 
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(0.3.14) 

where 

n d 0 = Number of untreated drums per TRUPACT-11, 
n d IC = Number of treated drums per TRUPACT-11. 

The transportation reduction factor, F, IC , is then calculated from the number, n ?·l , of transports 
needed annually after treatment JC 

where 

n j'' = Number of untreated drums handled annually, ( 
F v IC = Volume reduction factor for treatment JC, 

. f" = TRUPACT-11 load factor for trepnt K, 

and with F v 0 = f 10 = 1. The factor F 1 IC 1s then 

niO) 
!IC = -- = FVIC f!IC • 

n(IC) 
r 

1 
(D.3.15) 

(0.3.16) 

The relative erro() the load factor f, IC, derived from the survey of a large number of drums are 
estimated to be ~smaller than those of the volume reduction factor. The error of the transport 
reduction factor is, therefore, given by 

(0.3.17) 

The numerical values for most of these factors are listed in Table 0.3-2 and also in Table 0.3-3. 

0.3.5 Ratio of Forklift Operations 

The reduction factors F 11( for forklift operations in different treatments are clearly smaller than one, 
and are based on an operations model that adds one forklift operation to the first treatment device 
and 1 /F v IC forklift operations back to the storage area to the operations in the WHB. By 
normalizing the latter to one, the reduction factors are 
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TABLE D.3-3 

SUMMARY TABLE FOR THE REDUCTION FACTORS 
F v IC 1 Fm IC 1 F • IC 1 FI IC 1 AND Ft IC 

FVIC 
a 

Fm IC 
b 

F QIC 
c FllC d 

F!IC 
e 

1-2 ± 0.1 0.276 ± 0.016 0.50 ± 0.08 0.517 ± 0.010 0.70±0.06 

1.2 ± 0.1 0.260 ± 0.015 0.50 ± 0.08 0.517 ± 0.010 0.65±0.05 

2.2 ± 0.5 0.170±0.010 0.50 ± 0.08 0.566 ± 0.010 1.2 ± 0.3 

9.3 ± 0.9 0.0760 ± 0.0042 0.50 ± 0.08 0.644 ± 0.002 14.3 ±0.4 

a Average volume reduction factor, from Equations D.3brough D.3.12. 
b Manpower reduction factor, from Table D.3-1. r 
c Public exposure reduction factor, from Equation D.3.4. 
d Reduction factor for forklift operations~~ Equations D.3.18 and D.3.19. 
e Transportation reduction factor, from r D.3-2. 

r 
D 
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F,.,. 
(0.3.18) 

where f w.,. is the volume reduction factor of treatment ic for wasteform w, and Tl w is the 
abundance of wasteform w. The standard error of this expression is 

(0.3.19) 

The parameters f w.,. and Tl w were given in the discussions of equations (O.<cf(to (0.3.12), 
resulting in the values listed in Table 0.3-3. Note the implicit assumption tha~·te' number of 
forklift operations is independent of the final drum weight. For heavier drums, heavier forklifts are 

assumed to be used. r 
0.3.6 Particle Generation in Accidents 

0.3.6.1 Particle Spectrum Generated 

In the baseline waste, some fine6icles are already present, while others may be generated 
by impacts. In treated wastes, umbers of free particles are drastically reduced, and it is 
assumed here that particles are reduced by impact. Empirical models have been made on the 
basis of experim£1,I data for the spectrum of particles produced by impact (Bennet et al., 1980). 
Using data on t e hattering of rocks, the model for the cumulative distribution function for 
particles with di ter y yields 

<I> ( ) . 4/3 2 
d-.. y =Cm-.. e.,. y ' (0.3.20) 

where cm.,. is a constant of the material impacted, e.,. is the strain or relative deformation in elastic 
deformation process, so that t.,. is the rate at which strain builds before going beyond the fracture 
limit. Static strain rates are typically 1 O -4 s -, , while rock blasting achieves 1 to 1O 3 s _,. With the 
impacted drum cushioning the impact on its contents, a strain rate of (0.1 O ± 0.03) s _, is assumed 
for creating the perforation. A comparison of dynamic tensile fracture strengths (Grady and 
Hallenbach, 1979) leads to an assignment of cm.,.= 100 for cemented and cm.,.= 200 for vitrified 
wastes. This is based on a comparison of the dynamic tensile strengths of oil shale, for which 
a cm.,. value is available and of several types of stone, such as sandstone, limestone and basalt. 
Although dynamic tensile fracture strength does not correlate well with the constant cm .,. for all 
materials, it can provide scaling between not too different materials (Grady, 1991 ). Treated waste 
forms, cemented or vitrified are inhomogeneous conglomerates, in many ways similar to oil 
shales, sandstones, limestones, and basalts. The uncertainties in these assignments for the 
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constant cm IC are obtained from a comaprison with the value 157 for oil shale. Assuming a range 
of 50 around the value of 100, and of 40 around the value of 200, yields error estimates of± 12 
and± 14, respectively. The standard error of the cumulative distribution function for the constant 
Cm IC is then 

(D.3.21) 

This model will be used to estimate the particle size distributions for all events resulting in the 
creation of particles from solidified wastes. 

0.3.6.2 Suspendability Ratio S, IC ~ 

In Section E.1.1.2 in Equation (E.1.20), the ratio of particles suspended in inhJable form for 
treated and untreated wastes is needed. These reduction factors for particle suspendability S, " 
are estimated here on the basis of some assumptions and t~odel discussed in the last 
section. The baseline risk assumes that a perforated drum rel ses one percent of the waste 
mass, that a fraction of 10·3 is suspended from the floor du to the activities in the Waste 
Handling Building, and that 5 percent of the to~activity is in inhalable form. The scenario 
implies that this release escapes detection by th nitoring devices. However, one percent of 
the mass of the average drum (U.S. Departmen of Energy, 1990a) is 1.5 kg, which can hardly 
escape visual detection and wiljS, efore, be treated as an incident and not lead to a routine 
exposure. In order to cancel the ence of this assumption, it will be assumed here that, in the 
baseline case, a certain undeter ined fraction of the inhalable waste which amounts to 5 percent 
of the activity is spilled from the perforation. 

In the incident ini;/.ction E.1.1.2 involving a pertorated drum with treated waste, the impact that 
creates the perforation also creates a certain fraction of the mass pulverized in particles of sizes 
below 10 µm. For diameters above 1 O µm, the fraction of particles that is inhaled drops toward 
zero. It is now assumed that, independent of treatment, the same fraction f 22 M of these particles 
is spilled on the floor and the same fraction f 24(1C) resuspended. Thus, these factors cancel in the 
ratio S, IC and the only remaining factor is the fraction f 23(") of particles with diameter below 10 µm, 

(D.3.22) 

with the inhalable fraction of the total activity of a drum f 23 (o) = 0.05 (U.S. Department of Energy 
1989b, U.S. Department of Energy 1990a). 
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TABLE D.3-4 

REDUCTION FACTORS S 1 " AND S 2 " IN SUSPENDED FRACTION OF 
INHALABLE WASTES IN AN N2 AND A C2 SCENARIO 

QUANTITY VALUE± STANDARD ERROR 

(0.9 ± 0.3) • 10 8 

(1.1±0.4). 10 8 

(1.1±0.4). 10 8 

(0.5 ± 0.2) • 10 8 

(5.4± 1.4) • 10 7 

(6.8 ± 1.8) • 10 7 

(6.8 ± 1.8) • 10 7 

(3.4 ± 0.9) • 10 7 

COMMENTS/REFERENCES 

Only 80% of drums affected 

1 
Only 80% of drums affected r S,,=S,.=S" 

The reduction factor S 1 " for the fr: 1 n of waste suspended in inhalable form is 
defined in Equation (D.3.22). 
The reduction fa~ 2 " for the fraction of waste suspended in inhalable form is 
defined in EquatiT ,~.3.24). 

D 
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D.3.6.3 Suspendability Ratio S 2 "' 

The suspendability reduction factors S 2 I( are needed in the evaluation of a C2 accident in which 
a drum falls off a forklift (see Section E.3.1.1 ). They are defined by 

& (0) & (0) & (0) 

S = 's1 's2 's3 
2 - ' 

IC f.(IC) f.(IC) f.(IC) 
61 62 63 

(D.3.23) 

where the factors in numerator and denominator are the fraction f 61 M of the material spilling out 
of the drum, the fraction f 62(1C) of that material suspended in air, and the fraction f 53(1Clof the activity 
that is in inhalable form, i.e., with diameters less than 1 O µm. The baseline scenario assumes 
25 percent of the drum's content is spilled, containing a fraction of 5% inhalable activity, and that 
a fraction of 10 · 3 is suspended due to the dynamics of the accident. In thefr of treated 
wastes, the particles are created in the accident by impact. The elastic deforma ion rate to be 
used in the impact model in the fall from the forklift is estimated at 0.05 s - 1 w th an error of 
20 percent. 

The cemented waste is fragmented, with a cumulative distributi~nction for the mass fraction 
with diameters below 1 O µm of ct> d IC ( 1 O · 5 

) = ( 1.8 ± O .5) 1 O -1 and for the vitrified waste the 
fraction is ct> d IC (10- 5

) = (3.7 ± 1.0) 10 - 10
, a~ding to Equations (0.3.20) and (D.3.21). 

Assuming the fraction of f 62M of suspended p~s below 1 O µm to be the same, and the 
fractions of waste spilled at 25 percent and 100 percent (upper limit), respectively, yields 

0) f (0) s 1 63 = 
2 IC (IC) ( ) 

fs1 ts; 

f (0) f (0) 
61 63 (D.3.24) 

Again, these reOion factors, given in Table D.3-4, are quite large, signalling an effective 
suppression of t~

1

orresponding component of the risk. 

D.3.6.4 Suspendability Ratio S 3 IC 

The suspendability reduction factors S 3 IC are needed in the evaluation of the C3 scenario in 
Section E.3.1.2. The factors are defined by 

tt. (0) 
'+' 31 

S3 = -- , IC (IC) 
<I> 31 

(D.3.25) 

where the factors <1> 31 M are the fractions of inhalable particles suspended in the accident. 
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TABLE D.3-5 

SUSPEND ABILITY REDUCTION FACTORS S 3 IC' S 10 IC' and S 33 IC 

AS A FUNCTION OF TREATMENT OPTION 

QUANTITY 

s 101 

s 102 

s 103 

s 104 

s 331 

s 33 2 

s 333 

s 334 

VALUE± STANDARD ERROR 

(6.4 ± 2.5) • 10 6 

(8.0 ± 3.1) • 10 6 

(8.0 ± 3.1) • 10 6 

(4.0 ± 1.5). 10 6 

(5.4 ± 1.4). 10 8 

(6.8 ± 1.8) • 10 8 

(6.8 ± 1.8) • 10 8 

(3.4 ± 0.9) • 10 8 

(4.0 ± 1.6). ~ 
(5.0 ± 2.0) • ~' a·o ± 2.0). 10

6 r 'f-·5 ± 1.0) • 1o
6 

COMMENTS/REFERENCES 

Only 80% of drums treated 

rnly 80% of drums treated 

Only 80% of drums treated 

R~u tion factor S 3 IC for fraction of waste suspended in inhalable form defined in 
E u ion (D.3.25). 
R uction factor S 10 IC for fraction of waste suspended in inhalable form defined in 
Equation (D.3.26). 
Reduction factor S 33 IC for fraction of wate suspended in inhalable form defined in 
Equation (D.3.27). 
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Numerical estimates for the parameters S 3 " are given in Table D.3-5 and are based on the same 
impact fragmentation as those in the two preceding sections. If the perforation is assumed to 
have been made by the tine of a forklift, two tines impacting on two drums will share the impact 
energy. The strain rate is thus estimated to be (0.7±0.2)s·1, and equation (D.3.20) yields (0.62 
± 0.24) • 10 · 8 for cemented waste and (1.24 ± 0.47) • 10-s for vitrified waste. The errors are 
calculated according to equation (D.3.21 ). 

D.3.6.5 Suspendability Ratio S 10 " 

The reduction factors S 10(") are needed in the evaluation of the C10 accidents (see 
Section E.3.1.6). They are defined there by 

1 
(D.3.26) 

where the factors f 11 (K) are again the fractions of activity suspended in inhalable form. 

These reduction factors are assumed to be ten times lower tha ~ factors S 2 " in the C2 and 
C4 scenarios. This assignment stems from the fact that the baselI~ni~halable suspended fraction 
is f P 0 = 1.25 • 1O· 4

, ten times higher than the ~r ion <1> 5(o) in the C2 scenario, yet for treated 
waste the aerosolization is assumed to be about ame. The fraction f P 0 is derived from the 
0.25 percent of the total activity which is aeros ized in the C1 O scenario (U.S. Department of 
Energy, 1990a) and the additionar.;umption that five percent of that activity is in inhalable form, 
that is, it has diameters below 1 . This is supported by the fact that no other drums are 
damaged, i.e., that it is a low-gra e overpressure explosion that essentially does not much more 
than break the con inment. 

, (0) 
11 

$10 =-' 

'

(K) 
11 

11it Ratio S 33 " 

The reduction factors S 33 " are needed in the evaluation of the C1 O scenario involving the self
ignition of pyrophoric material in a drum (see Section E.3.1.6). Therefore definition of the factor 
is again 

"' (0) 
'Y 33 ---
"' (1<) 
'Y 33 

,(0) ,(0) 
33 1 33 2 (D.3.27) 

'

(IC) '( K) 
33 1 33 2 

that is the reduction in suspendability of waste in inhalable form. These values are estimated 
from the baseline value of <I> 33(o) = 2 • 1 O - 4 given in the FSEIS, Vol. II, Table D.3.29 (U.S. 
Department of Energy, 1990a). If it is assumed that the accident modeled in the baseline case, 
essentially only mobilized radioactive fines already present in the waste and that f 332(

0
l = 0.05 of 

the activity is present in sizes smaller than 1 O µm, the suspended fraction is f 33 1 (O) = 4 • 10 -3
• 

As the mobilizing force of fire is the same in all cases, it is reasonable to assume that f 33 1 (IC) = 
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4 • 1 O -3 also. For cemented or vitrified waste, however, the small particles are no longer present 
and must be created by the impact. 

Equation (D.3.20) can be used to determine the fraction of particles below 10 µm 

'(K) = <l> ( 10-5) = c E4/3 ( 10-10) 
33 2 dlC mK K " 

(D.3.28) 

For truck accidents, higher loading rates are to be expected than from dropping or ramming 
drums, but here also, the overpack will soften the impac:t on the drum. The best estimate for 
t l( is (1.0 ± 0.3) s ·1• This yields the values given in Table D.3-5. 

D.3.7 Probability of a C1 O Accident 

A C10 accident involves the self-ignition of pyrophoric material in a drum, lea~o the drum 
bursting open and releasing toxic materials (see Section E.3.1.6). The reduction ~ctors F Pl( for 
the probability of a C1 O type event is defined by 

p(O) 

F = _10_ 
PK p(K) 

10 

(D.3.29) 

where P 10
101 is the baseline probability for self-ign·/). nd P 10(K) is that probability after treatment. 

This reduction factor is estimated on the basis t~i! pyrophoric material is not removed from 
the waste except by smelting an~ontamination in Treatment Option 4. Shredding increases 
the surface of the pyrophoric ma~i_:l',on the one hand and cementing or vitrification reduces the 
oxygen available for combustion on the other. In the model used here, no credit is taken for 
removal of orgE· because they may not be needed for ignition. It is assumed that the 
pyrophoric mate ial ill ignite in the presence of oxygen. In the baseline case, the one event in 
1.8 • 1 O 6 drum ars (U.S. Department of Energy, 1990a) will be used to assign an annual 
probability of 6 • 1o· 7 per drum. The reduction of the probability of ignition is assigned to the lack 
of oxygen to generate enough pressure to burst the drum. The reduction of connected void 
space is, therefore, assumed to be proportional to the reduction in the probability of a drum 
bursting open. Only in the case of removing the pyrophoric substance by decontamination will 
an additional reduction of the probability by a factor of 100 ± 20 be assumed. The void space 
decreases from 147 Lin the baseline case to three to five percent of the drum volume of 0.25 
m 3 , i.e., down to (1 O ± 2 L). Numerical values are listed in Table D.3-6. 

D.3.8 Emission of VOC Through Carbon Filter 

Routine emissions of VOCs through the carbon filter of the drum are discussed in Section E.4.2.1. 
The reduction factors for the routine emissions of a single drum are defined by the ratio 
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TABLE D.3-6 

VALUES FOR THE REDUCTION IN SELF-IGNITION RISK IN A C10 ACCIDENT 
AS A FUNCTION OF THE TREATMENT OPTION 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

F p1 12 ± 2 Only 80 % of drums treated 

F p2 15 ± 3 100% of drums treated 

F p3 15 ± 3 100% of Is treated 

F p4 1500 ± 400 100% of dr ms treated 

- The reduction factor for the probability of self-ig ion F P" is defined in Equation 
(D.3.29). 

D 
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(D.3.30) 

where q 1 2(rcl is the emission rate for chemical j. These ratios are estimated on the basis of the 
baseline emission rates and the rates after incineration of the wastes. The model used here 
assumes that shredding and cementing does not change the vapor pressure (saturation) in the 
void space, it just retards its attainment. The corresponding emission values q 12 tl for chemical 
j are, therefore, constant 

(0) (1) (2) 
q12j = q12/ = q12j' 

(D.3.31) 

Fc 1 i = Fc 2 j = 1 ± E , 1 (D.3.32) 

and thus 

where E is a small fraction. Due to the model assumption abo~e is set to zero. It is small 
enough to warrant this assumption without loss of accuracy in th error calculation [see equation 
(C.1.26)]. Similarly, the fact of incineration to regulatory level which requires 99.99 percent 
destruction effectiveness for organics (U.S. Envir~ental Protection Agency, 1989b) or better 
leads to r 

qgli = qj~li , (D.3.33) 

An approximation for Equation (D~) can be obtained by assuming that the quantity of organics 
in the void connected spaces is at least sufficient to maintain saturation vapor pressure and by 
taking no credit t(r'ijie safety margin that burning aims to achieve below regulatory limits. Thus 

v Fc3j = Fc4j = ( 1.0 ± 0.3) · 104 
' (D.3.34) 

None of these ratios, with a large error assigned due to the uncertainties in the assumptions 
above, depend on the compound, and the estimates for numerical values are listed in 
Table D.3-7. 

D.3.9 Ratios of VOC Mass in Headspace 

·'''!" 

. ,,. 

It if 

'"' 
Verifying the headspace of a drum in an accident leads to the emission of the gases acculnulated "11 
there. The reduction factors Fq rci for the mass of gas j in the headspace are defined by 

(0) 

F . = q,ai 
q re 1 (re) 

q,6j 

where the quantities q ,6 t) are the quantities of gas j contained in the void spaces. 
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TABLE D.3-7 

VALUES FOR THE REDUCTION FACTORS F c " 1 FOR CHEMICAL EMISSIONS 

CHEMICAL QUANTITY VALUE± ERROR COMMENTS/REFERENCES 

;r.11! 

All voes F c1 J 1±0 
considered 

F c 21 1 ± 0 

F c 3J ( 1.0 ± 0.3) • 10 4 

F c4i ( 1.0 ± 0.3) • 10 4 1 
Reduction factor for mass of gas j in headspace atreftreatment option K, according 
to Equation (D.3.35). r 

,,4,';i<f 
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The numerical values for the parameters F g IC i are again estimated by assuming a combustion 
efficiency of 99.99 percent for organics and by taking into account the reduction of connected void 
volume from 147 L to (4.0 ± 0.5) percent of the drum volume of 208 L (Butcher, 1989). The factor 
F g ICJ for alternatives K = 1 and 2 is then given by the ratio of the void volumes, and for Treatment 
Options 3 and 4 by the product of that ratio with the burn escape ratio. The numerical values are 
listed in Table D.3-8. 

D.3.1 O Location Function for Treatment Plant 

In loading and unloading the TRUPACT-11 containers, the handling crew is exposed to penetrating 
radiation from the drums. The handling is increased when the TF is located between the 
originator and the WIPP. This is taken into account by the location/function factor <I> 28 3 (J)(d.) used 
in Section E.6.3.7. Numerical values for this function are given in Table D.3-9~their errors 
in Table D.3-10. For treatment at the WIPP, one load/unload unit is incurred, q ivalent to the 
baseline risk evaluated in the FSEIS. For treatment at the originator co, the numbe of transports 
is reduced by the transportation reduction factor F 1 IC of the tre~tm nt option. For the location 
options with regional treatment facilities, outside suppliers incur o unit of loading and unloading 
of wastes "as received" and one unit reduced by the volume red ti on factor F, IC of the treatment 
option. This evaluation is based on the assumption that the ALA A concept is fully implemented, 
minimizing both doses and dose-rates for the sh;:.· ents reduced by the factor F 1 IC the higher 
dose-rates will then be reduced by different he and safety protocols, leaving the gain in 
exposure reduction intact. 

D.3.11 Extension Function for S e Time 

The personnel i~n warehouse used for temporary storage of the drums until they can be 
transported is ex os d to additional penetrating radiation if the frequency of transports decreases 
due to treatment is effect is taken into account in Section E.6.3.8, where the time extension 
function <l> 292 (J)(d.) is used. Effective use of the ALARA concept is again assumed, leading to the 
same dose rates, but longer storage times lead to a proportionate increase in dose. 

For the time extension functions <I> 29 n(d.l, the model assumes that for treatment at the originator, 
no additional storage is incurred except that mandated by the volume reduction, i.e., the additional 
time required to fill the 42 drums in a TRUPACT-11 transport measured in units of the baseline 
storage time ~ts , 

""' (!CA.) F 
'V 29 2 (J) = llC • 

(D.3.36) 

For treatment at the WIPP site, the storage time is again that of the baseline case, ~ts· For an 
originator going to a regional treatment facility and from there to the WIPP, the storage time at 
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TABLE 0.3-8 

VALUES FOR THE REDUCTION FACTORS F g IC 1 FOR CHEMICAL EMISSIONS 

'" 

VALUE± COMMENTS/ 
CHEMICAL QUANTITY STANDARD ERROR REFERENCES 

All five F g1 J 17.7 ± 2.2 
chemicals 

F g 2J 17.7 ± 2.2 

F g 3J (1.8 ± 0.2). 10 5 

F g4J (1.8 ± 0.2). 10 5 

IA•! 

Ii\<'~· 

,~~ 

, .... D 
"'' 
,.,., 

.... 

... 
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TABLE 0.3-9 

LOCATION FUNCTION <I> 28 am<KA.> 

ORIGINATOR ro A. <I> 28 3 Q) 

(id.) ORIGINATOR ro A. Cl> 28 3 Q) 

(id.) 

Idaho National 1 1 1 Oak Ridge 6 1 1 
Engineering 1 2 1/F t IC National 6 2 1 
Laboratory, 1 3 1/F t IC Laboratory, 6 3 1 + 1/F t IC 

Idaho 1 4 1/F t IC Tennessee 6 4 1/F t IC 

Rocky Flats 2 1 Nevada Test 7 11 
Plant, Colorado 2 2 1/F t IC Site, Nevada 7 2 

2 3 1/F t IC r 7 3 
2 4 1/F t IC 7 4 

Hanford 3 1 /J:;,rgonne National 8 1 
Reservation, 3 2 1 + 1/F t IC boratory - 8 2 
Washington 3 3 1/F t IC East, Illinois 8 3 1 + 1/F t IC 

3 4 ~IF,. 8 4 1 

Savannah River 4 1 1 Lawrence 9 1 
Site, South Q 2 1 Livermore 9 2 
Carolina 3 1/F t IC National 9 3 

4 1/F t IC Laboratory, 9 4 
California 

Los Alamos 5 1 1 Mound 10 1 1 
National 5 2 1 Laboratory, Ohio 10 2 1 
Laboratory, 5 3 1 10 3 1 + 1/F t IC 

New Mexico 5 4 1/F t IC 10 4 1 

The location function <I> 28 3 00
<1C 1..) evaluates the increase in handling after treatment K 

of the wastes at location A.. 
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TABLE D.3-10 

STANDARD ERRORS OF LOCATION FUNCTION Ll <I> 28 3 co(id.) .... 

ORIGINATOR (I) A. Ll <I> (IC A.) ORIGINATOR (I) A. Ll<I> 28 3 co 
(ICA.) 

28 3 co 

Idaho National 1 1 0 Oak Ridge 6 1 0 
Engineering 1 2 A National 6 2 0 
Laboratory, 1 3 A Laboratory, 6 3 A 
Idaho 1 4 A Tennessee 6 4 A 

Rocky Flats 2 1 0 Nevada Test 7 ~1 0 
Plant, Colorado 2 2 A Site, Nevada 7 0 

2 3 A 7 3 0 
2 4 A r 7 4 0 

Hanford 3 1 0 Argonne 8 1 0 
Reservation, 3 2 A p.. National 8 2 0 
Washington 3 3 A Laboratory - 8 3 A 

3 4 A East, Illinois 8 4 0 

Savannah River 4 1 f3 Lawrence 9 1 0 
Site, South 

D 
2 0 Livermore 9 2 0 

Carolina 3 A National 9 3 0 
4 A Laboratory, 9 4 0 

California 

Los Alamos 5 1 0 Mound 10 0 
National 5 2 0 Laboratory, 10 2 0 
Laboratory, 5 3 0 Ohio 10 3 A 
New Mexico 5 4 A 10 4 0 

A = LlF t IC I F t IC 
2 
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the originator remains the same, but the storage time at the treatment facility has to be added. 
It consists of pre-treatment storage assumed to be 1/2 ~ts and post-treatment storage assumed 
to be 1/2 ~ts F 1 IC" Thus the total time is <I> 29 2 ro(KA.l~t s with the functions are tabulated in Table 
D.3-11 and their errors in Table D.3-12. 

D.4.1 Models For Treatment Operations 

D.4.1.1 Occupational Accidents 

Occupational fatalities and injuries in various industries are published by the U. S. Department 
of Labor (1986, 1990). For the evaluation of risks of workers in the WHB or the TF, data for 
warehouse workers were used. The average annual rate of injuries per worker over the years 
1987 and 1988 is 6.6 1o- 2 with an error of 5 percent (Tables 3 and A-1 of Ref·~ U.S. apartment 
of Labor, 1990). For fatalities, the same report provides data for the years 19 and 1988 for 
transportation and public utility workers. The average annual rate of occupational f alities is 1.29 
10 -4 with a standard error estimated to be about 1 O percent. 

D.4.1.2 Forklift Accidents 

Forklift accidents are particularly severe occup;;,ai al events. Although they make up only 1 
percent of the accident incidence, they are res ible for 10 percent of the workdays lost 
(U.S. Department of Labor, 1986). For occupati al injuries, the incidence of these accidents is 
separated from the incidence of Eral occupational injuries and considered separately with a 
ten times higher risk coefficient. rationale for this decision is that severe accidents are ten 
times more likely, but disappear i the statistical averaging in the tables. For fatalities, the same 
procedure is adopted, using the rationale that if accidental injuries are ten times more severe, 
fatalities are likeltybe ten times more frequent. 

D.4.2 Manpower Needs for Treatment 

1• 
ltf! 

111f! 

Uli 

Ut 

•• 
• 11 

•• 
•• 
•• 

""' 

The manpower requirements to treat one drum of waste form w in device u are needed in Section ... 
F.4.1.1. The quantity <!> 57 l((w u) denotes that effort measured in manhours expended, 

(wv) _ N (v) 
<l>s1" = 'Tlw 06 fs1 · 

(D.4.1) 

Here Tlw is the wasteform weight defined in Equation (D.3.5), N 06 is the manpower to handle one 
drum (Table D.2-1 ), and t 5 7 k(vl is the time required for the operation of device v. The associated 
standard error is approximated by the largest contribution 
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TABLE D.3-11 

TIME EXTENSION FUNCTION <I> 29 2 ,}IC '-l 
',. 

ORIGINATOR (1) A. <I> (ICA.) 
29 2 (I) 

ORIGINATOR (1) A. <I> (ICA.) 
29 2 (I) 

. ; 

Idaho National 1 1 1 Oak Ridge 6 1 1 
Engineering 1 2 FtlC National 6 2 1 
Laboratory, 1 3 FtlC Laboratory, 6 3 1 + 1 /2 ( 1 + F t IC ) 
Idaho 1 4 FtlC Tennessee 6 4 F,IC 

Rocky Flats 2 1 1 Nevada Test 7 1 1 1 
Plant, 2 2 Ft IC Site, Nevada 7 2 1 
Colorado 2 3 F !IC 7 3 1 

2 4 Ft IC r 7 4 1 

"' Hanford 3 1 1 Argonne 8 1 1 
Reservation, 3 2 1 + 1/2(1 + F 11C) Aational 8 2 1 
Washington 3 3 Ft IC aboratory - 8 3 1+1/2(1+F 1J 

3 4 

~ 
East, Illinois 8 4 1 

.. Savannah 4 1 Lawrence 9 1 1 
River Site, 

~~ 
Livermore 9 2 1 

'ciJt"Ji 

South F !IC National 9 3 1 
Carolina F,IC Laboratory, 9 4 1 

California 

toe>n 

Los Alamos 5 1 1 Mound 10 1 1 
National 5 2 1 Laboratory, 10 2 1 
Laboratory, 5 3 1 Ohio 10 3 1+1/2(1+F 11C) 
New Mexico 5 4 Ft IC 10 4 1 

·~· 

,tH The time extension function <I> 29 2 (l)(icA.) evaluates the extension of the total storage time due 
to treatment ic of the waste at location A. according to Equations (D.3.36) and (D.3.37) . 

.i.·H 
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TABLE 0.3-12 
1,~ll 

ERROR OF THE TIME EXTENSION FUNCTION d <l> 29 2 "'<I( A.J 
'f'!' 

i~tl 

•1!11 

ORIGINATOR co A. d <l> (!CA.) 
29 2 (J) 

ORIGINATOR co A. d<l> (!CA.) 
29 2 (J) 411 

1111!1 

Idaho National 1 1 0 Oak Ridge 6 1 0 
;Jiil 

Engineering 1 2 d F 1 1( National 6 2 0 
Laboratory, 1 3 d F 1 1( Laboratory, 6 3 1/2dF 1 1( 

"~ Idaho 1 4 d F 1 1( Tennessee 6 41 d F 1 1( 

itli 

Rocky Flats 2 1 0 Nevada Test 7 0 
'!IF 

1 
Plant, Colorado 2 2 d F 1 " site. Nevp:- 7 2 0 'ill~ 

2 3 d F 1 1( 7 3 0 
2 4 d F 1 " 7 4 0 ···~ 

, 1il!I 

Hanford 3 1 0 /> Argonne 8 1 0 I'{!! 

Reservation, 3 2 1/2 d F 1 1( National 8 2 0 11il 

Washington 3 3 

~: 
Laboratory - 8 3 1/2 dF t IC 

3 4 East, Illinois 8 4 0 "'! 
I 111 

Savannah Rivero: 1 0 Lawrence 9 1 0 ''fl 
Site, South 4 2 0 Livermore 9 2 0 
Carolina 4 3 d F 1 1( National 9 3 0 iit&r 

4 4 d F 1 1( Laboratory, 9 4 0 
California 

11111: 

Ii•• 

Los Alamos 5 1 0 Mound 10 1 0 ~It 

National 5 2 0 Laboratory, 10 2 0 !iii 

Laboratory, New 5 3 0 Ohio 10 3 1/2dF 1 1( 

Mexico 5 4 d F 1 1( 10 4 0 "'' 
•11i 

,q 

ll il 

,11, 

11111 

t! 'I 
( 
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(D.4.2) 

The numerical values derived for the effort <1> 57 "'(w v) and its error which are needed in 
Section F.4.1.1, are tabulated in Table 0.4-1. The two entries with footnotes are due to the ashes 
from incineration being added to the cementation and vitrification flow. 

D.4.3 Manpower for Maintenance 

The manpower needed for maintenance, defined by the manpower factor 

<J>~:icv) = llw No(7 <l>~;)ic d~) • ..,.(' (D.4.3) 

where the quantities 11 w are the waste fractions given in Equation (0.3.5), N 0 ti fhe number of 
persons needed for maintenance, <1> 58 "M the number of maintenance operations needed annually, 
and t 58(v) the time needed for maintenance of device v. Allrthese values are given in 
Table D.2-1 and their product is listed in Table D.4-2. Again, otnotes identify ashes being 
cemented or vitrified. 

D.4.4 Releases Into Device Containment j>. 
Some of the treatment devices a~e · ely to generate inert and radioactive breakup particles and 
suspended particles. Although treatment apparatus must contain self-cleaning devices, a 
certain fraction will adhere to surf ces, leading to direct exposures to penetrating radiations during 
maintenance. The release fraction f 58 2(w v) is estimated for the baseline case (v= 0) from the 
releases arisin~go punctured drums during the process of assay and certification. It is 
assumed that t tire release postulated in the FSEIS for such an event occurs during the 
assay and certif cation phase. The baseline case assumes that only a fraction of 1 O · 3 of the 
drums is perforated and releases one percent of its total mass. It is assumed here that the 
release thus contains a fraction of 1o· 5 of a drum mass per drum handled. For the other devices, 
it is assumed that health and safety concerns, particularly for maintenance, are the driving factors. 
Releases, therefore, have to be kept low, in order to keep maintenance frequency and the 
radiation dose budget of the maintenance crew low. The relatively large uncertainties in the 
release factors are accounted for by using a broad symmetrical Gaussian distribution but pushing 
it toward the upper limit of the range estimated for the quantity. The numerical values estimated 
for the release fractions are listed in Table D.4-3. 
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~I AVERAGE EFFORT cp sh.1"''" PER DRUM (IN MAN-HOURS) 
:J" ON DEVICE v FOR TREATING WASTEFORM w IN ALTERNATIVE K 3 
CD a 
0 

I 

ASSAY ~ORT SHRED CEMENT INCINERATE SMELT VITRIFY 
* I 0 1 2 3 4 5 6 lC w v 

0 1 0.12 0 0 0 0 0 0 
2 0.24 0 0 0 0 0 0 
3 0.24 o~ 0 0 0 0 0 

1 1 0.12 0 0 0 0 0 0 
2 0.24 0 0.4 0.24 0 0 0 .. 3 0.24 0 0.4 0.24 0 0 0 

~ 

~ 
2 1 0.12 0 

~ 
0.12 0 0 0 

2 0.24 0 0.24 0 0 0 
3 0.24 0 0.4 0.24 0 0 0 

3 1 0.12 0 0 0.12 0 0 0 0 
0 

2 0.24 0.6 0.4 o.osa 0.12 0 0 m 
~ 

3 0.24 0.6 0.4 ~24 0 0 0 =o 
-0 
ID 

4 1 0.12 0 0 0 0 0 0.4 
~ 

6 
2 0.24 0.6 0.4 0 0.12 0 0.267 b 

0 
:.J 

3 0.24 0.6 0.4 0 0 3.2 0 JJ 
m 
< 
(ii 

* w = 1: sludges; : 0.24 I f c 3 = O.O~ent ash. 6 
w = 2: combustibles; 

z 
0.8 I f c 3 = o.o , v1 rr ash. _!\) 

w = 3: glass/metals. )> 
-0 
~ 
r 
~ 

'° ~ 
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~ TABLE 0.4-2 
g, 
)( 

;:: AVERAGE ANNUAL MAINTENANCE EFFORT cp sa l(<wu>(IN MAN-YEARS} 
~ ON DEVICE u FOR TREATING WASTEFORM w IN ALTERNATIVE K 
::r 
3 
CD a 
0 I ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 

K w* v 0 1 2 3 4 5 6 

0 1 0.37 0 ~ 0 0 0 0 0 
2 0.74 0 A.) 0 0 0 0 0 
3 0.74 0 0 0 0 0 0 

1 1 0.38 0 0 0 0 0 0 
2 0.76 0 1.90 0.38 0 0 0 

ii 3 0.76 0 ~ 0.38 0 0 0 

2 1 0.38 0 ~ 0.19 0 0 0 
2 0.76 0 1.90 0.38 0 0 0 
3 0. 76 0 1.90 0.38 0 0 0 0 

0 
m 

3 1 0.38 0 0 ~19 0 0 0 ~ 
2 0.76 0.76 1.90 ~-fii a 0.37 0 0 ~ 
3 0.76 0.76 1.90 0.38 0 0 0 ~ 

6 
0 ...,, 

4 1 0.38 0 0 0 0 0 0.94 ":a 
2 0.76 0.76 1.90 0 0.37 0 0.63 b ~ 
3 0.76 0.76 1.90 0 ~ 0 18.9 0 ~ 

\ z 
• w = 1 : sludges; a Cement ash from incineration. I ~ 

w = 2: combustibles; b Vitrify ash from incineration. I ~ 
w = 3: glass/metals. I ~ 

(() 
(() 

,, 
"'. 
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FRACTION f592<wu> OF THE WASTE RELEASED INTO THE CONTAINMENT OF DEVICE u -
)> 
::i 
Ill 
0 
::I" 
3 
CD 
a 
0 

ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 
K w* I v 0 1 2 3 4 5 6 

0 1 A 

~~ 
0 0 0 0 0 

2 A 0 0 0 0 0 
3 A 0 0 0 0 0 0 

1 1 A 0 0 0 0 0 0 
2 A 0 c c 0 0 0 

~ 

3 A 0 i> c 0 0 0 w 
O> 

2 1 A 0 c 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 c c 0 0 0 

0 
0 

3 1 A 0 0 \{a 0 0 0 
m 
~ 

2 A c c c 0 0 =ti 
""O 

3 A c c c 0 0 0 ~ 
6 
0 

4 1 A 0 0 0 0 0 c -" 
2 A c c 0 c Bb :a 

0 m 
< 

3 A c c 0 

~ 
0 c 0 Cii 

0 
z 

* w = 1: sludges; A= (1.0 ± 0.3) • 10· 5 a Cement ash from incineration !'> 
)> 

w = 2: combustibles; B = ( 1. 0 ± 0 .3) • 10 -4 
b Vitrify ash from incineration ""O 

:a 
w = 3: glass/metals. c = ( 1 .0 ± 0.3) • 10 3 ;=: 

-6 

ID 

~ 
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D.4.5 Releases From Containment 

A certain fraction of the waste suspended in the containment device v is assumed to penetrate 
airlocks and reach the air inside the treatment unit (see Section F.3.2.1.1 ). The quantity f 59 " (v) 

is the fraction of waste in form w suspended and released from containment in inhalable form due 
to treatment v in alternative K. This release fraction for every drum treated is estimated to be 
1o- 9 in the drum. In Table D.4-4, the fraction of the drums treated at each device and the fraction 
escaping from containment are listed. 

D.4.6 Suspension During Maintenance 

During maintenance and deconamination, a certain fraction of the contamination is resuspended 
(see Section F.3.2.2.1 ). The fraction f 603(wv) of the waste which is resuspended during cleanup 
of device v is a quantity needed in that part of the risk assessment. ~ 

Numerical values of fractions f 60 3(w v) which are needed in the following are given i~ Table D.4-5. 
The baseline value here assumes that in maintenance operationt:fraction of about (1.0 ± 0.3) 
1 O - 4 is resuspended. Similarly, the values from Table D.4-4 r multiplied with this factor to 
assess the activity remobilized during maintenance. The standa d errors of the combination are 
estimated in the Gaussian approximation. 

For shredding and sorting, the ~s and the liners and wrappings are opened, letting all 
accumulated gases escape. Thf g\s release function <I> 61 /IC l for agent j and alternative K, is 
defined by 

D <I> (0) 
F = 61 j 

f!Cj - -(IC-) ' 

<I> 61 j 

(D.4.4) 

where the functions <I> 61 / "l account for the gas releases from the void space. Also accounted 
for are the fractions of drums not opened (sludges in Treatment Option 1 ). The baseline releases 
are taken to be those through the carbon filter on the drum during the assay and certification 
process. Table D.4-6 lists, in the second column, the release rates for the five chemical agents 
given in Table 5.35 of the FSEIS (U.S. Department of Energy, 1990a). During the 0.2 hours of 
the process, the mass of gas given in the third column is released. The concentrations of the 
chemicals in the void space of the drums (147 liters) are taken from Table 5.33 of the FSEIS 
(U.S. Department of Energy, 1990a) and are given in the next column together with the total mass 
of gas for agent j. 
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TABLE D.4-4 

FRACTION f59 KM OF WASTE ACTIVITY SUSPENDED 
AND RELEASED FROM CONTAINMENT OF DEVICE u 

FRACTION f 59 •
1•l OF WASTE ACTIVITY 

TREATMENT OPTION 

FRACTION OF 41,000 DRUMS 
HANDLED ANNUALLY (PERCENT) 

TREATMENT I TREATMENT OPTION 
v Operation O 1 2 3 4 0 2 3 4 

0 Assay 100 100 100 100 100 (1.0-± 0.3)•10" 5 (1.0 ± 0.3)•10 -5 (1.0 ± 0.3)•10. 5 (1.0 ± 0.3)•10 -5 (1.0 ± 0.3)•10 -5 

Sort 0 0 0 80 80 0 0 0 (0.8 ± 0.3)•10" 9 (0.8 ± 0.3)•10" 9 

2 Shred 0 80 80 40 0 0 ~-8 ± 0.3)•10 ' (0.8 ± 0.3)•10"' (0.4 ± 0.1)•10"' (0.8 ± 0.3)•10"' 

3 Cement 0 80 100 80a 0 0 (0.8 ± 0.3)•10 -9 (1.0 ± 0.3)•10" 9 (0.8 ± 0.3)•10 -9 (0.4 ± 0.1 )•10 -9 

4 Incinerate I 0 0 0 40 40 I 0 0 0 (0.4 ± 0.1)•10" 9 0 

I 40 I 
0 

5 Smelt 0 0 0 0 0 0 0 0 (0.4 ± 0.1)•10" 9 ffi 

~ ~ 
6 Vitrify I 0 0 0 0 24 b I 0 0 0 'ti 

9 -0 
(0.24 ± 0.07)•10 ~ 

6 
0 
:" 

a Cement ash from combustibles. :n 
m 

b Vitrify ash from combustibles. < 

~ 
Ui 
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TABLE D.4-5 

~ ! ~ 
~ 

' 

FRACTION OF f603
1wu> OF THE WASTE RELEASED WHICH IS RESUSPENDED IN MAINTENANCE OPERATIONS 

I ASSAY SORT SHRED CEMENT INCINERATE SMELT VITRIFY 
w• v 0 1 2 3 4 5 6 

1 A 
~~ 

0 0 0 0 0 
2 A 0 0 0 0 0 
3 A 0 0 0 0 0 0 

1 A 0 0 0 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 

~ 
c 0 0 0 

1 A 0 c 0 0 0 
2 A 0 c c 0 0 0 
3 A 0 c c 0 0 0 

1 A 0 0 c 0 0 0 
2 A c 0 ~ c 0 0 
3 A c c 0 0 0 

1 A 0 0 0 0 0 c 
2 A c 0 0 c 0 Bb 

3 A c 0 0 0 c 0 

• w = 1: sludges; A= (1.0 ± 0.3) • 10· 9 ~ment ash from incineration 
w = 2: combustibles; B = (1.0 ± 0.3) • 10-s b Vitrify ash from incineration 
w = 3; glass/metals. c = (1.0 ± 0.3) • 10 - 7 
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TABLE D.4-6 

DATA ON RELEASE RATES AND MASS OF GASES IN DRUMS 

Sd 
RELEASE OF GAS MASS OF GAS 

RELEASE RATE MASS CONCENTRATION IN VOID 
CHEMICAL (g/s) a (g) b (g/L) c (g) 

Methylene chloride 2.3. 10-8 1.7·1~ 1.9. 10- 3 0.28 

Carbon 
tetrachloride 

Trichloro
ethylene 

7.8. 10- 9 

9.3. 10- 9 

5.6. 10- 6 

6.7. 10- 6 

0.5. 10- 3 0.074 

~0.7 -10- 3 0.10 

1, 1, 1-trichloroethane 1.7·10- 7 1.2 • 10 -4 13·10- 3 1.94 

1.4. 10- 8 1.0 • 10 -5 1.2 • 10- 3 0.18 

\\ Average 

Freon 

a From Table 5.35 of the FSEIS (U.S. Department of Energy, 1990a); this is the rate q 12 /
01

• 

b Mass released in the assay time of 0-2 hours. ~-
c From Table 5.33 of the FSEIS (U.S. Department of Energy, 1990a)~ q 16 /°1-

~ !'' '! !!' ':! !' "! !' '! . . !' .. !'' . !!' -~ ~ "!! I! ".'! I!' .. !!' "! 

·• '"' ,.; - - - - - .. .... .. _,,,,,. - ... -- - .... ... .. """ ;;. ,,w 
!! '.'!! - ... 

RELEASE 
FRACTION 

(12 min) 

5.9. 10 · 3 

7.6. 10· 5 

6.5. 10- 5 

6.3. 10 · 5 

5.7. 10- 5 

(6.4 ± 0.7). 10· 5 

et '.'!! !!' "'!! . , -· ... , . ..,, .,,. .. 

0 
0 m 
~ 
=ti 
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~ 
6 
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As expected for the slow, diffusion-limited gas release in the baseline case, the fraction of the 
total gas released in a short time is independent of the agent, with an average value of 
(6.4 ± 0.7) • 10· 5

• In Table D.4-7, the values for the reduction factors for gas release F r1eJ are 
listed. These values show the dramatic increase in releases due to handling, and demonstrate 
that the release reduction factors and, thus, the risk reduction factors are independent of the 
chemical considered. No aggregation is, therefore, needed. 

D.5 HUMAN INTRUSION SCENARIOS 

D.5.1 Radioactivity in Cuttings Brought to Surface 

Drill cuttings brought to the surface in a human intrusion scenario will contain radioisotopes if the 
repository is intersected. The activity mobilized and transported to the surface for different 
treatments of waste is reduced by a factor /("' 

<I> (0) I 
F = 40 , ( D .5 .1) 

aK -(K-) ' 

<1>401 c 
where the function <I> 40 , M is the time average of the activit~ brought to the surface. An 
approximation by a step function leads to a value~en by the total activity mobilized. The total 
activity mobilized is evaluated for baseline and alt ive waste using the methodology described 
in Section 8.22 of Appendix 8. The resulting v lues for Fa l( are given in Table D.5-1. They 
range from about 4 for Level II tr.E2.ents down to about 2 for Treatment Option 3 and to a risk 
increase by a factor of about 2 fr "eatment Option 4. 

D.5.2 Radioactivi 

After the drill ho plugged, the connection to the Culebra aquifer may still exist, or will when 
the hole casing corrodes. This contamination depends not only on waste treatment but also on 
the drilling scenario. 

D.5.2.1 The E1 Human Intrusion Scenario 

In this scenario, both the repository and a brine pocket in the Castile formation are penetrated. 
After plugging the hole, contaminated brine can still reach the Culebra aquifer, a stock well, and 
man via the consumption of beef. The concentration of radioactivity in the stock well and, 
therefore, in the beef, depends on the rate with which the activity is mobilized in the repository 
and transported to the Culebra aquifer. The reduction factor for this long-term mobilization and 
transport rate <I> 46 , ( I( 

1 is 
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TABLE D.4-7 

REDUCTION FACTOR F rkJ FOR RELEASE OF AGENT j 

ALTERNATIVE FRACTION OF RELEASE REDUCTION FACTOR 
1( DRUMS OPENED FRACTION F rkJ 

0 0.0 * (6.4 ± 0.7) • 10. 5 

1 0.8 0.8 (5.1±0.6).10 ·S 

2 1.0 1.0 (6.4± 0.71"' 
3 1.0 1.0 (6.4 ± 0.7). 10· 5 

4 1.0 1.0 ( (6.4 ± 0.7). 10 ., 

* No drums opened routinely. Emission is ttf\. of drum releases through vent 
during 0.2 hours r .,, 

D 
f!'f 

'"' 
fllf 

i1>I 
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Appendix I, Attachment D 1-142 

fl'! 

.... 



""' 

. .., 

,,.., 

Jt::d 

,,.,,, 

"'" 
, .... 

... 

-

DOE/WIPP 91-007, REVISION 1, MARCH 1991 

TABLE D.5-1 

REDUCTION FACTORS FOR MOBILIZED ACTIVITIES 

QUANTITY 

F a1 

F a2 

Fa 3 

F a4 

D 

Appendix I, Attachment D 

VALUE± STANDARD ERROR 

3.9 ± 0.5 

4.0 ± 0.5 

2.4 ± 0.5 

0.48 ± 0.5 
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""'(0) 
'V45 1 

FblC =-- · 
lh (IC) 
'V45 1 

(D.5.2) 

The solution to the two-dimensional equation governing tantaminant migration in unfirm 
unidirectional flow from a continuous point source without adsorption or radioactive decay states 
that the activity concentration in the stock well is proportional to the product of the total 
radionuclide activity concentration entering the Culebra and the injection rate entering the Culebra 
(Walton, 1989). The total radionuclide activity concentration entering the Culebra was calculated 
by using 

(D.5.3) 

where 

Qr = Total activity concentration entering the Guieb ~ 
s a = Solubility of radionuclide i in brine (g m - 3

) ( ev?luated in subroutine 
RADSOLU8 of the Design Ana~y Model, Section 8.21 of Appendix 8), 

q a = Specific activity of radionuclide . . g - 1 
) , 

ct>w = Flowrate of brine through the aste/backfill composite (m 3 s -1
), and 

ct> 1 = Total steady-st'01jection rate entering the Culebra (m 3 s -, ). 

The steady-state flowrates ct> w a~ ~1 are evaluated through parametric equations in subroutine 
ISE1 of the Desi~nalysis Model as described in Section 8.23. The numerical values for F bk 

are given in Tabr:.J'5-2 with their geometric standard deviations. 

D.5.2.2 The E2 Human Intrusion Scenario 

In this scenario, only the repository is penetrated. The reduction factor for the long-term 
mobilization and transport rate ct> 47 , M is 

(D.5.4) 

The release of activity from a panel to the Culebra was assumed to occur as a slug point source. 
The solution to the two-dimensional equation governing contaminant migration in uniform one
directional flow from a slug point source without adsorption or radioactive decay indicates that the 
concentration at the stock well is proportional to the total activity injected into the Culebra 
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TABLE D.5-2 

REDUCTION FACTORS FOR MOBILIZED ACTIVITIES 

, .. 
SCENARIO QUANTITY VALUE GSD 

'~· E1 F b1 9.5•10 3 (20) 
F b2 9.5•10 3 (20) 
F b3 9.7 • 10 3 (20) 

•1'<11 

F b4 10.7 10 3 (20) 

'll<4i E2 F C1 1.0 

~t F c 2 1 .1 
F c 3 0.8 (5) 
F C4 7.0 (50) 

E1E2 F d 1 6. 10 5 r (80) 
F d 2 8. 10 5 (60) 
F d 3 2. 10 6 (80) 
F d 4 p. 2. 10 8 (40) 

G.S.D. - Geometri~tandard Deviation. 

D 
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(Walton, 1989). The numerical values for F c" are given in Table D.5-2 with their geometric 
standard deviations. 

D.5.2.3 The E1 E2 Human Intrusion Scenario 

In this scenario, an E1 event is postulated to occur first, then an E2 event into the repressurized 
repository. Thus, both drill holes will, after plugging, connect to the Culebra aquifer. The 
reduction factor for the long-term mobilization and transport rate <l> 48 , M is 

m. (0) 
"'4s i 

Fd" = -- . 
"" (IC) 'V48, 

(D.5.5) 

The activity concentration entering the Culebra for an alternative was assumed toWndependent 
of an alternative and equal to the saturation activity concentration. Thus the risk ~~uction factor 
f c" was calculated as the ratio of the volume of contaminated brine released to tHe Culebra for 
the baseline design to the total volume of contaminated brin~leased to the Culebra for 
alternative JC. Numerical values are given in Table D.5-2. r 

D 
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ATTACHMENT E 

ROUTINE AND ACCIDENT RISKS OF TRANSPORTING, HANDLING, 
AND EMPLACING CH TRU WASTE 

E.1 CANCER RISKS FROM ROUTINE INTERNAL EXPOSURES TO IONIZING RADIATION 

E.1.1 Basic Considerations 

The risks discussed in this section are risks associated with the inhalation of alpha, beta, and 
gamma emitters. Committed Effective Dose Equivalents (CEDE) are calculated and used to 
estimate the global lifetime cancer risks using the methodology and the data provided in ICAP 26 
and ICAP 30 (International Commission on Radiological Protection, 1977 and 11 
To determine the different risks of releases, it is essential to understand that the occupational and 
the public risks arise from the same source term, defined EQ ik) } for scenario i and 
treatment/location option k == (K, A.). This source term is denoted he formulae by the quantity 
in braces. Occupational and public risks are distinguished by diff rent exposure conditions. For 
the occupational risks, the factor f axp(k) takes into a~ount the conditions of the exposure and the 
factor f dos(kl accounts for the dosimetry conditions t e average worker. In order to convert the 
CEDE to risk in terms of latent cancer fatalities, t e risk factor a 1 must be incorporated into the 
risk formula as a cancer risk coeff~t. The basic form for the occupational cancer risk formula 
(denoted by subscript 'o') is then rfollowing 

R,
0

1< = { O)l<l} f~:~ f~~~ a
1 

• (E.1.1) 

The public canceOk formula has the same source term {Q i(k) } and cancer risk coefficient a, 
as Equation (E.1.G-r.

1

The factor f dap(k) accounts for the depletion of activity before the filter duct. 
The factor f ram(k) accounts for the removal efficiency of the high efficiency particulate air (HEPA) 
filters in the Waste Handling Buildling (WHB) or Treatment Facility (TF). The factor <I> i dd(K) 

describes the environmental dispersion from the source to the various receptors via different 
pathways and the dosimetry for each receptor. This factor also accounts for the accumulation 
of a 50-year CEDE according to the computer code AIRDOS (Moore et al., 1979). The basic form 
for the public cancer risk formula (denoted by subscript 'p') is, therefore, given as: 

R { Q (k) } f(k) (k) (k) 
ipk = i dep frem <l>idd a1 . (E.1.2) 

The function <l>idd(k) also incorporates different types and properties of all ionizing radiations in the 
source term. Further, via AIRDOS, the doses for all exposed members of the public are 
incorporated into this function. From an inspection of Equations (E.1.1) and (E.1.2), it follows that 
the risk reduction factors (i.e., the inverse of the relative risks) remain the same for occupational 
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and public risks, provided there is rio change with alternative kin the quantities of the risk formula 
other than the source term {Q ikl }. 

There are four major health effects arising from internal radiation exposures: acute radiation 
syndrome; somatic effects other than cancer; and cancer and genetic effects. In the risk 
assessments of the FSEIS (U.S. Department of Energy, 1990a) and FSAR (U.S. Department of 
Energy, 1989a}, the acute radiation syndrome is only postulated to occur in transportation 
accidents of severity category VIII (RADTRAN; Madsen et al., 1986). Somatic effects, mostly 
manifested as a shortening of the lifespan, are well known from animal experiments, but human 
data are lacking for the quantification of risk. The risks of cancer and genetic damage are 
assumed to be proportional to different parts of the CEDE. Assuming different dosimetry factors 
in Equations (E.1.1) and (E.1.2) and a risk coefficient b 1 for genetic effects shows that, for 
scenarios in which only the source term changes with the alternatives, the risk r~ion factors 
are the same, f 

(ca) (gen) 
Piok = Piok 

(E.1.3) 
(ca) (gen) 

Pipk = Pipk · 

In order to simplify the equations and keep the~ber of equations as low as possible, the 
superscripts (ca) and (gen) will not be carried ex · · y in the formulae. It should be noted that 
all quantified risks will be given in terms of per y ar of operation. 

For the routine operations addresf.2n this section, it is assumed that the quantity and dispersion 
of contamination is low and subt~e'

1 

enough so that the radiation monitors, particularly the 
Continuous Air M~· ors (CAMs) are not triggered and that normal work without special protection 
(respirators) cont nu s. This assumption results in the low-level chronic exposures implied by the 
scenarios. Once CAMs or other monitors are triggered, the workers don respirators and leave 
the area according to Health and Safety instructions, thereby ending the exposure. Such 
incidents are treated as accidents in Section E.3. 

E.1.2 Risk From Routine Internal Exposures in an N 1 Scenario 

In Scenario N1, a fraction of surface contamination of the drums allowable under the Waste 
Acceptance Criteria (WAC) (U.S. Department of Energy, 1989b) is mobilized by the handling of 
the contaminated drums and is suspended in air. Assuming constant handling activities, 
instantaneous mixing, and homogeneous distribution within the WHB, the specific activity in air 
is estimated to be at its equilibrium level. The inhalation over eight hours per workday, the 
deposition of particles in lung, and the dosimetry leading to effective dose equivalents are 
described by corresponding factors in the risk equation. The dose-effect relationship for cancer 
or genetic effects is assumed to be of the linear, no-threshold type. These risks do not depend 
on the location index A.; they vary only with treatment K. It is assumed that nobody dons a 
respirator and there is no alarm sounded by the CAMs. 
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With these assumptions, Scenario N1 leads to Risk Component 1, with four subcomponents: 
occupational and public, cancer and genetic. Using the symbols 

n r (IC) = Number of drums handled routinely per year (yr "1), 
f, , (IC) = Fraction of drums externally contaminated, 
f, 2M = Suspended, inhalable fraction of surface activity, 
q /ICl = Total alpha surface activity per drum (Bq), 
L, = Annual ventilation volume in the building (m3

}, 

V, = Annual breathing volume of worker (m3
), 

f, 3(1C) = Fraction of inhalable airborne particles deposited in lung, 
f, 4 a(IC) = Fraction of type a radiation in total activity, 
<I> , , a(IC) = Dosimetry function for type a radiation (Sv Bq "1), 
A = Total number of different radiation types a, 
N 0 , (IC). = Number of occupationally exposed persons in WHB and TF, ~ 
f, 5 = Fraction of personnel occupationally exposed, I 
C ; = Constant parts of the equations, 
a, = Cancer risk coefficient (Sv ·1), and c::;, 
R, 0 IC A = Risk of occupational cancer per year of operatir (yr_,), 

the expression for the occupational cancer risk inc~ed :or every year of operation is 

R { (IC) '(IC) '(IC) (IC)} 1 v !;:[ L f (IC) (IC) J f N(IC) 
, 0 ,, = n, ,, ,~ T; , ,, •. , "" <1>,, 0 ,, 0 , a, , 

(E.1.4) 

where the quantits· braces corresponds to the source term of Equations (E.1.1) and (E.1.2) and 
the four indices o th risk R are the component number 1, the risk type index, 'o' for occupational 
or 'p' for public, t treatment index K, and the location index A.. 

An inspection of this equation with respect to changes due to different treatment/location options 
shows that most of the factors do not change with K and now with A.. Due to the assumptions 
about suspended particle size and activity distributions, the deposition probability and the 
dosimetry factors are constant. The fraction of drums contaminated is mostly dependent on work 
practices and these are assumed to result in a constant fraction for newly generated wastes. For 
old wastes, this assumption may result in an overestimate for the treatment options. The surface 
activity q, (IC) is set at the maximum allowable limit (U.S. Department of Energy, 1990a, Table 
A.1.1, Appendix A) and thus does not change either. The number of drums treated annually n/Kl 
changes, however, because its product with the average activity per drum q 2(K) is the annual rate 
of activity emplacement Q 0 in the repository and is assumed to be a constant C 0 , i.e., 
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Q - n(K) q(K) - c 
o - r 2 - o· (E.1.5) 

The extra handling in the treatment facility, regardless of location, leads to an air concentration 
of radioactivity in that building. Assuming that the health and safety requirements lead to the 
same ventilation rates everywhere, and the modular construction of the treatment facilities, the 
same fraction f ,5 of the total personnel N 0 , M is assumed to be exposed. This is the crew of the 
module in which the exposure occurs. Therefore, the only difference lies in the number of people 
exposed, N 0 , (Kl. This dependence is incorporated in the manpower reduction factor 

N(O) 

F = 01 
mK - (K) ' 

Na, 
(E.1.6) 

which, in this simple model, is assumed to be independent of the location ~ treatment 
facilities. The numerical values for the manpower reduction factor are given i~, j~~~chment D, 
Table D.2-1. 

For the public risk component, the change in Equation ( E.1 .2) ap~rs in the tu nction <I> ,.o'" and 
within that function in the number NP 1 (k) of exposed persons. As explained in the main text, it is 
assumed that the functions <I> i dd(k) are independent~reatment Kand location A. and depend only 
on the number and locations of the NP, (K) of perF exposed. This relation is incorporated in 
the public exposure reduction factor 

f1 <I>(O) N(O) 

= 1dd = p1 (E.1.7) 
911'. - (K) (K) • 

<l>idd NP, 

The dependenceOK signifies the dependence on any of the four treatments. Due to this factor, 
the addition of ri~~mponents due to waste treatment thus leads to different reduction factors 
for occupational and public risk. Numerical values for this factor for these assumptions are listed 
in Attachment D, Table D.3-3. 

With these assumptions, the scaling property of this risk component depends only on the product 
of the number of drums handled per year, and the number of persons exposed during handling 

R - c (K) N (K) 
1 OKA - 1 n, 01 • 

(E.1.8) 

The risk reduction factor is then the ratio of the number of drums handled per unit time and the 

! " 

t'l'I 

!'Pl 

llili 

''Pl 

"'J 

ratio of the persons exposed and is thus equal to the product of the manpower reduction factor "' 
Fm I( with the volume reduction factor F v I( of the treatment defined by fl.LI 

,,,, 
•ni 

'"' 
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The explicit form of the risk reduction factor is 

P 1 OKA = 
R, ooo 

R1 OKA 

= 

n (OJ 
r 

--· 
n(K) 

r 

n (O) N(O) 
' 01 

n(IC) N(IC) 
' 01 

(E.1.9) 

= FVK F m1e • (E.1.10) 

Its standard error according to the Gaussian approximation to error propagation, 
[Equation (C.1.15), and Seiler, 1987b, Table 1] is 

1 (E.1.11) 

For this first risk component, the public risk for this release will b~cussed in detail; ;ater it will 
only be addressed if needed. Using the additional symbols r 

f rem(IC) = Fraction of activity that escape oval by the HEPA filters, 
f dep(IC) = Fraction of release that escape~position in the WHB or TF, 

ct> 1 dd(IC) = Dispersion-dosimetrY function f r all NP 1 (IC) persons exposed (Sv Sq ·1), 
R , , • , = Risk of cancer i~ public per year of operation (yr -1 ), 

it is given by the expression 

D R - { n (IC) f(IC) tM q (IC)} f(IC) f(IC) ct> (IC) a 
1p1CA - r 11 12 1 dop rem 1dd 1 • 

(E.1.12) 

The first two factors outside the source term in braces do not change with treatment option K, and 
in the source term an application of Equation (E.1.5) all but the first factor have already shown 
to be constant. There remains thus only the number of drums n /IC) handled and the number of 
people N P, (IC) exposed in the factor <I> i dl,. Except for the substitution of the public exposure 
reduction factor F e IC for the factor F m IC ' the reduction factor for the public risk p 1 p IC A and its 
standard error are thus the same as those for the occupational risks in Equations (E.1 .10) and 
(E.1.11), 

(E.1.13) 

with standard errors of 
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(E.1.14) 

The numerical values of the risk reduction factors and their errors are given in Table E.1-1. For 
the occupational risks, the risk reduction factors range from 0.3 to 0.7, signaling an increase of 
the risk from a factor of about 3 for the Level II treatments down to about 1.4 for the most 
complex treatment. These factors balance the increase of persons exposed and the decrease 
in the number of barrels handled. The public risks balances the same influences. However, the 
spread of values is wider here, ranging from an increase by a factor of 1.7 for the Level II 
treatments, to the same risk for Treatment Option 3, and an actual risk reduction by a factor of 
more than 4 for Treatment Option 4. The relative standard errors of the reduction factors for 
occupational risks range from 1 O to 20 percent, for public risks the range is 15 to .rcent. The 
only available baseline risk is relatively small. I 
E.1.3 Risk From Routine Internal Exposures in an N2 Exposur~ 

In N2 Scenario, a perforated drum contaminates the WHB and fhe handling activities lead to a 
suspension of radioactivity in the air and an inha~a ·on exposure of the work crew during a time 
interval that does not depend on the treatment of wastes. With the same assumptions as in 
the model for Scenario N1, particularly with reg to the alarms, Risk Component 2 has four 
subcomponents. With the symbols 

· n ,«> = Number of dru~utinely handled per year (yr'), 
f 2 1 (IC) = Fraction of drums perforated, 
f 2 2(1C) = ~ction of waste mass spilled from perforated drum, 
f 2 3(K) = Fr ction of activity in size fraction below 1 O µm, 
f 24(K) = raction of spilled material which is resuspended, 
q 2(1C) = Total activity in drum (Bq), 
L 1 = Annual ventilation volume in WHB and TF (m3

), 

V 1 = Annual breathing volume (m3
), 

f 1 3(1C) = Fraction of inhalable airborne particles deposited in lung, 
f 1 4 a.(IC) = Fraction of type a radiation in total activity, 
<I> 1 , a.(ICJ = Dosimetry factor for type a radiation (Sv Bq-1

), 

A = Number of different radiation types a, 
N 01 (IC) = Number of persons in WHB and TF, 
f, 5 = Fraction of personnel occupationally exposed, 
C 1 = Constant parts of the equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 2 0 d. = Occupational cancer risk per year of operation (yr-1

), 
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TABLE E.1-1 

RISK REDUCTION FACTORS FOR N1 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P1 oH 

P1 on 
P1 on 
p 104 A. 

Public: 

p, pH 

p, p2'. 

P1pn 
P1p4A. 

Annual Baseline Risks: 

Occupati~: 

Public: 

R 1 pOO 
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VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
0.374 ± 0.088 
0.707 ± 0.079 

0.600 ± Op1 8 
0.600 ± 0. 

1.1 ± 0. r< 4.65 ± 0.87 

3.9·10-4 
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the occupational risk equation is 

R - { n (ic) f(ic) f (ic) f(ic) 
2 OK/.. - f 21 22 23 [ 

A ) (IC (IC) 1 (IC) (IC) (IC) (IC) 
f24 q2 } - v, f,3 E f14a <I>11a f, 5 No, a, 

L, a=1 

(E.1.15) 

Note that, apart from the source term, the equation is the same as Equation (E.1.4). Assumption 
of constant annual activity disposal rate 0 0 in Equation (E.1.5) and the constant factors discussed 
in the last section, reduce the risk to the scaling form 

R C f
(K) f(K) f(K) N(K) 

2 0 K /.. = 1 22 23 24 01 ' 

(E.1.16) 

and as the first three factors after the constant are really the fraction $ ,«1 of ~otal activity 

which is suspended in inhalable for;,'.~~ :2 ;~e;;'.io~~~ ~cal(elation is (E.
1
.
171 

with 

ti\ (IC) = '(IC) /\,(IC) 
'Y 2 - 22 /{':" 24 • 

(E.1.18) 

This uses the same assumption~ut the treatment facility as those made in the last section. 
The risk reduction factors for thef d1upational risks are 

D 
f (0) f(O) f(O) N (0) 
22 23 24 01 (E.1.19) 

f(K) f(K) f(K) N(K) 
22 23 24 01 

where the reduction factor in particle resuspension, S, IC, measures the reduction in suspension 
of waste in a N2 activity, 

(E.1.20) 

The standard errors are 

(E.1.21) 

Numerical values for this factor and its errors are tabulated in Attachment D in Tables D.2-2 and 
D.2-4. 
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The public risk equation uses the same symbols as those given above, and in addition 

f dep 
(IC) 

f rem 
(IC) 

= 
= 

Activity depletion due to deposition, 
Removal efficiency of HEPA filters, 

<I> 2 dd 
(IC) = Dispersion-dosimetry factor for all exposed persons (Sv Bq ·1). 

The risk is therefore given by 

R2 a IC, = { n,( IC) f2(1K) f( K) f ( K) f( K) q (IC) } f (IC) f ( K) <I> ( K) a 
,.. 22 23 24 2 dsp ram 2dd 1 • 

(E.1.22) 

With the same constant quantities as for occupational exposure, the scaling part of the public risk 
is 

R C f
(K) f(K) f(K) (K) 

2pKA = 3 22 23 24 <f>2dd C ti\ ( K) rn, (IC) 
3 '!'2 -V2dd 1 (E.1.23) 

and the risk reduction factor for the public risk is 

. s,J:. (E.1.24) 
f (0) f(O) f(O) N (0) 
22 23 24 p1 

P2pKA = f(IC) f(K) f(IC) N(K) 
22 23 24 p1 

where the factor F,, is given in Attachment D, iAle D.3-2. The standard error is 

= ( Ll 8 1 
K ]

2 

+ ( Ll F 9 
IC ]

2 

s1 IC F9K 
(E.1.25) 

Numerical valu~r the two factors in Equation (E.1.24) are listed in Attachment D in 
Tables 0.3-2 anw.3-4. This results in the values for risk reduction factors given in Table E.1-2. 

With an exposure reduction factor of 1/2 and a suspendability reduction factor of tens to hundreds 
of million, the risk reduction factors are very large, on the order of a few million to a few tens of 
millions. The standard errors are in the neighborhood of 20 to 30 percent. For this exposure 
scenario, no baseline risks are available. As the risk reduction factors here are much larger than 
those for Component 1, unweighted aggregation will introduce a bias later on. 

E.1.4 Risk From Routine Internal Exposures in an N3 Scenario 

Except for the fact that the exposure occurs underground, Scenario N3 is the same as N1. Thus, 
although the number of persons exposed are different, that number does not depend on 
treatment. The ventilation rates can also be assumed to be different due to different tasks 
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TABLE E.1-2 

RISK REDUCTION FACTORS FOR THE OCCUPATIONAL AND PUBLIC RISKS 
IN THE N2 SCENARIOS 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P2oii.. 
P2on 
P2on 
p 2 041.. 

Public: 

P2pH 
P2pn 
P2pn 
P2pu 

Annual Baselr9:1isks: 

Occupational: 

Public: 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

(2.48 ± 0.84) • 10 7 

(2.86 ± 1 .05) • 10 7 

(1.87±0.69) • 10 7 

( 4.10 ± 1 .54) • 10 6 

(4.50 ± 1.66),£\.n 7 

(5.50 ± 2.19(:'1o 7 

a-50 ± 2.19). 10 7 r y ... 70 ± 1.09) • 1o 7 

1·156 

COMMENTS/REFERENCES 

Not available in FSEIS 
(U.S. DOE 1990a) 

Not available in FSEIS 
(U.S. DOE 1990a) 
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performed but constant. The deposition and dosimetry factors, however, are the same 
independent of waste treatment. For this scenario, no additional risk component due to treatment 
of the wastes has to be considered. Risk Component 3 has four subcomponents as did the 
previous components. With the symbols 

n (IC) 
r 

f (IC) 
11 

= Number of drums routinely handled per year (yr ·1), 
= Fraction of drums contaminated, 

f (IC) 
32 = Fraction of surface activity suspended in inhalable form by underground 

handling, 
q, (IC) = Total surface activity per drum (Bq), 
L 3 = Annual ventilation volume in Underground Storage Area (m3

), 

V, = Annual breathing volume of workers (m3
), 

f, /"') = Fraction of airborne particles deposited in lung, 
f1 4 a(IC) = Fraction of type a radiation in total activity, 
<I>1 1 a(IC) = Dosimetry function for type a radiation (Sv Bq "1), 

A Number of different radiation types a, 
N 0 2 (IC) = Number of persons occupationally exposed unrround, 
C; = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 3 0 d. = Risk of occupational cancer per 'J\.ar of operation (yr ·1), 

the occupational cancer risk can be written as r 
R { (IC) f(IC)a (IC)}· 1 (K) [ ~ (IC/ (K) J (K) (E.1.26) 

3od. = n, 11 r32' q1 L
3 

V, f13 f:', f14a <I>11a No2 a1 • 

In this scenario, ~umber of persons exposed does not depend on treatment and, again, the 
deposition fracti~nd the dosimetry factors remain constant as well as the suspended waste 
fraction f 3 2(K). Thus in the source term, only the number of drums handled per year changes with 
alternatives, and the annual risk can be scaled by 

(E.1.27) 

The risk ratio is thus the same for the occupational and public risks, 

---
n(K) 

r 

(E.1.28) 

with a standard error of 
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(E.1.29) 

Thus the numerical values of the risk reduction factors are given by the values in Attachment D, 
in Table D.3-2, and are listed in Table E.1-3. Clearly, only the Treatment Option 4 leads to a risk 
reduction factor that is substantially different from 1 . 

The baseline risk of occupational cancer is 3.1 • 1O· 4
• This value is derived from the effective 

dose equivalent given in the FSEIS (U.S. Department of Energy, 1990a, Vol. 1, p. 5-69, Table 
5.24) of 2.5 person•rem per year of operation and uses a lifetime cancer risk coefficient of 
2.8 • 10 · 4 (U.S. Department of Energy, 1990a, Vol. 1, p. 5-77, Table 5.29, Footnote B). 

E.2 CANCER RISK FROM ROUTINE EXTERNAL EXPOSURES 

E.2.1 Basic Considerations 

The risks discussed here are risks of cancer due to direct externa~e osure to low-LET radiation. 
With the public far removed from the sources of external irradia 1 , the reduction of the public 
risk components will not be calculated. There are two kinds of o erations in which occupational 
external irradiation risks arise; the first are opera~io s aboveground in the WHB and TF, and the 
second are the disposal operations undergro . Each of the components has two 
subcomponents with end points cancer and gen · amage, respectively. It is again assumed 
that the total activity handled per '/Jjr is constant (see Equation E.1.5). 

The contribution of neutrons to th~ternal dose is taken into account by the dosimetry function 
which makes the assumption that the neutron source strength is proportional to the total activity 
in the drum. It~· her assumed throughout this analysis that there is no gamma or neutron 
absorption occur in in the waste. The density of the untreated waste would reduce the external 
dose rate some at, so this assumption of no self absorption is slightly conservative because air 
gas shows very little absorption. If the waste is treated, the head space is reduced, the density 
increased and therefore the self-absorption would be greater, thus lowering the external dose rate 
and leading to an anti-treatment bias. The bias is small because consideration of self-absorption 
would make the already low risk from routine external exposures somewhat lower. 

E.2.2 Risk From Routine External Exposures in an N4 Scenario 

Scenario N4 encompasses the handling activities in the WH B and the TF. The proximity of the 
workers to different drum configurations has to be considered in the time-motion study which is 
accounted for in the dosimetry factor. This ranges from the TRUPACT-11 assembly and the 
management of single drums to multi-drum stacks for intermediate storage. The geometrical 
drum configurations factors are assumed to be independent of the waste treatment. Risk 
Component 4 has two subcomponents, cancer and genetic. With the symbols 
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TABLE E.1-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P3oH 
P3ov.. 
P3on 
p 3 o4 A. 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.2 ± 0.1 
1.2 ± 0.1 
2.2 ± 0.5 
9.3 ± 0.9 

3.1 • 10 ·4 

__ j>. 

1-159 

COMMENTS/REFERENCES 

( FSEIS (U.S. DOE, 1990a) 
Table 5.24, p. 5-69 

Not available in FSEIS 
(U.S. DOE, 1990a) 



n (IC) 
r 

q4 
(IC) 

f 4 1 
(IC) 

Ad 
f 42a 

(le) 

N 01 
(le) 

f 1 5 

<I> 4 a 
(IC) 

~to 1 a 
(IC) 

Ci 
a1 

R401C'-

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Number of drums handled annually (yr·1), 
Gamma activity per drum (Bq), 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Gamma activity to surface dose rate conversion factor (Sv sq ·1 s ·1 m 2), 
Number of drum assemblies, 
Drum assembly factor, number of drums and geometry of assembly a, 
Number of persons in WHB and TF, 
Fraction of personnel occupationally exposed, 
Dosimetry factor for all N 0, M persons exposed by assembly a (m-2), 
Exposure time, also, time interval for r.m.s distance for assembly a (s), 
Constant parts of equations, 
Cancer risk coefficient (Sv ·1), and 
Cancer risk per year of operation (yr ·1), 

the cancer risk for occupational external exposure in the WHB and TF is 1 
R _ n(IC) q(IC) f(IC) [~ f(IC) <l>(IC) ~ t(IC) J~N(IC) a (E.2.1) 401CA. - r 4 41 L...,, 42a 4a 01a 5 01 1 

B=1 

Assuming that the inverse root mean square ~.s.) distance in <I> 4 aM and the drum 
configurations do not change, that the total acpitY. Q 0, disposed of per year is constant 
according to Equation (E.1.5), that the dosimetry aces not change, and that the influence of self
absorption on the dose rate c~nt f 4 1 (IC) can be neglected, the scaling of the risk in 
Equation (E.2.1) depends only orph~ factor N 0 1 (IC), i.e., on the number of persons exposed, 

R - c N(IC) (E.2.2) 
(} 4 OICA. - 1 01 r 

and the risk redu~n factor is, therefore, equal to 

(E.2.3) 

Its standard error is 

(E.2.4) 

The risk reduction factors are given by the data in Appendix D, Table D.3-2, and are listed in 
Table E.2-1. All values are smaller than 1, corresponding to an increase in risk between a factor 
3.6 and 13. 
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TABLE E.2-1 

RISK REDUCTION FACTORS FOR THE 
OCCUPATIONAL RISKS DUE TO ACTIVITIES IN THE N4 SCENARIO 

QUANTITY 

Occupational: 

Risk Reduction Factors: 

P4oH 
P4on 
p 4 031.. 

p 4 041.. 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.017 
0.170 ± 0.010 

0.0760 ± 0.0042 

1-161 

COMMENTS/REFERENCES 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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E.2.3 Risk From Routine External Exposures in an NS Scenario 

This scenario differs from N4 only in the geometries of source and surroundings and the number 
of people exposed; all other factors are the same. Thus, the Risk Component 5 has only one 
subcomponent for cancer and one for genetic damage. Using the symbols 

n r(K) = Number of drums handled per year (yr "1), 

q 4 (1<.) = Gamma activity per drum (Bq), 
f 4 1 (K) = Gamma activity to surface dose rate conversion function (Sv sq ·1 s ·1 m 2 ), 

A' d = Number of different drum assemblies during disposal, 
f 5 2 a'(K) = Drum assembly function, number of drums and geometry of assembly a', 
<1> 5 a'(K) = Dosimetry function for all persons underground and assembly a' (m ·2), 

~t 0 2 a'(K) = Exposure time, also, time interval for rms distance for assembl1a' (s) 
N 0 2(1<.) = Number of persons working underground, 
Ci = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv ·1), and 
R 5 0 1<.1.. = Cancer risk per year of operation (yr ·1), C 

the cancer risk for occupational external exposure underground [given by the expression 

R (K) (K) f(K) ~ f ,m(K) t(K) N(K) 
501<.A = n, q4 41 a4-:i 2a' '*'5a' ~ o2a' o2 81 • 

(E.2.5) 
( 

A~ p,;. ) 

It is assumed again that the geo~al arrangements at the drums and the time-motion study 
do not change with waste treatment, and that the total activity disposed of per year is constant 
according to Equr.rnl1 (E.1.5). As the number of workers N 0 2(1<.) and the conversion factor f 41

1
"
1 

do not depend o~atment, risk in Equation (E.2.6) is independent of treatmentoption ic also 

R
50

1<.1.. = C
1 

, (E.2.6) 

and the risk reduction factor is, therefore, equal to 1 

(E.2.7) 

Its standard error is, therefore, zero 

(E.2.8) 
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This result is intuitively obvious because, regardless of treatment, the same amount of activity has 
to be handled each year. The baseline risk of cancer per year of operation is (U.S. Department 
of Energy, 1990a, Table 5.24, p. 5-69) 

Rs o a o = 1.5 . 10 - 3 . (E.2.9) 

E.3 CANCER RISKS FROM ACCIDENTAL EXPOSURES TO IONIZING RADIATION 

E.3.1 Basic Considerations 

The comments from Section E.1.1 on the differences between public and occupational risks apply 
here as well, although some factors differ from those in Equations (E.1.1) and (E.1.2). For 
accidents as well, both occupational and public risks arise from the same source~ {Qi,.,,} for 
the event according to scenario i and treatment/location option k = (K,A.). In t e formulae, the 
source term is again denoted by the quantity in braces, but the exposure condit ons are quite 
different. In both cases, the annual probability rate, P ev, of theFiniti ting event is the same and 
is enclosed in square brackets. Also, these risks do not depe n the location of the TF but 
may depend strongly on the treatment. 

For the occupational risks, the factor f exp(K) takes~ iaccount characteristics of the exposure, the 
factor f dos(ic) those of the dosimetry, and the facto 1 is the cancer risk coefficient that converts 
effective CEDE dose to risk. The basic form of he occupational risk is then 

R,,.f( [ p ;;1 i { oj •I} 1;;~ f J;; a, . (E.3.1) 

For public risks, p(e'}actor f depM takes into account the depletion of the activity due to deposition 
before the filter ~· and f rem (ic) the removal efficiency of the HEPA filters. The environmental 
dispersion from source to the various receptors via different pathways, and the accumulation of 
a 50-year committed dose is, using the code AIRDOS (Moore et al., 1979), accounted for by the 
factor <l> i dd(ic) for dispersion and dosimetry. The basic form of the public risk due to the accident 
is then given by 

R [ P (K)] { Q(lC)} f(K) f(lC) ,y,.(K) 
ipic'/.. : 9V i dap ram '-"idd a1 • (E.3.2) 

Note that the factor <l> i dd(ic) accounts for the different types and properties of radiations in the 
source term, as well as the doses for all exposed members of the public. 

As long as the last three or four factors in Equations (E.3.1) and (E.3.2), respectively, are not 
treatment dependent, public and occupational risk reduction factors will again be the same. 
However, the number of forklift operations per drum handled, the number of persons exposed, 
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and the probability of a given type of accident will in some cases depend on the waste treatment. 
This situation then results in different risk reduction factors for public and occupational risks. 

For accident analysis, only internal exposure is assumed to contribute substantially to the risk. 
External radiation will not change appreciably during the accident and exposure will cease due 
to evacuation. Inhalation exposures are supposed to occur without respiratory protection and for 
the entire time it takes for the ventilation to remove the volume of contaminated air. 

E.3.2 Above Ground Accidents 

These scenarios take place above ground in the WHB or in the TF regardless of location. 

E.3.2.1 Risk In WHB and TF Due to Accident Scenario C2 

Scenario C2 involves a drum falling off a forklift in the WHB or TF. the lid separatilnd the liner, 
if present, rupturing. Suspended particles from the debris are inhaled and deposited in lung 
tissue. Workers are present for the full dispersion and are assup;to not don respirators. The 
resulting Risk Component 6 has four subcomponents that involve cer risk and genetic damage 
from both occupational and public exposures. Using the symbol 

P 2 = Probability of C2 accident per foA.t operation, 
n r(K) = Number of drums handled per }(;;(yr_,)' 
n /"l = Number of forklE"f erations needed per drum handled, 
f 6 , (-.:) = Fraction of mat · spilled out of drum, 
f 6 2(") = Fraction of spill d material suspended in air, 
f 6 3M = Fraction of activity in respirable form, 
q 2("l = ~t I activity in average drum (Bq), 
<P 6 (-.:) = L al time-integrated dispersion function in WHB and TF (s L _,), 
v 6 = nhalation rate of workers in WHB and TF (Ls ·1), 

f, 3M = Fraction of particles deposited in lung, 
f, 4 aM = Fraction of type o~ radiation in total activity, 
<P, , a(K) = Dosimetry function for radiation type a (Sv Bq "1), 
A = Number of different radiation types a, 
N 0 , M = Number of people in the WHB and TF, 
f, 5 = Fraction of personnel occupationally exposed, 
Ci = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv _,), and 
R 6 0 ""· = Occupational cancer risk per year of operations (yr_,), 

the risk of occupational cancer per year of operation is 
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(E.3.3) 

where the dosimetry quantity in round brackets (the summation) again accounts for the effects 
of different radiation types. This model assumes that a constant fraction f 15 of the N 01 (IC) workers 
always work in the WHB and TF area and are thus maximally exposed. 

Observing a constant value of the annually emplaced activity Q 0 in Equation (E.1.5), an 
independent dispersion function <I> 6(1C), and a constant deposition fraction f 1 3M, the variable 
factors allow the risk to be written as scaling with .,.(' 

R - C f(K) f(IC) f(K) n (K) N(K) I 
Sod .. - 1 61 62 63 f 01 

(E.3.4) 

- 1 't' 6 f 01 ' 
- C th (IC) n (K) N(K) r: 

with the fraction <\> 5M denoting that part of the activity which is s pended by the C2 accident in 
inhalable form. Thus, 

th (IC) = '(IC) 0,(IC) 
't' 6 - 61 /rfi' 63 

This traction, or even its reductio~ctor S, ,, 

f
(O) f(O) f(O) 
61 62 63 

D 
s2K ;;: 

'

(IC) f (K) f(K) 
61 62 63 

(E.3.5) 

(E.3.6) 

may be easier to estimate directly than the individual fractions. The risk reduction factor is, 
therefore, 

N (o) th (o) n (O) 
01 't' 6 f (E.3.7) 

N(K) th (IC) n (K) 
01 't' 6 f 

where F 1 IC is the ratio of the number of forklift operations in the handling of drums for different 
treatment options. The standard error is 

(E.3.8) 
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As some of the factors outside the source term in the occupational risk change with alternative, 
the public risk is subject to different scaling, resulting in different risk reduction factors for the 
occupational risk. 

The risk reduction factor for the public risk resulting from a C2 incident is, with the additional 
notation of 

f (IC) 
dep 

f (IC) 
rem 

<I> (IC) 
6dd 

given by 

= Activity depletion due to deposition, 
= Removal efficiency of HEPA filters, 
= Dispersion-dosimetry factor for all exposed persons (Sv Bq -1). 

f
(IC) f(IC) <I>(K) 

(E.3.9) ,,,, ,,. "P . 
With the assumptions that the factors in the second row, with the exception of NP, (IC) in <I> 6 d d(K) 

are independent of JC, and using Equation (E.1.5~t e scaling property of the risk is 

R C K) (IC) (IC) (E 3 ~ 0) 
6 p K A. = 3 <I> 6 n f <I> 6 dd • • " I 

resulting in a risk reduction factof3 the public risk of a C2 accident of 

D 
with standard error 

<I>~~ld <I> ~oi n )oi 

<I>~~~ <l>~K) n;K) 

(E.3.11) 

(E.3.12) 

The ratio of forklift operations F 1., for different treatments are given in Attachment D, Table D.3-2, 
and the ratios S 2 IC in Table D.3-4. The resulting risk reduction factors are listed in Table E.3-1. 
They are again very large due to the factors S 2 ., , ranging from several millions for occupational 
risks to several tens of millions for public risks. The relative errors for the risk reduction factors 
are about 30 percent. The baseline risk values show two dramatically different values. The 
occupational risk will be reduced from a small risk to a negligible risk. The public risk component, 
however, is already exceedingly small, so that a reduction, however large, is irrelevant. 

Appendix I, Attachment E 1-166 

•••• 

•·'I 

'"I 

'"' 



•• 

~t.:ii 

" ~ "'-1': 

~ ... 

1,-&f 

,, ... 

DOEIWIPP 91-007, REVISION 2, APRIL 1991 

TABLE E.3-1 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO C2 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P6o1A. (7.71 ± 2.05). 10 6 

P6o2A. (1.03 ± 0.28). 10 7 

P6o3A. (7.40 ± 2.02) • 10 6 

p 6 0 4 A. (1.66 ± 0.45). 10 6 

Public: 

P6pH (1.40 ± 0.43) :Rf 
P6p2A. (1.97 ± 0.61). 

Pspn (2.18 ± 0.68) 10 7 

PspH rzig ± 0.34). 10' 

Annual Baselia:isks: 

Occupati I: 

R 6 a oo 2.0 • 10. 4 FSEIS (U.S. DOE, 1990a) 
Table 5.28, p. 5-75 

Public: 

R 6 pOO 2.2 • 10. ,, FSEIS (U.S. DOE, 1990a). 
Table 5.28, p. 5-75 
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E.3.2.2 Risk in WHB or TF Due to Accident Scenario C3 

In Scenario C3 two drums are pierced, and one drum loses its lid and the integrity of its liners. 
The contamination is assumed to appear instantaneously in the air and expand across the WHB 
and the TF, exposing a constant fraction of the crew for a certain time. Inhalation of the activity 
leads to organ exposures and the risk of cancer. Escape of the activity to the outside through 
HEPA filters leads to public exposures. The resulting Risk Component 7 thus has four 
subcomponents, and with the symbols 

P3 = Probability rate of C3 accident per forklift operation , 
n (IC) = Number of drums handled per year (yr-1), r 
n f(IC) = Number of forklift operations in WHB and TF per drum, 
n (IC) = Number of drums pierced in accident C3, 

1 
3 

m(IC) = Number of drums losing lid in C3, 3 
f 71 

(IC) 
= Fraction of material spilled from pierced drums, 

f 72 
(IC) 

= Fraction of material spilled from drums with lids lost, 

f 73 
(IC) 

= Fraction of spilled material suspended, r 
f 7 4 

(IC) 
= Fraction of activity in respirable form, 

q 2(1C) = Total activity in average drum (Bq), 
<I> (IC) = Time-integrated dispersion fun~n WHB (s L ·'), 6 

Vs = Inhalation rate of workers (Ls ·1) 

f 1 3 
(IC) 

= Fraction of particles deposited i lung, 
f (IC) = Fraction of type :Bdiation in total activity, 14a 
<I>1 1 a (IC)= Dosimetry functi or radiation type a. (Sv Bq ·1), 
A = Number of diffe nt radiation types a, 

N 01 
(IC) 

= Number of persons occupationally exposed in WHB and TF, 

f 1 5 = ~lion of personnel occupationally exposed, 
Ci = stant parts of equations, 

a1 = Cancer risk coefficient (Sv-1), and 

R 1 o ic1.. = Occupational cancer risk per year of operation (yr ·1), 

the occupational risk is 

<I> (IC) v f(IC) (~ f(IC) <I>(IC) ] f N(IC) 
6 6 1 3 L., 1 4 a 11 a 1 5 01 a 1 . 

Cl= 1 

(E.3.13) 

As with Scenario C2 this formula is based on the assumption that the workers stay all the time 
inside the WHB or TF without respirators in use. 
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Except for N 01 (K), the factors outside the source term and the event probability do not change with 
the treatment option K. Using Equation (E.1.5), it is apparent that only some of the factors in the 
source term and probability vary with treatment options: the number of forklift operations per 
drum handled, the suspended fraction of the total activity, and the number of persons exposed. 
The risk is then 

(E.3.14) 
- C n (IC) ( n(IC) "'(K) m(K) "'(IC)} N(IC) 
- 1 ' 3 'f 73 + 3 'f 72 01 ' 

with the suspended, inhalable fraction of the activity, 

(E.3.15) 

The form of Equation (E.3.14) is not optimal for cancellation of the relatively larg:Crors for the 
fractions f µv (K). This cancellation can be accomplished by regaidi the pierced and the fallen 
drums as two separate events to be evaluated separately. the calculation of the risk 
reduction factors, the effects can be superposed linearly, using ome of the parameters of the 
event as weights. With the definition 

and recognizing that 

D "'(0) 
'f 3 2 

"'(IC) 
'f 3 2 

two risk reduction factors can be calculated from Equation (E.3.14 ), 

= s2K FmK F,l( 

P 7od.Jl 

(E.3.16) 

(E.3.17) 

(E.3.18) 

No risk reduction factors for additional exposures are needed because exposures due to 
irradiation by the clouds and exposure due to radiations from radioisotopes deposited on the 
ground are negligible. 
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Aggregation can be accomplished by a weighted average, using m 3 and n 3 as weights, 

P10KA. = 

with a standard error of 

(m3 ~s21C)2 + (n3 ~s31C)2 

(m3 S21C + n3 S31C)2 

+ [ ~ F11C ]
2 

+ [ ~ F m1C ]

2 
. 

F,IC Fm1C 

The public risk due to a C3 accident is different and is given by 

R, ,, = [ P 3 n)' 1 n," 1 J { ( nj'1 1;;1 + mj''t!;') f t!;' qj'') 

(\ '(IC) '(IC) .m.(IC) 
~ deprem""7dda,, 

where, in addition to the symbols defined above, the definitions 

f dep (IC) = Activity depletio!ef- to deposition, 
f rem (K) = Removal efficieJc~i: HEPA filters, 
<I> 7 dd (IC) = p,ersion-dosimetry factor for all exposed persons, 

are used. l,,/ 

(E.3.19) 

(E.3.20) 

(E.3.21) 

In the top row of Equation (E.3.21) the factors have the same variability as in the occupational 
risk; of the factors in the lower row, only <I> 7 dd(!C) is K-dependent because of N P, (IC). Thus the 
scaling property of the public risk is 

R C (IC) ( (IC) (IC) m(IC) ti\ (IC)),]'.,. (IC) 
?pd .. = 3 n, n3 <1>31 + 3 '!'32 ""?dd • 

(E.3.22) 

Using the same approach to separation and re-aggregation as for the occupational risk, the risk 
reduction factors 
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are obtained with the standard errors 

[ 
L\ p 7 p id. )2 = 
p 7 pd. 

(m3 L\S21<)2 + (n3 L\$31<)2 

(m3 s21< + n3.s31C)2 

(E.3.23) 

(E.3.24) 

Estimates for the numerical values for the factors Ft IC, F 0 IC, Fm IC, S 2 IC, and S 3 IC n~d here are 
given in Attachment D, Tables D.3-3, D.3-4, and D.3-5. Based on these data, n~l~ical values 
for the risk reduction factors p 70 "'· and p ?pd. and their standard ~rr s are given in Table E.3-2. 
Due to the large values of S 2 IC and S 3 IC , the risk reduction fac are also very large. They 
range from half a million to five million for the occupational risks and from four to eight million 
for the public risk. Relative standard errors are about 25 percent. Again, however, the baseline 
occupational risk is small and is rendered exceecAly small by the treatment. The baseline 
public risk is already exceedingly small, so that t~ge risk reduction factor is ineffectual. 

E.3.3 Underground Accidents a 
E.3.3.1 Risk Underground Due tJ Ac:ident Scenario C4 

In Scenario C4 ..r;.lsporter is assumed to strike a pallet in the Underground Storage Area, 
knocking a drum~~ pallet. As for the consequences, this scenario is identical to Scenario C2. 
However, as this scenario takes place underground, ventilation and inhalation rates may change, 
as well as the number of persons exposed. For the calculation of the public risk, no credit is 
taken for the filtration of the exhaust through HEPA filters. The Risk Component 8 has four 
subcomponents, cancer and genetic damage and occupational and public risk. With the symbols 

P4 = Probability of C4 accident per forklift operation, 
n (IC) 

r = Number of drums handled per year (yr ·1), 
n (IC) 

f = Number of forklift operations per drum handled, 
f 8 1 

(IC) = Fraction of waste material spilled, 

f s2 
(IC) = Fraction of spilled material suspended, 

f s3 
(IC) = Fraction of activity in respirable form, 

q 2(1C) = Total activity in average drum (Bq), 
Cl> 7 

(IC) = Time-integrated dispersion function underground (s L ·1), 

Vs = Inhalation rate of workers (Ls ·1
), 
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TABLE E.3-2 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND 
PUBLIC RISKS RESULTING FROM C3 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Occupational: 

Risk Reduction Factors: 

p 7o 1 A. (3.18 ± 0.73). 10 6 

p 7 o 2 A. (4.22 ± 0.99) • 10 6 

P1on (3.05 ± 0.72) • 10 6 

p 7 o4 A. (6.84 ± 1.59) • 10 5 

Public: 

P7pH (5.20 ± 1.43) • 10 6 

P1pn (7.35 ± 2.04) "11'?: 
P1pn (8.11 ± 2.26) • 

P7pH (4.07 ± 1.13). 0 6 

r Annual Baseline Risks: 

occupatioGY 

R 1000 3.6. 10 · 4 FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

Public: 

R 7 pOO 3.9 • 1o· 11 FSEIS, (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 
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f 1 3 
(IC) 

f 1 4 a 
(IC) 

<I>, 1 a 
(IC) 

A 

N 02 
(IC) 

C1 
a, 
R8od. 

= 
= 
= 
= 
= 
= 
= 
= 

Fraction of particles deposited in lung, 
Fraction of type ex radiation, 
Dosimetry factor for radiation type ex (Sv sq·1

}, 

Number of different radiation types ex, 
Number of persons occupationally exposed underground, 
Constant parts of equations, 
Cancer risk coefficient (Sv ·1), 
Cancer risk per year of operation (yr ·1), 

the occupational cancer risk component is given by 

1 
(E.3.25) 

<l>(IC) v f(IC) [~ f(IC) ct>(IC) J N(IC) a 
7 s 13 L.,, 14a 11a o2 1 • 

a=1 

The risk is variable only in the source term because operations~ personnel needed for the 
emplacement of waste are assumed to be independent of the phyfca1 state of the drum contents. 
The changing factor is again the inhalable fraction of the suspended activity <1> 8M, and 
occupational and public risk reduction factors areP,refore, the same. Scaling depends on 

R C (IC) '(IC) '(IC) 
80ICA = 1 81 82 83 

r< : c ,t.(IC) 
1 'Y 8 

where the fraction suspended in inhalable form by a C4 accident is defined by 

D A\ (IC) = '(IC) '(IC) '(IC) 
'YB - 81 82 83 • 

The risk reduction ratios (public and occupational) are then simply 

where S 4 IC is the reduction in suspension for Scenario C4 

(E.3.26) 

(E.3.27) 

(E.3.28) 

(E.3.29) 

Numerically, S 4 IC is assumed to be equal to S 2 IC , the reduction in the C2 accident, because only 
the location of the accident changes and that should not influence S 2 K. The values for the 
standard errors of the risk reduction factors are 
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(E.3.30) 

The numerical values of the risk reduction factors, calculated with the S 2 IC values from 
Table D.3-4 in Attachment D, are given in Table E.3-3. The factors range from about 35 million 
to 70 million with relative standard errors of 25 to 30 percent. The baseline risks are small, both 
for workers and the public. 

E.3.3.2 Risk Underground Due to Accident Scenario C5 

Scenario C5 involves a drum knocked off a forklift. Apart from having a different annual 
probability rate, it has the same consequences as a C4 accident and is similar to~2 accident 
except for location related factors. The Risk Component 9 also has four subcomronents, and 
with the symbols 

P 5 = Probability of C5 accident per forklift operation,~ 
n r(IC) = Number of drums handled per year (yr-1

), r 
n /IC) = Number of forklift operations pe~um handled, 
f 9 , (ICJ = Fraction of waste material spille 
f 9 2(1C) = Fraction of spilled material susp ded, 
f 9 3M = Fraction of activ~·ty · respirable form, 
q /''·) = Total activity in v age drum (Sq), 
<I> 7 (IC) = Time-integrated is ersion function underground (s L _,), 
v 6 = Inhalation rate of workers (Ls_,), 
f 1 3 (1C) = ~tion of particles deposited in lung, 
f, 4 a(IC) = ion of type a radiation in total activity, 
<1>11 a(IC) = metry factor for radiation type a (Sv Bq-1

), 

A = Number of different radiation types a, 
N 0 2(1C) = Number of persons occupationally exposed underground, 
C i = Constant parts of the equations, 
a, = Cancer risk coefficient (Sv ·1), and 
R 9 0 

IC,_ = Cancer risk per year of operation (yr_,), 

the occupational risk component for a C5 scenario is 
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TABLE E.3-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO A C4 ACCIDENT 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

Pson 

PaoH 
PsoH. 
p 8 041.. 

Annual Baseline Risks: 

Occupational: 

Rs o oo 

R,,,,D 
Public: 

R 8 pOO 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

(5.40 ± 1.40) • 10 7 

(6.80 ± 1.80) • 10 7 

(6.80 ± 1.80) • 10 7 

(3.40 ± 0.90) • 10 7 

r<1.3. 10·• 
1.3 • 10. 4 

2.0 • 10 · 5 

2.0 • 10. 5 

1-175 

COMMENTS/REFERENCES 

p Sp.:1.. =i::o KA. 
PsoicA.- SoicA. 

P9p.:A.= soic'-

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 

FSEIS (U.S. DOE, 1990a), 
Table 5.28, p. 5-75 
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R [ P n(K) n(JC)] { f(JC) f(JC) f(JC) q'JCl} 
9 o JC A. = 5 r f 91 92 93 2 

<I> (JC) v f (JC l ( ~ f (JC) <I> (Kl ) N (JC) a 
7 s 13 L..J 14a 11a o2 1 • 

<l=1 

(E.3.31) 

As in the last section, the changing factors yield the same scaling properties and the same risk 
reduction factors 

<\>~o) 
p90JCA = P9pJCA = -- = s4JC = Paod ' (E.3.32) 

<I>~ JC) 

where the factor~,'"' is the traction suspended in inhalable form by a C5 acciden;i: numerical 

value is assumed to be(th: :~.~~ )a: t:at(o: :::·~:n : C=4 (ac:i:~:~):e standaro erro:~s3.331 
P9oKA. P9pJCA. PaoJCA. 

The numerical values have alrea~y b en given in Table E.3-3. The baseline risks are the same 
as those for a C4 accident bee u both are assumed to occur about once a year (U.S. 
Department of Energy, 1990a, T le .26, p. 5-72). 

Here a forklift pi es two drums and knocks another one down. The accident occurs in the 
Underground Storage Area. This scenario is identical to Scenario C3 except that the accident 
occurs underground. It assumes that no respirators are donned and no general exit is ordered; 
i.e., that the air monitors did not trigger the alarm that switches in the HEPA filters and work is 
continued without special precautions. The occupational exposures are modeled after a C4 
scenario. This results in the Risk Component 10, which has four subcomponents. Using the 
symbols 

Ps 
n (IC) 

r 
n (IC) 

f 
n (IC) 

6 
m (IC) 

6 
f (IC) 

10, 
f (IC) 

10 2 

= Probability rate of C6 accident per forklift operation, 
= Number of drums handled per year (yr·1

), 

= Number of forklift operations per drum handled, 
= Number of drums pierced in accident C6, 
= Number of drums losing lid in C6, 
= Fraction of material spilled from pierced drums, 
= Fraction of material spilled from drums with lids lost, 
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f 10 3 
(IC) 

f 10 4 
(IC) 

q2 
(IC) 

<l> 7 
(IC) 

Vs 

f 1 3 
(IC) 

f 1 4 (l 
(IC) 

<l>1 1 (l 
(IC) 

A 
N 02 

(IC) 

Ci 
a1 
R10od .. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Fraction of spilled material suspended, 
Fraction of activity in respirable form, 
Total activity in average drum (Bq), 
Time-integrated dispersion function in Waste Storage Area (s L"1), 
Inhalation rate of workers (Ls ·1), 
Fraction of particles deposited in lung, 
Fraction of type a radiation in total activity, 
Dosimetry function for radiation type a (Sv sq-1), 
Number of radiation types a, 
Number of persons occupationally exposed underground, 
Constant parts of equations, 
Cancer risk coefficient (Sv-1), and 
Occupational cancer risk per year of operation (yr ·t 

the occupational risk component is given by the expression 

R [ P (IC) (IC)] 
1001Ci.. = s n, n, 

'
(IC) (IC) '(IC) ~) '(IC) (IC)} 
'" + m, " ' r" ' " ' q, 

<l>(k) 01C) (~ '(IC) <l>(IC) J N(IC) 
7 ~3 ~ 14u 11 (l 02 a1 . 

<l=1 

As in the case of a C3 accident, Bcomponent can be written as scaling by 

D R c ( n(") f(IC) m(") f(IC)) f(IC) f(IC) 100IC1.. = 1 6 101 + 6 102 103 104 

C ( n (IC) m(IC) m(IC) m(IC)) 
= 1 6 'f101 + 6 'f102 ' 

with the fraction of the activity suspended in inhalable form by a C6 accident 

(IC) _ '(IC) '(IC) '(IC) 
<\> 10v = 10v 103 104 • 

(E.3.34) 

(E.3.35) 

(E.3.36) 

The risk reduction factors are then equal for public and occupational risk. However, the form of 
the equation is again not optimal for cancellation of the relatively large errors for the fractions 
f µ}kl. As before (Section E.3.1.2), cancellation is accomplished by regarding the pierced and the 
fallen drums as two separate accidents. After the calculation of the two risk reduction factors, the 
effects can be superposed linearly, using number of drums involved as weights. The public risk 
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reduction is the same as the occupational as only the <I> 7 }''l value outside the source term 
changes. <I> 7 v'"l changes in the same way for 'o' or 'p' so that p 10 0 " = p 10 P". The aggregate risk 
reduction factor is then 

(E.3.37) 

with a standard error of 

(E.3.38) 

= 
(m3 S21C + n3 S3K)2 

The numerical values for the ratios S,, and S,, are give£ Tables D.3-4 and D.3·5, 
Attachment D. The resulting reduction factorsi:ori ublic and occupational risks are given in 
Table E.3-4. They do not change much for the diff t treatments, ranging from 14 to 28 million, 
with relative errors between 25 and 30 percent. suming an annual occurrence of once a year, 
the baseline risks are given in the e table. 

E.3.3.4 Risk Under round Duet Accident Scenario C10 

Scenario C10 in~s the spontaneous combustion in the contents of a drum, and the 
subsequent burst~f the drum leads to a release of suspended particles that reach the surface, 
disperse, and are inhaled by the public downwind. Note that, due to the assumptions in Section 
E.1.1, the occupational risk is subject to the same reduction factors as the public risk, and could, 
therefore, be considered here. However, no worker exposure is assumed, because workers 
below ground are supposed to be upstream of the release. In the FSEIS this scenario is 
assumed to involve only public exposures because the disposal time is short compared to the 
time while a drum is open. 

Still, due to the con$iderations above, the Risk Component 11 has four subcomponents. With 
the symbols 

p (IC) 
10 

n (IC) 
c 

f (K) 
11 

q2(K) 

= Probability of a C 1 O event per drum per year (yr-1
), 

= Average number of drums in unsealed drifts, 
= Fraction of activity mobilized in inhalable form, 
= Average activity per drum (Bq), 
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TABLE E.3-4 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO CS ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

p 10oH (2.23 ± 0.50) • 10 7 p,""1"" P1002A (2.80 ± 0.63) • 10 7 

P1003A (2.80 ± 0.63) • 10 7 

P1004A (1.40 ± 0.32). 10 7 

Annual Baseline Risks: r 
Occupational: j>. 

Rio o o o r< 2.3 10 .. FSEIS (U.S. DOE 1990a), 
Table 5.28, p. 5-75 

Public: 

R,,,,o 3.4 10. 5 FSEIS (U.S. DOE 1990a), 
Table 5.28, p. 5-75 
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f dep(ic) = Depletion factor due to deposition before the filter duct, 
f rem(ic) = Transmission of the HEPA filters, 
<I> 11 dd(ic) = Environmental dispersion and dosimetry factor (Sv Bq ·1), 
C i = Constant parts of equations, 

= Cancer risk factor (Sv-1
), and 

= Cancer risk per year of operation (yr ·1), 

the public cancer risk per year of operation is 

R { [ P (K) (IC)] '(IC) (IC)} '(IC) f(IC) m.(K) 
11pd. = 10 nc 11 q2 dep rem ~11dd a1 • 

(E.3.39) 

Here, the event probability depends on the treatment option JC. If it is assumed that the product 
of n c(icl q 2(ic) = canst, i.e., that the same amounts of activity are stored in a giv~me interval 
regardless of treatment, and that the product of the dispersion function <I> 11 d d(ic) with the two 
preceding factors does not depend on the waste treatment, then the risk scales a 

R = c p(K) '(IC) 
11 pie),, 1 10 11 ' 

(E.3.40) 

P,/J;, 
(E.3.41) 

and the risk reduction factors are 

P (IC) '(IC) 
10 11 

where F P ic is the (edi}ction factor for the probability of a drum fire and S 10 ic is the reduction factor 
for the suspenda~es in inhalable form. The standard error is then 

( ~p 110 1C1..J
2 

= ( ~P 11 pic1.. ]

2 

= 
P11oici.. P11pici.. 

(E.3.42) 

Estimates for the values S 10 ic and F P IC are given in Attachment D, Tables D.3-5 and D.3-6. On 
the basis of these data, numerical values for the risk reduction factors are calculated and 
tabulated in Table E.3-5. These risk reduction factors are very high, varying from six billion to 
500 billion, but they are applied to an extremely small risk of 1 • 10 · 11

, and are, therefore, 
practically meaningless. 
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TABLE E.3-5 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC RISKS 
DUE TO C10 ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P11on. (6.48 ± 2.00) • 10 9 p,,,.'f''" p 1102).. (1.02 ± 0.34) • 10 10 

P1103i.. (1.02 ± 0.34). 10 10 

p 11 04).. (5.10±1.92). 10 11 r 
Annual Baseline Risks: 

/>-Occupational: 

R 11 o o o No exposure postulated 

Pu blip 
R 11 pO 5.9 • 10- 7 FSEIS (U.S. DOE, 1990a), 

Table 5.28, p. 5.75 * 

* The risk given in the reference was calculated for a 37 TBq (1000 PE-Ci) drum as a 
conditional probability. The value given here assumes an average drum with 466 PE-GBq 
(12.6 PE-Ci) and includes the probability of the event (1 o ·1 ) per year and assumes 6,000 
drums per panel. 

• 
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E.4 RISKS FROM ROUTINE CHEMICAL EXPOSURES 

E.4.1 Basic Considerations 

In the FSEIS, five representative volatile organic chemical agents are identified. Three of these 
are carcinogens: methylene chloride, carbon tetrachloride, and trichloroethylene (HEAST, 1990). 
All of these compounds are 82 carcinogens; that is, they are suspected to be human carcinogens 
on the basis of animal data. For these agents, only cancer risks are considetred. For 
noncarcinogens, a "morbidity risk" is estimated on the basis of the hazard index. This is based 
on the assumption that every reference level L t91 

l for agent j corresponds to some particular risk 
value. As long as risk reduction factors are calculated before the aggregation of the effects of 
these chemical agents, the accuracy of these risks is of no consequence because these risks 
cancel. The two noncarcinogens of concern here are 1, 1, 1-trichloroethane and ~1 (HEAST, 

1990). _ I 
The risk equations are given here for individual agents, that is, for different values of th1:i chemical 
index j. For cases of exposures to multiple agents, no interactio~re assumed. As shown by 
Seiler (1987b), this is a reasonable assumption at these low exp res and low effects because 
even strongly synergistic interaction terms tend to be very small. It is only at higher doses and 
thus higher effects that interaction effects become !\re prominent. The occupational risks are 
parameterized in analogy to Equation (E.1.1) by r 

R - {o(~)}t(K) tM. c (E.4.1) ("2 - IJ exp dOSJ j ' 

where the agent is denoted by tfe },dex j, the treatment option by the index K , tl1e type of 
exposure by the index 'o' or 'p', denoting occupational or public exposure, and the risk component 
by the index i. "ffW) quantity in braces, a j j (K) , is the source strength of the release, f exp(K) 
characterizes the~osure, f dos(K) the dosimetry, and ci is the risk coefficient for chemical agents. 

The corresponding public risk equation is 

R { Q(K)} f(K) 
ipt<.A.j = ij dep f (K) <I> (K) 

rem iddj Ci • 
(E.4.2) 

with the notation of 

f dep(K) = Activity depletion due to deposition, 
f ram(K) = Removal efficiency of HEPA filters, and 
<I> id d i(K) = Dispersion-dosimetry function tor agent j. 

. Again, as long as the option-dependent terms are only those in the source term, public and 

,, ''" 

IU i 

,,,, 

occupational risk components have the same risk reduction factors. If the number eif exposed '"' 
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persons is treatment-dependent, as for some occupational risks, the two risk reduction factors will 
be different. 

E.4.2 Cancer Risk From Routine Handling 

E.4.2.1 Risk Due To An N1 Scenario 

Volatile Organic Compounds (VOCs) in drums will vent continuously through a filter, causing an 
exposure, mostly in enclosed spaces. With a certain average number of drums in the WHB and 
TF, an equilibrium exposure atmosphere can be estimated. These factors, however, apply to risk 
components that differ by several orders of magnitude. Similarly, venting of the gases outside 
the buildings leads to public exposures. Thus Risk Component 12 has two subcomponents, 
occupational and public cancer risks, for each of the three carcinogenic agents j. Using the 
symbols 

n a(Kl = Number of drums present on average in WHB, 
q i2t) = Quantity of chemical j released per unit time perd um (mg s _, ), 
<I> ,2 , (K) = WHB and TF dispersion function for all chemic (s m -3 

), 

V 2 = Respiratory volume per day (m 3 day-1). 
f ,2 i = Probability of absorption of chemical j into bod of receptor, 

M = Receptor body mass (kg), ~ 
N 0 , (K) = Number of persons in WHB an , 
f, 5 = Fraction of personnel occupati ally exposed, 
c i = Cancer potenc~yr for lifetime exposure to chemical j (kg day mg_,), 
f 1 = Exposure time r ction factor for one year (yr-1

), 

C i = Constant parts f equations, and 
R , 2 0 K;. i = ?'iupational cancer risk per year of operation (yr_,), 

the occupational ba/ component is 

R { (K) (K) } (K) v f 1 f N (K) 
12odj = na q,2j <1>121 2 12j M 15 01 Cit,. (E.4.3) 

In the source term, both factors vary. Of the other factors, the dispersion function <I> 12 , (K) can be 
assumed constant, and with the variable factors combining to form the total release rate in the 
WHB, the risk scales according to 

R C (K) (K) N(K) 
120KAj = 1 na q12j 01 • 

(E.4.4) 

and the reduction factors are the ratios of these products 
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n(o) q(o) N(o) 
a 12 j 01 

n(IC) q(IC) N(IC) 
a 12j 01 

(E.4.5) 

where the quantity F v IC is the volume reduction factor, Fm IC the manpower reduction factor, and 
F c IC i is defined as the reduction factor for the emission rates for chemical j for an individual drum 

q (O) 

F - 12} 
CICj = -- • 

q
(IC) 
12j 

(E.4.6) 

This factor is modeled in Section 0.3.8 of Attachment D. The standard errors of the risk reduction 
factors are 

[ 
~p 120 1CA. 1 ]

2 

= [ ~FvlC ]

2 

+ [ ~FclCj ]

2 

+ 

P1201CA.1 FVIC Fc1Cj 

(E.4.7) 

For the calculation of the public risk for routine emission of chemicals, the following additional 
symbols are needed p.._ 

<I>12 dd(IC) = Dispersion-dosi function for the persons exposed downwind (s daf1
). 

f out(IC) = Deposition losse~efore reaching the outside atmosphere, 

Note that the dispersion-dosimet function is assumed to be the same for all agents j. With 
these quantities, re'fublic risk for chemical j is 

l/ R { (IC) (IC) } '(IC) (IC) 1 (E 4 8) 
12pic"A.j = na q12J out <l>12dd M Ci f, · · · 

Again, the only treatment dependent factors are the two quantities in the source term and the 
dispersion-dosimetry term, giving the risk the scaling structure 

R C (IC) (IC) m.(IC) 
12p1C'l..j = 2 na q12j -V12dd' 

(E.4.9) 

leading to the reduction factors 

n (Ol q (Ol <I> (o) 
a 12j 12dd (E.4.10) 
(K) (IC) m (IC) 

na q12j -V12dd 
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with the standard errors 

(E-4.11) 

The volume and manpower reduction factors are given in Attachment 0, Table 0.3-3, whereas 
estimates for the emission reduction factors F cJCi are given in Table 0.3-6. The values calculated 
for the risk reduction factors using these parameters are given in Table E.4-1. The occupational 
risks for the three agents were obtained from Table 5.43 of the FSEIS (U.S. Department of 
Energy, 1990a) by dividing the 20-year risks by 20. 

As discussed in Section E.4.1, the risk reduction factors for different chemicalsz ae ggregated 
at this level. Thus 

3 

with the weights 

and errors 

D 

P = ~ g p (E.4.12) 
1201d. L..J 12oj 12oJCA.j' ,_, r 
=~. 

t ICoOOj 
i=1 

3 

(AP120JCA.}
2 = L (g12oj Ap12oJCA.j}

2 
• 

j=1 

(E.4.13) 

(E.4.14) 

Note that for risk reduction factors that are independent of the agent j, all sets of weights g 12 oj 

will lead to the same result p 12 0 JCA. and A p 12 0 JCA.. This arises from the fact that Equation (E.4.14) 
is valid for independent errors only, which is not the case here. The correct formula is obtained 
by an inspection of Equation E.4.12 for p 12 0 

JCA. independent of j. 

The corresponding equations for the aggregation of the public risk reduction factors p 12 P IC,_ are 
obtained by substituting the index 'o' by 'p' in Equations (E.4.11) and (E.4.12). The numerical 
values of the baseline risks are given in Table E.4-1, and the final aggregated values in 
Table E.4-2. The risk reduction factors for the occupational risk indicate an increase in risk for 
Level II Treatments of about a factor of 3, whereas for public risks the increase is reduced to a 
factor of 1.7. For Level Ill Treatments, there is a risk reduction of about 4,000 and 7,000 for 
occupational risks and of about 11,000 and 46,000 for public risks. Increases and decreases are 
practically irrelevant, however, because they apply to an exceedingly small risk. This statement 
can be justified by the observation that the two baseline risks, applied to the entire world 
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TABLE E.4-1 

RISK REDUCTION FACTORS FOR N1 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 

P1200..j 

P12onj 

P120Hj 

P120H.j 

Public: 

P12po..j 

P12pnj 

P12pnj 

P12p4Aj 

Annual Baseline Risks: * 

Occupational: 

R ,,,,{) 

R 120002 

R 120003 

Public: 

R 12poo1 

R12poo2 

R 12poo3 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.108 
11000 ± 4501\ 
46500±164r 

1.5 10· 15 

4.1 10· 14 

1.710·15 

2.410·15 

6.510·14 

2.710· 15 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

FSEIS (U.S. DOE, 1990a), 
Table 5.43 

* The baseline risks from the FSEIS (U.S. DOE, 1990a, Table 5.43), were divided by 20 
years to convert them to annual risks. 
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TABLE E.4-2 

AGGREGATED RISK REDUCTION FACTORS FOR CARCINOGENIC CHEMICALS 
IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

p 120 1 A. 0.331 ± 0.034 
p 12 0 2 A. 0.312 ± 0.032 
p 12 0 3 A. 3740 ± 1420 
P1204i.. 7070 ± 2260 

Public: 

p 12pH 0.600±0.1~ 
P12pn 0.600 ± 0.10 
P12pn 11000 ± 45 
P12pH 46500 ± 164 0 

r Annual Baseline Risks: 

Occupatity 

R 12 o a a 4.4. 10· 14 Aggregated data from Table E.4-1 

Public: 

R12poo 7.0 • 10 · 14 Aggregated data from Table E.4-1 
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population (5 • 1O 9 persons) would give rise to an expectation of a few times 1 O -4 cancers at 
best. 

E.4.2.2 Risk Underground Due To N3 Scenario 

Routine emissions from each drum lead to releases underground, similar to Scenario N1, except 
for the underground environment and the far larger number of drums involved. Risk 
Component 13 also has three subcomponents, occupational, both below ground and above 
ground, and public cancer risks for each of the three carcinogenic agents j. Using the symbols 

n b(-.:l = Number of drums present on average in underground drift, 
q 12 /"'l = Quantity of chemical j released per unit time per drum (mg s ·1), 

<P 13 1 (-.:l = Underground dispersion function for all chemicals (s m -3), 

V 2 = Respiratory volume per workday (m 3 day-1
), ~ 

f 12 i = Probability of absorption of chemical j into body of receptor, I 
M = Receptor body mass (kg), 
Na 2(K) = Number of persons exposed underground, r: 
c i = Cancer potency factor for lifetime exposure to ch 1cal j (kg day mg ·1), 

f 1 = Exposure time correction factor for one year, 
C ; = Constant parts of equations, and . A 
R 13 a KA. j = Underground occupational cancerr per year of operation (yr -1)' 

the underground occupational ris~ponent is 

R { (K (-.:) } <I> (K) v f 1 N(K) f (E 4 15) 
130-.:A.j = nb Q12j 131 2 12j M 02 Ci r. • • 

Assuming both <I>(Ji and N 02(-.:l to be constant and recognizing that the variable factors combine 
to form a consta~tal release rate underground, the risk scales according to 

R C nb
(K) (K) 

130-.:A.j = 1 Q12j. 
(E.4.16) 

The reduction factors are again the ratios of these release rates; which are the same for 
underground occupational and public risk. This leads to risk reduction factors 

n (0) q(O) 
b 12j 

p 130-.:A.j = P13p1CA.j = (K) (K) = FVK FCKj. 

nb Q12j 

(E.4.17) 

where F v"' is the volume reduction factor, and F c "'i is the reduction factor for the emissions of 
chemical j defined by Equation (E.4.6). The standard errors are 
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(E.4.18) 

The reduction factors for waste volume and emissions of compound j are calculated using the 
same constants as for Component 12, listed in Tables D.3-3 and D.3-6 of Attachment D. They 
are given in Table E.4-3. 

The routine emissions from drums underground also lead to exposures of workers aboveground. 
This is the third subcomponent of Risk Component 13. Using the symbols 

n (K) 
b 

q (K) 
12 j 

<I> (K) 
13 2 

v2 
' I 12 j 

M 

Number of drums present on average in underground drift, 
= Quantity of chemical j released per unit time per drum (mg s ·1), 

= Underground/above ground dispersion function for all chemicals ~-3), 
= Respiratory volume per workday (m 3 day ·1), . I 
= Probability of absorption of chemical j into body of receptor, 

= Receptor body mass (kg), ~ 
= Number of persons exposed aboveground from erground source, 

= Constant parts of equations, and 

= Cancer potency factor for lifetime exposure to ch mical j (mg/(kg day)), 
= Exposure time correction factor f~oe year (yr-1

), 

R 13 a,d.J = Above ground occupational cane risk from underground N3 activities per year, 
of operation (yr ·1)Q 

the above ground occupational rifk ~mponent from underground operations is 

(7f { (K) (K) } <I> (K) v f 1 N(K) f v 13ad.j = nb q12j 132 2 12j M 03 CJ I' 
(E.4.19) 

and with N 
0 3(K) constant, and the variable factors again combining to form the total release rate 

underground, the risk scales as 

R C 
(IC) (IC) 

13ad.j = 1 nb q12j. 

The reduction factors are again the same as for underground workers 
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TABLE E.4-3 

RISK REDUCTION FACTORS FOR N3 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P13on.j 1.20 ± 0.10 P13pd.i =P1301d..J 
p 13 0 21..j 1.20 ± 0.10 
p 13 0 3 A.j 22000 ± 8300 p 13a Kl..j = P 130 Kl..j 

p 130 4 A.j 93000 ± 29300 

1 Annual Baseline Risks: * 

R130001 2.2 • 10- 8 rEIS (U.S. DOE, 1990a), 
R130002 6.0 • 10- 7 Table 5.43 
R130003 2.4. 10- 0 

R13poo1 4.6 • 1o·"p. FSEIS (U.S. DOE, 1990a), 
R 13poo2 r<1.3•10"" Table 5.43 
R 13poa3 5.0 • 10- 13 

R ""lt 5.5 • 10- 13 FSEIS (U.S. DOE, 1990a), 
R 13a o 1.5 -10-11 Table 5.43 
R 13 a o 3 6.0. 10- 13 

* The baseline risks from the FSEIS (U.S. DOE, 1990a, Table 5.43), were divided by 20 
years to convert them to annual risks. 
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The standard errors are 

(E.4.22) 

The reduction factors and the baseline risks are the same as those given in Table E.4-3. 

Again, the three different risk reduction factors for the carcinogenic chemicals are aggregated at 
this level. Thus 

3 

P13xid. = L g13xi P13xid.i • 
j=1 

(E.4.23) 

with the indices x = o, p, and a, that stand for occupational (undergroun~ublic, and 
occupational (above ground), respectively. The weights used here are defined b~ 

(E.4.24) 

and the standard errors are 

3 

( !'< p ''f.)' . ~ ( g ,,,1 !'< p," <>J )' • (E.4.25) 

Again, this equation is not valid 1f the risk reduction factors are independent of agent j. The 
correct formula i~ained by inspection of Equation (E.4.23) for that case. 

The numerical v!rcfe's of the baseline risks are given in Table E.4-3, and the final aggregated 
values in Table E.4-4. The risk reduction factors for Level II treatments are close to 1, whereas 
they are 20,000 and 90,000 for the two Level Ill treatments. The relative errors for Level II 
treatment risk reduction factors are about 7 percent; those for Level Ill treatments are about 
30 percent. Still, the baseline risks are very small to exceedingly small. The largest risk occurs 
for the workers underground. 

E.4.3 Noncancer Risk Due to Routine Chemical Exposure 

E.4.3.1 Noncancer Risk In WHB Due to N1 Scenario 

This component of the risk has exposure conditions identical to those in Section E.4.2, only the 
action of the chemical agent on the human organism is different. The two non-carcinogenic 
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TABLE E.4-4 

AGGREGATED RISK REDUCTION FACTORS FOR CARCINOGENIC CHEMICALS 
IN N3 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

Occupational: 

P13on. 1.20 ± 0.1 
p,,,,. 1'"' 

P13on 1.20 ± 0.1 P13a1d. 1301<'-

p 13 0 3 A. 22000 ± 8300 
p 13 0 4 A. 93000 ± 29300 

Annual Baseline Risks: r 
Occupational: 

6.5•10"' p.. R 13 o o o Aggregated from data 

~ 
in Table E.4-3 

Public: 

1.4. 10· 11 
R 13 Po o Aggregated from data 

Above grof). 
in Table E.4-3 

R 13 a o o 1.6. 10· 11 Aggregated from data 
in Table E.4-3 
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agents considered are freon and 1, 1, 1-trichloroethylene. Risk Component 14, therefore, consists 
of two subcomponents, occupational and public risk. With the symbols 

na (IC) 

q 12j 
(IC) 

<l> 12 1 
(IC) 

v2 

f 12 j 

M 
L.(ref) 

J 

r o i 

N 01 
(IC) 

f 1 5 

f t 
C; 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Number of drums present on average in WHB and TF, 
Quantity of chemical j released per drum and per unit time (mg s ·1), 
Dispersion function for all chemicals in WHB (s m ·3), 

Worker respiratory volume per workday (m 3 day ·1), 

Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1), 
Risk of reference level Lt9tJ, 
Number of persons in WHB and TF, 
Fraction of personnel occupationally exposed, 

R 140 KA.j = 

Exposure time correction factor for one year (yr ·1
), i 

Constant parts of equations, and 
Occupational risk of noncancer health effects per year of operatic (yr ·1), 

the occupational risk component for agent j is r 
R14o i..· = { n~K) qgj} <1>\~)1 v2 f12· --

1
-- ,15 N~~)roj ft' 

' I p..' M q'"'' 
(E.4.26) 

and with all but N 0 1 (K) and the two ?1Jors in the source term constant, as before, the risk can be 

scaled as r \ 

D 
R C { n (K). q (K) } N (IC) (E.4.27) 

140ICAj = 1 a 12) 01 • 

This results in risk reduction factors that are again the same ratios as in the N 1 and N3 scenarios 
for the cancer risk. This time, however, they are evaluated for the ·non-carcinogenic chemicals 
4 and 5, 

P14oKA.j = 
n(o) q(o) N(o) 

a 12j 01 

n(IC) q(K) N(IC) 
a 12j o1 (E.4.28) 

with standard errors of 
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~FmlC 

]

2 

(E.4.29) 

For the calculation of the public risk, again a few more symbols need to be defined 

f out(IC) = Deposition losses before reaching the outside atmosphere, 
<I> 14 dd(IC) = Dispersion-dosimetry function for the NP 2 '1Cl persons exposed (s day"1). 

With these quantities, the public risk is 

R { (IC) (IC) } f (IC) <I> (IC) 
14p1C'l..j = na q12j out 14dd '01·' ML (_ref) 

I 

1 (E.4.30) 

where only the source term and the dispersion-dosimetry factor? ae reatment dependent. The 
risk can, therefore, be written in the form 

R C {n (IC) q(1<)}<1>(1<) (E.4.31) 
14p1C'I../ = 2 a 12j 14 dd • 

to denote its scaling properties. The risk reductikactor is then 

(0) (0) (0) 
na q12j <1>14 dd 

n(IC) q(IC) <l>(IC) 
a 12j 14dd (E.4.32) 

D 
The standard errors are given by 

(E.4.33) 

The values of the constants are again given in Attachment D. Numerical values for the 
occupational and corresponding public risk reduction factors are given in Table E.4-5. The risk 
reduction factors are the same as those given in Table E.4-1-.for p 12 0 ICA.i and p 12 P ICA.i • 

The occupational risks for a 20-year operation are obtained from the hazard indices given in 
FSEIS (U.S. Department of Energy, 1990a, Table 5.43) by a division by 20 and converted to 
annual risks by making the assumption that the risk corresponding to the reference level is 1o· 4 

for occupational exposures and 1 O · 5 for exposures of the public. These baseline risks are 
~~· 
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different from those given in Table E.4-1 for R 120 ooj and R ,2 paoj even though the risk reduction 
factors are the same. These differences in risks, however, will result in different values after 
aggregation. 

Again, the risk reduction factors for the two noncarcinogenic chemicals are aggregated at this 
level. Thus 

5 

P14xld. = L g,4xj P14xld.j • 
j.4 

(E.4.34) 

with x being either 'o' or 'p', and the weights 

5 

L R,4xooj 
j=4 1 

(E.4.35) 

with the standard errors C 
(Llp,4xld.)

2 = E (g,4xj Llp,4xicA.jf2 · (E.4.36) 
j=4 

The numerical values of the baseline risks are g/::i in Table E.4-5, and the final aggregated 
values are listed in Table E.4-6. As for Risk Co~n

1

ent 12, Level II treatments have small risk 
reduction factors near 1, where0,evel Ill treatments have values of 10,000 and 50,000. 
However, they are applied to riskrv~e hundred times smaller than those in Table E.4-2. 

This component e risk has exposure conditions identical to those in Section E.4.2.1. Risk 
Component 15, therefore, consists of two subcomponents. With the symbols 

n (IC) = 
b 

q (1<) --
12 j 

rh (IC) 
'¥132 = 
v2 = 

f 12j = 
M = 
l (ref) 

J = 
N o3 

(K) = 
r o i 

ft = 

Number of drums present on average in unsealed waste disposal drifts, 
Quantity of chemical j released per drum and per unit time (mg s ·1

), 

Underground dispersion function for all chemicals (s m -3), 

Worker respiratory volume per workday (m 3 day ·1), 

Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1), 
Number of persons exposed above ground from underground source, 
Risk of reference level L(refl, 
Exposure time correction factor for one year (yr-1

), 
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TABLE E.4-5 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC NONCANCER 
RISK IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P14on.4 0.331 ± 0.034 p 14 0 1C A. 4 = p 14 0 1C A. 5 

P14o2A.4 0.312 ± 0.032 
P14o3'-4 3740 ± 1420 

1 P 14o4A.4 7070 ± 2260 

0.600 ± 0.108 p 14p1A.5 p 14 p IC A. 5 = p 14 p 1C A. 4 

p 14 p 2 A. 5 0.600 ± 0.108 r P14p3:1.s 11000 ± 4500 
p 14 p 4 A. 5 46500 ± 16400 

Annual Baseline Risks:* f>. 
Occupational: r< 6.0. 10·" R 140004 FSEIS (U.S. DOE, 1990a), 

R 14ooos 
1.0 • 10-13 Table 5.44 

PubliO 
R 14poo4 2.1 ·10-

12 FSEIS (U.S. DOE, 1990a), 
R 14poos 3.4. 10-

14 Table 5.44 

* The data in Table 5.44 are divided by 20 to obtain the risk per year of operation. 
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TABLE E.4-6 

AGGREGATION OF RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
CHEMICALS IN N1 ACTIVITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Occupational: 

Risk Reduction Factors: 

P14oHj 0.331 ± 0.034 
P14onj 0.312 ± 0.032 
p 14031..j 3740 ± 1420 
p 14041..j 7070 ± 2260 

Public: 

P14pHj 0.600 ± 0.108 
P14pnj 0.600 ± 0.10'tp. 
P14p31..j 11000 ± 4500 
p 14p41..j 46500 ± 1640 

Annual Baseline Risks: r Occupational: 

R,.,,o 6.1. 10· 12 Aggregated from data in Table E.4-5 

Public: 

R 14 Pa a 2.13·10· 12 Aggregated from data in Table E.4-5 
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C i = Constant parts of equations, and 
R 15 0 id. i = Risk of non cancer health effects per year of operations (yr ·1), 

the underground occupational risk of noncancer health effects for N3 operations is 

R { (1C) (Kl} ih(1Cl V f NM 1 
15od.j "' nb q12j 'V132 2 12J' 03 (Oj ft" 

M L(.ref) 
J 

(E.4.37) 

With all but the source term constant, the risk scales as 

R C { (Kl (Kl} 
15od.j = 1 nb Q12j ' 

(E.4.38) 

and results in risk reduction factors that are again the ratios of the global releas~es 

n~o) q1~,i I 
p ""'i • p "'"i • ni'' ql;\ • F,("i 

= P13p1CA.j • 

(E.4.39) 

I with standard errors of 

(E.4.40) 

FVlC F ClCJ 

Although the risk O•ction factors for chemical j are the same as those for the N3 scenario for 
carcinogens, wei~ aggregation will lead to different values. This subcomponent of the risk 
has an N3 release scenario but includes transport to the surface and exposure of workers there. 
With the symbols 

n (K) = 
b 

q (K) --
12 j 

ih (K) 
'V 13 2 = 
V2 = 
f 12j = 
M = 
L.(ref) = J 

r o i = 
f I = 
N o3 

(K) = 

Number of drums present on average in unsealed waste disposal drifts, 
Quantity of chemical j released per drum and per unit time (mg s ·1), 

Underground dispersion function for all chemicals (s m ·3), 

Worker respiratory volume per workday (m 3 day ·1), 
Transfer probability for absorption of chemical j into body, 
Receptor body mass (kg), 
Reference level for chemical j (mg (kg day) ·1

), 

Risk of reference level L(ref), 

Exposure time correction factor for one year (yr·1
), 

Number of persons exposed above ground, 
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C; = Constant parts of equations, and 
R ,5 a, .. i = Risk of noncancer health effects per year of operations (yr-1

), 

the above ground occupational risk of noncancer health effects for N3 operations is 

R { (1<) (1<) } <I> (1<) V f NM 1 
15al<Aj = nb q12j 132 2 12j 03 roj f,. 

ML (.'9'l 
J 

(E.4.41) 

With all but the source term constant, the risk can also be written as 

R C { (1<) (1<)} 
15a1<)..j = , nb q12j ' 

(E.4.42) 

which again results in the same risk reduction factors as those for Component 13 

p,, • .,1 • p,,,.,1 • p,,,,,1 • p,,,., 1 , 1 (E.4.43) 

with standard e[rr:: "•• ,, ] 2 = [ ~ p 
15 

o1<i ] 2 = [ ~ Fvl< ]' k 1'. F,., ] 2 

p,. •• ,, p,. .. , PF,. ~l-F,., 
(E.4.44) 

The numerical values of the riskection factors and their errors are the same as those for 
Component 13, evaluated, howe for noncarcinogenic compounds 4 and 5. The numerical 
values are listed in Table E.4-7. he values for the baseline risks per year of operation given in 
the same table are taken from the FSEIS (U.S. Department of Energy, 1990a). 

The occupationalOs for a 20-year operation are obtained from the hazard indices given in 
FSEIS (U.S. Dep~ent of Energy, 1990a, Table 5.44 by a division by 20, and converted to 
annual risks by making the assumption that the risk corresponding to the reference level is 1 O -4 

for occupational exposures and 1 O -5 for exposures of the public. 

As discussed before, the risk reduction factors for different chemicals are aggregated at this level. 

Thus 

with the weights 
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TABLE E.4-7 

RISK REDUCTION FACTORS FOR OCCUPATIONAL AND PUBLIC 
NONCANCER HEAL TH EFFECTS FROM N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

Occupational: 
Below Ground: 

P15oo..j 

p 15 0 2 A.j 

p 15 0 3 A.j 

p 15 04 A.j 

P15pHi 

P15pnj 

P15pnj 

p 15p4A.j 

P15aHi 

P 15 a 2 A.j 

Annual Baseline Risks: * 

R 150004 

R 150005 

R 15poo4 

R 15poo5 

R,5aoo4 

R15aoo5 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.1 or;. 
11000 ± 450 
46500 ± 164 0 

a.331 ± a.035 r ~.312 ± a.033 
3740 ± 1420 
7070 ± 2260 

9.0 10- 5 

1.5 10-s 

4.1 10- 10 

6.5 10- 12 

2.2 10- 9 

3.6 10- 11 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

FSEIS (U.S. DOE, 1990a), 
Table 5.44 

* The annual baseline risks are obtained from the FSEIS (U.S. DOE, 1990a), Table 5.44, 
by dividing the values listed by 20 years. 
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and standard errors 

5 

(~P1sxld.} 2 = L(g1sxj ~P1sxld.i} 2 

j=4 

Note again that, for factors p 15 0 " 3 

(E.4.46) 

(E.4.47) 

i independent of agent j, this formula is not valid. The replacement is straightforward from a 
discussion of Equation (E.4.45) for this case. 

The numerical values of the baseline risks are given in Table E.4-7, and the fi4.ggregated 
values in Table E.4-8. For every risk reduction factor, the Level II treatments yi~

0

1J' ~alues near 
1, whereas Level Ill treatments have values of several thousand~s to several tens of thousands. 
The occupational baseline risk is exceedingly small for undergrou workers and three orders of 
magnitude smaller for above ground occupational exposures an public exposures. 

E.5 RISKS FROM CHEMICAL ACCIDENT EXPO 

E.5.1 Basic Considerations 

For the accident scenarios invol 0 chemicals, no cancer risks are calculated because the 
exposure times are too short, i.e.,~~ doses are too low to yield any sizeable effects. Thus only 
noncancer risks ~r stimated, which are mostly based on Threshold Limit Values (TLVs) and 
Immediate Dang rt Life and Health (IDLHs) in the FSEIS (U.S. Department of Energy, 1990a). 
Here TLV-based ard indices will be used exclusively to characterize the low-level occupational 
risks. These are already very low, so that public risks would be lower still. In these accidents, 
breaching the containment by losing the lid or piercing the drum is assumed to release the entire 
gas in the headspace at once, leading to a local exposure of the work crew. For the C10 
scenario, the same assumption is made as for the case of radioactivity; the probability of 
occupational exposure is considered too small, so that neither an occupational nor a public risk 
is calculated for a C1 O accident. 

E.5.2 Above Ground Accidents 

E.5.2.1 Risk Due To Accident Scenario C2 

Dropping a drum from the forklift leads to a loss of lid and liner containment and release of the 
headspace gas. This is Risk Component 16 with only one sub-component, occupational risk. 
Using the symbols 
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TABLE E.4-8 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
HEAL TH EFFECTS DUE TO N3 ACTIVITIES 

QUANTITY 

Risk Reduction Factors: 

p 15 0 1 A. 

P15o2A. 

p 150 31.. 

p 150 4 A. 

p 15pH 

P15pn 

P15pn 

P15p4A. 

P 15a 1 A. 

P 15a 21.. 

P 15 a 31.. 

P 15 a4 A. 

Annual Baseline Risks: 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

0.331 ± 0.034 
0.312 ± 0.032 
3740 ± 1420 
7070 ± 2260 

0.600 ± 0.108 
0.600 ± 0.108 
11000 ± 4500 
46500 ± 16400 

o.331 ± o.of>. 
0.312 ± 0.03 
3740 ± 14 

f'.<7070 ± 2260 

9.15•10" 5 

4.17 • 10 · 10 

2.24. 10 · 9 

1-202 

COMMENTS/REFERENCES 

Aggregated from data 
in Table E.4-7 
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P 2 = Probability of C2 accident per forklift operation, 
n ,(K) Number of drums handled routinely per year (yr ·1), 
n /Kl = Number of forklift operations per drum handled, 
q 16 t) = Quantity of chemical j contained in and released from void space (mg), 
ct> 16 /Kl = Accident dispersion function in WHB and TF for all chemicals (m · 3 

), 

Li(ret) = TLV for chemical j (mg m· 3 
), 

r 0 i = Risk associated with short term exposure to reference level L / '91 l, 
N 

0 1 (.:) = Number of people in WHB and TF, 
f 15 = Fraction of personnel occupationally exposed, 
C; = Constant parts of equations, and 
R 16 0 K ,_ i = Noncancer health risk per year of operation (yr ·1), 

the occupational risk for a C2 accident is 

R { [ P (K) (K) ] (K) } m. (K) 
160.:A.J = 2 n, n, q16J 'l-'151 (E.5.1) 

The dispersion function <I> 16 1 (.:) is not dependent on waste treat ~ Apart from the number of 
people exposed, the product of the only factors that change is tI~~tal mass of gas j contained 
in the headspace of the drums handled each yea":k 

R C (.:) (.:) n (.:) N(K) (E 5 2) 
160.:A.J = 1 n, q16J r 01 • • • 

The risk reduction factor is then Qproduct of the volume reduction factor F v .:• the reduction 
factor F 9 Ki for the mass of gas ifth\ headspace, defined by 

D 
and the factors Ff K and F m K ' 

P16o.:A.J = 

n(o) q(o) n (a) N(o) 
r 16} f 01 

n(K) q(.:J n("') N("') 
r 1 6 j f 01 

(E.5.4) 

The error of the risk reduction factor is 

(E.5.5) 

The numerical values for the reduction factors F 
9 

"'i are listed in Table 0.3-8 of Attachment 0. 
Use of these parameters results in the reduction factors in Table E.5-1. The baseline TLV-based 
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TABLE E.5-1 

VALUES FOR THE REDUCTION FACTORS FOR CHEMICAL EMISSIONS 

QUANTITY VALUE ± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 160 1 A.4 

P 16o2A.4 

P 16o3A.4 

P 16o4A.4 

3.03 ± 0.49 
3.20 ± 0.52 

( 4.3 ± 1 .1 ) • 1 0 4 

(8.2 ± 1.3) • 10 4 

P 16oicA.4 = P16oicA.5 

P 17oicA.j = P16oicA.j 

Annual Baseline Risks: * 

* 

R 1.7. 10·1° . psEIS (U.S. DOE, 1990a), 160004 

R 1.0 • 10 · 11 Table 5.46 16 0 0 0 5 

R 5.0 • 10 · 10/>- FSEIS (U.S. DOE, 1990a), 170004 

R 3.1 • 10 · 11 Table 5.46 170005 

The values in Table 5.46 or:::l FSEIS (U.S. Department of Energy, 1990a) are multiplied 
by the risk of 10. 4 for the rc~~pational reference level. 

D 
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hazard indices are taken from Table 5.46 of the FSEIS (U.S. Department of Energy, 1990a) and 
multiplied with a factor of 10- 4 for conversion to an approximate risk. The accuracy of this factor 
is of no concern in the weighting because in the method used for the aggregation, all common 
factors such as this one cancel. 

Aggregation of the risk reduction factors for different chemicals is done at this level. For C2 and 
C3 accidents, the aggregation procedure is the same, and using the symbol i for Components 16 
or 17, 

with the weights 

and the standard errors 

5 

P io1d.. = L g ioj P /01d.j • 
}=4 

g ioj = 
R ioOOj 

5 

L RioOO't 
't:4 

(Ap, 0 ,.)' • t. (~Ap,,,,1)'. 

(E.5.6) 

(E.5.7) 

(E.5.8) 

Note again that this equation isH vnly for risk reduction factors that depend on agent j. For 
j-independent factors, the numeri alues of the baseline risks are given in Table E.5-1, and the 
final aggregated values in Table .5-2. Here, Level II risk reduction factors lie near 3, and factors 
for Level Ill treattyts between 3,500 and 7,000. Relative errors for Level II factors are about 
15 percent; for L ve Ill factors they are about 30 percent. The baseline risks are exceedingly 
small. 

E.5.2.2 Risk Due To Accident Scenario C3 

In this scenario two drums are punctured by a forklift. The third drum falls and ruptures as a 
result of the impact. The release of the headspace gases results in Risk Component 17. With 
the symbols 

P 3 = Probability of C3 accident per forklift operation, 
n /"") = Number of drums handled routinely per year (yr-1

), 

n /"") = Number of forklift operations per drum handled, 
n 3 = Number of headspaces vented in C3 accident, 
q 16 i ("-) = Quantity of chemical j released from headspace of a drum (mg), 
<I> 12 1 M = Dispersion function in WHB and TF for all chemicals (m -3 

), 

L/ref) = TLVforchemicalj(mgm- 3
), 
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TABLE E.5-2 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC CHEMICALS 
IN C2 ACCIDENTS 

QUANTITY 

Risk Reduction Factors: 

P16011.. 

p 16 o 2 A 

p 16 o 3 A 

P16o4A 

Annual Baseline Risks: 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

3.03 ± 0.49 
3.20 ± 0.52 

(4.31±1.13). 10 4 

(8.18 ± 1.29) • 10 4 

1.8 • 10- 10 

5.3 • 10- 10 

p. 

1-206 

COMMENTS/REFERENCES 

P1601<Aj = P1101<Aj 

r:ggregated from data 
in Table E.5-1 
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r 0 i = Risk associated with short term exposure to reference level Li ( ret l, 

N 01 M = Number of people in WHB and TF, 
f 15 = Fraction of personnel occupationally exposed, 
C 1 = Constant parts of equations, and 
R 170 d.j = Health risk per year of operation (yr-1

), 

the occupational risk component is 

R { [ P (K) (1<)] (1<) } mo (K) 
17 od.j = 3 n, n f n3 q16j 'V121 

1 f N(K) 
-,........,,- '01' 15 01 • L (ref) 

J 

(E.5.9) 

The dispersion function <I> 12 , M is assumed to be independent of treatment. The product of the 
treatment dependent factors is the total quantity of gas j in the headspace of the drums handled 
annually multiplied by the number of forklift operations and the number of people1x osed. The 
risk component scales as 

R C (K) (K) (K)N(K) (E51Q) 
17od.j = 1 n, q,6j n, o1 . . . 

This is the same dependence as the one for Component 16.6tie risk reduction factor is, 
therefore, r .. 

(E.5.11) 

and its error 

~"""i = Llp""'i. 
(E.5.12) 

The numerical v~lu s for the risk reduction factors are given in Table E.5-2 for Component 16 . 
The baseline risk ar derived from the values given in Table 5.46 of the FSEIS (U.S. Department 
of Energy, 1990 . 5-99) by means of multiplication by an occupational reference level risk of 
10 · 4• Due to different weighting, the aggregated values in Table E.5-2 are different for the two 
risk reduction factors. 

E.5.3 Underground Accidents 

E.5.3.1 Risk Due To Accident Scenario C4 

In this scenario a drum drops and loses its lid and the integrity of the liner due to the collision of 
a transporter with a pallet of drums. This leads to Risk Component 18, which, using the symbols 

P 4 = Probability of C4 accident per forklift operation, 
n /Kl = Number of drums handled routinely per year (yr-1

), 

n t, = Number of forklift operations per drum handled, 
n 4 = Number of headspaces vented in C4 accident, 
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q (><) 
16j 

Cl> (><) 
141 

L.( ref) 
J 

r o i 
N 02 

(><) 

C1 
R1aod.i 

= 
= 
= 
= 
= 
= 
= 

Quantity of chemical j released from headspace of a drum (mg), 
Underground dispersion function for all chemicals (m -3

), 

TLV for chemical j (mg m · 3 ), 

Risk associated with short term exposure to reference level Li( ret l, 

Number of people exposed in Underground Storage Area, 
Constant parts of equations, and 
Health risk per year of operation (yr ·1), 

leads to an occupational risk of a C4 accident of 

R { [ P (><l (><l] (><l } ,y,. (><l 1 N (><l 
1so1<Af = 4 n, n, n4 q16J -v141 -- ro1· 02 • L (ref) 

J 

(E.5.13) 

The factors n /"l and cI> 14 1 (><l are assumed to be constant, and the variable part is Wotal annual 
headspace at risk. The risk thus scales as I 

R = C1 n,("l q 1("5 i
1
., (E.5.14) ,.,.,, r 

and the risk reduction factor is 

p 18 OK'A.j = (E.5.15) 

with standard errors 

= (E.5.16) 

P1ao><A1 Fv>< Fg><J 

The numerical values of the risk reduction factors and the baseline risks derived from Table 5.46 
of the FSEIS (U.S. Department of Energy, 1990a) are listed in Table E.5-3. 

Again, aggregation of the risk reduction factors for different chemicals is done at this level. For 
C4, C5, and CG accidents, the aggregation procedure is the same, and using the symbol i for 
Components 18, 19, or 20, 

with the weights 
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TABLE E.5-3 

VALUES FOR THE REDUCTION FACTORS FOR CHEMICAL EMISSIONS 
DURING ACCIDENTS C4, CS, AND C6 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P1801:1.4 21.2±3.2 P180.::l.4 = P180.::l.5 
P1002:1.4 21.2 ± 3.2 P 19 o K :I. j = P 18 0 KA j 

p 1803:1.4 (3.96 ± 1.00) • 10 5 
p 20 0 KA j = p 18 0 KA j 

p 1804:1.4 (1.67 ± 0.25). 10 6 

1 
Annual Baseline Risks: * 

R 180004 2.4. 10· 1° rSEIS (U.S. DOE, 1990a), 
R18ooo5 1.5. 10· 11 Table 5.46 

R100004 2.4 • 1o·':p. FSEIS (U.S. DOE, 1990a), 
R190005 1.5 • 10-11 Table 5.46 

R200004 r< 7.2 °10·" FSEIS (U.S. DOE, 1990a), 
R200005 4.5·10· 11 Table 5.46 

* nA1ues in Table 5.46 of the FSEIS (U.S. DOE, 1990a) are multiplied by the 
ris~ 1 O -4 for the occupational reference level. 
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and standard errors 

g ioj = R ioOOj 

5 

L R;ooo~ 
~=4 

5 

(~Pioid.) 2 = L ( gioj ~Pioid.j) 2 
• 

}=4 

(E.5.18) 

(E.5.19) 

The numerical values of the baseline risks are given in Table E.5-3, and the final aggregated 
values in Table E.5-4. The risk reduction factors are about 18 for Level II treatments, about 
30,000 for Treatment 3 and about 140,000 for Treatment Alternative 4. These fac~re applied 
to exceedingly small baseline risks of several times 1O· 10 

. I 
E.5.3.2 Risk Due to Accident Scenario C5 

A C5 accident in Risk Component 19 is essentially the same eve~ a C4 accident, except that 
the cause is a drop off a forklift. Apart from the probability of a cf :;cident per forklift operation, 
all the factors are, therefore, the same as Compo°k!: 18, i.e., as for the C4 accident. Thus 

P . = . (E.5.20) 
19 OKA) 18 OKA) ' 

and r< 
~p = ~p (E.5.21) 

19 Otc'>..j 18 Otc'>..j " 

The risk reductia9ctors are thus given by Table E.5-3 and the baseline risks are the values 
given there. The aggregated risk reduction factors are given in Table E.5-4. 

E.5.3.3 Risk Underground Due To Accident Scenario C6 

In this scenario, leading to Risk Component 20, the headspaces of three drums are vented, 
because two are pierced and one loses its lid. Except for the probability of a C6 accident per 
forklift operation and the number of headspaces vented, all the factors are the same as for 
Components 18 and 19. Consequently, the risk reducti9n factors are the same as for the C3 
accident of Component 18. Thus 

p 20 0 IC A j : p 1 8 0 IC A j ' 
(E.5.22) 

and 
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TABLE E.5-4 

AGGREGATED RISK REDUCTION FACTORS FOR NONCARCINOGENIC 
CHEMICALS IN C4, CS, AND C6 ACCIDENTS 

QUANTITY 

Risk Reduction Factors: 

p 18 o 1 A. 

P1802A. 

p 18 o 3 A. 

p 18 o 4 A. 

Annual Baseline Risks: 

R 18 o o o 
R 19 o o o 
R2oooo 

D 
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VALUE± STANDARD ERROR 

(2.12 ± 0.32) • 10 1 

(2.12±0.32).10 1 

(3.96 ± 1.0). 10 5 

(1.67 ± 0.25). 10 6 

2.6 • 10. 10 

2.6 • 10- 10 

7.7. 10· 10 

1-211 

COMMENTS/REFERENCES 

P 19 o IC A. j = P 18 0 IC A. j 

P2001CA.j = P1801CA.j 

~ggregated from data r in Table E.5-3 
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L\ p 20 0-.:">.. j = L\ p , 8 0-.:">.. j • (E.5.23) 

The risk reduction factors are thus given in Table E.5-3 and the baseline risks shown there are 
derived from Table 5.46 of the FSEIS (U.S. Department of Energy, 1990a), which gives estimated 
daily intakes at the receptor location in (mg (kg day)-1

). The aggregated risk reduction factors 
are given in Table E.5-4. 

E.6 PROPERTIES OF TRANSPORTATION RISKS 

E.6.1 Basic Considerations 

The transportation risk calculated in the FSEIS and in this study are based on the~r sportation 
risk methodology found in RADTRAN Ill (Madsen et al., 1986). RADTRAN Ill is a ised version 
of the RADTRAN code (Taylor and Daniel, 1977) which was developed in conjun tion with the 
Final Environmental Statement on the Transportation of Radioactive Material by Air and Other 
Means (USNRC 1977b). RADTRAN Ill combines meteorologica~mographic, health physics, 
economic, transportation, packaging, and material factors to obtai e expected radiological risks 
resulting from transportation of radioactive material. 

Two principal computations are performed by the A: the radiological impact due to "incident 
free" transport and due to vehicular accidents~re are several submodels used in the 
RADTRAN 111 code. The materiedel describes the physical character of the waste and 
measures the radiotoxicity of th ispersed materials. The transportation model used in 
RADTRAN Ill describes accident r tes, traffic patterns, and shipment information. Accident rates 
are given for types of accident and population zone in which they occur. The traffic patterns 
contain the fractiqr<c;} travel which occurs on various types of road, population zones, and time 
of day. The ship~ information gives the number of persons per vehicle, separation distances, 
and timing data. 

An accident severity and package release model describes eight categories of accident severity 
and the fractional release of material from packaging and determines the excepted release of 
each accident. An atmospheric dispersion model uses basic dispersion calculations provided by 
the user to evaluate concentrations at receptor sites. 

The population distribution model specifies population densities in three population zones, rural, 
suburban, and urban, as well as certain other areas such as pedestrian walkways. The health 
effects model, finally, considers health effects due to exposure to different radiations such as early 
fatalities, early morbidities, latent cancer fatalities, and genetic effects. 

In transportation, the treatment alternative JC influences the risks mostly through the effect of 
waste volume reduction on the number of transports and through the reduction of the suspension 
fraction of wastes in an accident; the location option A. exerts influence mainly through the 
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partition of the total distance, from the originator to the WIPP into the portion travelled as 
untreated waste and the portion covered as treated waste. 

The largest transportation risks are those incurred in traffic accidents in which the TRUPACT-11 
transport is involved but its containment not breached. The risks are, therefore, those of normal 
traffic accidents involving truck transports. In the FSEIS, recent studies made in 23 states were 
considered in this context and systemwide averages computed. As the different location options 
involve additional transport in the same general area, it is a reasonable assumption that the extra 
transportation distances do not alter these averages in an appreciable way. 

The risk formulae in this section are those coded in RADTRAN Ill, generalized to yield the 
corresponding risks for treated and untreated wastes. In the FSEIS, transportation risks were 
estimated using an earlier version, RADTRAN II (Madsen, et al, 1983). The parameter values 
used for the calculations in this section are listed in Tables E.6-1a and E.6-1b. ~ 

E.6.2 Risk of Traffic Accidents I 
E.6.2.1 Risk Of Fatalities C 
Traffic fatalities, involving the TRUPACT transport, its crew, and lath members and vehicles of 
the general population, are modeled to be proportiof\2 to the total distance traveled. This results 
in Risk Component 21 which is expressed with ttf'~?mbols 

Pa 
n 

= Probability densit~ fatal accident per unit length of road (m ·1), 

= Number of waste1 E~~~cers, L 0 ..,(l.l = Distance traveled as untreated waste from originator w (m), 
L, ..,()..) = ;e· ce traveled as treated waste from originator w (m), 
L, ..,(l.) = transport distance for originator w in location option /... (m), 
f 21 .., = on of total annual waste produced by originator w, 
n t"'l = Number of transports per year for treatment option K (yr-1

), 

F, IC = Transport reduction factor for treatment K, and 
R 2, pkl. = Annual risk of traffic fatalities (yr-1

), 

in the equation 

Q 

R21 p1Cl. = Pa L f21.., { L~~l n:o) + L~1;J n)IC)} . ..,., 
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TABLE E.6-1a 

RADTRAN GENERAL INPUT DATA 

CH TRU 
SYMBOL PARAMETER TRUCK 

N a3 Number of crewmen 2 
N p1 Number of people exposed while stopped 50 
N p2 Number of people per vehicle 2 l;ioi 

't Time to catch up to TRUPACT (seconds) 2 

vi Speed (km/hr): 1 V3 Urban population zone 24 
V2 Suburban population zone 40 !'I!! 

v.1 Rural population zone 88 

di Population density, people/km2 

d3 Urban population zone 3861 
d2 Suburban population zone 

f>. 
719 

d1 Rural population zone 6 
ltll!ll 

r maxi r max (m): ~ 
r max 3 Urban populati one 800 
r max 2 Suburban pop at1 n zone 800 
r max, Rural population zone 800 

r mini r~ (m): 
r min 3 rban population zone 5 
r min 2 Suburban population zone 27 
r min, Rural population zone 27 

'"" 
N 25i One-way traffic count (vehicles/hr): 
N 25 3 Urban population zone 2800 
N 252 Suburban population zone 780 
N 25, Rural population zone 470 
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-- LIST OF RADTRAN PARAMETERS USED IN THIS STUDY )> 
::i 
Ill 
0 
:J" 
3 
~PARAMETER INEL RFP HANFO!W \ SAS LANL ORNL NTS ANL-E LLNL MOUND 
m 

L 
1 

(l)<Al (km) 

L,(l) (0) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

L,(l) (1) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 
L 12) 2433.6 1398.4 3363.2 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 tm 
L 131 2433.6 1398.4 3060.8 

~ 
548.8 2920.0 2057.6 3763.2 2332.8 3422.4 Im 

L,m 
(4) 2433.6 1398.4 3060.8 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

L 1 m<Al (km) 

L 1., 
(0) 0 0 0 0 0 0 0 0 0 0 

L 1 ., 
(1) 0 0 0 0 0 0 0 0 0 0 

'L (21 2433.6 1398.4 2433.6 0 0 0 0 0 0 0 ~ 1., 
c.n L (3) 2433.6 1398.4 3060.8 2536.0 ~ 

2536.0 0 2536.0 0 2536.0 1 ., 

L 1 ., 
(4) 2433.6 1398.4 3060.8 2536.0 2160.0 0 0 0 0 

L 0 .,<Ai (km) 

Lo"' 
(0) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 

0 

L 0 IO 
(1) 2433.6 1398.4 3060.8 2536.0 548.8 2160.0 2057.6 2219.2 2332.8 2355.2 0 

Lo., 
(2) 

m 
0 0 929.6 2536.0 548.8 ~-0 2057.6 2219.2 2332.8 2355.2 ~ 

L (3) 0 0 0 0 548.8 .0 2057.6 1227.2 2332.8 886.4 =o 
01<1 -0 L 14) 0 0 0 0 0 0 2057.6 2219.2 2332.8 2355.2 ~ 0., 

6 

f 11 ., 
(A) 0 

:-I 

f 11 ., 
(0) 0 0 0 0 0 0 0 0 0 0 :D 

m 
f 11 ., 

(1) 0 0 0 0 0 0 

---\~ 
0 0 0 < 

(ii 

f 11 ., 
(2) 0.85 0.823 0.85 0 0 0 0 0 0 5 

f 11 ., 
(3) 0.85 0.823 0.857 0.743 0 0.743 0.743 0 0.743 z 

!" 
f 11 (I) 

(4) 0.85 0.823 0.857 0.743 0.901 0.786 0 0 0 0 )> 
-0 
:D 
;= 
~ 

co 
~ 
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"O TABLE E.6-1b "O 
(!) 
::> LIST OF RADTRAN PARAMETERS USED IN THIS STUDY a. 
)(" 

-- (CONTINUED) 
)> 
::i 
II> 
g. PARAMETER INEL RFP HANFORD SRS LANL ORNL NTS ANL-E LLNL MOUND 
3 
(!) 
::> 

(A) 
~ f 12., oD f 12., 

(0) 0 0 0 0 0 0 0 0 0 

f 12., 
(1) 0 0 0 0 0 0 0 0 0 0 

f 12., 
(2) 0.138 0.157 0.138 0 0 0 0 0 0 0 

f 12., 
(3) 0.138 0.157 0.134 0.251 0 0.251 0 0.251 0 0.251 

I 

f 12., 
(4) 0.138 0.157 0.134 0.251 0.099 0.207 0 0 0 0 

f 13 
(A) ~ 

f 13., 
(0) 0 0 0 0 0 0 0 0 0 0 

f 13., 
(1) 0 0 0 0 0 0 0 0 0 0 

.. f 13., 
(2) 0.012 0.02 0.012 0 0 0 0 0 0 0 

~ f (3) 
O> 13., 0.012 0.02 0.009 0.006 0 0.006 0 0.006 0 0.006 

f 13., 
(4) 0.012 0.02 0.009 0.006 

~ 
0.007 0 0 0 0 

f 01 ., 
(A) 

f 01 IO 
(0) 0.85 0.823 0.857 0.743 0.901 0.786 0.868 0.781 0.862 0.754 

f 01 ., 
(1) 0.85 0.823 0.857 0.743 0.901 0.786 0.868 0.781 0.862 0.754 

0 
0 

(2) m 
f 01 ., 0 0 0.852 0.743 0.901 0.786 0.868 0.781 0.862 0.754 ~ 
f 01 ., 

(3) 0 0 0 0 0.901 °'6\ 0.868 0.766 0.862 0.766 'ti .,, 
f 01 ., 

(4) 0 0 0 0 0 0 0.868 0.781 0.862 0.754 ~ 
b 
0 

f 02., 
(A) :-I 

:n 
f 02., 

(0) 0.138 0.157 0.134 0.251 0.099 0.207 0.112 0.218 0.101 0.241 m 
< 

f 02., 
(1) 0.138 0.157 0.134 0.251 0.099 0.207 

~ 
0.218 0.101 0.241 Cii 

0 
f 02., 

(2) 0 0 0.1284 0.251 0.099 0.207 2 0.218 0.101 0.241 z 
f 02., 

(3) 0 0 0 0 0.099 0.2293 1 0.2293 0.101 0.2293 !'> 
)> 

f 02., 
(4) 0 0 0 0 0 0 0.112 0.218 0.101 0.241 .,, 

~ 
r 
_. 
co 
~ 

,. ~ . ~ ~ 4 ~ ~ 
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TABLE E.6-1b g, 
)( 

:- LIST OF RADTRAN PARAMETERS USED IN THIS STUDY 
)> 
::i (CONTINUED) Ill 
:::r 
3 
(II 

;a PARAMETER INEL RFP HA~ SAS LANL ORNL NTS ANL-E LLNL MOUND 
m --

f 03., 
{).) 

f 03., 
(0) 0.012 0.02 0.009 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03., 
(1) 0.012 0.02 0.009 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03., 
(2) 0 0 O.Q196 0.006 0 0.007 0.02 0.001 0.037 0.005 

f 03"' 
(3) 0 0 0 

~ 0 0.0048 0.02 0.0048 0.037 0.0048 

f 03"' 
(4) 0 0 0 0 0 0.02 0.001 0.037 0.005 

f25j., 
{).) 

f 251 ll) 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

~ f 25 2"' 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
...... 

f 25 3 ll) 0.95 0.95 0.95 0.95 ~95 0.95 0.95 0.95 0.95 0.95 

g 251ro 

g 252ro 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
0 

g 253"' 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0 m 

\\ 
~ 

h 251 ro 
=ti 
-0 

h 25 2ro 0.05 Ul 
0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 ~ 

h 25 3"' 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 6 
0 _ ...... 

JJ 

f 21 ll) 0.194 0.365 0.148 0.126 0.099 0.011 0.004 0.001 0.046 0.007 m 
< en 
0 z 
_N 

)> 
-0 
JJ 
;= 
~ 

Ul 
~ 
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The form for the risk reduction factor is thus 

n 
nl(O) ~ f L(O) 

L 21 co tco 

p 21 PKA = 
C0=1 

n 

E f21 '° (L~~ ni 0> + Lj~ niic>) 
C0:1 

n 
~ f L(O) 
L 21 co tco 
COz1 = 

n 
~ f LP·> L().) 1 
L 21co Oro + 1co --
C0=1 F,IC 

v21 oo 

v21d. 

(E.6.2) 

The definition of the quantities V,, , , in the last part of the equation are need:r:or the error 
calculations. Assuming that the errors of the distances and the w~st fractions are much smaller 
than the error of the transport reduction factor, only the la r need be considered (see 
Attachment C, Equation C.1.26). The standard error of the risk duction factor for this case is 
then 

[ ~P21pic).]= ~Ff\ ~f L().l (E.6.3) ~L 21co ,.,. 
P21pic). V21 ic). Frie co=1 

The risk reduction factors for th qr treatment alternatives and the four location options are 
given in Table E.6-2. The value!t~~the risk reduction factors for Location Option 1 (TF at the 
WIPP) are equal@:1 because the transports are the same as those in the baseline case. For 
Level II treatme ts, there is an increase in this risk component; for Treatment 3, the risk 
component is ab constant, whereas for Treatment Option 4, there are modest risk reductions 
of factors 2 or 3. hese reductions, however, are applied to the largest baseline risk components 
and are thus of great importance. 

E.6.2.2 Risk Of Injuries 

The expression for Risk Component 22, evaluating the risk of traffic injuries in accidents involving 
the TRU PACT-II, is the same as Equation (E.6.1) except for the linear probability density for 
accident injuries, pi, that replaces the probability density pa for fatal accidents. The risk reduction 
factors are, therefore, the same and are given in Table E.6-1. The baseline risk component for 
traffic injuries, on the other hand, is given by the value taken from the FSEIS executive summary, 
divided by 20 to obtain a risk per year of operation, reduced to apply for CH-TRU waste only, and 
entered in Table E.6-2. 
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TABLE E.6-2 

RISK REDUCTION FACTORS AND BASELINE RISK 

OF TRAFFIC DEATHS AND INJURIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 21 p 11 1 
p"'"'{"'"' p 21 p 12 0.760 ± 0.048 

p 21 p 13 0.714 ± 0.057 

p 21 p 14 0.715 ± 0.058 

p 21 p 21 1 r 
p 21 p 22 0.720 ± 0.042 

p 21 p 23 0.666~48 
p 21 p 24 0.666 . 49 

p 21 p 31 1 

p 21 p 32 1.10 ± 0.17 

p 21 p 33 1.17 ± 0.26 

p,, 'D 1.18 ± 0.27 

p 21 p 41 

p 21 p 42 2.00 ± 0.06 

p 21 p 43 3.27 ± 0.21 

p 21 p 44 3.51 ± 0.25 

Annual Baseline Risks: 

R 21 P o o 0.2 FSEIS (U.S. DOE, 1990a), 

R 22 P o o 3 Table D.4.6, p. D-108 
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E.6.3 Cancer Risk From Routine Transportation Radiation Exposures 

E.6.3.1 Basic Considerations 

Incident-free radiological risks occur during routine transportation and are the result of public and 
occupational exposures to external radiation at allowable regulatory levels. These low doses will 
fall below natural background radiation levels (U.S. Department of Energy, 1990a,D.3.2.2, 
p. 0-62). 

The public may be exposed during stops, near the road taken by the TRUPACT-11 transport, or 
from travelling in the same or opposite direction from the transport. Routine occupational 
exposures result from external radiation from the transportation itself, during waste handling 
procedures and also exposures to warehouse personnel. The above-mentioned radiological 
exposures result from exposure to untreated waste. Even when the waste is treated, the source 
term (activity) will dictate the risk. It is assumed here that there is no shielding or;.y+r-attenuation 
of gamma radiation in either the treated or the untreated waste. I 
Due to the assumption that the total annual activity h.andled is in~endent of treatment, 

00 = qJ><) n~><) n,'><) = canst' r (E.6.4) 

where q 2'><, is the average activity per drum, n d~(><l ·s the number of drums in the TRUPACT-11 
container, and n i><' is the number of annual TRU A T-11 transports, and Q 0 is the total activity 
produced, handled, and emplaced in the WIPP in equilibrium situation. In essence, this is thus 
the same condition as the one expressed by Equation (E.1.5). Weight limitations are introduced 
in post-treatment transportation ~ transportation reduction factor. 

E.6.3.2 Cancer Risk To Public Jia~Road Taken by TRUPACT-11 Transports 

The public near ~oads travelled by the TRUPACT-11 transports is routinely exposed to the 
penetrating part f e radioactivity. The corresponding cancer and genetic risks are the two 
subcomponents f Risk Component 23. The symbols used in modeling this component are: 

q 2(><) = Total activity per drum (Bq}, 
n (><) 

d = Number of drums per TRUPACT-11 transport (3 TRUPACT-11 containers, 
42 drums), 

n (><) 
t Number of shipments per year (yr ·1), 

f 21"' Fraction of waste generated by originator (J), 

n = Number of originators, 
La., 

(1..) 
= Distance travelled as untreated waste from originator (J) (m), 

L1"' 
(A.) 

= Distance travelled as treated waste from originator (J) (m), 
Lt., 

(1..) 
= Total distance travelled for originator (J) and location option A. (m), 

<I> 23 = TRUPACT-ll's source shape function, 
Ka = Dose-Rate Conversion factor for point source (Sv s·1 sq·1 m2), 
vi = Transport speed in .area i (m s·1), 

fa i"' 
(1..) 

= Fraction of travel as untreated waste from originator (J) in area i, 
f (A.) 
1 iro = Fraction of travel as treated waste from originator (J) in area i, 
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d; = Population density in area i (m · 2 
), 

r ;, min = Minimum distance to TRUPACT-11 centerline (m}, 
r ;, max = Maximum distance to TRUPACT-11 centerline (m}, 
a , = Cancer risk factor (Sv ·1), 
Ci = Constant parts of equations, 
R 23 P id. = Annual cancer risk for transportation for treatment/location option k (yr·1), with 
Index for rural areas i = 1, 
Index for suburban areas i = 2, 
Index for urban areas i = 3, 

and the expression for this risk component is 

R = { q2( o l n ( o) n ( o l } K ct> 
23pKA d I O 23 a, 

~ f ~ d; In [ ri,max J [ f(A) L (A) 
L.J 21 ro £..J - -- 0100 Oro 
ro=i i=1 V; ri,min 

(A) (A)~] 
+ f, iro L, ~ JI. 

(E.6.5) 

Note that the source term is independent of treatment due to ~ation (E.6.4) and appears, 
therefore, in front of the sums. Thus, the risk scales according (':" 

n 3 d 
R23p1CA = C1 L f21 ro L - 1 

In 
Ol=1 ;.1 v, 

r, ax J [ f(A) L (A) f(A) L (A) ] 
Oiro Oro + 1100 1ro • 

ri,mln 

(E.6.6) 

and with the relationship r< 
L (A) + L (A) - L (A) (E.6.7) 

Oro 1ro - tro • 

arising from the Qitions of the quantities, as well as the fact that for the baseline case all travel 
is done with unt~d waste, the risk reduction factors are 

n 3 d. 
L f 21 ro L -' In 
ro=1 ;.1 V; 

ri,max 

ri,min 

(E.6.8) 

These risk reduction factors are independent of the treatment option K, but do depend explicitly 
on the location parameters A.. 

The uncertainty of the risk reduction factor arises mostly from the population densities d; and the 
speeds vi in the various areas i. The rest of the parameters are geometrical or based on waste 
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statistics and have much smaller standard errors. The uncertainties of the quantities di and vi 
enter both in numerator and denominator and thus tend to cancel in part. As the resulting 
uncertainty in these risk reduction factors is much smaller than those in others, they will not be 
evaluated in detail but set at a few percent. The errors are then estimated to be 

[ 
~P 23 P1CA) = 0.03. 

P23p1Ci.. 

(E.6.9) 

The risk reduction factors have to be assembled from the values for the ten originators OJ. They 
are given in Table E.6-3, with the values for the baseline risks from Table D.3.14 of the FSEIS 
(U.S. Department of Energy, 1990a). 

The numerical values for the risk reduction factors are about unity for all treatments. This is 
understandable, considering the fact that the same amount of radioactivity is b!e· ransported 
over slightly different routes, except for A. = 1 and 4, where the same routes result n a reduction 
factor of 1. The baseline risk of about 1 in three million for the public along th route is very 
small. 

E.6.3.3 Cancer Risk To Public During Stops 

During stops along the highway, the members~he public using the same facility as the 
TRUPACT-11 transport, are exposed to the penetr i part of the total activity. Their cancer risk 
is Risk Component 24, and with the definitions: 

q 2(1Cl = Total activity per~ (Bq), 
n d(lC) = Number of drum TRUPACT-11 transport, 
n /l(l = Number of shipm nts per year (yr ·1), 

n = N~ber of originators, 
f 21 ., = ac ion of waste generated by originator OJ, 

L 0 .,(A.) = is nee travelled as untreated waste from originator OJ (m), 
L, .,(A.) = 1stance travelled as treated waste from originator OJ (m}, 
L 1 .,(i..) = Total distance travelled for originator OJ and location option A. (m), 
Ls = Average distance between stops (m}, 
K 0 = Dose-Rate Conversion factor for point source (Sv s·1 sq·1 m2

), 

<I> 241 = Dosimetry function of r.m.s of inverse distance (m · 2), 

N P, = Average number of persons exposed at rest stops, 
~ts = Average time spent at rest stops (s}, 
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TABLE E.6-3 

RISK REDUCTION FACTORS FOR ROUTINE 
TRANSPORTATION EXPOSURES 

QUANTITY 

Risk Reduction Factors: 

p 23 p IC 1 

p 23 p IC 2 

p 23 plC3 

p 23 p IC4 

Annual Baseline Risks: 

R 23 pOO 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.0 ± 0.03 
0.94 ± 0.03 
0.99 ± 0.03 
1.0 ± 0.03 

1-223 

COMMENTS/REFERENCES 

r 
FSEIS (U.S. DOE, 1990a), 

Table 0.3.14 
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= Cancer risk factor (Sv-1
), 

= Constant parts of equations, and 
= Cancer risk for exposures at rest stops for option k = (K,A} per year of operation 

(yr-1), 

the cancer risk component is 

(E.6.10) 

As the terms in the first row are all independent of the treatment/location op~ and using 
Equation (E.6.7) the risk can be scaled as 'uTi::; 

n r p .. ) 
R24pid.. = c1 L f21ro L,(J) . 

ro=1 

The risk reduction coefficients are then again in~de endent of treatment 

(0) 
f21"' L,"' 

~,,, . ro=1 

n 
L ,21 (J) L:~) 
00=1 

with the standar&r 

(E.6.11) 

(E.6.12) 

(E.6.13) 

estimated again under the assumption that well known road and waste data are used in a way 
in which the uncertainties largely cancel. The numerical values of the parameters have been 
taken from the RAD TRAN II I code (Madsen et al., 1986) and are tabulated in Table E.6-1. Use 
of these parameters leads to the numerical values given in Table E.6-4. They lie very closely to 
1 as in Component 23, reflecting small changes in total route lengths. The baseline risk is 
relatively small. 
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TABLE E.6-4 

RISK REDUCTION FACTORS FOR PUBLIC RISKS AT STOPS 
AND FOR SOME ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

p 24 p I( 1 1.00 ± 0.01 p 30 p 1( A. = p 24 p 1( A. 

p 24 p I( 2 0.98 ± 0.01 p 31 PK%24pd 
p 24 p K3 0.99 ± 0.01 p 32 p 1( A. p 24 p 1( A. 

p 24 p I( 4 1.00 ± 0.01 

Annual Baseline Risks: r 
R24 P oo 1.3-~0 

4

/) 
FSEIS (U.S. DOE, 1990a), 

Table D.3.14 

R 30 P oo Not available in U.S. DOE 1990a 

R 31 P oo r< Not available in U.S. DOE 1990a 

R 32 P oo Not available in U.S. DOE 1990a 

D 

Appendix I, Attachment E 1-225 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

E.6.3.4 Cancer Risk To Public Due To Travelling In The Opposite Direction 

Drivers proceeding in the opposite direction of the TRUPACT-11 transport are exposed only 
shortly. This risk is Component 25, with the definitions, 

q /"·, = Total activity per drum (Bq}, 
n /rel = Number of drums per TRUPACT-11 transport, 
n /rel = Number of shipments per year (yr ·1), 
f 21 "' = Fraction of waste generated by originator ro, 
n = Number of originators, 
L 0 "''"l = Distance travelled as untreated waste from originator ro (m}, 
L 1 "',,,, = Distance travelled as treated waste from originator ro (m), 
L 1"'(A.l = Total distance travelled for originator ro and location option A. (m), 
K 0 = Dose-Rate Conversion factor for point source (Sv s·1 Bq-1 m2

), 

<I> 21 = TRUPACT-11 shape function, f 
vi = Transport speed in area i (m s·1

), 

f 0 i "''"l = Fraction of travel as untreated waste from originator ro in area i 
f, ; "''"l = Fraction of travel as treated waste from originator ro in area i, 
f 25 ;"' = Fraction of freeway travel, area i, originator ro.y 
g 25 ;"' = Fraction of rush hour travel, area i, originator , 
h 25 i"' = Fraction of city street travel, originator ro, 
x 1 = Minimum exposure distance ()nm 
N P 2 = Average number of persons in e ·c1e on TRUPACT-11 routes, 
N 251 = One way traffic count of vehicl in area i (s ·1), 

a, = Cancer risk fac~or sv-
1
), 

Ci = Constant parts uations, and 
R 25 P KA.= Annual cancer ri r transportation for treatment/location option k (yr"1

), with 
Index for rural areas i = 1, 
Index for s~ban areas i = 2, 
Index for u L/ areas i = 3, 

it can be written as 

R { (o) nd(oi n(o)} <I> K N a 1t 
25pKA. = q2 I 21 0 p2 1 2 

(E.6.14) 
0 3 

E '21"' E 
ro=1 i=1 

with the definitions of auxiliary functions 
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and 

and 

H2s1 ro = v 2 
1 

H 1 f [8 g 25 2U> 
252ID : - 252ID + 

x 1 v/ 
1 - g 25 2ID] 

v 2 
1 

1 [ 7 g 25V2

2

m
2 

+ 1 ] • + X ( 1 - g 25 2 ID ) 
2 

X 253ID 2 = _1 (1 - h )P"'· . 1 
2 2 

r 
- g253ID] 

v 2 
1 

- h253ID " r 1 [ 7 g253ID + 1 l 
X3 V32 

(E.6.15) 

(E.6.16) 

(E.6.17) 

These three aua' functions have the dimension (s2 m -3). Note that the source term is 
independent of ttlt~ent due to Equation (E.6.4) and so are the other factors on the first line of 
Equation (E.6.14). Thus the scaling property on this component is 

n 

R25p1c'I.. = c, L 
ID=1 

3 

'21ID L N25i[ t~7l L6:! + f,(7l Lj'J] H25iID' 
i=1 

and the risk reduction factors are given by 

n 3 

L f21mL N25J~~l L:~) H25iw 
ID=1 i=1 

P2spKA = --0-------3----------------------------~ 
.E '21ID .E N25i[ tJ7l L61;.; + f,(7l Li1;.;] H25iID 
W:1 i:1 

Appendix I, Attachment E 1-227 

(E.6.18) 

(E.6.19) 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

with standard errors of a few percent, 

(E.6.20) 

estimated again by assuming the partial compensation of the small uncertainties in road and 
vehicle density data. 

The risk reduction factors are independent of treatment, and have to be assembled from the 
parameter values for the ten originators co in Table E.6-1. They are given in Table E.6-5, together 
with their errors and the values for the baseline risks. Again, all values lie close to 1, reflecting 
the fact that the same activity is transported every year, regardless of treatment. 

E.6.3.5 Cancer Risk To Public Drivin In Same Direction As TRUPACT-11 Tran 

Longer exposure times occur for vehicles driving in the same direction as TRUPACT-11 
transport. This leads to Risk Component 26. Using the symbols 

q /rel = Total activity per drum (Sq), G 
n /rel = Number of drums per TRUPACT-11 transport, r 
f 21 co = Fraction of waste generated by r inator co, 
n 1("'l = Number of shipments per year~-1). 

L 0 co(Al = Distance travelled as untreate aste from originator co (m), 
L 1 co(A) = Distance trave~led treated waste from originator co (m), 
LI co(A) = Total distance lied for originator co and location option A. (m), 
<I> 23 = TRUPACT-11 s p function, 
K 0 = Dose-Rate Co ersion factor for point source (Sv s·1 sq·1 m2

), 

vi = ~nsport speed in area i (m s·
1
), 

f 0 i co(Al = Fr ction of travel as untreated waste from originator co in area i, 
f, i co(Al = E ction of travel as treated waste from originator co in area i, 
f 25 i co = Fraction of freeway travel, area i, originator co, 
g 251 co = Fraction of rush hour travel, area i, originator co, 
h 25 i co = Fraction of city street travel, originator co, 
x 1 = Minimum exposure distance (m}, 
a 1 = Cancer risk factor (Sv-1

), 

t = Average time (2 sec) needed for vehicle to close the distance to TRUPACT-11 

N p2 

N 251 

Ci 
R26 p "'A co 

transport (s), 
= Average number of persons in vehicle on the road, 
= One-way vehicle count in area i (s _,), 
= Constant parts of equations, and 
= Cancer risk for transportation for treatment/location option k and originator co per 

year of operation (yr-1
), with 
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TABLE E.6-5 

RISK REDUCTION FACTORS FOR PUBLIC RISKS DUE 
TO CARS TRAVELING IN THE OPPOSITE DIRECTION 

QUANTITY 

Risk Reduction Factors: 

p 25 p IC1 

p 25 p IC 2 

p 25 p IC 3 

p 25 p IC 4 

Annual Baseline Risks: 

R 25 P oo 

D 

Appendix I, Attachment E 

VALUE± STANDARD ERROR 

1.0 ± 0.03 
0.97 ± 0.03 
0.99 ± 0.03 
1.0 ± 0.03 

1-229 

COMMENTS/REFERENCES 

~ Not available in FSEIS r (U.S. DOE, 1990a) 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

Index for rural areas 
Index for suburban areas 
Index for urban areas 

it can be written as 

i = 1, 
i = 2, 
i = 3, 

R = { Q2(0) nd(O) n,(O) f } K m N a 26p1<A0> 210> o'V23 p2 1 

3 

L [ tci7~ Lb:! + f,(;~ L~:!] (H26i0> + G26im} 1 

i=1 

with the auxiliary functions defined by 

N2s1 
H2s1m = v,3't , 

and 

H2s2m 
15 g 25 2 CJ) + 1 ] 

( 1 - f 25 2 CJ)) ' 

't v 3 

and D 
H2s3m = N253 r(1-h2s3m)(-1_6_g_2_s_3_m + 1-92s3m]+ (h253m) 

L 'tV23 'tV,3 

Both auxiliary functions H and G have the dimension [s m ·3 ] 

G 261 m = ~(-1 
- -

1 J, 2 v,2 x, 't v, 

and 
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15 g 25 3 CJ) + 1 l · 
't v 3 

3 

(E.6.21) 

(E.6.22) 

(E.6.23) 

(E.6.24) 

(E.6.25) 

,, 'f'I 

lllf 

,,,,, 

f! ,, 

,,,, 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

G2s2ro = N {f [4g2s2ro(_1 -~J + 1 -g2s2ro (-1 __ 1 J] 252 2s2ro 2 X V: 2 2 X V't 
V2 2 2't V1 2 1 

(E.6.26) 

and 

G2s 3ro 

(E.6.27) 

Note that the source term is inde~ent of treatment due to Equation (E.6.16) and so are the 
other factors on the first line of Equation (E.6.23). Thus this risk scales as 

R,,,C) C, t. t,,. t [ 1:;~ L:',1 + t,'7~ L:'.1] ( H,,,. + G,,,.), 

(E.6.28) 

and the risk reduction factors are again independent of treatment 

(E.6.29) 
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with the standard errors estimated to be a few percent 

( 
dp26p1C)..m J: 0.04' 

P2s p1C)..m 

(E.6.30) 

based on the same assumptions as those in the preceding sections. The risk reduction factors 
which have to be assembled from the parameter values for the 1 O originators ro are given in 
Table E.6-6, together with the value for the baseline risks. All factors cluster around unity, as 
expected, and are applied to a very small baseline risk. 

E.6.3.6 Cancer Risk To Crew During Transport 

The persons constantly in the radiation field of the TRUPACT-11 containers are~embers of 
the transport crew. Their exposure leads to Risk Component 27 with two subco p nents, cancer 
and genetic effects. Using the symbols: 

q 2(1C) 

n (IC) 
d 

n M 
t 

n 
f 21 m 
f ()..) 

0 i m f ()..) 
i1 m 

L ()..) 
Om L ()..) 
, m 

L ()..) 
Im 

<I> 23 

Ko 
vi 
<I> 27, 

N a3 

a, 
Ci 
R 270 ICA 

= Total activity per drum (Bq), r 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr ·1), 
= Number of originators, 
= Fraction of waste generated b~inator ro, 
= Fraction of travel as untreated s e from originator ro in area i, 
= Fraction of travel as treated w ste from originator ro in area i, 

Distance travel~s untreated waste from originator ro (m), 
= Distance travel s treated waste from originator ro (m}, 
= Total distance avelled for originator ro and location option A. (m}, 
= ~UPACT-11 shape function, 
= o e-Rate Conversion factor (Sv s·1 sq·1 m2}. 
= T nsport speed in area i (m s ·1), 

= osimetry function (r.m.s inverse distance, i.e., m ·2), 

= Average number of crewmen aboard TRUPACT-11 transport, 
= Cancer risk factor (Sv-1

), 

= Constant parts of equations, and 
= Cancer risk for crew exposures during transport for option k per year of 

operation (yr ·1), with 
Index for rural areas i = 1, 
Index for suburban areas i = 2, 
Index for urban areas i = 3, 

the formula for this risk component is 
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TABLE E.6-6 

RISK REDUCTION FACTORS FOR PUBLIC DRIVING 
IN SAME DIRECTION AS TRUPACT-11 

QUANTITY 

Risk Reduction Factors: 

p 26pIC1 

p 26 p IC 2 

p 26 pd 

p 26 p1C4 

Annual Baseline Risks: 

D 
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VALUE± STANDARD ERROR 

1.00 ± 0.04 
0.96 ± 0.04 
0.99 ± 0.04 
1.0 ± 0.04 
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( 
FSEIS (U.S. DOE, 1990a), 

Table D.3.14 
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R { (o) (o) (o)} K <I> N 
27od. = q2 nd n, 0 23<1>271 03 a, 

(E.6.31) 

As the factors in the first row are all independent of the treatment/location options, the risk can 
be rewritten to scale according to 

(E.6.32) 

The risk reduction coefficient is then again independent of the t~ent option selected 

Q 3 f (0) 

"f 0) "~ ~ 21"' ~ 
ro=1 i=1 V; 

L p .. i 
o"' L

p .. ) 
+ 1"' 

The standard errO estimated to be 

( 
~ P21od. l = 0.03 , 
P210 d. 

again under the assumptions made in the preceding sections. 

(E.6.33) 

(E.6.34) 

The numerical values of the risk reduction factors are given in Table E.6-7, together with baseline 
risks. They cluster around one, being applied to a rather small baseline risk. 
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TABLE E.6-7 

RISK REDUCTION FACTORS FOR CREW DURING TRANSPORT 

QUANTITY 

Risk Reduction Factors: 

p 27p1( 1 

p 27 p 1( 2 

p 27 p 1( 3 

p 27 p 1( 4 

Annual Baseline Risks: 

R 21 P o o 

D 
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VALUE± STANDARD ERROR 

1.00 ± 0.03 
0.98 ± 0.03 
0.99 ± 0.03 
1.00 ± 0.03 

7.8. 10- 5 
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E.6.3.7 Cancer Risk To Waste Handlers 

In loading the TRUPACT-11 transport, the work crew will be exposed in various drum geometries 
according to a particular time-motion profile. The exposure of handlers during the unloading at 
the WIPP is accounted for in Component 4 for external radiation and Components 1 and 2 for 
internal exposure. Putting the treatment facility at the site of the originator or at the WIPP does 
not affect the total dose to the loaders of the TRUPACT-11 transport. Putting the facility 
somewhere in between, however, results in an additional loading and unloading operation. For 
the calculation of Risk Component 28, the symbols are: 

q2 
(IC) 

nd 
(IC) 

n M 
1 

nh 
f 21 (I) 

Ko 
Cl> 28 , 
Cl> 28 2 
Cl> (IC A,) 

28 3 (I) 

N o4 

~th 
a, 
C1 
R 28 0 ICA 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr ·1), 
Number of handling operations per shipment, 
Fraction of waste generated by originator ro, 1 
Dose-Rate Conversion factor for point source (Sv s_, Bq_, m2), 
Dosimetry function (r.m.s inverse distance, i.e., m -2), 
Time-averaged shape function of drum assemblies, 
Location factor for Treatment Plant r 
Average number of crewmen for the loading o RUPACT-11, 
Average handling time (s), 
Cancer risk factor (Sv-1), 
Constant parts of equations, an/\ 
Annual cancer risk for exposur~ring handling for option k (yr-1), 

the cancer risk per year of oper'ris 

R ,,,.

0
{ q~'' n~'' n\ 01

} K, <I>,., <I>,,,[~ t,,. <1>J;;~ ] n, 8 t, N,. a, . 

(E.6.35) 

The product of all factors in the source term is independent of the measuremenVlocation option 
due to Equation (E.6.4). Of the rest of the factors, only the sum is location dependent. Thus the 
scaling properties of the risk are 

n 

R28o!CA. = C, L f21 ro <1>~;~~ · 
(I):, 

(E.6.36) 

The values and standard errors for the function <I> 28 3 ro(KA.l are given in Tables D.3-9 and D.3-10. 
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The risk reduction factor is then both location and treatment dependent and is given by 

n 

E f (00) 
21 co <I>283co 

p 28oJC:I. "' 
co~, 

n 

E f. <t> (KA) 
21 co 283 co 

co., 

1 1 
"' -n 

v28 OICA 

E f <t> (d) 
21 co 283 co 

co=, 

(E.6.37) 

The simplification in the numerator arises from the fact that all <I> 28 3 00
(
0 0

l are equa1f{o 1, and that 
the sum of the fraction of the total waste is also equal to 1. Because <I> 283 "'!("1 ~ 1, the risk 
redu~tion factors smaller than 1, p 28 0 >CA~ 1, i.e., there is an increase in risk. Also, the standard 
error is small, arising only from the standard errors of the fractifn 28 3(.c :1.) 

( 
~ P 28 od ]

2 

,,, E [ f 21 co ~ <t>~~A.L . 
p,..,, ... '/)-.v,..,, 

(E.6.38) 

The risk reduction factors, calcuQd using data from Tables D.3-9 and D.3-10, are listed in 
Table E.6-8. Their values range f>~ a risk increase by 50 percent to a risk reduction by a factor 
of almost 4. The relative standard errors are small, ranging from 2 to 8 percent. 

The amount of time the warehouse crew is exposed is assumed to be a constant. During 
storage, a large number of drums at larger distances than during handling irradiate the warehouse 
crew. This leads to Risk Component 29, with one subcomponent. Using the notation 

q 2M = Total activity per drum (Bq), 
n d(oc) = Number of barrels per TRUPACT-11 container, 
n 1("l = Number of shipments per year (yr·1

), 

f 21 co = Fraction of waste generated by originator ro, 
n = Number of waste originators, 
~ts = Total storage time per shipment in baseline case (s), 
K 0 = Dose-Rate Conversion factor (Sv s·1 Bq·1 m2

), 
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TABLE E.6-8 

RISK REDUCTION FACTORS FOR WASTE HANDLERS 

QUANTITY 

Risk Reduction Factors: 

p 28 p 11 

p 28 p 12 

p 28 p 13 

p 28 p 14 

p 28 p 21 

p 28 p 22 

p 28 p 24 

p 28 p 24 

p 28 p 31 

p 28 p 32 

p 28 p 33 

p 28 p 34 

p 28 p 41 

p 28 p 42 

p 28 p 43 

P~,D 

Annual Baseline Risks: 

R 28 P oo 
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VALUE± STANDARD ERROR 

1 
0.69 ± 0.025 
0.73 ± 0.029 
0.71 ± 0.029 

1 
0.65 ± 0.022 
0.68 ± 0.025 
0.66 ± 0.024 

1 

0.97±0.0~ 
1.14±0.1 
1.19 ± 0.1 

~ 1.65 
1
± 0.03 

2.51 ± 0.06 
3.61 ± 0.13 

1-238 

COMMENTS/REFERENCES 
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Identical ri4mponent 

r Identical risk component 

Identical risk component 
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= Geometry-dosimetry function (m-2
), 

Time extension function due to location and treatment, 
= Average number of personnel in warehouse, 
= Annual cancer risk factor (Sv _,}, 
= Constant parts of equations, and 
= Annual cancer risk for exposures during storage (yr_,}, 

the cancer risk per year of operation is 

R29oicA. = {qJ 0
l n~o) ni 0

l} Ka<l>291 (t f2100 <l>~~~loo]flts N~~l a,· 
00:1 

(E.6.39) 

The source term is independent of treatment due to Equation (E.6.4).4or different 
location/treatment options, only the quantities in the rounded brackets change. ,The risk can, 
therefore, be scaled as 

R,, 0 ., - C, ( ~ t,," 

The risk reduction factor can now be written as P.. 
P,, •• f< 1 

n 

E f <l>(id.) 
21 00 29 2 00 

00=1 

D 
with a standard error 

( Ap,, •• , r ( 
n f 21 00 E = 

p 29 OKA. 00=1 v290IC1.. 

,y,.(1d.) c 
'*' 29 2 00 J. 

-
V 29 old. 

r (ICA) 
fl <I> 29 2 00 • 

(E.6.40) 

(E.6.41) 

(E.6.42) 

The function <I> 29 2 00(1< A.) is modeled in Appendix I, Section 0.3.11 and its numerical values are 
given in Tables 0.3-11 and D.3-12. They range from unity up to risk reduction factors of 1.5, and 
down to values corresponding to risk increases by a factor of 4. The numerical values for the risk 
reduction factors are given in Table E.6-9. 
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TABLE E.6-9 

REDUCTION FACTORS FOR RISK TO WAREHOUSE PERSONNEL 

QUANTITY 

Risk Reduction Factors: 

p 29 p 11 

p 29 p 12 

p 29 p 13 

p 29 p 14 

p 29 p 21 

p 29 p 22 

p 29 p 24 

p 29 p 24 

p 29 p 31 

p 29 p 32 

p 29 p 33 

P29p34 

p 29 p 41 

p 29 p 42 

P29 P~ 
p 29 p~ 

Annual Baseline Risks: 

Appendix I, Attachment E 

VALUE ± STANDARD ERROR 

1 
1.04 ± 0.03 
1.31 ± 0.05 
1.39 ± 0.05 

1 
1.08 ± 0.024 
1.38 ± 0.044 
1.49 ± 0.052 

1 
o.78 ± o.oTI\ 
o.84 ±a.oft" r< 0.84 : 0.099 

0.31 ± 0.016 
0.26 ± 0.013 
0.24 ± 0.011 
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Identical to baseline 

Identical to baseline 

Identical to baseline 
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E.6.4 Cancer Risks Due To Transportation Accident Exposures 

E.6.4.1 Basic Considerations 

The accidents discussed here are those considered in RADTRAN Ill. The amount of radioactive 
material released in an accident depends on the severity of the accident, the properties of the 
waste, and the characteristics of the shipping containment. The overall accident rate and the 
accident severity category are used to evaluate the risk. Accidents range in severity from 
categories one through eight (U.S. NRC, 1977b), defined by the crush force and fire duration of 
the accident. Nondispersal accidents are considered by using the source strength of penetrating 
external radiation only. External radiation is not assumed to attenuate in any structures between 
the center of the source and the exposed individual or population. Dispersal accident risks 
incorporate the resuspension and dissolution in addition to the source term's contribution to the 
risk. In this report, the probability of an accident is based on systemwide averages; the dispersal 
function is assumed to be a constant based on a systemwide average. 

E.6.4.2 Risks Due To Nondispersal Accidents 

E.6.4.2.1 Early Fatalities Due To Nondispersal Accidents ~ 

Nondispersal accidents are assumed to produce a closely di~ributed source of penetrating 
radiation at the accident site. For persons close by, this may lead to sizeable exposures to 
gammas and neutrons and in rare cases a pote~I for early health effects, such as radiation 
sickness (bone marrow syndrome). The dose-e function for fatalities is sigmoidal and can 
be described by a Weibull function (Scott et a., 1988). Due to the high doses required, the 
probabilities of these effects occ~g are very low, resulting in a very small risk. This is Risk 
Component 30 with one subcomr"ent, and with the symbols 

p "d = Linear probability density of a nondispersive accident (m ·1), 

q 2(K) =~al activity per drum.(Bq), 
n /re) = N mber of drums per TRUPACT-11 transport, 
n tl = umber of shipments per year (yr-1

), 

L 0 "'p .. ) = Distance traveled with untreated waste from originator co (m), 
L 1 "'p .. ) = Distance traveled with treated waste from originator co (m), 
L 100(A) = Total distance travelled by waste from originator co (m), 
n = Number of originators co, 
f 21 "' = Fraction of total waste from originator co, 
<I> 30 1 = Average geometry function due to released and enclosed activity, 
<I> 30 2 = Dosimetry-effect function (nonlinear) for all exposed persons (Bq ·1), 

C i = Constant parts of equations, and 
R 30 PI( A = Risk of bone-marrow lethality for exposures during accidents per year of 

operation (yr-1
), 
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La(J) (A.) 

L1 (J) (A.) 

L,(J) (A.) 

n 
f 21 (J) 
<l>301 
ct> 311 
C1 

= 
= 
= 
= 
= 
= 
= 
= 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Total distance travelled by waste from originator ro (m), 
Number of originators ro, 
Fraction of total waste from originator ro, 
Average geometry function for activity after accident, 
Dosimetry-effect function (nonlinear} for all exposed persons (Bq ·1), 
Constant parts of equations, and 

R31 p!CA. = Risk of bone-marrow lethality for exposures during accidents per year of 
operation (yr·1), 

and again applying Equation (E.6.4), the risk component is 

1 (E.6.47) 

With regard to a dependence on the alternative f'l.(K,')..), the risk can be scaled as 

R 31 pKA. = C1 ~f21 (J) L)~, (E.6.48) 

which is the same as the risks fo~mponent 2;~' The reduction factors are then also the same 

D p31pK'A. = Ol=1 -n----- = P24p1CA. • 

~ f L("') 
L..J 21 (J) !Ol 

(E.6.49) 

with the same standard errors 

(E.6.50) 

Thus the values given in Table E.6-4 apply here as well. 

E.6.4.2.3 Delayed Health Effects Due To Nondispersal Accidents 

The delayed effects of radiation exposure are mainly cancer and genetic damage. Again, the 
same calculation is made, except that the dose-effect calculation is made differently in that the 
conservative, no-threshold linear model is used for both effects. The Risk Component 32 thus 
has two sub-components, and with the symbols 
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and applying Equation (E.1.5), it can be estimated from the expression 

R {q(oi n(o) n<oi} P 
30p1C:I. = 2 d t nd 

(E.6.43) 

With regard to a dependence on the alternative k = (ic,A.), the top row of Equation (E.6.43) is 
constant and so are the last two factors. The risk scales as 

n 

R30p1CA = c1 L ,21 <0 L :~ (E.6.44) 
<0=1 

The reduction factors are then the same as those for Component 24, 

n r ~ f L(O) 

L..,, 21 "' '"' 
<0=1 

P3op1C:I. = n = P24p1C:I. • (E.6.45) 

b '"·/!'-
with the same standard errors r< 

Ap30pKA = Ap24pK:I.. (E.6.46) 

Thus the numer9values have already been assembled in Table 
baseline risk. ~ 

E.6-4, together with the 

E.6.4.2.2 Early Morbidity Due To Nondispersal Accidents 

Another early effect of a high dose exposure is radiation sickness with a nonfatal outcome. Other 
effects of this type are radiation pneumonitis, damage to the gastrointestinal tract, hair loss, 
sterility in males, and the appearance of nodules in the thyroids in the intermediate term. Clearly, 
the same calculation can be made, except that the dose-effect function used is different. As dose 
increases, it rises, peaks, and decreases again. That decrease is due to the increase in fatalities 
at higher doses. Again, the doses required are high and the risks, therefore, very low. This 
nonfatal outcome results in Risk Component 31 with one subcomponent, and with the symbols 

P n d 

qt') 
n (IC) 

d 
n (IC) 

t 

= Linear probability density of a nondispersive accident (m ·1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr ·1), 

Appendix I, Attachment E 1-242 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

P nd L (A) 
Oro L (A) 
1 (I) L (A) 
too 

n 
q2 

(1<) 

nd 
(1<) 

n M 
t 

f 21 (I) 

<I> 30 1 

<I> 32 1 
a1 
Ci 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Linear probability density of a nondispersive accident (m -1), 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Total distance travelled by waste from originator ro (m), 
Number of originators ro, 
Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr-1), 
Fraction of total waste from originator ro, 
Average geometry function for activity after accident, 
Dosimetry-effect function for all exposed persons (Sv sq ·1), 

Cancer risk coefficient (Sv-1), 
Constant parts of equations, and 

R32p1<A = Annual cancer risk for exposures during nondispersal accidents (yr ·1), 

and still using Equation (E.6.4), the risk component is 1 
R {q(I<) nM n(I<)} p 

3 2 p KA = 2 d I nd 

(E.6.51) 

Again, this risk scales as 

~'" = C, t f,, • L:~ , 
00=1 

(E.6.52) 

which is the sa~ Equations (E.6.44) and ~E.6.48). The reduction factors are then again 

v P 32 pd - P 24 pd • (E.6.53) 

with the same standard errors 

(E.6.54) 

These values are tabulated in Table E.6-4 together with the baseline risk. 

E.6.4.3 Risks Due To Dispersal Accidents 

E.6.4.3.1 Risk Of Early Fatalities Due To Inhalation 

The FSEIS (U.S. Department of Energy, 1990a) considers accidents with a breach of 
containment, suspension, and atmospheric dispersion of a mixture of radioisotopes, leading to 
inhalation exposures. This puts mainly the lung, but also other organs at risk. Again, the 
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calculations made are similar to those in the preceding sections. The Risk Component 33 for 
early fatalities has one subcomponent, using the symbols 

= Linear probability density of a dispersive accident (m -1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr-1

), 

= Distance traveled with untreated waste from originator ro (m), 
= Distance traveled with treated waste from originator ro (m), 
= Total distance travelled by waste from originator ro (m), 
= Number of originators ro, 
= Fraction of total waste from originator ro, 
= Fraction of activity suspended in average (systemwide) accident, 
= Fraction of airborne particles in inhalable form, 
= Reduction factor for suspension in inhalable form due to treatie K, 

= Fraction of airborne particles deposited in lung, 
= Dosimetry-effect function for fatal effects in exposed persons ( ·1), 

= Cancer risk coefficient (Sv-1
), 

= Risk of early fatalities for exposures during di sal accidents per year of 
=. Constant parts of equations, and f 

operation (yr ·1), 

and again applying Equation (E.6.4), is given by f\ 
{ 

(0) (0) (O)} r 
R 33 P x:A. = q 2 n d n 1 Pd 

( ~ f ~[ (A) (0) 
~ 21., Lo., f331 

(E.6.55) 

D 
'

(o) L (Al f(IC) f(IC) ] J f ""' a1 • 
332 + 1 (J) 331 332 333 '1'331 

With regard to a dependence on the alternative k = (K,A.), the risk can be split into a constant and 
a variable part. The constant part consists of the first row and the last three factors. This risk 
component thus has the scaling property 

n 
R33px:'/.. = c1 E '21., [ L~A~ <l>;~i+ L;'l<l>;~, ] . (E.6.56) 

ro=1 

with the suspendability factor 

ti.. (IC) f (IC) f (IC) 
'I' 33 - 33 1 33 2 • 

(E.6.57) 
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Using the definition of the reduction factor 

"'(0) 
'I' 33 

- -;;:-TKl ' 
'I' 33 

(E.6.58) 

for the reduction in suspendability of waste in inhalable form, in the average TRUPACT-11 accident 
with breach of containment, the reduction factors are given by 

'1 

E ,21 oo L)~) 

'1 L (A) 
~ f L(A) 100 
L.J 21 oo 0 Ii) + s 
OOz1 331< ~ 

00=1 
---------~ - ...,....,...--

v33d. 

(E.6.59) 

The standard errors are given by the relatively large errors of the factors S 33 1C anJ the relatively 
small errors of the road lengths and waste fractions; the latter are estimated at about two percent. 
Thus the errors are . r 

[ t, t,,. L\'' ' ( ~S331C )2 + (0.02)2. 

v331CA s3 s331C 
( 
~ p 33 p 1CA ) 

2 

= 
p 33pKA. 

(E.6.60) 

The first term with the large fa~ 33 1C in the denominator will usually be smaller than the 
second, even for large relative e of S 33 1C. The risk reduction factors do depend on K and A. 
and their values are given in Tabl E.6-1 O. Inspection shows that the variability of the factors with 
the treatment a~ter ative K is minute. Table E.6-10, therefore, shows only the variability with 
location, which e from 1 to about 15 with relative errors of 2 percent. 

E.6.4.3.2 Risk Early Morbidity Due To Inhalation 

All individuals that are exposed to a dose higher than the effect threshold but exhibit and survive 
the acute syndrome fall into the class of nonfatal early health effects. For this risk, the 
calculations are similar to those in the preceding section. Risk Component 34 for early nonfatal 
health effects has one subcomponent, using the symbols 

= Linear probability density of a dispersive accident (m -1), 

= Total activity per drum (Bq), 
= Number of drums per TRUPACT-11 transport, 
= Number of shipments per year (yr-1

), 

= Distance traveled with untreated waste from originator w (m), 
= Distance traveled with treated waste from originator w (m), 
= Number of originators w, 
= Fraction of total waste from originator w, 
= Fraction of activity released in average accident (systemwide), 
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<I> 34 1 

a, 
C; 
R34p1d. 

= 
= 
= 
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= 
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Fraction of airborne particles in inhalable form, 
Dosimetry-effect function (nonfatal effects for exposed persons) (Bq-1

), 

Cancer risk coefficient (Sv -1), 

Constant parts of equations, and 
Annual risk of early fatalities for exposures during dispersal accidents (yr-1

), 

and again applying Equations (E.6.4) and definition (E.6.57), is given by 

(E.6.61) 

With regard to a dependence on the alternative k =(<,A), the risk can be split intoionstant and 
a variable part, yielding the scaling law 

(E.6.62) 

which is the same as the equations in the preced~ section for R 33 P JCA.· 

are thus given in Table E.6-10, together with the ~line risk. 
The reduction factors 

E.6.4.3.3 Risk Of Dela ed Healt ects Due To Inhalation 

The inhalation of both the direct! transmitted and the resuspended airborne particles contribute 
to the long-term exposure. With cancer and genetic effects as delayed action endpoints, Risk 
Component 35 h~o subcomponents. The risks of incurring these consequences, using the 
symbols V 

Pd L ,,,, 
Oro L ,,,, 
1 (J) 

n 
q2 

(IC) 

nd (IC) 

n (IC) 
I 

f 21 (J) 

f (IC) 
331 

f 33 2 
(IC) 

<t> 35 1 

a1 

R 35 p KA. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Linear probability density of a dispersive accident (m -1), 

Distance traveled with untreated waste from originator ro (m), 
Distance traveled with treated waste from originator ro (m), 
Number of originators ro, 
Total activity per drum (Bq), 
Number of drums per TRUPACT-11 transport, 
Number of shipments per year (yr-1

), 

Fraction of total waste from originator ro, 
Fraction of activity released in average accident (systemwide), 
Fraction of airborne particles in inhalable form, 
Dosimetry function for all exposed persons (Sv Bq -1), 

Cancer risk coefficient (Sv -1), 

Annual cancer risk for inhalation exposures during dispersal accidents (yr-1
), 
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TABLE E.6-10 

RISK REDUCTION FACTORS AND BASELINE RISKS 
FOR COMPONENTS 

QUANTITY 

Risk Reduction Factors: 

p 33 p I(, 

p 33 p I( 2 

p 33 p JC3 

p 33 p K4 

Annual Baseline Risks: 

R33 P oo 

R 34 P oo 

R3s P oo 

R3s P oo 

R31p~ 
R39 P v 
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VALUE± STANDARD ERROR 

1 
2.94 ± 0 
10.8 ± 0 
14.7 ± 0 
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COMMENTS/REFERENCES 

p 34 p id. :r:-p p id .. 
p 35 p 1( A. 33 p 1( A. 

P36pKA.= 33pKA. 

p 37 p 1( A. = p 33 p 1( A. 

p 39 p 1( A. = p 33 p 1( A. 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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and again applying Equation (E.6.4), is given by 

[ 
~ f [ L (A.) f(O) f(O) L (:!.) f(IC) f(IC) ] J rn 
~ 21 ro Oro 331 332 + 1 ro 331 332 '*'351 81 • 

(E.6.63) 

which again leads to cancer risk reduction factors and errors given in Table E.6-10. 

E.6.4.3.4 Risks Of Delayed Health Effects Due To Cloudshine 

This is a direct external exposure from a passing cloud of radioactive suspended particles. With 
cancer and genetic effects as delayed action endpoints, Risk Component 36 ~ two sub-
components. The risks of these consequences, using the symbols I 

pd = Linear probability density of a dispersive accident (m -1), 

q /"") = Total activity per drum (Bq), r 
n d(IC) = Number of drums per TRUPACT-11 transport, 
n t"1 = Number of shipments per year (yr-1

), 

L 0 ro(A.) = Distance traveled with untreated~te from originator co (m), 
L 1 }.,.

1 = Distance traveled with treated w from originator co (m), 
n = Number of originators co, 
f 21 (I) = Fraction of total waste from originator co, 
f 33 1 (K) = Fraction of acti~vleased in average accident (systemwide), 
f 33 2M = Fraction of airb particles in inhalable form, 
<I> 36 1 = Cloudshine dosi etry function for all exposed persons (Sv Bq-1

), 

a 1 = ~cer risk coefficient (Sv -1 
), 

R 36 P IC,, = cer risk for exposures during dispersal accidents per year of operation 
1 ), 

and again applying Equation (E.6.4), is given by 

(E.6.64) 

This equation has the same basic structure as Equation (E.6.63), except for the factors f 33 2(
01 and 

f 33 2(K), respectively. The fraction of the suspended particles which is in inhalable form is assumed 
to be independent of the treatment K. Thus the terms in the sum in Equation (E.6.64) can be 
multiplied by f 332(

01 andf 332(Kl, respectively, and this again leads to the same cancer risk reduction 
factors as in the last section and errors given in Table E.6-10. 
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E.6.4.3.5 Risks Of Delayed Health Effects Due To Groundshine 

Eventually, all the activity suspended in the accident is again deposited, leading to a surface 
contamination of the ground. The assumption is made here that this surface contamination level 
is proportional to the released radioactivity, i.e., the source term. The direct exposure to 
penetrating radiation from the fallout leads to Risk Component 37 with two sub-components. 
Using the symbols 

pd = Linear probability density of a dispersive accident (m ·1), 
L 0 II)(;.) = Distance traveled with untreated waste from originator ro (m), 
L 1 II)(;.) = Distance traveled with treated waste from originator ro (m), 
L 1 II)(;.) = Total distance travelled by waste from originator ro (m), 
n = Number of originators ro, 

q /'') = Total activity per drum (Bq), 
n /"'l = Number of drums per TRUPACT-11 transport, 1 
n t"') = Number of shipments per year (yr-1

), 

f 21 II) = Fraction of total waste from originator ro, 

f 33 2(K) = Fraction of activity released and suspended in · alable form, 
<I> 371 = Deposition function over exposure area (m ·2 

), • 

f 331 (K) = Fraction of activity released in average accideet ( ¥Stemwide), 

<I> 37 2 = Groundshine dosimetry function for all expose persons (Sv Bq ·1 m 2), 

a 1 = Cancer risk coefficient (Sv ·1), ~~ 
R 37 pic;. = Annual cancer risk for exposuryring dispersal accidents (yr-1

), 

and again applying Equation (E.f<64 the risk is is given by 

R { (0) (0)} 
37pd = q2 d n1 Pd 

D 
(E.6.65) 

<1>311 <1>312 a1 • 

With the general assumption that the particle size spectrum does not change with treatment, the 
quantity f 33 1 (ic) can be multiplied with the spectrum dependent factor f 33 2(ic) for the calculation of 
the risk reduction factors. According to Equation (E.6.57) this is equal to <I> 33("->. This brings 
Equation (E.6.65) into line with all the other risk equations for dispersal accidents, and the risk 
reduction factors and their errors are given in Table E.6-10. 

E.6.5 Risk Of Monetary Losses Due To Decontamination Procedures 

The largest potential financial losses treated in the RADTRAN code, but not in the FSEIS, are 
decontamination costs incurred in a dispersal accident. The assumption is made here that the 
only quantities sensitive to the treatment/location option are the accident probability and the 
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source term. The risk is assumed to be linearly dependent on these parameters. While, for the 
general assumptions used here this is evident for the accident probability, it does not necessarily 
hold for the source term and the contamination caused by the accident. Assuming that the areas 
and number of people requiring a particular action scale with the quantity released, the financial 
Risk Component 39, with the symbols 

pd = Linear probability density of a dispersive accident (m -1), 

L 0 ,} .. l = Distance traveled with untreated waste from originator ro (m), 
L 1 ror/..l = Distance traveled with treated waste from originator ro (m), 
L 1 (J)(A) = Total distance travelled by waste from originator ro (m), 
n = Number of originators ro, 
q /ICl = Total activity per drum (Bq), 
n /IC) = Number of drums per TRUPACT-11 transport, 
n ilC) = Number of shipments per year (yr·1

), 

f 21 ro = Fraction of total waste from originator ro, f 
f 33 1 (IC) = Fraction of activity suspended in average accident (systemwid ) 
<I> 37 , Deposition function over exposure area (m -2), 

<I> 39 2 Cost function for all persons and areas contaminated ($ Bq ·1 m 2), 

R 39 P IC,_ = Cost of decontamination incurred in dispersal ~ents ($ yr ·1), 

and again applying Equation (E.6.4), is given by r 
R,,,., • { q;'' n)0

' n) 0
'} p, p. 

(x:J [ L(A.) f(O) L(A.) '(IC)] J !:f '\1 ro Oro 331 + 1 ro 331 <1>371 <1>392 • 

(E.6.66) 

The variability of ~ors with alternative allows the risk component to be written as 

R39p1<1.. = C1 (t f 2 3ro [ L~i..l f~~l, + Lji..l t~;),] J, 
(J)z1 

(E.6.67) 

with the general assumption that the particle size spectrum does not change with treatment, the 
quantity f 331 M can again be multiplied with the spectrum dependent factor f33 2M for the calculation 
of the risk reduction factors, making Equation (E.6.67), the risk reduction factors and their errors, 
the same as those in the preceding sections which are listed in Table E.6-10. 
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E.7 LATE OCCURRING RISKS 

E. 7 .1 Basic Considerations 

For post-closure effects due to the presence of the repository, transportation options are irrelevant 
and the otpions are distinguished only by the treatment, i.e., k = (K, A.0 ). For the risk calculations, 
it is assumed that the total activity in the repository is independent of the waste treatment. The 
activity concentration in the repository is then given by 

where the four quantities are given by 

= Activity concentration in repository (Bq m-3
), 

= Total activity in repository (Bq), 
= Footprint of wastes in repository (m2

), 

= Height of wastes in repository panel (m). 

(E.7.1) 

In addition, the ratio of the footprints for differen(\eatment options is related to the volume 
reduction factor F v IC due to the treatment of the rs by 

F =~. 
VIC (IC) 

Ao 

With the symbols(') 

P 1 iM = Kbability of a drill hole i through the wastes in scenario i, and 
a i = Probability density of type i drill hole in region of WIPP (m-2

), 

the probability of drilling a borehole through the wastes is 

and the product 

P (IC) A(ICl 
1; = a; o • 

dJICl P 1(7l = cr;h 00 = const . 
0 

(E.7.2) 

(E.7.3) 

(E.7.4) 

is a constant, assuming that the height h 0 of the waste in the repository does not change due 

111~ 

llii 

to treatment, i.e., remains at a stack height of three drums. r·~ 
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In drilling operations according to scenario i, the activity {Q ilC)} is brought to the surface. With 
its gamma component, it irradiates the drilling crew over the short term. The corresponding risk 
is, in the general terms of Equation (E.7.1 }, only treatment option-dependent through the source 
term Q i(IC). In this evaluation, it will be assumed that, for treated wastes, the mobilization is 
restricted to the drill hole, and is not changed thereafter until the hole is plugged. The activity 
brought to the surface is the same for each drill hole in each of the three intrusion scenarios. 

Similarly, after the pond for the drilling mud has dried out, wind erosion will lead to a very low 
public inhalation risk, which is again only treatment option-dependent through the same source 
term according to Equation (E.7.2). Thus the public inhalation risk is subject to reduction factors 
which are identical to those of the occupational risks. 

In the risk through the contamination of stock well water and, therefore, beef, the mobilization of 
the activity in the repository and its transport to the Culebra must be accounted !fFrom there 
to the stockwell, the activity transport is assumed to be linear in the source term at the drill hole. 
In the combined human intrusion Scenario E1 E2, contaminations in groundwater an air can arise 
from different source locations. It is assumed here, that theser es superpose linearly. This 
is particularly important in the groundwater contamination in the C ra, as the water that carries 
the contamination also may carry salt at elevated concentration 

E.7.2 Post-Closure Occu ational Radiation Risk 

Scenario E1 

In this scenario, a hole is drilled hr gh the wastes and continued down into a portion of the 
Castile Formation containing a pressurized brine reservoir. The risk arises from direct external 
exposure to activvtt.ought up in the drilling mud and the brine flowing to the surface. In addition 
to the waste in e orehole, the drilling mud, and the brine will dissolve some of the waste 
around the bore e. 

The mobilized material consists of drill cuttings but also includes material adjacent to the hole that 
becomes available for transport through processes such as dissolution or entrainment. The 
amount of the material in addition to drill cuttings depends upon the waste form and fluid flow 
environment. Cemented or vitrified waste will contribute less additional material than will a loose 
and unconsolidated waste form. 

A two-step process is considered in this analysis: (1) a quantity of waste is "mobilized" in the 
vicinity of the hole penetrating the waste horizon, and (2) the mobilized quantity is transported to 
the surface. At any moment, the accumulated activity brought to the surface serves as source 
term for direct irradiation of the crew by penetrating gamma radiation. The assumption made 
here is that the increase in activity, and thus in the dose rate, is linear with time. The average 
surface activity and dose rate over the time interval of changing dose rate is, therefore, equal to 
the ultimately accumulated value for half the time it takes to drill through the waste. Afterward, 
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the entire activity mobilized contributes to the dose to the drill crew. Any members of the public 
are assumed to be far enough away to incur only exposures that lie far below cosmic and 
terrestrial background. 

Risk Component 40 then has two subcomponents, and with the symbols 

P11 
(IC) 

p 13 
<I> 40 1 

(IC) 

= 
= 
= 

Probability of a drill hole through the waste and into the Castile Formation, 
Probability of hitting a brine reservoir in Castile Formation in area of WIPP, 
Time average of total activity mobilized in scenario E 1 (Bq), 

<I> 40 2 
(IC) 

<I> 40 3 
(IC) 

a1 
Ci 
R400ICA 

= 

= 
= 
= 

= 

Transport function to surface, 
Global exposure function for drilling crew (Sv Bq ·1), 
Cancer risk coefficient (Sv-1), 
Constant parts of equations, and 
Cancer risk of an E1 drilling operation, 1 

the occupational cancer risk of an E1 drilling scenario is 

R [p (IC) p ] { (IC) m.(IC) } m.(~ 
400ICA = 11 13 <1>401 '¥402 'V4r a1 

(E.7.5) 

With no factor outside the source term and the prob~ity being treatment option-dependent, only 
the footprint A 0M in P 11 (IC) [see equation (E.7.3rf<r?d <1>40 1 (IC) change with treatment options, 
because the transport function to~h surface is assumed to be treatment independent. The 
scaling of the risk can then be wri as 

R = c A (IC) <I> (IC) (E.7.6) 40 o IC A 1 0 40 1 • 

and the risk redue factors are 

P4oo""- = 
A (0) m. (0) 

0 'V 401 

A (IC) mo (IC) 
0 'V 40 1 

= F VIC FaK ' 

where the ratio of total mobilized activities is defined by 

FalC = 
m. (0) 
'V 401 
mo (IC) 
'V 40, 

(E. 7.7) 

(E.7.8) 

Numerical values and errors estimated for the reduction factor for mobilized activities are given 
in Table D.5-1 of Attachment D. The standard errors of the risk reduction factors are 
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(E.7.9) 

The risk reduction factors for an E 1 scenario are listed in Table E. 7-1. They are grouped around 
a value of 5 but are applied to an exceedingly small baseline risk. 

E.7.2.2 Risk Of Drilling Operations In Scenario E2 

In this scenario, a borehole is drilled into or through the waste without also penetrating a 
pressurized brine reservoir. Waste from the hole itself and dissolution of waste in regions 
adjacent to the hole again leads to a mobilized activity brought to the surface. Using the same 
assumptions as in the preceding section, this leads to a model for Risk Compon~ 1 with two 
subcomponents. With the symbols I 

P 12(Kl Probability of drill hole into or through repository, no brine, 
Cl> 41 1 (Kl = Time average of total activity mobilized in scen~E2 (Sq), 
<I> 41 2(Kl = Transport function to surface in scenario E2, 
<1> 413(Kl = Global exposure function for crew in E2 scenaro (Sv Sq ·1), 

a 1 = Cancer risk coefficient (Sv ·1), ~ 
C i = Constant parts of equations, an 
R 41 0 K ,_ = Cancer risk from direct exposur in an E2 drilling operation, 

this risk component is r< 
R [ P (K)] {<l>(K) <l>(K) } ,y.,.(K) a (E.7.1Q) 

410KA. = 12 411 412 'V413 1 • 

With Equation (EQ and the fact that <I>., ,"1 is assumed to be constant and the factors outside 
the source term and probability (in brackets) do not depend on the alternative, the risk can again 
be scaled as 

R C A (K) <l>(K) 
41 OKA. = 1 0 41 1 • 

(E.7.11) 

Again, reduction ratios can be defined for the mobilized activities which are the same as those 
in Scenario E 1, due to the assumptions made in Sections 0.5.1 and E. 7 .1, 

<I> (0) 

411 = F . 
(K) a IC 

<I> 41 1 

(E.7.12) 
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TABLE E.7-1 

RISK REDUCTION FOR HUMAN INTRUSION SCENARIO E1 

QUANTITY 

Risk Reduction Factors: 

p 40 o H 

p 40 0 2;, 

p 40 0 3;, 

p 40 0 4;, 

Annual Baseline Risks: 

R 41 o o o 

R 43 o o o 

R43ooo 

D 
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VALUE± STANDARD ERROR 

4.7 ± 0.7 
4.8 ± 0.7 
5.3 ± 1.4 
4.5 ± 0.7 
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COMMENTS/REFERENCES 

p 41 0 1( i.. = p 40 0 1( i.. 

p 43 p 1( i.. ~ 40 0 1( i.. 

p 44pKi.. =rP40oKi.. 

FSEIS (U.S. DOE 1990a), 
Table 5.61 

Not available in DOE 1990a 
Not available in DOE 1990a 
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Numerical values for these reduction ratios are listed in Attachment D, Table D.5-1, together with 
their standard errors. The risk reduction factors are then given by 

p 41 OKA. : 

A (O) ,,.y,.(O) 
0 'V41 1 

A (K) .;t;.(K) 
0 .... 411 

= F VK Fa" ' (E.7.13) 

with the standard error 

(E.7.14) 

The numerical values are thus the same as those given in Table E.7-1. 

E.7.2.3 Risk Of Drilling Operations In Scenario E1 E2 

Scenario E1 E2 consists of a sequence of an E1 and an E2 see~· . The first drilling leads to 
an E 1 contribution to the risk which is equal to the com nt R 40 0 " ._ discussed in 
Section E.7.2.1 and thus leads to the risk reduction factors given n Table E.7-2. In addition, this 
scenario implies drilling into a pressurized reposit~in the E2 part, and results in the additional 
Risk Component 42. The respository consists of g t panels and a central zone, each of which 
is sealed. Therefore, Scenario E1 E2 requires the 1 and E2 events to occur at least in the same 
sealed waste zone. Further, the c~quence of Scenario E1 E2 depends upon the time proximity 
and distance proximity of the tw les. E1 E2 can involve a pressure gradient that causes 
collection and entrainment of lar er quantities of material than does E1. Thus, the scenario 
depends not only upon the drilling of two holes, but also depends upon an interaction function 
between the two (oi)s. Using the symbols 

P 11 (K) = ~bability of first drill hole into repository and into the Castile Formation, 
P 13 Probability of drilling into a brine reservoir in the Castile Formation, 
P 1/"·l = Probability of drill hole into or through repository, 
ct>421 (K) = Time average of total activity mobilized in E2 part of scenario (Sq), 
<1>42 2(") = Interaction function between the two drill holes, 
<1>42 3(") = Transport function to surface in E2 part of scenario, 
<1>424(") = Global exposure function for crew in E2 part of the scenario (Sv sq ·1), 

a 1 = Cancer risk coefficient (Sv ·1), 
Ci = Constant parts of equations, and 
R 42 0 

d = Cancer risk from direct irradiation in the E2 part of an E 1 E2 drilling scenario, 
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TABLE E.7-2 

RISK REDUCTION FACTORS FOR DRILLING CREW IN SCENARIO E1 E2 

QUANTITY 

Risk Reduction Factors: 

p 42 p 1"' 

p 42 p 2"' 

p 42 p3"' 

p 42 p4"' 

Annual Baseline Risks: 

R 45 po a 

D 
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VALUE± STANDARD ERROR 

5.6 ± 1.2 
5.7 ± 1.2 
11.6 ± 5.4 
41.5 ± 9.5 

3.10-• p. 
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FSEIS (U.S. DOE 1990a), 
Table 5.61 
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The risk component for that part is 

R [ P (ic) p p(ic)] {m(ic) m(ic) m(ic) } ,y..(ic) 
42oicA. = 11 13 12 'V421 'V422 -V423 -V424 a1 • 

Using Equation (E.7 .3) this risk contribution can be rewritten as scaling according to 

R C (A (ic) )
2 

m(ic) mlic) 
42oicA. = 1 o 'V421 'V422 • 

With the definition of the reduction factors 

m(O) 
'V 421 

m(ic) 
'V 421 

given Table E.7-1, this leads to the risk reduction ratio of 

with standard error of 

(

.1p42o 

p 42 0 A. 

(E.7.15) 

(E.7.16) 

(E.7.17) 

(E.7.19) 

The numerical vE:. for the risk reduction factors are calculated using the values for F aic in 
Table D.5-1 and ho e for F v ic in Table D.3-2, both in Attachment D. The aggregation of the 
contributions for he E1 and the E2 part of the E1 E2 scenario is not carried out explicitly, 
because the E1 scenario is already included in the evaluation. The risk reduction factors are 
tabulated in Table E.7-2, ranging from a risk reduction factor of almost 6 for Level II treatments 
to a risk increase by factors of 8 and 2 for Treatment Options 3 and 4, respectively. 

E.7.3 Post-Closure Public Radiation Risks From Drilling Operations 

E.7.3.1 Basic Considerations 

Whereas the direct public exposure from the drilling mud is negligible, the dried out pond may 
through wind erosion give rise to an inhalation hazard. As stated before, the superposition of 
exposures from two different drill sites is assumed to be linear. Another source of radiation 
exposure arises from the transport of the mobilized radioactive salt brine through the Culebra 
aquifer to a stock well, leading to a radioactive contamination of the beef produced on the 
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surrounding land. Ingestion by man causes an internal exposure and a risk of cancer or genetic 
damage. 

E.7.3.2 Inhalation Risks From Dried Up Ponds Of Drilling Mud 

E.7.3.2.1 Public Inhalation Risk Due To Drilling In Scenario E1 

The assumptions for this scenario are the same as those in Section E.7 .2.1. After the drilling 
stops, the mud pond contains the total activity mobilized and brought to the surface in the E1 
scenario. It is assumed to be eroded at a constant rate, leading to a constant time-averaged 
source term and activity concentrations in the air. Risk Component 43 then has two sub
components, and with the symbols 

P 11 (IC) = Probability of a drill hole through the waste and into the Castile.6mation, 
P 13 = Probability of hitting a brine reservoir in Castile Formation in are~ of WIPP, 
<I> 431 (IC) = Total activity brought to surface in Scenario E1 (Bq), 
<1> 43 2 (1C) = Suspension and transport function from pond toreptors (m ·3 

), 

<I> 43 3 (IC) = Global dosimetry function for exposed persons m3 Bq ·1), 
C i = Constant parts of equations, 
a 1 = Cancer risk coefficient (Sv-1

), an~ 
R 43 P KA. = Public cancer risk by inhalation red by an E1 drilling operation, 

the inhalation pathway leads to a~ic cancer risk of an E1 drilling scenario of 

R [ (IC) p ] {rn.(IC) <l>(IC) } <l>(IC) a (E.7.2Q) 
43pd. = 11 13 '1'431 432 433 1 • 

With no factor ouO the source term and the probability treatment option-dependent, only the 
footprint A 0 (1C) in ~[see Equation (E.7.3)] and <I> 43 /ICl change with treatment options, because 
the suspension and transport function to the receptors is assumed to be independent. The risk 
can then be scaled as 

R C A (IC) (IC) 
43p1CA. = 1 0 cl>431 ' 

and the risk reduction factors are the same for the cancer and genetic risks, 

p 43 p1CA. = 
A (0) rn. (0) 

0 "'43 1 

A (IC) <I> (IC) 
0 43 1 

The standard errors of the reduction factors are given by 
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(E.7.23) 

The numerical values of the reduction factors and thus also of their errors are the same as those 
given for p 400 ""' in Section E.7.2.1 and Table E.7-1. 

E.7.3.2.2 Public Inhalation Risk Due To Drilling In Scenario E2 

This scenario is discussed in Section E.7.2.2 but also entails the suspension of the dried and 
eroded mud by wind. Using the same assumptions as in that section leads to a model for Risk 
Component 44 with two subcomponents. Defining the symbols 

P 12("') = Probability of drill hole into or through repository, no brine, 
<I> 44 , (Kl = Total activity brought to surface for Scenario E2 (Bq), 
<I> 44 2M = Suspension and transport function to receptor in Scenario E2 (m -3), 

<I> 44 3 = Global dosimetry function for public in Scenariof (Sv m 3 Bq _,), 
C 1 = Constant part of equations, 
a 1 = Cancer risk coefficient (Sv-1

), and 
R 44 PICA = Cancer risk from direct irrf{_ation in E2 drilling operation, 

this risk component is r 
(E.7.24) 

This expression h~e same properties as Equation (E.7.10) in Section E.7.2.2. Thus, the risk 
is again scaling ~ding to 

R = c A (IC) <l>(IC) 
44p1CA 1 0 441 • 

(E.7.25) 

Assuming again that the mobilized activity reduction factors Fa"' are the same as those in E2, 
the risk reduction factors are 

p 44 PKA 

A (0) <I> (0) 
0 44 1 

A (IC) <I> (K) 
0 44 1 

(E.7.26) 

and, therefore, the same standard errors as those of p 41 0 KA and thus p 40 0 d.. Numerical values 
for these risk reduction factors have, therefore, already been given in Table E.7-1. 
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E.7.3.2.3 Public Inhalation Risks Due To Drilling In Scenario E1 E2 

The assumptions about Scenario E1 E2 are the same as those for the calculation of the risk 
reductions factors p 42 0 d. in Section E.7.2.3. The first drilling leads to an E1 contribution to the 
public inhalation risk which is equal to the component R 4ookA. discussed in Section E.7.2.1 and 
thus leads to the risk reduction factors given in Table E.7-2. In addition, it means a second 
source of activity in the air from the E2 part of the scenario, and and the addition of Risk 
Component 45. Using the symbols 

p (t<) 
11 

p 13 
p (t<) 

12 

= Probability of first drill hole into repository and into the Castile Formation, 
= Probability of hitting a brine reservoir in the Castile Formation, 
= Probability of drill hole into or through repository, 

Time average of total activity mobilized and brought to surface in E2 part of 
scenario (Bq), .,..(" 

<l> (t<) 
45 1 

<l> 45 /"·l Interaction function between the two holes, I . 
<l> 45 3(") = Suspension and transport function to receptor in E2 part of scenario (m -3 ) , 

<I> 454(") = Global exposure function for public in E2 scenar· Sv m 3 Bq ·1), 
a, Cancer risk coefficient (Sv _, ), 
Ci = Constant parts of equations, and 
R 45 P tel. = Cancer risk from inhalation in E2/\rt of E1 E2 drilling operation, 

the risk component for that part is r 
R [ P(a p(te)] { m.(t<) m.(t<) m.(t<) } m.(t<) 

45ptel. = ,r \3 12 '¥451 '¥452 '*'453 '*'454 a,. 

Using Equation (f)) the risk can be scaled as 

R C (A 
(t<) ) 2 (t<) 

45 p" l. = , 0 <l> 45 , 

As in Section E. 7 .2.3, this leads to a risk reduction ratio of 

<l> ~~), ( AciO) ) 2 

<l> ~1, ( Aci"l )2 

(E.7.27) 

(E.7.28) 

(E.7.29) 

,, !t 

JI 'f 

with the same standard error as p 42 0 " ., • These values are thus the same as those in ll>l!t 

Section E.7.2.3 and are listed in Table E.7.2. 

11'111 
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E.7.3.3 Public Ingestion Risks Due To Drilling Operations 

E.7.3.3.1 Public Ingestion Risks Due To Beef Contaminated Bv Stock Well Water In Scenario 
E1 

The assumptions for the E1 model are the same as before. Here, however, the pathway goes 
from the repository to an aquifer in the Culebra and from there to a stock well. This transport is 
assumed to be linear in the source term as are the subsequent transfer functions into beef and 
man. The activity concentrations in the water, in the beef, and, therefore, in the intake by man 
are assumed to be at an equilibrium value. This ingestion risk constitutes Risk Component 46 
with two subcomponents for cancer and genetic risk. With the symbols 

p (K) 
11 

p 13 

<I> (K) 
461 

= Probability of a borehole through the repository and into the Castile Formation, 
Probability of hitting a brine reservoir in Castile Formation in ar4aa f WIPP, 

= Long-term rate of activity mobilization and transport to the Cul a aquifer for 
Scenario E1 (Bq s ·1

), 

<I> 46 2 (K) = Transport function to stock well via Culebra (s L ·1), 

<I> 46 3 (K) = Transfer-dosimetry function for water to beef to~n (Sv L Bq ·1 
), 

C i = Constant parts of equations, r 
a 1 = Cancer risk coefficient (Sv ·1), 
R 46 P KA. = Public cancer risk of an E1 drillin~peration, 

the expression for this component is r 
R r12(K) 

46 pd. =r "11 
P ] { ,y,.(K) ,y,.(IC) } <l>(IC) 

13 '+'4s1 '+'4s2 463 a1. 
(E.7.30) 

With only the pr~t of the long-term rate of activity mobilization and the footprint in P 11 (IC) 

changing with tre~ent options, the risk has the scaling property 

the risk reduction factors are 

where 
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R = c A (IC) <I> (IC) (E.7.31) 
46p1CA. 1 0 461 ' 

p 46 pK"A. = 
A (0) <I> (0) 

0 46 1 

A (IC) <I> (IC) 
0 46 1 

= F VK F bK , 

<I> 
(0) 
461 

FblC = -- • 
<I> 

(IC) 
461 
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with values given in Table D.5-2 of Attachment D and with the assumption that the long-term rate 
of activity mobilization achieves equilibrium concentrations at the stock well by the time of the 
sampling. The errors of the model calculation of F b IC are large, and lognormally distributed 
quantities are involved. The geometric standard deviations (see Section C.1.5) are 

(E.7.34) 

in a simplified version, made possible due to the large difference in the geometrical standard 
deviations of the two factors. Numerical values for the risk reduction factors are listed in 
Table E.7-3. The means range from 10,000 to 100,000 with geometric standard errors of factors 
of 20 up and down from these values. The range of values, however, leads to risk reductions 
exclusively, applied to extremely low baseline risks. 

E.7.3.3.2 Public In estion Risks Due To Beef Contaminated B Stock Well Wat 
E2 

Scenario 

Risk Component 47 with two subcomponents is calculated using ~same assumptions for this 
scenario as before. Using the symbols r 

P ,2(1C) = Probability of drill hole into or th~o gh repository, no brine, 
<I> 47 , (IC) = Long-term rate of activity mobiliz t1 n and transport to the Culebra (Bq s ·1

), 

<I> 47 2(1C) = Transport function to stock well ulebra in Scenario E2 (l ·1 s), 
<I> 47 3M = Transfer-dosime~ry unction for contaminated beef (Sv Bq ·1 L), 
C i = Constant parts uations, 
a, = Cancer risk coe ici t (Sv -1), and 
R 47 P IC,. = Public risk due to an E2 drilling scenario, 

the expression to(;) public ingestion risk is 

R47pJCA. = [ P,(;l] { <I>i~l, <I>i~l2} <I>i~l3 a, (E.7.35) 

With the constant parts eliminated the scaling of risks is 

R C A (IC) (IC) 
47p1CA. = , 0 <l>471 

(E.7.36) 

and the risk reduction factors are 

(E.7.37) 

with the definition of the factor F c IC given by 
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QUANTITY 

Risk Reduction Factors: 

p 46 p 1 A 

p 46 p 2 A 

p 46 p3 A 

p 46 p4 A 

Annual Baseline Risks: 

R 46 Po o 

Rsopoo 
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TABLE E.7-3 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN SCENARIO E1 

VALUE (G.S.D.) * 

1.14. 10 4 (20) 
1.14•10 4 (20) 
2.12 • 10 4 (20) 
9.95 • 10 4 (20) 

2.2 • 10- 13 

COMMENTS/REFERENCES 

p 50 p id. Pr· 
r 

FSEIS (U.S. DOE, 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

• G.S.D. == Geometric standard deviation of a lognormal distribution . 

D 
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(E.7.38) 

F ex: is the reduction factor for the activity mobilized to be transported to the stock well. Numerical 
values are listed in Table 0.5-2 in Attachment 0. The errors are calculated under the assumption f"l'i1 

that the standard errors of F c x: are much larger than those of all other contributions. Thus the 11 .. 

geometric standard deviations are 

(E.7.39) 

Numerical values for the risk reduction factors are given in Table E.7-4, grouped closely to 1 with 
geometrical standard deviations corresponding to a factor of 3 up and dow?.tf Level Ill 
treatments, rising to a factor of 5 for Treatment 3 and 50 for Treatment 4. Thi ay result in 
either considerable risk reductions or risk increases. These reduction factors are applied to a 
very small baseline risk. 

E.7.3.3.3 Public In estion Risks Due To Beef Contaminated B ock Well Water in Scenario 
E1E2 

Using the same model assumptions as in SectioA .2.3, the ingestion of contaminated beef 
leads to a risk contribution which is the same as ~of Scenario E1, so that the risk reduction 
factors, errors, and numerical valu~or the E1 part of the operation apply, Equations (E.7.32) 
and (E.7.34). In addition, there is t isk Component 48 for the E2 part of Scenario E1 E2. With 
the symbols 

P11 
(x:) 

p 13 

p 12 
(x:) 

cI> 48 1 
(x:) 

cI> 48 2 
(x:) 

<I> 48 3 
(x:) 

<I> 48 4 
(x:) 

Ci 
a1 

R 48 P x:i.. 

= 
= 
= 
= 

= 
= 
= 
= 
= 
= 

~ability of first drill hole into repository and into Castile Formation, 
~ability of hitting a brine reservoir in the Castile Formation, 
Probability of drill hole into or through repository, 
Long-term rate of activity mobilization and transport to the Culebra for E2 part 
of Scenario E1 E2 (Bq s ·1), 

Interaction function between the two drill holes, 
Transport function to surface via Culebra in E2 part of Scenario E1 E2 (s L "1), 

Transfer-dosimetry function for residents eating beef (Sv Bq ·1 L), 
Constant parts of all equations, 
Cancer risk coefficient (Sv ·1), 
Public cancer risk due to an E1 E2 scenario, 
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QUANTITY 

Risk Reduction Factors: 

p 47p1 A. 

p 47 p 2 A. 

p47 pJA. 

p47 p4A. 

Annual Baseline Risks: 

R s1 Po o 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE E.7-4 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN SCENARIO E2 

VALUE (G.S.D.) * 

1.2 
1.3 
1.8 
64 

(3) 
(3) 
(5) 
(50) 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

* G[). =Geometric standard deviation of a lognormal distribution. 
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this risk component is 

R [ p(IC) p p(IC)] { <l>(IC) <l>(IC) <l>(IC) } m.(IC) 
48p1CA. = i1 13 12 4s1 4s2 483 '!"4s4 a, . (E.7.40) 

As in Section E.7.2.3, the component is proportional to the product of the square of the footprint 
and the rate of activity mobilization 

The risk reduction is, therefore, 

<I>. (0) <I> (0) <I> (0) 
48 1 48 2 48 4 F dlC = -.,....,...-....,....,._....,....._ 

<I> (IC) <I> (IC) <I> (IC) 
481 482 484 

(Acio) )2 
(AcilC) )2 

(E.7.41) 

1 (E.7.42) 

Under the assumption that the last three factors in the nu~ator and denominator of 
Equation (E.7.41) do not depend on the waste treatment and, F"erefore, cancel, the ratio of 
activity mobilization factors reduces to 

F,.~~ 0 <1>!~)1 
(E.7.43) 

The ratio of activities F d k, mobke~ for each waste treatment are listed in Table D-5.2 of 
Attachment D. D(P\te the factor F v IC 

2 
, the geometrical standard deviations remain at 

l,J <Jg (P 4 apKA.} = <Jg ( FdlC} , (E.7.44) 

because the uncertainties in F v IC are much smaller than those of F d IC • The numerical values for 
the risk reduction factors given in Table E.7-5 show considerable variation from about one million 
to 1 O billion. The geometric standard deviations range from 40 to 80, adding one to two orders 
of magnitude to the range of risk reduction factors. Note that these factors are applied to a very 
small baseline risk. 

E.7.4 Post-Closure Public Risks Due To Chemical Agents 

E.7.4.1 Basic Considerations 

The FSEIS (U.S. Department of Energy, 1990a) calculates one post-closure chemical risk. It is 
3due to lead, and it is assumed for the risk calculations that the total amount of lead in the 
repository is independent of the waste treatment, except in Treatment Option 4 in which metals 
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are largely decontaminated and removed. The lead concentration in the repository is then given 
by 

(E.7.45) 
A(IC) h 

0 0 

for 1 :::; K :::; 3, where the quantities 

d 1 M = Lead concentration in repository (kg m -3), 

M 0 = Total mass of lead in repository (kg), 
A 0(1<.) = Footprint of wastes in repository (m 2

), 

h 0 = Height of wastes in repository panel (m). 

For Treatment Option 4 the melting process leads to a reduction in the total lead ~by a factor 
f roo· This factor is assumed to be one here. In the groundwater, lead is assumed .tJbe attached 
to colloidal matter and to move with the water. In combined human intrusion scenarios, the 
contaminations in groundwater can arise from different sources.¢s again assumed here, that 
these effects superpose linearly, in particular that the salt co nt in the Culebra does not 
saturate. 

E.7.4.2.1 Risks Due To Beef Co 

The assumptions for the E1 mod I are the same as before, and the transport is assumed to be 
linear in the sourc?flrm as are the subsequent transfer functions into beef and man. The lead 
concentrations in the water, in the beef, and, therefore, in the intake by man are assumed to be 
at an equilibrium e. This ingestion risk constitutes Risk Component 50. With the symbols 

P11 
(IC) 

p 13 

<I> 50 1 
(IC) 

<I> 50 2 
(IC) 

<I> 50 3 

N p4 

L Pb 
(ref) 

M1 

ft 
Ci 
ro 
R 50 P IC).. 

= 
= 
= 

= 

= 
= 
= 
= 

= 
= 

Probability of a borehole through the repository into the Castile Formation, 
Probability of hitting a brine reservoir in the Castile Formation, 
Long-term lead mobilization and transport rate to the Culebra (mg s ·1), 

Transport function to stock well via Culebra (s L ·1), 
Transfer/daily-intake function for contaminated beef (L day ·1), 

Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day-1

), 

Mass of reference man (kg), 
Exposure time correction factor for one year (yr ·1), 

Constant parts of equations, 
Risk associated with reference level, 
Morbidity risk due to lead ingestion (yr ·1) 
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TABLE E.7-5 

RISK REDUCTION FACTORS FOR 
PUBLIC INGESTION IN AN E1 E2 SCENARIO 

QUANTITY 

Risk Reduction Factors: 

p 48 pH 

p 48 p 2 A. 

P48 pn 

p 48 p4 A. 

Annual Baseline Risks: 

p 48 p 0 0 

p 52 p 0 0 

VALUE (G.S.D.) * 

8.3 • 10 5 (80) 
1.2 • 10 6 (60) 
9.5 • 10 6 (80) 
1.3 • 10 10 

( 40) 

7.B • 10 ·•P.. 

COMMENTS/REFERENCES 

p 52pd f'''' 

FSEIS (U.S. DOE, 1990a), 
Table 5.70 

Not available in U.S. DOE 1990a 

* G.t? =Geometric standard deviation of a lognormal distribution. 
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the lead ingestion risk from an E 1 event is 

(E.7.46) 

With only the product of the long-term rate of lead mobilization and the footprint in P 1 (IC) changing 
with treatment options, the risk is found to scale according to 

R C A (IC) <I>(IC) 
50p1CA.= 1 0 501• 

(E.7.47) 

The risk reduction factors for this scenario are 

PsopKA. = 
A {O) m. (0) 

0 'II 50 1 

A (IC) m.(IC) 
0 'II 50 1 1 

(E.7.48) 

with the definition, 

""(0) 
'l-'501 

FPbbK = <I>(IC) 
501 

(E.7.49) 

for the reduction factor in the long-term rate of~ mobilization. The geometrical standard 
deviations of the risk reduction fac~ are the _determining contribution, 

) cr ( F ) (E.7.50) g 50p1CA. - g PbblCA. • 

If it is assumed thQe dissolution of radioisotopes and lead is impeded by treatment in the same 
ratio, then F Pb b - F b IC and the last two equations are the same as those calculated for 
Scenario E1 as 46 P IC i.. • The numerical values for the risk reduction factors are given in 
Table E.7-3. 

E.7.4.2.2 Risks Due To Beef Contaminated By Stock Well Water In Scenario E2 

Risk Component 51 is calculated using the same assumptions for this scenario as before. With 
the symbols 

p 12 
(IC) 

<I> 51 1 
(IC) 

<I> 51 2 
(IC) 

<I> 51 3 
(IC) 

N p4 

L Pb 
(ref) 

M, 

= 

= 

= 

= 

= 

Probability of a borehole into or through the repository, no brine, 
Long-term lead mobilization and transport rate to the Culebra (mg s-1

), 

Transport function to stock well via Culebra (s L ·1), 

Transfer/daily-intake function for contaminated beef (l day ·1), 

Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day ·1), 
Mass of reference man (kg), 

Appendix I, Attachment E 1-271 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

r 0 = Risk associated with reference level, 
f 1 = Exposure time correction factor for one year (yr_,), 
C i = Constant parts of equations, 
R 5, pd. = Morbidity risk due to lead ingestion (yr-1

), 

the lead ingestion risk from an E2 event is 

(E.7.51) 

With only the product of the long-term rate of lead mobilization and the footprint in P, (kl changing 
with treatment options, the risk scales as 

and the risk reduction factors are 

p 51 p K "J... = 

where 

R C A (IC) m.(IC) 
51p1C;, = 1 o -V511 • 

A (O) m(O) 
0 -V511 

A (IC) m(IC) 
0 -V511 

= F VIC F Pb c IC 

m(O) 
-V511 

FPbCIC = -- . 
m(IC) 
'V51 1 

1 (E.7.52) 

(E.7.53) 

(E.7.54) 

This assumes juft:J in the case of radioactivity that while the mobilization rates for lead and 
radioisotopes mUtfer, the reduction ratios due to treatment are the same. The geometrical 
standard deviations of the risk reduction factors are again assumed to be 

(E.7.55) 

This is the same result as that for the component p 47 P IC;. and the values are again those of 
Table E.7-4. 

E.7.4.2.3 Risks Due To Beef Contaminated By Stock Well Water In Scenario E1 E2 

The use of the same model assumptions as in section E.7.2.3 leads to a risk contribution which 
is the same as that of the E1 scenario, so that the risk reduction factors, errors, and numerical 
values for the E1 part of the operation apply, as described by Equations (E.7.48) and (E.7.50). 
In addition, there is Risk Component 52 for the E2 part of the drilling scenario E1 E2. With the 
symbols 
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P11 
(le) 

p 13 
p 12 

(K) 

ct> 52 1 
(le) 

ct> 52 2 
(K) 

ct> 52 3 
(le) 

ct> 52 4 M 

N p4 
L (ref) 

Pb 

M1 
f 1 

C1 
ro 
R 52pd. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
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Probability of first drill hole into repository and into the Castile Formation, 
Probability of drilling into a brine reservoir in the Castile Formation, 
Probability of drill hole into or through repository, 
Long-term rate of lead mobilization and transport to the Culebra (mg s ·1), 
Interaction term between drills holes, 
Transport function to stock well via Culebra (s L ·1), 
Transfer/daily-intake function for contaminated beef (L day ·1), 
Number of persons exposed by ingestion, 
Reference level for lead (mg Pb kg ·1 day ·1), 
Mass of reference man (kg}, 
Exposure time correction factor for one year (yr ·1), 
Constant parts of equations, 
Risk associated with reference level, 
Morbidity risk due to lead ingestion (yr ·1), 

this risk component is given by 

(E.7.56) 

As in Section E. 7 .2.3, the component is proportio_f>l. the product of the square of the footprint 
and the rate of lead mobilization, assuming all fu~~s ct> 1 v M independent of treatment except 
ct> 521 M . The risk reduction is, th~e. 

D 
with the definition 

r 'th(O) 
'¥521 

m(K) 
'¥ 521 

m(O) 
°'¥521 

FPbdl( = -- . 
,-h(IC) 
'¥521 

(E.7.57) 

(E.7.58) 

With the assumption that the ratio of lead mobilization F Pb d I( is the same as that for the 
radioactivity, 

(E.7.59) 
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The geometrical standard deviation is again 

(E.7.60) 

The numerical values have already been given in Table E.7-5. 

D 
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ATTACHMENT F 

RISKS OF TREATMENT OPTIONS 

F.1 BASIC CONSIDERATIONS 

F .1.1 Scope for Assessment of Treatment Risks 

Scope and limitations of the model for the Treatment Facility have already been described in 
Appendix I and in more detail in Attachment D. The description here will be limited to aspects 
which are important to the approach to risk assessment. 

The simplifying assumptions of the modular form without taking credit for econo~s of scale for 
larger units makes most evaluations location-independent. Each module is assu ed to contain 
all two, four, or six devices, or multiples thereof, according to the treatment level hosen. There 
are seven modules with the appropriate capabilities that are mov~long the path from the WIPP 
to the originators of the waste according to the location scenarirelected. 

The risks chosen as baseline risks are those of~h assay and certification process in the WHB 
in the currently proposed sequence of activities. IA. exception is the general occupational risks 
for fatalities and injuries. These are not conside a in the FSEIS but play a more important role 
in a risk comparison. For the~e ·sk components, the occupational risks of the assay and 
certification process are calcula nd used as baseline. Apart from these general accidents, 
no accidents particular to the tr t nt of radioactive waste are considered, in order to limit the 
scope of this study. Only routine exposures to radioactivity and to volatile organic chemicals 
(VOCs) are taknto account. 

All treatment de'1rtes are assumed to be operating in airtight enclosures with access through air 
locks until the treated wastes are enclosed in drums again. Shielding is used to lower penetrating 
radiation to levels compatible with the ALARA concept and DOE:s health and safety goals. 

In both routine and maintenance operations, internal exposures to radioisotopes occur. In this 
assessment, only inhalation exposures are evaluated. Ingestion, wound, and skin exposures are 
not considered because in routine and maintenance scenarios they tend to be much lower than 
inhalation exposures and the corresponding doses. 

F.1.2 Treatment of the Engineered Waste Forms 

F .1.2.1 Treatment Options 1 and 2 

In Treatment Option 1, after the assay and certify operation, the solidified sludges are left as they 
are. Without sorting, combustibles, metals, glasses, and the drum are shredded and then 
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cemented. This Level II treatment is the least work-intensive treatment option considered here. 
As discussed in Attachment D, this process leads to a decrease of void space and an increase 
in the weight of the drum. In Treatment Option 2, the only change is that the sludges are 
cemented as well. 

F.1.2.2 Treatment Option 3 

Treatment Option 3 is a Level Ill treatment. After assay and certification, the sludges are 
cemented and the rest of the waste is sorted. Shredding is done separately for combustibles and 
for metals and glasses. Combustibles are then incinerated and the ashes transported to the 
cementing area for inclusion in the process. Metals and glass, on the other hand, are cemented 
directly. 

F.1.2.3 Treatment Option 4 

This is the most ambitious Level Ill treatment considered here. After the assay and certify 
procedure, the sludges are vitrified, possibly in a microwave ovr:( Separate shredding is used 
for combustibles and for metals and glasses. Combustibles E~. incinerated and their ashes 
vitrified. Shredded metals and glasses are melted with frit, taking advantage of the 
disproportionation of radioisotopes between sl~~d metal. The metals are disposed of as 
hazardous waste and only the slag is emplacedr1e WIPP. 

F.2 GENERAL OCCUPATION CIDENTS 

Normal occupational accidents Here they are needed because 
they increase a~ complexity of the treatment increases. Directly relevant incidence data are 
not available, b d a for similar industries were used in Attachment D, Section D.4.1, to estimate 
the relevant ris efficients. 

F.2.1 lndustrywide Occupational Accidents 

F .2.1.1 Fatal Occupational Accidents 

Fatal occupational accidents are addressed here, excluding forklift accidents with fatal outcome. 
Those are evaluated separately. This class of accidents leads to Risk Component 53. Using the 
symbols 

N 01 
(K) = 

p 14 = 

Ci = 
p Of = 
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Annual occupational fatality rate per worker in accidents not involving 

forklifts (yr-1
), 

Constant parts of equations, 
Annual probability rate for occupational accidents with fatal outcome, 
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Fraction of forklift accidents in all occupational accidents, and 
Risk of occupational fatality per year (yr ·1}, 

the general expression for this risk is given by 

R N(IC) p 53 0 IC :l : 0 1 14 " 
(F.2.1) 

The data given in Attachment D, Section D.4.1, gives the probability rate P 14 in terms of the 
annual probability rate P 0 1 

(F.2.2) 

where f 53 1 = 10 · 2 
• Thus the baseline risk is R 53 0 0 0 = (1.6 ± 0.4) • 10 · 3, and~risk is 

R53od = N~~) Po,(1 -f531}· I (F.2·3} 

The risk equation has the scaling property 

The risk reduction ratios are, th~re 

~301C:l = 

N(O) 
01 

-N(IC) 
01 

= F mte ' 

~ P 53 o IC :l = ~ Fm" · 

(F.2.4) 

(F.2.5) 

(F.2.6) 

The numerical values are given in Table F.2-1 with values for the factor Fm" and its errors taken 
from Table D.3-2. The risk reduction factors decrease with more treatment, indicating an increase 
in risk due to an increasing crew in the Treatment Facility. The baseline risks are derived from 
the risk coefficients in D.4.1 for a crew of 12. 
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TABLE F.2-1 

RISK REDUCTION FACTORS FOR GENERAL OCCUPATIONAL 
ACCIDENT FATALITIES AND INJURIES 

QUANTITY 

Risk Reduction Factors: 

p 53oH 

p 53 o 2 :I. 

p 53 o 3 :I. 

p 53 o 4 :I. 

Annual Baseline Risk: 

R53ooo 

R54ooo 

0 
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VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170 ± 0.010 
0.076 ± 0.0042 

(1.6 ± 0.4) •• 1!\ 
o.70±0.0r 
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F.2.1.2 Nonfatal Injuries 

The model for general occupational injuries in Attachment D, Section D.4.1, derives an estimate 
for nonfatal accidents with workdays lost One percent of those are the forklift accidents not 
considered in this section. These accidents form Risk Component 54. Using the symbols 

N 01 
(IC) 

p 15 

Ci 
pol 

f 54 1 

R5401c:1. 

= 
= 

= 
= 
= 
= 

Number of persons in WHB and TF, 
Annual occupational injury rate per worker in accidents not involving 
forklifts (yr ·1), 

Constant parts of equations, 
Annual probability of general occupational injury, 
Fraction of injuries caused by forklift in all occupations, and 
Risk of occupational injuries per year of operation (yr-1

), 

the general risk expression is for every year of operation is 

R54od .. = N~~l P15 · r: 
In Section 0.4.1, Attachment D, the value for P0 i is given. It is related to P ,5 by 

p 15 = poi { h f 54 1 ) • 

(F.2.7) 

(F.2.8) 

where f 54 1 = 0.01. For a crew of 12, the baselt;;,sk is R 54 0 0 0 = 0 .. 70 ± 0.03. Thus the risk 
can be written as 

(F.2.9) 

and hence the s~g property of this risk component depends only on the numbers of persons 
handling the wat!!Ynot including forklift operations, 

R = c N(K) (F.2.10) 
54 0 KA 1 01 • 

The risk reduction ratios are again 

p 54 0 KA, = 
N(K) 

01 

= F mK ' 

which is the same as for the fatalities with the same standard errors 

~ P 54 o r; A = ~ Fm r; • 

The values for both risk reduction factors are given in Table F.2-1. 
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F.2.2 Forklift Accidents 

F .2.2.1 Fatal Forklift Accidents 

This scenario is a subset of the occupational accidents considered in Section F.2.1. However, 
it is an important component and will be considered separately. It is assumed that the number 
of forklift accidents is independent of drum weight, although accidents involving heavier vehicles 
may lead to increased severity of consequences. Fatal forklift accidents form Risk 
Component 55. Using the symbols 

n M 
r 

n (IC) 
f 

p of 

Ci 
f 531 
<I> 55 1 
p 16 
R550id. 

= 
= 
= 

= 

= 

= 

= 

= 

Number of drums handled per year (yr-1
), 

Number of forklift operations per drum handled, 
General annual occupational fatality rate, :.k 
Constant parts of equations, 
Fraction of fatal forklift accidents in all fatal occupational accide ts, 
Conversion function to baseline risk per forklift operation, 
Probability of a fatal accident per forklift oper~. and 
Risk of a fatal forklift accident per year of opeFion (yr-1

), 

the risk of a fatal forklift accident per year of op~r ion can be stated as 

R ( (IC) p 
55 o IC A = n n r , s . 

(F.2.13) 

The probability of a forklift fatalit~r forklift operation P,. derives from the total probability rate 

of occupational Di ties by the exp;~~io0n P 
0

' 

1
" ' <I> " ' • ( F .

2 
.
14

) 

Thus the risk can be rewritten as 

(F.2.15) 

and the baseline risk is given by 10% of the total occupational fatalities according to 
Section D.4.1. The baseline risk is thus R 55000 = 0.0016 ± 0.0006. 

The scaling property of Risk Component 55 is derived from the fact that only the product of the 
number of drums handled per year and the number of forklift operations per drum handled is 
treatment dependent, 

R = c1 n,(IC) n,(oc) 55 o IC A 
(F.2.16) 
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The risk reduction ratios are thus 

with standard errors 

p 55 0 IC A. = 
n;o) n,'ol 

n;"l n,'"l 
= F VIC F,IC ' 

[ 
~ Pssoid. ]

2 

= [ ~ Fv" ]

2 

+ (~J
2 

Pssod. Fv" F," 

(F.2.17) 

(F.2.18) 

The risk reduction factors for the forklift fatalities and the standard errors are given in Table F.2-2. 
The risk reduction factors correspond to increases in risk that vary from about 8 t_p.ff)out 20. The 
relative errors lie near 5 percent. I 
F.2.2.2 Nonfatal Forklift Injuries ~ 

This component is again a subset of occupational injuries. It is rmportant because 1 percent of 
the industrial accidents cause 10 percent of they;;rkdays lost. Again, it is assumed that the 
frequency of forklift accidents does not depend o t drum weight. This is achieved by utilizing 
forklifts appropriate to the weight. These accid ts comprise Risk Component 56. Using the 
symbols 

n ,'"' = Number of dru~andled per year (yr·'), 
n ,(IC) = Number of forklift operations per drum handled, 
P 01 =~neral annual occupational injury rate, 
f 54 1 = F ction of all occupational injuries caused in forklift accidents, 
<I> 56 1 = onversion function to baseline risk per forklift operation, 
C 1 = Constant parts of the equations, 
P 17 = Probability of an injury per forklift operation, and 
R 56 0 d. = Risk of a forklift injury per year of operation (yr ·1), 

the risk of nonfatal forklift injury per year of operation can be stated as 

R n,("l n,("l P11 . 56 OICA. : 
(F.2.19) 

Again, there is a relationship between probabilities analogous to those in the previous sections, 

(F.2.20) 
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TABLE F.2-2 

RISK REDUCTION FACTORS FOR FORKLIFT ACCIDENT 
FATALITIES AND INJURIES 

QUANTITY 

Risk Reduction Factors: 

p 5501 :I. 

p 55 0 2A 

p 55 o 3 :I. 

p 55 o 4 :I. 

Annual Baseline Risk: 

R 550 a a 

R5sooo 

D 
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VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170 ± 0.010 
0.076 ± 0.0042 

(1.6 ± 0.06). 10-3 

o.o7o ± o.o°{>.. 

I 
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The risk of a nonfatal forklift injury is then 

A - n (Kl n (K) P f .m. 
56 o IC A - r f oi 54 1 'V 56 1 • 

(F.2.21) 

and the baseline risk is one tenth of the general injury risk R 56 0 0 0 = 0.070 ± 0.003. Thus, as in 
the previous scenario, the scaling property of Risk Component 56 is dependent only on the 
product of the number of drums handled per year and the number of forklift operations per drum 
handled 

A C n
(K) n(IC) 

56 o 1< A = 1 r f 
(F.2.22) 

The risk reduction ratios are the same as those for p 55 0 KA with the same standard errors listed 
in Table F.2-2. 

F.3 RISK OF RADIATION EXPOSURES 

F.3.1 External Exposures . 

External exposures are the result of irradiation by penetratin c;:diations, both gammas and 
neutrons. For routine operations, shielding is provided and forl"::i

1

ntenance operations little or 
only partial shielding is available. Because was~andling facilities are at large distances from 
the public, public exposures are much smaller th e background levels and can, therefore, be 
ignored. 

F .3.1.1 Routine 0 erations: Ex 

External exposu~re of the work crew depends on the shielding, which is dictated by health and 
safety concerns as ell as the ALARA concept. It is also dependent on the type of waste and 
on the time-mot parameters and the time spent at each particular choice. This leads to Risk 
Component 57 with two subcomponents, cancer and genetic. With the symbols 

q 2(1<) 

n M 
r 

Tl w 
N (v) 

06 
<l> (w v) 

571 
<l> (w v) 

57 2 
t (v) 

57 

= Total activity per drum (Bq), 
= Number of drums handled annually (y(1), 
= Fraction of waste in form w. 
= Number of persons needed for treatment v, 
= Shielding-geometry function of facility v to treat waste w, 
= Dosimetry function of average exposed person (Sv s ·1 Bq ·1

), 

= Exposure time for treatment v of one drum of wasteform w (s), 
a 1 = Lifetime cancer risk coefficient (Sv ·1), 

C 1 = Constant parts of equation, and 
R 57 0 K A(w v) = Occupational risk of cancer due to treatment v of wasteform w in 

alternative K per year of operation (yr ·1 
), 
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the general occupational risk equation used is 

R (wv) - {q(IC) n(IC),, } N(v) m.(wv) m.(wv) t(v) 
570ICA - 2 r 'I w 06 'V571 'V572 57 81 • 

(F.3.1) 

The dependence on alternative ic is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the variability of the first two factors, and the 
assumption that operational health and safety standards will provide at least the same level of 
shielding protection at every plant. The second condition leads to the requirement that for the 
drum being processed in different devices v 

(0) (wv) C 
q2 <l>s11 = 1 • (F.3.2) 

In addition, in the absence of time-motion studies in the type of treatment plan~eded here, 
it will be assumed that the dosimetry function <l> 57 2(w v) is the same for all device sf Under these 
conditions, the risk can be rewritten as 

Ri;';~, • c, T\w N);' ti;' • c, $r' (F.3.3) 

where the quantity <1> 57 "'(wv) is the effort (in man-hours) expendea for the treatment of one drum 
of wasteform win device v, ~ 

,r.(wv) __ N(v) t(v) (F34) 
'+'57ic - Tlw 06 57 • • • 

Assuming that the device v ca.6ommodate all types of wastes sent to it, the total risk of 

alternative ic is D Lw Lr 
R = C ,r. (wv) (F.3.5) 

570ICA 2 '+'57ic • 
W=1 V:1 

where W is the number of waste forms (three), and T the number of different treatment devices 
in the treatment facility (two, four, or six). The summation over v starts with v = 1 because the 
term with v = O is already included in a component of the baseline risk. That component of the 
baseline risk, however, consists of that term only. The risk reduction factors are then 

Ps7oteA. = 
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with standard errors calculated under the assumption that no appreciable contributions come from 
the abundances 11 w 

( ]
2 l T D. ,._ (wv) E '1'571< 

V•1 v570IC ' 

(F.3.7) 

with the error given by the approximation 

.. (F.3.8) 
A\ (WV) t(v) 
'I' 571< 57 

The numerical values for the effort factors <1> 57 l((w v) needed here are given in TXD.4-1. The 
numerical values of the risk reduction factors p 570 d. and their errors are given i Table F.3-1. 
They are smaller than 1, indicating risk increases of factors between 2 and about 3, increasing 
with more complex treatment. The baseline risk data in the F~ for the assay and certify 
process are not detailed enough to provide a value. r 
F.3.1.2 Routine Maintenance: External Exposure 

External exposure to penetrating radiation during ~enance operations is particularly important. 
Depending on the type of waste a~e device, different times must be spent in the contaminated 
area. This leads to Risk Compor 58 with two subcomponents. With the symbols 

q 2M = Total activity per drum (Bq), 
n rM =Gtber of drums handled annually (yr"1

), 

11 w = Fr:: ction of waste in form w, 
f 58 2(w v) = raction of waste in form w released into containment of device v, 
N 0 tl = Number of persons needed for maintenance of device v, 
<I> 58 1 = Dosimetry function of average exposed person (Sv s ·1 Bq -1), 
<I> 58 l(M = Maintenance function (annual number of operations) for device v, 
t 58(v) = Exposure time for maintenance of device v (s), 
a 1 = Lifetime cancer risk coefficient (Sv -1), 
C 1 = Constant parts of equations, and 
R 58 0 IC ).(wv) = Occupational risk of cancer due to device v treating wasteform w in alternative K, 

the general occupational risk equation is 
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TABLE F.3-1 

RISK REDUCTION FACTORS FOR ROUTINE EXTERNAL EXPOSURES 

QUANTITY 

Risk Reduction Factors: 

P57oH 

Ps1on. 

Ps103A 

Ps7o4A 

Annual Baseline Risks: 

R 510 oo 

D 
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VALUE± STANDARD ERROR 

0.469 ± 0.033 
0.429 ± 0.030 
0.234 ± 0.017 
0.104 ± 0.008 
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R (wv) { (1<) (1<) f (wv) } N (v) """ """(v) (v) 
58od. = q2 n, l1w 582 07 'V5a1 'V5a1< fsa a1 • 

(F.3.9) 

The dependence on alternative JC is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the product of the first two factors as a variable. 
Again, because of the lack of time-motion studies, it will be assumed that the dosimetry function <I> 

58 1 is the same for all treatment plants. Under these conditions, the risk can be rewritten as scaling 
according to 

R (wv) 
58 01<:1. 

= C ,, f(wv) N (v) m. (v) f(v) 
1 •tw 582 o7 'V5a1< 58 

C f (wv) th (wv) 
= 1 58 2 't' 58 )( ·' 

with the definition of the manpower factor 

th (wv) 
't' 58 )( 

The total risk of alternative K is then 

N (v) """(v) f (v) 
- T1 w 0 7 'V 58 )( 58 

T W 

Asa 01<A. • c, r: /fa. th (wv) f (wv) 
't' 58 )( 58 2 ' 

(F.3.10) 

( F .3.11) 

(F.3.12) 

where W is the number of waste ~s and T the number of treatment devices. The risk reduction 

factors are then r ' 
w 

't°" th (0) f(wO) 
L 't' 58 o 58 2 
W=1 v 58 oo D p 58 0 IC).. : ~---~~~~~~- - -,--,.--~ 

T W V 
't"" 't"" th (wv) f(wv) 58 OK 

L L 't' 581< 582 
V=1 W=1 

(F.3.13) 

with standard errors derived under the assumption that the errors d"f1 w, dt st' , and d<l>58 .t' are 
considerably smaller than the errors of the suspension factors M 58 t 1• The error of N 0 7M is included 
in that of dt 5t'. Error propagation is thus calculated for these factors only, 

( 
Ll p 58 0 l<A 

p 5801<11:1. 
J . t, [( th (wO) Af(wO) 

't' 58 0 L.l 58 2 

V 58 oO 
]

2 
T (th(wv)df(wv) J2

] 't°" 't'58K 582 
+ L . 

V=1 v580K 

(F.3.14) 

The numerical values for the manpower factor <I> 58 "(w v) are available in Table D.4-2 of Attachment D. 
Using the values in Tables D.4-3 for f 52 2 (wv) leads to the numerical values of the risk reduction factors 

Appendix I, Attachment F 1-287 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

in Table F .3-2. They show effective increases in risk by factors between 180 and 320 with standard 
errors of about 25 percent. 

F .3.2 Internal Exposures 

F.3.2.1 Routine Operations: Internal Exposure 

F .3.2.1.1 Occupational Risks Due to Internal Routine Exposures 

In this routine scenario a certain fraction of wasteform w treated in device v escapes from containment 
and fills the treatment module concerned to equilibrium air concentrations without tripping the alarm 
setting on continuous air monitors. The crews, therefore, do not leave the area and do not don 
respirators. These conditions give rise to a chronic inhalation exposure to alpha-, beta-, and gamma
emitters, and thus the two subcomponents of Risk Component 59. Using the symr 

q 2 (1<) = Total activity per drum (Bq), 

Tl w Fraction of waste in form w, 
n /"1 Number of drums handled annually (y(1), r.: 
f 59 "M Fraction of waste in form w suspended and rele sed from containment in 

N (1C) 
0 1 

f 15 

L, 
v, 
f 59 3 

<I> 59 1 

a, 
C1 

inhalable form due to treatment v in alternative IC, 

= Number of persons in treatmentpt, 
Fraction of personnel exposed, 

= Annual ventilation volume (m 3 
), 

= Annual breathin~ume (m 3 
), 

= Deposited fracti f suspended particles, 

= C stant parts of equations, and 
R (wvl 

59 0 !CA. 

Overall dosimet y function of average exposed person (Sv Bq ·1), 
=~time cancer risk coefficient (Sv ·1), 

= upational risk of cancer due to treatment v of wasteform w in alternative 1C 

(yr -1), 

the general risk equation is 

R (wv) { q2("l ("l f (vJ } f N (!CJ V1 f 
59o1CA. = n, l'lw 591< 15 o1 -- 593 <1>591 a, 

L1 
(F.3.15) 

The dependence on alternative K is simplified by the assumption of a constant amount of activity 
treated annually [Equation (E.1.5)] which eliminates the variability of the first two factors. Upon 
elimination of the other constant terms, the risk can be scaled as 

R (wv) C f(v) N(K) 
59 0" A. = 1 Tl w 59" 0 1 . 

(F.3.16) 
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TABLE F.3-2 

TABLE OF RISK REDUCTION FACTORS FOR EXTERNAL EXPOSURE DURING 
ROUTINE MAINTENANCE 

QUANTITY 

Risk Reduction Factors: 

p 58 a 1 A 

p 58 a 2 A 

p 58 a 3 A 

p 58 a 4 A 

Annual Baseline Risks: 

R5aaoo 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(4.0 ± 1.0). 10· 3 

(3.9 ± 1.0) • 10 -3 

(2.9 ± 0.7). 10· 3 

(7.2 ± 2.1). 10· 4 
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The total risk of alternative K is then scaled according to 

T 

R 590 rc>.. = C 1 N~~) L f~~)IC. (F.3.17) 
v.1 

No sum over w appears, because the sum over v is independent of w, and the sum over the 
normalized waste fractions Tl w leads to a factor of 1. The risk reduction factors are then 

P 59 OICA. = F m1C T 

, (0) 
59 0 

~ f(v) 
L.,, 59 IC 

= F V59oo 
- mK t v 59 OIC 

(F.3.18) 

with standard errors 

( 

.1p5901CA. 

p 59 0 ICA. 

(F.3.19) 

~ + V•1 v590K 

+ [ .1 f~~)o J2 E .1 f~~)" J2 

Numerical values for the factors f 5g.,(vl are listed in ~I~ 0.4-4 of Attachment D, and values of the risk 
reduction factors are listed in T~.3-3. Again, risk reductions are smaller than 1, indicating 
increases in occupational risk by fffct&s varying from 35 to 690 with relative errors of about 33 to 40 
percent. 

This scenario employs the same source term as in the previous scenario. It is assumed that there is 
a release of radioactivity from containment which exits through the HEPA filters and is dispersed on 
the outside. The actual dispersion function is not dependent on the treatment option, but the number 
of persons exposed and their location may be. Using the symbols 

q2(1C) 

n (IC) 
r 

Tlw 
f (v) 

59" 

= Total activity per drum (Bq), 
Number of drums handled annually (yr ·1

), 

= Fraction of waste in form w, 
Fraction of waste in form w suspended and released from containment i11 
inhalable form due to treatment v in alternative K, 
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TABLE F.3-3 

RISK REDUCTION FACTORS FOR OCCUPATIONAL RISKS DUE TO 
ROUTINE INTERNAL EXPOSURES DURING WASTE TREATMENT 

QUANTITY 

Risk Reduction Factors: 

PssoH. 

Psso2A 

Psso3A 

Psso4A 

Annual Baseline Risks: 

D 

Appendix I, Attachment F 

VALUE± STANDARD ERROR 

(1.73 ± 0.70). 10 3 

(1.44 ± 0.56) • 10 3 

(7.1±2.5). 10 2 

(2.9 ± 1.0) • 10 2 

1-291 

COMMENTS/REFERENCES 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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f (IC) 
dep 

f (IC) 
rem 

<I> (IC) 
59 dd 

a, 
C; 
R (wv) 

59 p KA 

= Fraction of equilibrium concentration not deposited before filters, 
Fraction of concentration penetrating HEPA filters, 
Dispersion -dosimetry function (Sv Bq -1), 

= Lifetime cancer risk coefficient (Sv ·1), 
Constant parts of equation, and 
Public cancer risk due to treatment v of waste win alternative K (y(1

), 

the general type of risk equation is 

R (wv) - { q (IC) (IC) f(v) } f(IC) f (IC) (IC) 
59 p IC A - 2 n r 11 w 59 JC dep rem <l> 59 dd 8 1 • 

(F.3.20) 

As always, the dependence on alternative K is simplified by the assumption of a constant amount of 
activity treated annually [Equation (E.1.5)]. Upon elimination of the other constant te~thE! risk can 
be rewritten to scale as I 

R5(;;~A = C, <l>~~)dd llw {~~)" . (F.3.21) 

The total risk is, therefore, scaling according to 

T 

R C (IC) ~ f(v) (F.3.22) 
59picA = 1 ct>~ L 591< ' 

which has the same basic structure as the expresJ::i f~:·:he occupational risk in Equation (F.3.17). 
Summation over all wasteforms a~atment leads to the same risk reduction factors as Equation 
(F .3.18), except for the number of rllions involved. Thus the risk reduction factors are 

,(0) v 
59 o F 59 a o 

- fllC v 59 OIC D p 59 p IC A T 
~ f(v) 
L 59" 

(F.3.23) 

with the standard errors 

Note that the second and third terms are identical to those in Equation (F.3.19); only the first term is 
different. Numerical values of the reduction factors p and their errors as well as baseline risks are 
listed in Table F .3-4. Again, substantial increases in risk are indicated, with inverse reduction factors 
ranging from 320 to 560 with errors near 40 percent. Baseline risks in the FSEIS are not detailed 
enough to give the component associated with the assay and certification procedure. 
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TABLE F.3-4 

RISK REDUCTION FACTORS FOR PUBLIC RISKS DUE TO INTERNAL EXPOSURES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

)i(,ttt 

Risk Reduction Factors: 

Ps9pH (3.1 ± 1.4) • 10 3 

Ps9pn (2.8 ± 1.2) • 10 3 

Ps9p3A (2.1 ± 0.8) • 10 3 

·I!!#: 

Ps9p4A (1.9 ± 0.7). 10 3 

1 
Annual Baseline Risks: r Not available in FSEIS R 5 9 pO 0 

p. (U.S. DOE, 1990a) 

D 
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F.3.2.2 Routine Maintenance: Internal Exposure 

F.3.2.2.1 Occupational Risk Due to Internal Maintenance Exposures 

During maintenance, respiratory protection is assumed to be mandatory for the cleanup crew. 
Protection is not total, however, but depends again on health and safety as well as ALARA concerns. 
This leads to inhalation exposures and thus a risk of cancer and genetic damage, both in occupational 
and public settings. There are four subcomponents of Risk Component 60. Using the symbols 

q/"·) 
n (IC) 

r 

Tl w 
f (wv) 
58 2 
f (wv) 
60 3 

<1> (v) 
60 1 

V5 

p 60 

N (vl 
o7 

f 1 3 

<1> 60 2 
<1> (v) 

58" 
t (v) 

58 

a, 
c1 

= Total activity per drum (Bq), 
= Number of drums handled annually (yr-1

), 

Fraction of waste in form w, 
= Fraction of waste in form w released into containment of device v, 

Fraction of waste resuspended during cleanup of device v, ~ 
Activity concentration function (L -1). I 
Inhalation rate of workers (L s -1)_ 
Transmission factor of respiratory protection, f 
Number of persons needed for maintenance of · e v, 

= Fraction of airborne particles deposited in lung, 
= Internal dosimetry function of average exposed person (Sv Bq -1), 

Maintenance function (annual m~· nance operations for device v), 
Exposure time for maintenance ice v (s), 
Lifetime cancer risk coefficient ( v -1), 

R (wv) 
60 o KA 

= Constant parts ~ation, and 
Occupational rislo~cancer due to maintenance of device v (y(1). 

the general risk e~tion is 

R (wv) L.1,q {IC) n (IC) Tl f {wv) 
60 o" A l 2 r 'I w 58 IC f ( wv) } <1> {v) (v) p f <1> <1> (v) N (v) 

603 601 Vs t59 so 13 so2 582 o7 81 

(F .3.25) 

1111 

fill! 

lliil 

tt'I! 

The assumption of a constant amount of activity treated annually [Equation (E.1.5)] is again used to 1111 
eliminate the product of the first two factors as a variable. The risk can then be determined to scale 
as ~• 

R (wv) 
60 0 IC A = C f

(wv) f(wv) N(v) <l>(v) ((v) 
1 Tl w 58 2 60 3 o7 58 < 58 

(F.3.26) 

C th (wv) f(wv) f{wv) 
1 'I' 58 IC 58 2 60 3 I 

where 

(F.3.27) 
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The total risk of alternative K is then scaling as 

T W 

R (wv) C 
60 OICA = 1 E E <l> ~;:) r;;;) '~~;) . 

v.1 w.1 

Consequently the risk reduction factors are 

p 60 o IC A 

w 
~ A. (wO) f(wO) f (WO) 
L..J't'580 582 603 
W•1 

~~~~~~~~~- -
T W 
~ ~ A. (wv) f (wv) f (wv) 
L.J L.J 'f 58 IC 58 2 60 3 
v.1 w.1 

v 60 oO 

v 60 OIC 

(F.3.28) 

(F.3.29) 

with standard errors which are derived under the assumption that the errors ~<j> 58 IC(w v) are considerably 
smaller than the others. Error propagation is thus calculated for the remaining two:.1~iExs only, 

( 
LlP6ooicA ]

2 

= 1 E [(t~~)3 ~r;;~)) 2 +(r;;g)~,~~~f] (<l>~~~))l 
P6001C:I. v:ooo w.l c (F.3.30) 

+ t t [ ( ,~~;) ~ ,;~;) r + (f~;~) ~ ,~~;f ] ( <l> ~;:) ) 
2 

v:,, . ... ·-· p. 
The numerical values of the paraEs f 603(wv) which are needed in the following are given in Table 
D.4-5 of Attachment D. Using t values and those in Tables D.4-2 and D.4-3 leads to the 
numerical values for the risk redu tion factors listed in Table F.3-5. These factors are rather closely 
grouped around values that signify large increases in risk by factors of about 20,000 with relative 
standard errors f'8.)>out 40 percent. Information on risk components in WHB operations are not 
detailed enough ~e FSEIS to yield a baseline risk for this scenario. 

F.3.2.2.2 Public Risk Due to Internal Exposures Caused by Maintenance 

This scenario is similar to the previous one in that the source term is the same, but it differs by 
considering in addition the transmission of radioactivity to the outside atmosphere. Dispersion is the 
same for all alternatives but number and location of the exposed population may not be. Inhalation 
exposure leads to the two public subcomponents of Risk Component 60. The symbols 

q2(1C) 

n (IC) 
r 

llw 
f (wv) 
58 2 
f (w v) 
60 3 

<I> (v) 
60 IC 

<I> 60 1 

Total activity per drum (Bq), 
Number of drums handled annually (y(1), 
Fraction of waste in form w, 
Fraction of waste in form w released into containment of device v, 
Fraction of waste resuspended during cleanup of device v, 

= Fraction of year spent on maintenance of device v, 
Activity-concentration function (L ·1

), 
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TABLE F.3-5 

OCCUPATIONAL RISK REDUCTION FACTORS FOR ROUTINE INTERNAL 
EXPOSURE DURING MAINTENANCE 

QUANTITY 

Risk Reduction Factors: 

p 6Oo1 1.. 

Psoo2i.. 

Psoo31.. 

Psoo41.. 

Annual Baseline Risks: 

Rsoooo 

D 
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VALUE± STANDARD ERROR 

(4.0 ± 1.5). 10· 5 

(3.9 ± 1.4) • 10-s 
(4.2 ± 1.4) • 10-s 
(8.5 ± 3.8) • 10 -6 

1-296 

COMMENTS/REFEF~ENCES 

Not available in FSEIS 
(U.S. DOE, 19SIOa) 
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f dep 
(ic) 

f rem 
(ic) 

<I> 60 dd 
(K) 

a, 
C; 

R60p1CA 

= 
= 
= 
= 

(wv) = 

Fraction of equilibrium concentration not deposited before filters, 
Fraction of concentration penetrating HEPA filters, 
Dispersion-dosimetry function (Sv Bq-1 L), 
Lifetime cancer risk coefficient (Sv -1), 
Constant parts of equations, and 
Occupational risk of cancer due to maintenance of device v (yr_,) 

are used for the general risk equation 

R (WV) - {q(K) n(K) f(Wv) f(Wv) (v) } '(IC) f(K) (K) 
60 p" A - 2 r 11 w 58 2 60 3 <l> 60" <l> 60 1 dep rem <l> 60 dd a 1 • 

(F.3.31) 

The study of the dependence on alternative K is again simplified by the assumption of a constant 
amount of activity treated annually [Equation (E.1.5)) which eliminates the produ~the first two 
factors as a variable. With all factors outside the source term which are independe1t of alternative 
aggregated into a constant, the risk can be written to scale as 

R (wv) C f(wv) f(wv) (v) G 
60 p "'· = , 11 w 58 2 60 3 <I> 60 "r (F.3.32) 

The total risk of alternative k = (K,A.) then has the s511ng property 

T W 

R C ~ (v ~ f(wv) f(wv) (F .3.33) 
"''~ ' ~ <I>,,. ~ ~. "' '" ' 

where W is the number of waste forms and T the number of treatments in the treatment facility 

D 
p 60 p" A 

"'(0) 
...... 60 0 

V 60 po (F.3.34) 

with standard errors which are derived under the assumption that the errors ~11 w and ~<I> 60 "M are 
considerably smaller than those of the other two factors f 58 2(w v) and f 60 3(wv) • The error calculation 
for the remaining factors then yields 
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+ 
1 
2 

v600IC 

(F.3.35) 

{ ( f (wv) A f (wv) )

2 
( f (wv) A f (wv) )

2 
} 

60 3 Ll 58 2 + 58 2 Ll 60 3 • 

The numerical values of the factors f 60 3(wvi have been given in Table 0.4-5; those ~e factors f 58 

2(wv) in Table 0.4-3; those for <I> 60 "(vl are given in Table 0.2-2 of Attachment 0. T
0

~J ~/sk reduction 
factors and their errors are listed in Table F.3-6. Again, a large increase in risk is seen with factors 
ranging from 45,000 to 125,000 with relative standard errors of ab&o percent. 

F.4 RISK OF EXPOSURES TO VOLATILE ORGANIC COMPouJos 

The chemical agents of concern in the waste are vrA; three of them are carcinogens, two are not. 
During treatment, some of the VOCs are released.;r;; Level II treatments, the gases are allowed to 
escape during shredding. For Lev~reatments, sorting and shredding leads to the releasH of VOCs 
from all void spaces upon openinf'"rs and bags. 

Occupational risks are minimized by respiratory protection by the use of bubble suits during sorting 
or of glove boxe~ring conveyor belts. Low-level releases, however, lead to a residual risk. The 
baseline risk is ~-by the routine emissions of the drums through their carbon filters during the 
assay and certify procedure. 

F.4.1 Risk of Cancer by Exposure to VOCs 

F.4.1.1 Routine Operations: Occupational Exposures 

In this scenario, gases escaping from the wastes are absorbed in filters or vented outside the facility. 
A small fraction will escape and concentrations of agent j build up against the ventilation system until 
they reach equilibrium value. The released quantity of carcinogenic voes is assumed to be the entire 
void volume from the drums, all of which is released upon opening the liners and bags in the TF. 
Using the symbols 

q (0) 
16 J 

n (OJ 
r 

N (IC) 
0 1 

f 15 

Total mass of gas j per "as received" drum (mg), 
Number of "as received" drums handled annually (yr ·1), 

= Number of persons in WHB and treatment plant, 
Fraction of crew exposed, 
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TABLE F.3-6 

RISK REDUCTION FACTORS FOR PUBLIC RISKS 
DUE TO ROUTINE MAINTENANCE 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Risk Reduction Factors: 

P6opn (2.53 ± 0.72). 10- 5 

p 60 p 2).. (2.16 ± 0.60). 10· 5 

p 60 p 3A (1.31±0.34). 10· 5 

p 60 p4 I.. (3.91 ± 1.03) • 10 -6 

Annual Baseline Risk: r 
R6opoo p. Not available in FSEIS 

(U.S. DOE, 1990a) 

D 
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m (IC) 
'*' 61 j 

L1 
V1 
M 

f 12 j 

f, 
C1 

C; 

R 61 OICAj 

= Gas release function for agent j and alternative K, 

= Annual ventilation volume (m 3 
), 

Annual occupational respiratory volume (m 3 
), 

Body mass of receptor (kg), 
= Probability of absorption into body for chemical j, 
= Exposure time correction factor for one year, 
= Lifetime cancer risk coefficient for chemical j (mg ·1 kg day), 

Constant parts of equations, and 
Occupational risk of cancer due to chemical j per year of operation (yr -1) 

are used in the general occupational risk equation 

R { (0) (0) ,,_(IC)} t N(IC) v1 t t 
61 OICAj = q16j n, '*'61j 15 o1 12j I Ci -

L 1 M 

Considering the dependence on alternatives, the risk can be scaled as 

The risk reduction factors are then 

P6101CAf 

using the definition 

D 
and the standard errors 

R C (IC) N{IC) 
6101CA/ = 1 <I>61/ ot 

<I> (o) N (OJ 
61} o1 

<I> (IC) N (IC) 
6, j 01 

J [ 

"' (0) 
'*'61/ 

m (IC) 
'*' 61 j 

.1.Fm" 

Fm" 

"'(0) 
'*'61/ 

m (IC) 
'*'61/ 

Fm" F," 1 , 

(F.4.1) 

(F.4.2) 

(F.4.3) 

(F.4.4) 

(F.4.5) 

The reduction factors F '"i are listed in Table 0.4-7 where it is also shown that the release reduction 
factors and, thus, the risk reduction factors are independent of the chemical considered. No 
aggregation is, therefore, needed. The values of the risk reduction factors p 61 0 d.J and their Brrors are 
given in Table F.4-1. These values show the same large increases as those found for the radiation 
risks. Increases of risk over baseline values of factors between 50,000 and 200,000 are found with 
relative errors of about 13 percent. 
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TABLE F.4-1 

REDUCTION OF OCCUPATIONAL RISK DUE TO ROUTINE GAS 
RELEASES OF CARCINOGENIC CHEMICALS 

QUANTITY 

Risk Reduction Factors: 

p 61o1 :I. 

Ps102:1. 

Ps103:t 

Ps104:1. 

Annual Baseline Risks: 

D 
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VALUE± STANDARD ERROR COMMENTS/REFERENCES 

(2.21 ± o.28) • 1o- 5 

(1.66 ± 0.21). 10" 5 

(1.09±0.14) • 10" 5 

(4.86 ± 0.60). 10" 6 

-- f>. 

1-301 
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Not available in FSEIS 
(U.S. DOE, 1990a) 
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F.4.1.2 Routine Operations: Public Exposures to VOCs 

This scenario is the same as the previous one, except that cancer risks are calculated for the public 
when the vapors escape to the outside. The symbols 

q 161 
(0) 

n (01 
r 

<1> (1C) 

f 6M 
out 

<1> 61 dd 
(1C) 

M 

f 12 I 

Ci 

ft 
Ci 

R 61P1CA.J 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Total mass of gas j per "as received" drum (mg), 
Number of "as received" drums handled annually (yr-1

), 

Gas release function for alternative K, 

Penetration to outside of treatment plant, 
Dispersion-dosimetry function of all exposed persons (day ·1), 

Body mass of receptor (kg), 
Probability of absorption into body for chemical j, 
Lifetime cancer risk coefficient for chemical j (mg ·1 kg day), 
Exposure time correction factor for one year, f 
Constant parts of equations, and 
Public risk of cancer due to chemical j per year of operation (yr ·1 

) 

are used in the general public risk equation C 
{ (0) (0) (1C) } , (1C) (1C) , r 1 , R.,,.,1 = q,. 1 n, '1>., 1_p.:'1>"" "'M ,c,. (F.4.6) 

Considering the dependence on tr"ent options in the usual manner, the risk can be shown to scale 

according to r' 

The risk reductioactors are then 

R 61 P 1(;. i = C 1 <1> ~ ~ 1 i . ( F .4. 7) 

p 61 p !CA.j 

<1> 
(0) 
61 j 

<1> ( 1C) 
61 j 

(F.4.8) 

again independent of the chemical agent j. Their standard errors are 

(F.4.9) 

The values of the risk reduction factors p 61 P1().. and their errors are given in Table F.4-2. All of them 

rt 'I 

f' 'I 

,,,, 

1"11 

,,, 

lie near risk increases of factors of about 15,000 with relative standard errors of 11 percent. '1111' 

Appendix I, Attachment F 1-302 



DOE/WIPP 91-007, REVISION 1, MARCH 1991 

TABLE F.4-2 

REDUCTION FACTORS FOR PUBLIC RISKS DUE TO 
ROUTINE RELEASES OF CARCINOGENIC CHEMICALS 

QUANTITY 

Risk Reduction Factors: 

p 61p1 j 

p 61p2j 

p 61 p3j 

p 61 p4j 

Annual Baseline Risk: 

R 62 Po o 

D 
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VALUE± STANDARD ERROR 

(5.12 ± 0.56). 10· 5 

(6.40 ± 0.70) • 10 · 5 

(6.40 ± 0.70). 10- 5 

(6.40 ± 0.70). 10· 5 

1-303 

COMMENTS/REFERENCES 

p 62 p K j = p 61 p K j 

Not available in FSEIS 
(U.S. DOE, 1990a) 
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F.4.2 Risk of Noncancer Health Effects 

F .4.2.1 Routine Operations: Occupational Exposures 

Again, as in Section F.4.1.1, workers are exposed to concentrations of agent j that build up against 
the ventilation system to equilibrium value. This time, however, the noncancer health effects risk is 
calculated. With the symbols 

q 161 (o) = Total mass of gas j per "as received" drum (mg), 
n r(o) = Number of "as received" drums handled annually (yr·1), 
N 0 /'l Number of persons in WHB and Treatment Facility, 
<I> 61 t", = Gas release function for alternative K, 

f 15 Fraction of personnel exposed to chemicals, 
L 1 Annual ventilation volume (m 3 

), X 
V 2 = Daily occupational respiratory volume (m 3 day ·1), I 
M Body mass of receptor (kg), 
f 121 Probability of absorption into body for chemical jr 
L /ref l Reference level for chemical j [mg (kg day)"1]. 
r 0 1 Risk of reference level Li ref l, 

C 1 = Constant parts of equations, and 
R 62 0 d. J = Occupational noncancer risk due f"f hemical j per year of operation (yr ·1) 

the general occupational risk equation can be wriJ;; ~s 
R6201<A.1· = {qq}o) <I>~~li} N~~l t,5 V2 t,21· ra1·. (F.4.10) r'i ~ L

1 
M Lj'et) 

Considering the f;lndence on treatment options as before, the risk can be scaled as 

R C N (K) (K) 
62od .. / = 1 o1 <l>s1/ • 

(F.4.11) 

which is the same result as that for the occupational exposures to carcinogens. The risk reduction 
factors are then 

P 62 od. 

<I> 1oi N 10) 
61 j 01 (F.4.12) 

which is independent of agent j and has standard errors 

~Ps2od. = ~Ps1od. · 
(F.4.13) 

The values of the risk reduction factors p 62 0 
d. and their errors are thus given in Table F .4-1. No 

aggregation is needed because there is no difference between the different chemical agents. 
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F .4.2.2 Routine Operations: Public Exposures to voes 

Again, as in F.4.1.2, the public is exposed to voes when concentrations of agent j build up against 
the ventilation system to equilibrium value and are vented to the outside. Noncancer health effects 
risks are calculated for this scenario. Using the symbols 

q 1 61<
0i Total mass of gas j per "as received" drum (mg), 

n / 0
l Number of "as received" drums handled annually (yr ·1), 

<I> 61 /'"l Gas release function for alternative k, 
f 0 .. /~-l Penetration to outside of treatment plant, 
<I> 62 dd<x:J Dispersion-dosimetry function (day ·1), 
M Body mass of receptor (kg), 
f 121 Probability of absorption into body for chemical j, 
r 01 Risk of reference level Li mt l, 

L/ "'' l Reference level for chemical j [mg (kg day) ·1
], 

C; = Constant parts of equations, and 
R 62 P ld..J Public noncancer risk due to chemical j per year ~peration (yr ·1), 

the general public risk expression can be stated as r 
R { (oJ (oJ <I> (x:J } t~f\ <I> (x:) 
'"-'/ = q,,J n, •>; r "" 

The dependence on alternatives f leads to a scaling law 

1 
--___,.- f 12 1· r 01· • ML (rel) 

J 

(F.4.14) 

(F.4.15) R 62PK)..1 = C 1 <I>~~ li • 

which is the sam~ult as for the public risk in the last section. The risk reduction factors are then 

v <1>(0) 
61/ 

with the same standard errors 

<I> (IC) 
61 j 

p 61 pd.j ' 

Lip 62 p K).. j = Li p 61 p K).. j • 

(F.4.16) 

(F.4.17) 

The values of the risk reduction factors p 62 P "'·i and their errors are given in Table F.4-2. Again, no 
aggregation over all chemicals is necessary. 
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ATTACHMENT G 

RISK COMPARISON 

G.1 AGGREGATION OF CONSEQUENCE REDUCTION FACTORS 

G.1.1 Set Of Consequence Reduction Factors 

The discussion in the preceding sections leads to a total of 124 reduction factors for risk 
components, including all subcomponents. This is too large a number for the assignment of 
individual societal weights, even if all baseline risk components and subcomponents were known. 
One way to reduce the number of subcomponents is to discard risk reduction factors that would 
not influence the result appreciably and aggregate others into appropriate cate~s. 

Genetic damages are subcomponents with risks that are smaller than the correspJnding risks of 
cancer. (Nationa1 Researcl: Council. ~ f.H30, 19138, ·1990). For in/:al exposures, they are also 
less well defined. These 45 subcomponents are consequently included in the aggregation 
process (National Research Council, 1980, 1988, 1990). Simil rly, public noncancer risks due 
to exposures to chemical toxicants are extremel~w (U.S. Department of Energy, 1990a) and 
the health consequences of no great influence. T. e six subcomponents, too, will be dropped 
from consideration for aggregation (Table G.1-1 

The rest of the risk reduction ta'f are sorted into eight supercomponents: 

1. Transportation fatalities 
2 Teortation injuries 
3. 0 c ational fatalities 
4. 0 cupational injuries 
5. Occupational cancers 
6.. Public cancers 

Late occupational cancers 
Late public cancers . 

Six of these supercomponents are listed in the FSEIS {U.S. Department of Energy, 1990a), but 
numbers 3 and 4, the occupational accident fatalities and injuries, are not. In a comparison of 
risks involving waste treatment, however, they are important and have thus been included. These 
eight supercomponents arise from tl10 aggregation of 73 components and subcomponents. 

A problem in the aggregation of these subcomponents arises from the fact that the FSEIS does 
not give explicit values for a number of component and subcomponent risks, but gives some 
values for more aggregated risks. These baseline risks will be denoted by the symbol R i ~ 0 0 t, 

where the index j denotes the risk component, ~ the receptor 
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TABLE G.1-1 

COMPONENTS AND SUBCOMPONENTS FOR THE EIGHT SUPERCOMPONENTS 

SUPERCOMPONENT 

1 Transportation fatalities 

2 Transportation injuries 

3 Occupational fatalities 

4 Occupational injuries 

5 Occupational cancers 

6 Public cancers 

All SUBCOMPONENTS 

3 
3 
2 

11 

40 
41 

AGGREGATED IN 
SUPERCOMPONENTS 

3 
3 
2 

1~ 22 
22 

7 late occupational cancers 6 3 
·a late public cancers 

P14pic;P1spic: 

p.,,.;p,,,.;O..: 
p 62p1C: 

Appendix I, Attachment G 

...R _2.. 

Total classified P4 72 -
Not classified * 

Total 124 

r -
Chemical noncancer risk to public from routine emission of voes 
from waste drums. 

Chemical noncancer risk to public in late effects 

Chemical noncancer risk to public from emissions of the treatment 

plant. 
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type (public or occupational), and 't the index of the subaggregate. This wiH cr:ly be m:;eded fer 
superccmpon(rnts 5 and 6, wh~ch nec-;d subaggregates explicity. If aggregation proc,·:eds in one 
step, as for all ott:er supercornponents, tt1en tr1e basel!ne risks are denotec.i by R,::.. G 0 • wt1ere x 
is either 'o; or 'p'. 

The aggregation of risk reduction factors that do not have numerical values associated with them, 
presents a major problem in this evaluation. A large risk reduction factor for a very small risk may 
bias the aggregation because it cannot be weighted with an appropriately small weight. In this 
situation, aggregating by means of geometrical average minimizes the bias that may be caused 
by widely different risk reduction factors. However, there will be a residual bias that cannot be 
removed unless the baseline risks are known. The related problems and assumptions are 
discussed in each case. 

G.1.2 Aggregation of the Eight Components 

G.1.2.1 Supercomponent 1: Fatal Transportation Accidents 

In Supercomponent 1, the fatal transportation accidents in t~hree components listed in 
Table G.1-2 are aggregated. Direct traffic fatalities are by ffr the largest risk component, 
dominating the other two components. The aggreAte consequence reduction factor for the first 

supercomponent is ~ 

r (:? = II ( P-cplCA) gt, r' -c .. {n1} 

with the set {n 1 } = {21, 30, 33}, and the weights 

D 
with the sum cr 1 given by 

If the relationship 

R 21 P 0 0 > 10 5 R 3 x P 0 0 , for x = 0 , 3 

holds, then the weights can without significant loss of accuracy be set at 
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TABLE G.1-2 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 1: 

COMPONENT 

P:iopd. 

D 

Appencix I, Attachment G 

TRANSPORTATION FATALITIES 

DESCRIPTION 

Fatalities caused directly 
by impact 

Fatalities caused by early 
radiation effects in nondispersal 
accidents 

Fatalities caused by early 
radiation effects in atmospheric 
dispersal accidents 

1-310 

COMMENTS 

Large baseline risk 

Very small baseline risk 

1 
(Very small baseline risk 
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(G.1.5) 

The aggregated risk reduction factor is then simply 

(G.1.6) 

and its standard error is 

~ r 1 1C A. = ~ p 21 p 1CA. • (G.1.7) 

Numerical values for the A. and K dependent quantities are given in Table G.1-3 for Level II 
treatments, aggregated consequence reduction factors r , 1C A. indicate an increase in this 
supercomponent by factors between 1.3 and 1.5 with a weak dependence o~lo ation. The 
relative errors of these factors 7 to 8 percent. For Treatment Option 3, this com ent shows no 
increases within the errors for different locations; for Treatment Option 4, there is a decrease of 
this risk component by factors of 1 to 3.5 with relative errors of up to 7 percent. f·h:;rn. a 

~:::::::~:::::: d::~l~:en::~s o
1

~:::sequence r, 
00 

is of a 'ificant amount so that even 
modest risk increases or decreases are of impo nee. The treatment dependence of tl:ese 
consequence reduction factors is shown ~n Figl e S.1-1 for Location 3. H demonstrates the 
cha.ngt'J from a const'Jquence !ncrease for Level II eatmems to a ccnsequonce n:KJucr~on for Lf;v{:;t 
ill tmatments. For Location i, th~etors am idf:nti•:al to i; for Trnatrrn·rnt Options 1, 2 and 3 and 
Locations 2, :3 and 4, there are n l gniticant differern.:es from those shmvn in Figure G. 1-1. For 
Treatment Options 4, however, trH= value goes frorn 1 to 3.5. increasin~J witr1 c.1ecentrz.~Hz:ed 

location. These reduction factors are appHed to a low baseline risk of 0.2 traHice fataHies per 

:•~r2.2 SupercQonent 2: Transportation Accident Injuries 

In Supercomponent 2 injuries in transportation accidents are combined. Three components are 
aggregated in Table G.1-4. Direct traffic injuries are by far the largest risk component in this 
aggregate. 

(G.1.8) 

with the set {n 2 } = {22, 31, 34}. With the same argument as in last section, the weights can be 
set at 
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TABLE G.1·3 

CONSEQUENCE RISK REDUCTION FACTORS r, ~ ,_ FOR SUPERCOMPONENT 1: 
FATALITIES IN TRANSPORTATION ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

""' 
Consequence 

Reduction Factors: 

r,,, 
r, , 2 0.760 ± 0.048 
r, , 3 0.713 ± 0.057 

;<fH r, , 4 0.715 ± 0.058 

r, 2, 1 

r, 2 2 0.719 ± 0.042 

r, 2 3 0.666 ± 0.048 

r, 2 4 0.666 ± 0.049 

r, 3, 1.10!0.p r, 3 2 

~ 1' r, 3 3 1.17±0. 

r, 3 4 r< 1.18 ± 0.27 

r, 4, 1 r,.D 2.00 ± 0.06 
r, 4 3.27 ± 0.21 

r, 4 3.51 ± 0.25 

:u.10 Annual Baseline Risk 
or Consequence: 

r, oo 0.22 FSEIS (U.S. DOE, 1990a), 
Executive Summary 
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TABLE G.1-4 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 2: 

COMPONENT 

P 31 p ICA 

p 34 p !CA. 

D 
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TRANSPORTATION INJURIES 

DESCRIPTION 

Injuries caused directly by accident 
impact 

Injuries caused by early radiation 
in nondispersal accidents 

Injuries caused by early radiation 
effects in atmospheric dispersal 
accidents 

1-314 

COMMENTS 

Significant baseline risk 

Very low baseline risk 

Very low 41ine risk 
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The aggregated consequence reduction factor is then 

(G.1.10) 

with a standard error of 

(G.1.11) 

All consequence reduction factors explicitly depend on both the treatment K and the location A.. 
Numerical values for the K and A. quantities are given in Table G.1-5. The values are the same 
as those in Table G.1-3 dtH:: to tl:o assurnptions (G.1.5) and (G.1.9). Tl1us Figure G.1 .. 1 and the:J 
correspond!ng discussion in trw alst Sf)Ction applies t1c-;m as won. The consc-;quencc:, t(~duction 
factors apply to an acceptable number of about 3 traffic injuries sustained ann~ 

G.1.2.3 .f!isk Supercomponent 3: Occupational Fatalities I 
In Supercomponent 3, two components are aggregated (Tab;e rf51. 
The aggregation of two components yields 

r31CA. = IT f:AtOKA.)g
3

, 

ts {n3F 
with the set { n,) = (53, 55). T~eights are 

D g3't 
Rt oO 0 = 

cr 3 

where 

2 

cr 3 = :E RtoOO · 
'ts 1 

Note that the risks are given in Sections F.2.1.1 and F.2.2.1 by 

R 53 OKI.. 
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TABLE G.1-5 

CONSEQUENCE RISK REDUCTION FACTORS r 2 "i FOR SUPERCOMPONENT 2: 
INJURIES IN TRANSPORTATION ACCIDENTS 

QUANTITY VALUE± STANDARD ERROR 

Consequence 
Reduction Factors: 

r 2, , 1 

r 2, 2 0.760 ± 0.048 
r 2 , 3 0.714 ± 0.057 
r 2, 4 0.715 ± 0.058 

r 2 2, 

r 2 2 2 0.719 ± 0.042 

r223 0.666 ± 0.048 
r224 0.666 ± 0.049 

r 2 3, 1 
r 2 3 2 1.10 ±0.17 

r 2 3 3 1.17 ± 0.26 

r234 1.18 ± 0.27 

r 2 4 , Q ±0.06 r242 

r243 3.27 ± 0.21 
r244 3.51 ± 0.25 

Annual Baseline Risk 
or Consequence: 

r< 

r 200 2.9 FSEIS (U.S. DOE, 1990a), 
Executive Summary 
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TABLE G.1·6 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 3 
OCCUPATIONAL FATALITIES 

COMPONENT DESCRIPTION COMMENTS 

p 53 0 !Cl. General industrial accidents 

P 550 ICIC Forklift accidents 

D 
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and 

= n,(K) n,M P f "" 
0 f 53 1 'V 55 1 ' 

(G.1.16) 

where P 01 is a mere scale factor and drops out for error calculations; and the relative abundance 
of forklift accidents f 53 1 is contravariant in the two equations. Thus it can be assumed that, in 
weight calculations, uncertainties are highly correlated. Taking into account that both components 
have the same risk reduction factor, the standard error of r 3 1( A is thus 

(G.1.17) 

The numerical values are given in Table G.1-7. Although A. is carried as an index, these risk 
reduction factors all are smaller than 1 and depend only on treatment JC but no~he location 
parameter A.. They actually indicate an increase in consequence by 3.6 to 13 wi h elative errors 
of 5 to 7 percent. 

In Figure G.1-2 the inverse of the consequence reduction r 3 1( A i~otted for the four values K = 

1,4. The data show the increase in risk wityh more coplex treptment, due to the increase in 
manpower required. These consequence augmentation factors apply to a relatively low baseline 
risk of 0.0016 occupational fatalities annually. p.. 

ational ln'uries 

In Supercomponent 4, occupatio i ·uries, the components aggregated are listed in Table G.1-8. 
Most important in this aggregati are the injuries from general industrial and forklift accidents; 
morbidity from ee;sure to chemical agents are very small. Generally, the aggregated risk 
reduction factor [:./ 

r ,., ~ ( p54 0 ,.) •~ ( Pss o<>) 
9

" (,ft. P,." P,,.,. P" o <> r-" 
where in this particular case 

Rs4ooo 
g54 = 
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g chem = Q ' 

(G.1.19) 

J"I 

'"' 

,, '! 



.~ 

, .. 

., 

,,,,, 

•.. 

DOE/WIPP 91-007, REVISION 1, MARCH 19991 

TABLE G.1-7 

CONSEQUENCE REDUCTION FACTORS FOR r 3 "'· FOR 
SUPERCOMPONENT 3: OCCUPATIONAL FATALITIES 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Consequence 
Reduction Factors: 

r 31,, 0.276 ± 0.016 

r 32,, 0.260 ± 0.015 

r 33,, 0.170 ± 0.010 

r 34,, 0.076 ± 0.004 

Annual Baseline Risk j>. or Consequence: 

r 300 r<1.6±0.4)•10'' U.S. Dept. of Labor. 
Bulletin 2366, 1990 

D 
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TABLE G.1-8 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 4 
OCCUPATIONAL INJURIES 

COMPONENT DESCRIPTION COMMENTS 

p 140 d. Routine, chemical, noncancer effects Exceedingly small risk 

p 1501d. Routine, chemical, noncancer effects Exceedingly small risk 

P 15a ICA Routine, chemical, noncancer effects Exceedingly small risk 

p 160 ICA Accident, chemical, noncancer effects Exceedingly small risk 

P 170 ICA Accident, chemical, noncancer effects Exce:tly small risk 

P 180 ICA Accident, chemical, noncancer effects Exceed gly small risk 

P 190 ICA Accident, chemical, noncancer effects ( Exceedingly small risk 

P2001CA Accident, chemical, noncancer effects Exceedingly small risk 

P54od. General industrial accidents Sizeable risk 

Pssod. Forklift ace~ Small risks 

p 62 a !CA voe. routine, releases, oncancer effects Exceedingly small risk 

p 
D 
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and 

(G.1.20) 

As no data are available to weight the very small risks of morbidity due to exposure to chemicals, 
all have to be aggregated in an unweighted geometrical average. As exceedingly small 
contributions they are neglected here. 

In the evaluation of the standard errors, the two components finally aggregated are not 
independent. In this particular case 

t.r,.,. t.p,.
0
,,. 1 (G.1.21) 

Numerical values are given in Table G.1-9; they are the same as those for supercomponent 
r 3 ic,,, varying from an equivalent consequence increase by a faFof 3.6 to a factor of 13. The 
consequence augmentation factors are given in Table G.1-2 d are applied to an annual 
occupational risk of 0.7 injuries with workdays lost. 

In this supercomponent, the 22 aonents listed in Table G.1-10 are aggregated. For these 
components, four aggregated p · I risk values are available. The choice made here is to 
aggregate the appropriate comp nents that make up the partial risk values at equal weight and 
then aggregate further with a properly weighted geometric average. This implies the assumption 
that the componfht) of the partial risks are of about equal risk. 

The partial aggr~tions according to the list in Table G.1-11 are 

(G.1.22) 

with standard errors 

(G.1.23) 
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TABLE G.1-9 

CONSEQUENCE REDUCTION FACTORS r 4 id. FOR SUPERCOMPONENT 4: 

QUANTITY 

Consequence 
Reduction Factors: 

f 41 A 

f 4 2 A 

f 43 A 

f 44 A 

Annual Baseline Risk. 
or Consequence: 

r 400 

D 
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OCCUPATIONAL INJURIES 

VALUE± STANDARD ERROR 

0.276 ± 0.016 
0.260 ± 0.015 
0.170±0.010 
0.076 ± 0.004 
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TABLE G.1-10 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 5 
OCCUPATIONAL CANCER 

COMPONENT 

P1 od. 

p 20 d. 

P 3o id .. 

p 60 KA 

P 7o KA 

p So KA 

p 9o 1CA 

P 100 KA 

p 11 o KA 

P 120 KA 

p 130 KA 

p 13a KA 

P 270 KA 

p 28 o KA 

p 29od D 
p 570 KA 

p 58aKA 

p 59o·KA 

Psood 

Appendix I, Attachment G 

DESCRIPTION 

Routine, internal radiation 
Routine, internal radiation 
Routine, internal radiation 

Routine, external radiation 
Routine, external radiation 

Accident, internal radiation 
Accident, internal radiation 
Accident, internal radiation r 
Accident, internal radiation 
Accident, internal radiation 
Accident, internal radiation 

Routine, chemical l:\,..sure 
Routine, chemica~sure 
Ro~e, chemical exposure 

R uti e transport, external radiation 
R utine transport, external radiation 
Routine transport, external radiation 

Routine, treatment, external radiation 
Routine, treatment, external radiation 

Routine, treatment, internal radiation 
Routine, treatment, interna~ radiation 

Routine, treatment, VOC releases 
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TABLE G.1-11 

SETS FOR PARTIAL AGGREGATIONS 2 FOR RISK COMPONENT 5 
OCCUPATIONAL CANCER FATALITIES 

m~ { n ~} COMMENTS 

7 4, 5, 27, 28, 29, 57, 58 Radiation, routine 
external exposures 

5 1, 2, 3, 59, 60 Radiation, routine 
internal exposures 

6 6, 7, 8, 9, 10 11 Accif ts, internal 
e posures 

4 12, 13, 13a, 61 r Chemicals, routine 
exposure 

22 [>. 

D 
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In this aggregation, Component 11, the C1 O accident, is dropped from consideration. The risk 
is excessively low and the risk reduction factor very high. This contribution, not listed in the 
FSEIS (U.S. Department of Energy, 1990a), is therefore not allowed to influence the result 

There is an additional obstacle to the weighting of the partial aggregations: for Components 57 
to 61, all components of the risks of waste treatment, no baseline risks have been estimated. It 
is assumed here that the same health and safety concerns that govern all WIPP operations are 
evident in the Treatment Facility as well, leading essentially to the same risks. Thus it is 
appropriate to assume that, if the baseline risk is R 1 0 0 0 't , where j standards for the risk 
component, 'o' is the index for occupational risk, -r is the index of the partial aggregation applied 
to a set of m 't risk reduction factors, the baseline risk for a combined set of { M ~ } = { m 't} + 
{ n i} factor is given by 

1 (G.1.24) 

This extension of health and safety practices can be applied to t~artial aggregations 't = 1, 2, 
and 4 in Table G.1-11. r ''~ 

1~1 

The final, properly weighted aggregation of o"Ptional cancer then yields a consequence 
reduction factor 

F· 
4 

= II c= )gs. (G.1.25) 
"-"SKl..'t ' 

't "1 

with the weights D 
gS-r; 

Rsooo't = 
4 (G.1.26) 

L Rsooox. 
x" 1 

'~ Iii' 

and standard errors given by 

( ar,., J 4 

[ 8 2,.,, J (G.1.27) 
= E g5t - . 

r5d. 't =, .::.5d.t 

Here again the weights have been normalized and are calculated using the aggregated baseline ~.,, 

risks in Table G.1-12. Numerical values for the final aggregation are listed in Table G.1-13. 
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TABLE G.1-12 

AGGREGATED BASELINE RISKS FOR THE SETS IN TABLE G.1-11 

QUANTITY 

Aggregated Baseline 
Risks R 5 0 0 0 i: : 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR 

0.025 

0.0012 

0.0011 

2.9 • 10 · 7 
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TABLE G.1-13 

CONSEQUENCE RISK REDUCTION FACTORS r 5 "'· FOR SUPERCOMPONENT 5: f"! 
OCCUPATIONAL CANCERS 

QUANTITY VALUE± STANDARD ERROR COMMENT/REFERENCES 

Consequence 
Reduction Factors: 

r 51 1 7.54 ± 0.82 
r 51 2 7.50 ± 0.82 
r 51 3 7.53 ± 0.82 
r 51 4 7.53 ± 0.82 

r 5 2 , 7.31 ± 0.80 

r 5 2 2 7.27 ± 0.80 
rs 2 3 7.30 ± 0.80 
r 52 4 7.31 ± 0.80 

r s3 1 11.0 ± 1p. 
rs 3 2 10.9 ± 1 3 
rs 3 3 r 10.9 ± 1.3 
r 5 3 4 11.0 ± 1.3 

r 54 , 7.93 ± 0.93 

IHI 

r,[9 7.86 ± 0.92 
rs 3 7.89 ± 0.93 
rs 7.92 ± 0.93 

,,,, 

Annual Baseline Risk 
or Consequence: 

5•10' 3 FSEIS, (U.S. DOE, 1990a) 
II' 'I 

IHll 

'"' 
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Within the error, the consequence reduction factors are independent of the location index /..._ For 
Level II treatments, they range from 7 to 8; for Treatment Option 3, they are grouped around 11; 
for Treatment Option 4, the consequence reduction factors are down to 8 again. The factors 
show very little dependence on location, and amixed influence on treatment option. Relative 
standard errors are about 12 percent. 

In Figure G.1-3, the consequence reduction factors r1 b 5 K A. are shown, demonstrating the 
grouping around 8 for Level II treatments and the goruping of the Level Ill treatments around II 
for Treatment Option 3 and around 8 for Treatment Option 4. These risk consequence reduction 
factors are applied baseline or consequence of 0.005 cancers per year of option. 

G.1.2.6 Supercomponent 6: Public Cancers 

In Supercomponent 6, public cancers from 22 components are aggregated. T~re listed in 
Table G.1-14. For these 22 contributions, numerical values for only four suba1gregates are 
available. Again the choice is made to aggregate by unweighted geometrical averaging, before 
final properly weighted aggregation. 

The partial aggregations according to Table G.1-15 are 

(G.1.28) 

with standard errors 

(G.1.29) 

In this aggregation, the C1 O accident in Component 11 is not used because the risk is excessively 
low and the risk reduction factor very high. Even though the risk is considered in the FSEIS, it will 
not be allowed to dominate the averaging. 

The situation with new treatment risks is the same as that in the last supercomponent: for 
Components 59, 60, and 61, no baseline risks are available. Again, the assumption of the same 
health and safety standards, this time for the public, leads to the formulation 
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TABLE G.1-14 

RISK REDUCTION FACTORS AGGREGATED IN SUPERCOMPONENT 6 
PUBLIC CANCERS 

COMPONENT 

PspKA. 

P1pld .. 

PspicA. 

PepicA. 

p 10 pd. 

p 11 p lCA. 

p 23p JCA. 

p 24 PlCA. 

p 25 p KA. 

p 26 p JCA. 

P32p"'" 

0 p 35 p KA. 

p 36p JCA. 

p 37 p KA. 

p 59 p KA. 

Pao pd 

p 61 p JCA. 
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DESCRIPTION 

Routine internal 
Routine internal 
Routine internal 

Internal accident 
Internal accident 
Internal accident 
Internal accident 
Internal accident 
Internal accident 

Routine chemical 
Routine chemical I\ 
Routine transpo~ 
R~oti e transportation 
R · e transportation 
R ti transportation 

Transportation accident, nondispersal 
Transportation accident, dispersal 
Transportation accident, cloudshine 
Transportation accident, groundshine 

Treatment routine internal radiation 
Treatment routine internal radiation 

Treatment routine VOC releases 
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TABLE G.1-15 

SETS FOR PARTIAL AGGREGATIONS::: FOR SUPERCOMPONENT 6 
PUBLIC CANCER FATALITIES 

m~ { n ~} COMMENTS 

4 23, 24, 25, 26 Radiation, routine 
external exposures 

4 32, 35, 36, 37 Radiation, accidental 

ex~I exposures 

11 1, 2, 3, 6, 7, 8, 9, 10, Radi tion, internal 
11, 59, 60 xposures 

3 12, 13, 61 Chemicals, routine 
exposure 

22 

f>. 

D 
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(G.1.30) 

for the baseline risk of the set {Md = { m ~} + { n ~ } where the set { m ~ } forms the subaggregate 
public risk R 1 P 0 0 ~ and the set { n ~ } comprises the components for which there are no baseline 
risk estimates. This extrapolation is needed for the partial aggregations i: = 3 and 4 in 
Table G.1-15. 

The final aggregation of occupational cancer risks then yields consequence reduction factors 

(G.1.31) 

i; .. 1 

with the normalized weights 

(G.1.32) 

The standard errors are given by 

(G.1.33) 

Here again the ~hts have normalized to 1. The aggregated baseline risks R 6 0 0 0 T needed 
for the final ag~ation are listed in Table G.1-16. The resulting numerical values for the 
consequence reduction factors are given in Table G.1-17. They range from about 1 to about 10, 
almost independent of the treatment option. The location dependence is illustrated in Fig rue G.1-
4 for Treatment Option 3, showing widely separated narrow probability distributions. 

G.1.2. 7 Supercomponent 7: Occupational Cancer (Late Effects) 

In supercomponent 7, the three components listed in Table G.1-18 are aggregated. In this 
aggregation it is assumed that for all of them the event probability is 1 and that the risk is 
evaluated for the one year during which the event occurs. As the baseline risks are not known, 
the risk reductions are geometrically averaged with equal weight. 
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TABLE G.1-16 

AGGREGATED BASELINE RISKS FOR THE SETS IN TABLE G.1-15 

QUANTITY 

Aggregated Baseline 
Risks R 6 0 0 0 ~ : 

Rso 001 

Rso 004 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR 

7.5 • 10. 8 

3.8 • 10 · 2 

9.0•10" 5 

6.4 • 1o· 12 
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COMMENTS/REFERENCES 

Compiled from data in the 

FSEIS (Uy.OE, 1990a) 
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TABLE G.1-17 

CONSEQUENCE REDUCTION FACTORS r 8 ic >. FOR SUPERCOMPONENT 6: 
PUBLIC CANCERS 

QUANTITY VALUE± STANDARD ERROR COMMENTS/REFERENCES 

Consequence 
Reduction Factors: 

~~· rs, , 1.15 ± 0.00 
rs , 2 2.66 ± 0.01 
rs , 3 7.43 ± 0.02 

i"-<;i 

rs, 4 9.42 ± 0.02 

rs 2, 1.15 ± 0.00 
·il'Al4 

rs 2 2 2.67 ±i 
rs 2 3 7.44 ± 0. 

rs 2 4 9.44 ± 

.,.., rs 3, r 1.16 ± 0.00 

rs 3 2 2.68 ± 0.01 
~-i 

r a 3 3 7.49 ± 0.02 r,D 9.50 ± 0.02 

·•~1 

r a 4, 1.16 ± 0.00 

rs 4 2 2.69 ± 0.01 

re43 7.51 ± 0.02 .., 
r644 9.53 ± 0.02 

Annual Baseline Risk 
... ;>j_ 

or Consequence: 

r eoo 0.02 FSEIS (U.S. DOE, 1990a), 
Executive Summary 

~-d 
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TABLE G.1-18 

RISK REDUCTION FACTORS AGGREGATED IN COMPONENT 7 
POST-CLOSURE OCCUPATIONAL CANCERS 

COMPONENT 

P40oicA 

p 41 0 Id. 

p 420 IC~ 

D 
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DESCRIPTION 

E1 scenario, direct exposure 
E2 scenario, direct exposure 
E1 E2 scenario, direct exposure 
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COMMENTS/REFERENCES 

Drilling crew 
Drilling crew 
Drilling crew 
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The consequence reduction factors are then 

42 

l71()., = II (PtoicA.)
113 

• 
(G.1.34) 

'ts40 

with standard errors given by 

(G.1.35) 

Numerical values for the consequence reduction factors are given in Table G.1-19. The values 
are independent of the location parameter A. , as expected for a late post-closure effect. They 
range from about 5 to 9, with relative standard errors between 10 and 20 perce~Both Level II 
treatments yield consequence reduction factors close to 5, whereas for Level Ill reatments the 
values are 7 and 9, respectively. This is illustrated in Figure G.1-5, showin separate but 
overlapping values of the consequence reduction factors. Th~re, however, applied to an 
exceedingly small consequence in the 10. 8 range. r 

In this supercomponent, the six components i le G.1-20 are aggregated. Again, no risk 
values are available for the indiv~I components, and the aggregate is formed by unweighted 

geometric averaging. r' 
The consequence risk reduction factor is thus given by 

D l Sid. = 
48 

II ( ) 
1 / 6 

Pt o 1c:i.. • 
(G.1.36) 

t=43 

with geometric standard errors given by Equations (C.1.20) and (C.1.22) 

48 (G.1.37) 

= L [ log a cr g ( p -co 1CA. ) J 2 ' 
't:46 

and thus for the GSD 

(G.1.38) 

Appendix I, Attachment G 1-338 

:lfll 

I iii 

'''" 

"'" 

'"' 



... 

... 

;-.,. 

DOE/WIPP 91-007, REVISION 2, APRIL 1991 

TABLE G.1·19 

CONSEQUENCE REDUCTION FACTORS r 7 "). FOR SUPERCOMPONENT 7: 
OCCUPATIONAL CANCERS, POSTCLOSURE EFFECTS 

QUANTITY 

Consequence 
Reduction Factors: 

Annual Baseline Risk 
or Consequence: 

D 

Appendix I, Attachment G 

VALUE± STANDARD ERROR COMMENTS/REFERENCES 

4.96 ± 0.48 

5.05 ± 0.49 

6.9 ± 1.4 

9.4 ± f>. 

3•10" 8 FSEIS (U.S. DOE, 1990a). 
Executive Summary 
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TABLE G.1-20 

RISK COMPONENTS AGGREGATED IN SUPERCOMPONENT 8: 
POST-CLOSURE PUBLIC CANCER 

#iitJ COMPONENT DESCRIPTION COMMENTS 

P43p•d. Scenario E 1 inhalation Receptors: 

p 44 p !CA. Scenario E2 inhalation 5 persons at ranch 

P 45 p ICA Scenario E1 E2 inhalation 5 km from site 

,J&lil1 P 46 p ICA Scenario E1 ingestion 1 P 47p ocA. Scenario E2 ingestion 

P 48 p icA. Scenario E1 E2 ingestion 
,~, 

D 
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Again, as expected for a late post-closure effect, the factors r 8 I( A. are location independent, with 
geometric standard errors given by the definitions given in Appendix C.1.3. The values for the 
consequence reduction factors range over one order of magnitude from 100 to 2,000 with 
geometric standard deviations between 2 and 3 (Table G.1-21 ). This situation is illustrated in 
Figure G.1-6, which shows the factors on a logarithmic scale. There is little difference between 
the two Level II treatments but a substantial spread between the two Level Ill treatments. These 
consequence reduction factors are, in this case, applied to a very small baselinein the range 
below 10 · 4

• 

J"f 

"~ 
G.2 CALCULATIONS OF CONSEQUENCE REDUCTION INDICES 8 ic A. AND 11 • 

CONSEQUENCE AUGMENTATION INDICES \fl icA. 

Although the consequence reduction and augmentation indices, e 1CA. and qi I( A.• can calculated 
directly from Equations (B.3.19 and B.3.20), the indirect route via single and m 1 attribute utility 
indices e i icA. and U KA. and Equations (B.3.13) and (B.3.18) is chosen in order to ccommodate 
quantities with both normal and lognormal distributions. The weighted sum leading to the utility 
indices U ICA. provides the vehicle to again apply the Central Limit~orem and assume a normal 
distribution for the utility indices and, therefore, a lognormal ftribution for the consequence 
reduction or augmentation indices. 

G.2.1 Single Attribute Utility Indices e., p.. 
G.2.1.1 Conse uence Reductio ctors with Assumed Normal Distribution 

Assuming a normal distribution y virtue of the Central Limit Theorem discussed before (see 
Attachment B.4;~e risk reduction factors r JI(),, and their standard errors Ll r 1 I(),, yield the single 
attribute utility f vns 

ejicA. = 1og 10 ( rjicA.) • (G.2.1) 

with standard errors of 

with 1 
Q = -- = 0.434294... . (G.2.2) 

In 10 

'"' 

lilkl 

The distribution of the stochastic variable e J icA. with standard error Ll e i 1CA. is no longer normal. 11•1 

G.2.1.2 Consequence Reduction Factors with Assumed Lognormal Distribution 

For quantities with large error intervals such as Supercomponent 8, the assumption of a 
lognormal distribution is a convenient choice. Given the geometric mean r i I( A. and a geometric 
standard deviation a 

9 
(f i I( A.), and taking the logarithm of the log normally distributed argument 

will result in a normally distributed quantity 
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TABLE G.1-21 

CONSEQUENCE REDUCTION FACTORS r a ic>. FOR SUPERCOMPONENT 8: 

QUANTITY 

Consequence 
Reduction Factors: 

r a, ;. 
r a 2;. 

r a 3;. 

r a 4;. 

Annual Baseline Risk 
or Consequence: 

D 
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PUBLIC CANCER 

VALUE (GSD) 

106 
115 
221 

2030 

(2.3) 
(2.2) 
(2-4) 
(2.6) 

7. 10"'p.. 

COMMENTS/REFERENCES 

FSEIS (U.S. DOE, 1990a) 
Executive Summary 

GS~Geometrical Standard Deviation. 
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(G.2.3) 

with a standard deviation of 

(G.2.4) 

G.2.2 Calculation of Multiattribute Utility Indices 

G.2.2.1 Societal Valuations 

The elicitation of the societal weights for various components of the total risk relative to each 
other is based on premises that are somewhat unusual as compared to those ~ly elicited in 
a Multi-Attribute Utility Theory: I 

It is not the actual components that are being valuat~ut reductions and increases 
in those components. r . 
Only relatively small increases and decreases (for the small risks discussed here 
increases and decreases by a factor fJJ:'o) are being considered. 

• It is recognized that for the small siz(of ~hese risks, the rough order of magnitude of 
the risk influences t~luation of a risk reduction or risk enhancement. 

The first condition arises from th~ f.:Ct that at issue is a risk comparison, i.e., a risk reduction or 
a risk augmenta~· The second is based on the fact that the law of diminishing marginal utility 
of economics is ap lied here to risk comparison. It is taken into account by using the logarithm 
of a particular ri reduction factor as the utility for that component. It is shown in Attachment B 
that, in risk assessment, the law of diminishing marginal utility describes the fact that a unit 
increase in risk reduction is most valuable for a risk reduction of one, less valuable for a risk 
reduction of 10 and even less for 100, and so on. The third condition accounts for the fact that 
a risk reduction of 2 is most valuable for a risk of immediate concern, say for 1 O -2 < p < 1, much 
less so for a risk of lesser concern with a value of 10 -3 to 10 -4

, and almost irrelevant for a risk 
smaller than 10 · 6 • 

The societal valuations or weights needed here, are a measure of the preference for one risk 
reduction over another by the same factor. Thus, these relative weights have little or nothing to 
do with the dollar value of a human life. This valuation is squeezed rather tightly into a very 
narrowly scoped question to every person participating in the valuation procedure: 
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"How do I rate an increase or decrease by a factor of two in one component (say 
occupational fatalities) relative to the same change in another component (say cancer 
deaths in 10 years)?" 

As mentioned above, the absolute magnitude of the components being compared is clearly of 
some import. A pair-wise comparison, however, should not be influenced by the magnitude of 
any other component. 

In the time schedule of this work, it was not possible to acquaint the necessary number of experts 
with this new valuation procedure. A more technical viewpoint, represented by one person in the 
role of a decision maker, but supported by the views of several others, will be presented here. 

The considerations that enter the relative weighting of the first four supercomponents is discussed 
in the main text of this appendix in Section 5.1.1. Consideration of the value o:tonsequence 
reduction or augmentation, given the magnitude of the baseline risk, led to the solute weights 
10, 7, 5, and 4 given in Table G.2-1. The absolute weights of the occupati nal and public 
cancers relative to all other components are 1 and 3, respectively, taking into account their small 
size and the fact that for occupational cancers the latency add~o 20 years of useful life after 
exposure. The last two components finally are set at 0.1 an .2, taking into account that in 
5,000 years cancer is not likely to be a problem but that thes exposures may be indicative of 
an environmental problem caused by our genre·on. In order to forestall this, the weights are 
assumed to be much higher than cancer itself justify. The resulting societal weights, with 
a sum normalized to 1, are given in Table G.2 . 

. 

The weights given in Table G are based on the opinions of three leading experts in risk 
assessment and management hree more technically oriented persons. The final selection, 
however, was made by one person (the project leader) in the role of decision maker. The weights 
are based on t""put received from the six advisors but reflect his own informed valuations. 

G.2.2.2 GenerVconsiderations 

The Multi-Attribute Utility Index, the basic quantity for the risk comparison used here, is given by 

a 

u ICl. "' E yj a1icl. • 
1. 1 

with the normalized weights defined in the previous section 
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TABLE G.2-1 

SOCIETAL VALUATIONS AND WEIGHTS, y1 

RISK ANNUAL ABSOLUTE NORMALIZED 
SUPERCOMPONENT BASELINE RISK WEIGHTS WEIGHTy

1 

Transportation f~ __ lities 0.2 10 0.33 

2 Transportation injuries 3 7 0.23 

3 Occupational fatalities 0.002 5 0.17 

4 Occupational injuries 0.7 4 1 0.13 

5 Occupational cancers 0.005 0.033 

6 Public cancer 0.02 r 3 0.10 

7 Late occupational cancers 3·10- 8 0.1 0.003 

8 Late public cancers 7·10- 5 0.2 0.007 
'" p. 

r 
~,, D 
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The standard error of the index is 

8 

(6Ul<l.) 2 
= L (Y1 6011CA)

2 
+ (0jlC). '1y1)

2
• (G.2.7) 

j .1 

I iii 

The single attribute utilities 01 IC). are not normally distributed, except in those cases in which the 
consequence reduction factors were lognormally distributed. However, with the eight super 1

'
11 

components in a sum, application of the central limit theorem allows the statement that the ''"' 
multiattribute utility indices should be approximately normally distributed. 

The transformation back to linear space yields the two derived quantities of interest, the 
consequence reduction indices 9 oc). and their inverse, the consequence augmentation indices 
'I' oc).. Due to the use of the Central Limit Theorem, the utility indices U ICA can be assumed to be 
normally distributed, allowing the use of the Gaussian approximation for error:Ero gation. The 
resulting values of the consequence reduction indices 9 IC). are given in Table . 2. Sometimes 
it is more convenient to discuss the inverse indices, the consequence augmenta on indices 'f' K). 

given in Table 5-2 of the main text and the values are discussed in Section 5.2.1. 

Using the definition of the consequence reduction Index r 
ox:>.. - ' 

(G.2.8) 
o. -~U.i 

and with U IC 1 being a normally distributed q antity, the risk reduction index is lognormally 
distributed. As the errors ares~ however, a normal distribution is a sufficient approximation 

with r' 
t1Sic). = ln10 ·t1U e ic). 

1(~ D 
(G.2.9) 

For the consequence augmentation index, the definition, 

(G.2.10) 

results again in a narrow lognormal distribution, approximated by a normal distribution with a 
standard error given by the same equation, 
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d'i'KA. u i181CA. 
--- = In 10 · t1 1(~ = ---

'¥ KA. 8 KA. 
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TABLE G.2-2 

CONSEQUENCE REDUCTION INDICES FOR 16 TREATMENT/LOCATION OPTIONS 

QUANTITY 

9 1 1 

9 1 2 

9 1 3 

9, 4 

9 2 1 

9 2 2 

9 2 3 

9 2 4 

9 3 1 

9 3 2 

9 3 3 

9 3 4 

9 4, 

9 4 2 :o 
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VALUE± STANDARD ERROR 

0.7121 ± 0.00096 
0.633 ± 0.019 
0.710 ± 0.025 
0.728 ± 0.026 

0.7121 ± 0.00096 
0.633 ± 0.019 
0.710 ± 0.025 
0.728 ± 0.026 

0.7121 ± 0.00096 

0.633 ± 0.1? 
0.710 ± 0. 
0.728 ± 0. 26 

f'.<o.4863 ± 0.0065 
0.779 ± 0.014 
1.138 ± 0.033 
1.213 ± 0.038 
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Actual risk reductions 
Actual risk reductions 
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If a more exact approximation is desired, the geometric standard deviation of t~e lognormal 
distribution is given by 

a g ( 'I' 1C A. ) = a g ( e lCA. ) = 10 D. u.~ (G.2.12) 

with the mean values given by equations (G.2.8) and (G.2.10). 

The values for the consequence reduction indices in Table G.2-2 lie mostly below 1, indicating 
increases of the societally weighted geometric average over the eight risk reduction factors. Only 
the last two treatment/location options show actual decreases in risk. Relative standard errors 
range from 2 to 10 percent. The values for treatments 1 and 2 (Level II treatment) lie closely 
together, often little more than a standard error apart. Treatment 3 indices decrease with location 
option A., beginning to approach the baseline risk. Treatment 4 indices go from the lowest value 
in the array to the highest (see also Figure 5.1 ). 1 
G.3 CLASSES OF INDIFFERENCE ANO RISK COMPARISON 

G.3.1 Approach To Establishing Indifference r 
For the case of strongly overlapping probabi~i distributions, the criteria of Goodmann (see 
Section B.4.3) can be used to determine wheth o risk reduction or augmentation indices are 
significantly different or not (Goodmann, 1986) th criteria are based on comparing the main 
bodies of two distributions rather than their tai s. The first criterion is an information theoretical 
measure called the divergenc~eeen two distributions. It is in essence proportional to the 
absolute value of the differen etween the two distributions [see Equations (B.4.5)]. The 
second criterion determines fo a given confidence level how much of the second distribution lies 
between the ~ence limits of the first one, and vice-versa. From these two numbers, the 
second criterip fashioned. · 

G.3.1.1 Use of the Criteria 

Compare two distributions with the means defined as 

(G.3.1) 

and with standard errors defined as 
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(G.3.2) 

With the additional definitions 

(G.3.3) 

and 

(G.3.4) 

and 

(G.3.5) 

the test quantity 

(G.3.6) 

can be evaluated. For rejectio~the hypothesis of different risks, Goodmann's "confidence" 
criterion derived from Equationr•· 1 O) according to Goodmann (1986) is 

Ts Tc,(P. e
0
), (G.3.7) 

where D 
(G.3.8) 

For acceptance of the hypothesis of different risks, on the other hand, Goodman's "informational" 
criterion, derived from Equation (B.4.6) can be applied 

(G.3.9) 

where 
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+ Jo - 0.5 ( p2 + p -2) 

0.5 ( 1 + p -2 ) 

(G.3.10) 

(G.3.11) 

The numerical constants are valid for a confidence level of C 0 = 0.9. For the calculations in this 
paper, a significance level of t;, = 0.05 is used. 

In the region between the two criteria, i.e., for 

Tc,(P,&o) < Ts Tca(p,Do)' '1" (G.3.12) 

The "informational criterion" rejects the hypothesis of different indices, whereas \he 'conficence· 
criterion does not yet reject it. The assignment of indiffereEc r difference is consequently 
uncertain. In Figure G.3-1, this situation is shown in a plot the critical curves, Equations 
(G.3.8) and (G.3.10), in the (T, p) - plane. The two curves di e the plane into three domains: 
one of different utility indices (0), one of indifferent utility indices (I), and one of questionable 
status (Q). In the last case, a decision maA,_e reached on the basis of the location of 
questionable points in this plane relative to the~ing curves. 

G.3.1.2 Discussion of Rasul~ a 
The comparison of all pairs (a,J of 'the 16 indices in best thought of in terms of a 16 by 16 matrix 
with 256 elemE Of these, the 16 diagonal pairs (a.a) are irrelevant and all off-diagonal pairs 
are symmetric , ( ,b) = (b,a). These properties result in (256-12) I 2 = 120 pairs. The analysis 
of all teRse-co arisons yields information on the significance of differences betwee.R mces. 
T~ results o- the analysis in terms of the Goodmann criteria are given lA Table G.3-1 aPJd 
figure G.3-2,Aive pairs of indices are indifferent, five are questionable and three lie crose enough 
oUtstee-ttre outer limited to be included due to possible residual systematic errors. This is due 
to the fact that biases may change the (T, p)-combination sufficiently to include them in the 
difference domain. 

The same information is shown graphically in Figure G.3-2. Nine of the 120 combinations of 
consequence reduction or augmentation indices overlap sufficiently to be shown here. Five 
combinations clearly lie within the indifference domain and five within the domain of questionable 
overlap. Three other points lie relatively close to the outer limiting curve. Both limiting curves 
are function of quantities defined in Section 8.4.3, such as the confidence level C 0 = 0.9, the 
significance level £ 0 = 0.05, and the divergence limit D 0 given by Equation (G.3.11 ). The 
selections made here are conventional but otherwise as arbitrary as all such choices. The three 
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TABLE G.3-1 
1U 

DIFFERENCES AND INDIFFERENCES FOR UTILITY INDICES 

k 1 2 3 4 5 6 7 a 9 10 11 12 13 14 15 16 
1C A 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44 

1 1 D Q Q Q D D D D D D D D D D D 
2 1 2 D D D D I c D D D D D D D D 
3 1 3 I Q D D c D D D D D D D D 
4 1 4 D D D D D c D D D D D D 

5 2 1 D D Q D D D D D f D D 
6 2 2 D D I D D D D D D 
7 2 3 D D D D D D D 
8 2 4 D D 

~ 
D D D D D 

9 3 1 D D D D D D 
10 3 2 D D D D D D 
11 3 3 : f>. D D D D 
12 3 4 D D D D 

13 4 1 

:~ 
D D D 

14 4 2 D D 
15 4 3 D 
16 4 4 o· 

I = Combination of significantly different indices. 

D = Combination of different indices. 

Q = Combination of questionable status. 

c = Combination included due to proximity to limits. 
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points lying closest to the outer limit are included, because changes in the limits could shift the 
curves so as to engulf these points. 

From these discussions, it is obvious that 107 of the 120 possible pairings are clearly different 
from each other; only 12 show sufficient overlap to be considered indifferent. This is shown 
clearly in Figure 5-1. There, other groupings are evident, that can be used in the process of 
reading conclusions. 

D 
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G.4 ANALYSIS OF THE CONSEQUENCE REDUCTION INDICES 

Risk comparisons are usually used in further evaluations of the alternatives being compared. In 
the present case, the results of this comparison are part of the selection procedure of the 
Engineered Alternatives for the treatment of wastes to be emplaced at the WIPP. In order to 
arrive at an appropriate weighting in that process, a detailed analysis of the influence of the 
different supercomponents on the final values of the consequence reduction indices is needed. 
It will serve as an additional input for the decision maker at the higher level. Indeed, it is quite 
likely that the interaction between the two decision makers will result in an iterative process of re
weighting at both levels until a consensus is reached. In the present study, this interaction was 
discussed between the two decision makers, but could not be carried out due to the external 
constraints of the work. 

G.4.1 Contributions of Traditional and Radiological Effects 

One of the major concerns about the WIPP is centered on the health ett:ci: due to the 
radioctivity of the wastes. As an inspection of the baseline risk numbers in Table G.2-1 shows, 
the consequences in supercomponents 5 and 6 are among the Elest expected health effects 
of the entire operation. Transportation fatalities and injuries, ough well within acceptable 
limits, are much larger. This is a direct consequence of the pu lie and administrative concerns 
over radiological effects and of the successful effr{s by health physicists to keep these effects 
at low levels. r 
G.4.1.1 Conse uence Reduction ices Without Trans ortation Health Effects 

Although Supercomponents 1 a 2 contain some radiological risk contributions, their influence 
was set to zero by the assumptions for Equations (G.1.5) and (G.1.9). The influence of the 
nonradiological· r!rportation accidents can thus be studied easily by setting their absolute 
weights in Tabl,;y~-1 to zero. After renormalization, the relative weights listed in Table G.4-1 
are obtained. 

An evaluation of the consequence augmentation indices yields the values given in Table G.4-2. 
For Level II treatments, the consequences decrease with increasing decentralization of the 
treatment from indices around 2 down to indices near 1.4. For Level Ill treatments the indices 
for Location Option 1 (WIPP) increase to values near 3 for treatment option 3 and near 5 for 
treatment option 4. Here too, the indices decrease with decentralization, but only to values near 
2 and near 3 for treatment options 3 and 4, respectively. The shading of the cells indicates these 
values, with the lightest shade for the largest increases in the index, i.e., for group 1 with values 
between 4 and 5, the next darker shade for the group of values near 3, even darker for group 3 
with values near 2, arid darkest for the lowest consequence augmentation indices near 1 .4. 

This pattern reflects the increase of the now dominant occupational accident risk with more 
complex treatment. All treatment/location options show an increase in consequences due to the 
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TABLE G.4-1 

CONTRIBUTIONS OF TRADITIONAL AND RADIOLOGICAL EFFECTS 

NORMALIZED WEIGHTS y 1 

NO NO NO TRAFFIC OR 
RISK TRAFFIC OCCUPATIONAL OCCUPATIONAL 

SUPERCOMPONENT ACCIDENTS ACCIDENTS ACCIDENTS 

1 Transportation fatalities 0 0.47 0 'I~~' 

2 Transportation injuries 3 0.33 1a 3 Occupational fatalities 0.38 0 

111<1 

4 Occupational injuries 0.30 0 0 

5 Occupational cancers 0.075 0.047 r 0.23 

6 Public cancer 0.23 0.14 0.70 l1U 

7 Late occupational cancers 0.0075 

f>. 
0.0047 0.023 

8 Late public cancers 0.015 0.0094 0.047 

r 
D 
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treatment activities. This trend is overlaid with a decrease in accidental public cancer risk during '"~ 

transportation. In evaluating these data, two facts should be borne in mind: (1) an inspection of 1•11 

the remaining baseline risks in Table G.2-1 shows them to be small and (2) the increases in 
consequences indicated by the augmentation indices in Table G.4-2 are not linearly related to '~~ 

1 these baseline risks. Thus, it would be absolutely false to state that the remaining baseline risks ,1111 

are higher by a factor equal to the consequence augmentation index. 

G.4.1.2 Consequence Reduction Indices Without Occupational Health Effects 

Supercomponent 4 also has a contribution of a chemical noncancer health risk, whereas 
supercomponent 3 is a pure consequence of occupational accidents. The chemical health risks 
are exceedingly small, however, and that contribution was set to zero in Equation (G.1.19). Thus 
setting the absolute weights of supercomponents 3 and 4 to zero (Table G.2-1) results in the 

1 relative weights given in Table G.4-1, and shows the consequence reduction)rffces with the 
influence of conventional occupational accidents removed. I 
The consequence reduction indices e IC A are mostly larger th~n , so they are listed in Table 
G.4-3. For Level II treatments, the values of the indices cluster ely around unity, showing that 
it is the occupational risk components that are responsible fo he increase in the index for all 
Level II treatments in the fully weighted case. The group o treatment/location options with 
consequence reduction indices around 1 is sho~w'th the lightest shading of the cells. For Level 
Ill treatments, the reduction indices are again c to 1 for treatment at the WIPP but increase 
to values near 1.6 (group 2 shading) for Treatm nt Option 3 carried out in decentralized facilities, 
and values of 2 (group 3 sht!a up to indices near 4 {group 4 with darkest shading) for 
Treatment Option 4 and treat near the originators of the waste. This demonstrates the 
influence of the transportation ri k components in the location dependence of Level Ill treatments 
in the fully weigh d case. 

For the last sensitivity study, both the transportation and the occupational accident risks are 
weighted with zero. This will remove the influence of the largest baseline risk components and 
will show the influence of the radiological risk contributions with a small addition for the risks due 
to the exposure to chemical agents. Using the relative weights given in Table G.4-1, the 
consequence reduction indices calculated are all larger than 1, indicating a uniform reduction in 
consequences (Table G.4-4). This can be understood from the fact that all direct external 
radiation doses are essentially independent of treatment because they depend on the total activity 
transported and handled per year. This quantity is assumed to be constant in this study [see 
Equation (E.1.5)]. 

The consequence reduction here is thus almost exclusively due to transportation and handling 
accidents, which are responsible for relativley small contributions to the baseline risks for 
supercomponents 5 and 6 in Table G.2-1. This results in large relative decreases for all baseline 

Appendix I, Attachment G 1-360 

l:~I 

'"' 

fl,, 
.. ~ 



)> 
-0 
-0 

CD 
::i 
g, 
)( 

--

! 
3 
CD 
3. 
G') 

w 
m 

1 

c12 
0 

:;:::: 

8" -

1 2 

1.06 ± 0.01 

1.06 ± 0.01 0.92 ..... 

)(}1JCJ/ DY 02 Ol A4 

Location Ootion 
3 4 

1.06 ± 0.05 1.10 ± 0.05 

1.00 ± 0.04 1.04 + 0.04 

~I I I I I I I I I I I I I a; I I I I I ,·I ••• I., I I I I ! I I I 1 I I I I I •. I .. I ,·I ,· I I 

1-3 "" '' 

I I I I I I I f I I I I I I .. I ,·. I I ( I I I I I ' I \ I I 

4 

1.06 ± 0.01 1.29 ± 0.12 1.57 ± 0.20 1.64 ± 0.22 

1.07 ± 0.01 2.08 ± 0.04 

IT::]Groop 1 [Q]Group 2 HllIIIIllGroup 3 ~Group 4 

TABLE G.4-3 CONSEQUENCE AUGMENTATION INDICES FOR ALL TREATMENT AND LOCATION 
OPTIONS IN THE SENSITIVITY STUDY WITHOUT OCCUPATIONAL ACCIDENT RISKS. 

0 
0 m ;; 
"U 
"U 
<O 
~ 

6 
0 
_ ...... 

:n 
m 
< 
(ii 

6 z 
-"' 
)> 
"U 
:n 
r 

<D 

~ 



!!' "!! - ,;; 

)> 
-0 
-0 
CD 
:::> 
9. 
)( 

! 
3 
CD a 
G) 

;:; 
~ 

!!;' " .... ,,. 

1 

c12 
0 
:;:: 

8" 

1 

1.35 ±0.06 

1.36 ± 0.05 

Location Ootion 
2 3 

5.03 ±0.20 

5.03 ± 0.20 

ii I I I I I I I I i I 11111111111111111 ~ 13 I I 111111111111111111111111111111111 llllll 

1.35 ± 0.06 2.42 ±0.10 5.02 ± 0.21 

4 1.37 ± 0.06 2.42 ± 0.11 5.0:}± 0.23 

cr=]Group 1 [[J])Group 2 -Group 3 ~Group 4 

TABLE G.4-4 CONSEQUENCE AUGMENTATION INDICES FOR ALL TREATMENT AND LOCATION OPTIONS IN THE 

SENSITIVITY STUDY WITHOUT TRANSPORTATION AND OCCUPATIONAL ACCIDENT RISKS 

!!' ""' 
... !!' "' ... "' ~- .,. "" " r· ..,. 

""' "" Sc "' "" .... ... .,.. 
~ "' "' "' .. ""' "" ... .. ... ... .. ... .. ... '" "" "" ... ... IF .. .... ·• ., - IF .. .... jj 

'101 JU.! lJ'J U(' 0.' A~, 

"" ·"' "' ~ -.. • '"' "'" .. 

0 
0 m 
~ 
1) 
-u 
<O 
~ 

6 
0 
:" 
:n 
m 
< 
Ui 
6 z 
I\) 

)> 
"U 
:n 
r 
~ 

<O 

~ 

,. ~ ... 
'"' ij;w .. 



DOE/WIPP 91-007, REVISION 2, APRIL 1991 

risks for almost any form of treatment, leading to the nearly treatment-independent consequence 
reduction indices in Table G.4-4. The lightest patterns are reserved for cells with indices around 
1.35, the group 2 pattern for values around 2.4, the darker group 3 pattern for indices around 5. 
and the darkest pattern for the highest reduction indices near 6. It should be noted in this context 
that the accidents contributing to these indices all had to be weighted with equal weights because 
their baseline risks are not available. A considerable amount of bias may, therefore, be expected. 
The general location trend is too strong, however, and is probably independent of this bias. 

G.4.2 Contribution Of Each Supercomponent To The Final Indices 

Another analytical tool is the study of the contribution of each super-component to the indices for 
each treatment/location option. The separation of the consequence reduction index into J

0 
factors 

according to Equations (B.3.21) and (B.3.22) makes such a study relatively easy. In this 
disaggregation, the deviation of each factor from 1 is a measure for the relati~ntribution ot 
each supercomponent to the value of the index. I 
G.4.2.1 Contribution of Each Component To All Indices 

The factors defined in Equation (B.3.22) will be given in the 4 r::; matrices used before for the 
display of values for the 16 treatment/location options even ~o:gh the treatment or location 
dependence does not exist in some cases and i oo small to matter in others. 

G.4.2.1.1 Su ercom anent 1: Fatal Trans o tion Accidents 

By definition, these factors <t>Q are equal to 1 for treatment at the WIPP, after all the 
transportation is done (Table G~:~. For Level II treatments, consequence increases of around 
1 O percent are effected, due to the volume increase in the treated wastes, reulting in an increased 
number of tr~p rts. For Level Ill treatments, relative contributions to the consequence 
reduction indic s f a few percent occur for treatment option 3, and more substantial relative 
increases of enty to fifty percent for option 4. Both Level Ill treatments show a distinct trend 
to higher factors for decentralized treatment facilities. 

G.4.2.1.2 Supercomponent 2: Injuries In Transportation Accidents 

By definition, these factors are also equal to 1 for treatment at the WIPP; again because all the 
transportation is already done. The corresponding factors <t> 2 ICA are listed in Table G.4-6. The 
situation is essentially the same as that for the factors <t> 1 I( :1., but with smaller deviations from 1. 
For Level II treatments, this component contributes increases of up to 1 O percent, again due to 
the volume increase in the treated wastes and an increase in the number of transports needed. 
For Level Ill treatments, contributions of 2 to 4 percent are found for Treatment Option 3, and 
more substantial relative increases of 20 to 30 percent for Treatment Option 4. Again, both show 
a trend to higher factors for decentralized treatment facilities. 
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G.4.2.1.3 Supercomponent 3: Fatalities Due to Occupational Accidents 

The factors <1> 3 d for the contribution of the occupational fatalities are listed in Table G.4-7. Here. 
due to the assumption of a modular treatment plant, the factors do not depend on location. For 
Level II treatments, the factors are practically all the same, decreasing the index by about 20 
percent. For Treatment Option 3, the decrease amounts to about 25 percent, for Treatment 
Option 4, to about 35 percent. This is the expression of the higher contribution of occupational 
fatalities for more complex treatments to the index. 

G.4.2.1.4 Supercomponent 4: Injuries Due to Occupational Accidents 

The factors <I> 4 d for the contribution of the occupational injuries are listed in Table G.4-8. Again. 
' due to the assumption of a modular treatment plant, the factors do not depend on location. but 

generally deviate less from one than the corresponding factors for the third ~r-component. 
For Level II treatments, the factors practically all decrease the index by abou 6 percent. For 
treatment option 3, the decreas amounts to about 20 percent, and for treatment o tion 4 to nearly 
30 percent. Again, this can be interpreted as the express;:of the higher contribution of 
occupational injuries for more complex treatments to the inde r 
The factors <I> 5 id. for the contribution of the o tional cancer fatalities are listed in Table 
G.4-9. These factors all deviate only by a few ercent from 1, contributing little to the index. This 
is largely due to the fact that r_Qccupational cancer risk is almost exclusively due to routine 
exposures which are independl <>J treatment, contributing nothing to the consequence reduction. 

G.4.2.1.6 Su e m onent 6: Cancer Cases Due to Public Ex osures 

~ for the contribution of the public cancer fatalities are listed in Table G .4-10. 
These factors show a minute dependence on location, and practically depend on treatment only. 
The deviations from 1 are substantial, ranging from increases of about 1 to 25 percent. These 
contributions to the index are largely due to the fact that the public cancer risk is almost 
exclusively due to accidental exposures which are, apart from the fact of treatment, almost 
independent of the method of treatment. 

G.4.2.1.7 Supercomponent 7: Occupational Cancer Cases Due to Post-Closure Exposures 

The factors <1> 7 "~ for the contribution of late occupational cancer fatalities due to human intrusion 
scenarios are listed in Table G.4-11. These factors deviate only a fraction of a percent from 1. 
show as expected no location dependence and only a minute dependence on treatment. These 
tiny contributions to the index are largely due to the fact that the baseline cancer risk is 
exceedingly small and thus rank very low in societal valuation. 
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I G.4.2.1.8 Supercomponent 8: Public Cancer Cases Due to Post-Closure Exposures 
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The factors <I> 8 ic,, for the contribution of late occurring ·public cancer fatalities due to human 
intrusion scenarios are listed in Table G.4-12. These factors also deviate only a few percent from 
1, show as expected no location dependence and only a weak dependence on treatment. Again, 
the small size of the contributions to the index are largely due to the fact that the baseline cancer 
risk is very small and thus ranks low in societal valuation. 

G.4.2.2 Contributions Of All Components To Some Indices 

Another way to analyze the contributions <l>i icA to each consequence reduction index is to list all 
eight factors together as in Tables G.4-13 for Level II treatments and G.4-14 for Level 111 

treatments. The small variation in the indices e " ,, is explained by the fact that most 
supercomponents do not change with treatment/location options. Only superco~nent 6 shows 
a moderate increase with location, offset by smaller changes in super-componen s 1 and 2. The 
overall values of the indices are determined by the small values of the fa tors for super
components 1 to 4. For Level Ill treatments, however, only~u ercomponents 3 and 4 yield 
c.onstant, values below 1. Components 1, 2, and 6 are all in r asing considerably with more 
decentralized treatment, while components 5, 7, and 8 are cons ant, hovering near 1. The driving 
force in the increase are, therefore, components 1, 2, and for traffic accidents and public 
cancers, which overcome the low values fro~e occupational effects and lead to actual 
consequence reductions. r 
G.4.3 Discussion Of The Anal 

The analysis given here, reveal the dominant contributions to the consequence reduction factors 
of the 16 treatm~ocation options discussed in this study. The main driving force derives from 
the valuations· oc ty puts on the different sources of health effects. It should not come as a 
surprise that 1ological health effects are among the smaller contributions to the total 
consequences of the entire WIPP operation. After all, there is a type of health and safety 
professional, the health physicist, whose sole job it is to keep any radiological risks small. 
Indeed, the entire WlPP effort is dedicated to the purpose of disposing TRU wastes under these 
conditions. Thus it is only one super-component, the public cancer risk in component 6. that 
influences the consequence reduction indices in an appreciable way. Even that refers to a small. 
acceptable annual baseline risk (Table G.2-1 ). 

Less weight is given by society to keep non-radiation occupational accidents low, even though 
occupational health and safety professionals do a creditable job in many industries. However, 
less time and effort is expended to lower these risks. This leads to the location-independent 
factors for components 3 and 4 which are lower than 1 and signal progressively increasing 
consequences with more complex treatment activities. 
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FACTORS Cl> J " 1 FO~ CONTRIBUTION OF SUPERCOMPONENT J TO THE 
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The dominant influence in the location-dependence of the consequence reduction indices are the 
traffic accidents in components 1 and 2. They reflect the almost cavalier attitude that our society 
takes toward the prevention of traffic accidents, with little time and effort expended to curb the 
slaughter on our roads. It, therefore, comes as no surprise that the largest consequences in 
fatalities and injuries due to the operation of the WIPP are also deemed acceptable (Table G.2-1). 
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J.1 INTRODUCTION 

The intent of Appendix J is to provide supporting calculations for cost estimates associated with 
the waste treatments which are discussed in Section 6.3.4 of Volume I of this report. Specifically, 
the balance of this Appendix presents cost estimation calculations for: 

• 
• 
• 

Capital Costs 
Operating Costs 
Life-cycle Costs 

J.2 GENERAL ASSUMPTIONS 

The EATF cost estimation methodology relies on published reports for treatment ~tion costs. 
As noted in Section 6.3.4 of Volume I, scope of EATF work does not permit "b ms up" cost 
estimation. If treatment becomes necessary, detailed costs may be estimate for required 
facilities. Assumptions associated with EATF cost estimates include: 

• Treatment operation costs may be scaled and coc::;ned with a modified version 
of the "point six rule" (Baasel, 1990). r" 

• 

• 

• 

• 

• 

• 

• 

Treatment operation costs may be ~ored to a common basis year of 1990 . 

Life-cycle operations costs are cl::u1~ted based on a cost escalation factor of 
3.5% (Smedley, 1~ and a discount factor of 10% (Bozik, 1991}, both on an 
annual basis. r ' . 
Ltz"t cle costs are based on an assumption of waste treatment operations 
b in ing in the year 2000. 

A nual operations costs (labor and materials} may be estimated as a percentage 
of capital cost (PNL, 1982; PNL, 1986). 

Batch treatment facilities of a certain minimum size are necessary at sites with 
small quantities of waste. 

Continuous operation is defined as 24 hours per day, 240 days per year. The 
remainder of time is used for routine maintenance and periodic down time. 

Batch operation is defined as 8 hours per day, 240 days per year, minimum, and 
will vary up to the definition of continuous operation. 
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J.3 COST ESTIMATION 

J.3.1 Capital Cost Estimation Procedure 

Capital cost estimation for waste treatment consists of the following steps: 

• Define treatment need by generic waste form (solid organics, solid inorganics, 
sludges) (Section J.3.1.1 ). 

• 

• 

• 

Define treatment operations necessary to meet treatment need. In other words, 
define the sequence of operations necessary to generate a specified waste form 
(Section J.3.1.2). 

Define facility capacity; this is a function of the number of facilitie,!.?d work-off 
period (Section J.3.1.3). I 
Calculate capital cost (Section J.3.1.4) . 

J.3.1.1 Treatment Need r 
The various treatment needs considered by the EATF are provided in Table 1-2 in Volume I of 
this report. The combination alternatives defined -~able 1-2 form the basis for determination 
of the effectiveness and feasibility of engineered crmatives. 

J.3.1.2 Treatment Operations 0 
The intent of this section is to d(fin~ the treatment operations necessary for the combination 
alternatives of Table 1-2. Prior to defining the sequence of treatment operations required for each 
waste type and~bination alternative, input data specified in Table J-1 presents all the 
treatment operati ns sed in the fourteen combination alternatives, cost (in a reference year), and 
cost in 1990 doll • Cost in 1990 dollars is computed using consumer price indices as follows: 

Equation B-1 

where: = Consumer Price Index for 1990 

= Consumer Price Index for a reference year, and 

Cos~ = Cost of treatment operation in reference year. 

These base costs are used to estimate the cost of facilities as described in Section 3.1.4 

Table J-2 illustrates how each of the fourteen combination alternatives actually consists of general 
treatment operations for each generic waste form. This list of treatment operations must be 
scaled and then cost estimated based on number of facilities and work-off period. The sum of 

WP:EATF.1991 :R-1775-APPJ J-2 
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li1l 

TABLE J-1 

TREATMENT OPERATION CAPITAL COST ESTIMATES 

Capita1<1> 

Treatment Cost Basis Basis Reference Basis<21 1990<31 

Operation (millions) Capacity Year for Basis CPI (millions) 
----- ----
Basic Facility $46.0 18,000 drums/yr 1989 DOE, 1989d 3452 $47.6 

Cementation $14.7 367 lbs/hr 1981 PNL, 1982 297.0 $18.0 

Incineration $17.6 100 lbs/hr 1984 PNL, 1986 322.7 $20.0 

Metal Decon. $19.0 81 lbs/hr 1984 PNL, 1986 322.7 1 Metal Melting $23.0 220 lbs/hr 1984 PNL, 1986 322.7 $26. 

Shredding $4.0 3750 lbs/hr 1984 PNL, 1986 ~.7 $4.5 

Super-Compaction $6.0 3145 lbs/hr 1990 Barthel, 1990 366.9 $6.0 

Vitrification $16.1 100 lbs/hr 198'PNL, 1982 297.0 $20.0 

---- ---- --- ----
(1) 

Capttal costs ostimaled from -~ the basis of ..,...,..,,. aqu;pmont 

(2) Cost Price Index (CPI) obtained from Baasel, 1990, for Chemical Engineering 
Plant Cost Indices. 

(3) 1990 CPI ass1J111'ebe 366.9 '"' 

•1.i 

,, ,, 
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TABLE J-2 

TREATMENT OPERATIONS REQUIRED TO PRODUCE FINAL WASTE FORM 

Combination<1> Unprocessed Sequence of Final 
Alternative Waste Form Treatment Operations Waste Form 

--- -----
Solid Organics Shred-Cement Cement Monolith 

1 Solid lnorganics Shred-Cement Cement Monolith 
Sludges NA Unprocessed 

Solid Organics Shred-Cement Cement Monolith 
2,3 Solid lnorganics Shred-Cement Cement Monolith 

Sludges Cement Cement Monolith 

Solid Organics Shred-Incinerate-Cement Ceme~oltth 
4,5 Solid lnorganics Shred-Incinerate-Cement Cement nolith 

Sludges Cement Cement onolith 

Solid Organics Slved-lncinerate-Vhrify r Glass Monolith 
6,7 Solid lnorganics Shred-lncinerate-Meit<21 Metal Ingot 

Sludges Vitrify Glass Monolith 

Solid Organics Sh~'nerate-Vhrify Glass Monolith 
8,9,13 Solid lnorganics Shr I 'nerate-Melt-Vitrityl3l Glass Monolith 

Sludges Vitri Glass Monolith 

Solid Organics r NA Unprocessed 
10 Solid lnorganics Decontaminate-Cement Cement Monolith 

Sludges NA Unprocessed 

;:.C>gan~ Supercompacted Compacted 
11,12,14 lnorganics Supercompacted Compacted 

,, ges NA Unprocessed 

---- ------- ------------ -------
(1) See Table 1-2 for complete description of Alternatives. 

(2) Metals are melted into TRU waste ingots. 

(3) Metals are melted with glass/glass frit; radionuclides partition into slag, and metals are eliminated 
from the WIPP inventory. 
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costs for treatment operations in addition to support facilities cost (described in Section 6.3, 
Volume I) represents the rough cost estimated presented in Tables 6-6a, b, and c. 

J.3.1.3 Waste Treatment Facility Capacity 

Table J-3 presents total waste (sum of retrievably stored and newly generated waste) by waste 
type in retrievable storage and/or newly generated at each DOE site. The information in 
Table J-3 is adapted from DOE (1988). The values in this Table indicate the percent of all waste 
destined for WIPP. 

Table J-4 builds on the information in Table J-3 by first identifying the EATF choices for waste 
treatment locations for one through seven facilities. It should be noted that other choices can 
easily be made. The choices made by the EATF place emphasis on selecting sites based on the 
amount of waste in retrievable storage in addition to newly generated waste rate at the site. 

The second choice presented in Table J-4 involves transportation. The decision 4where waste 
will be shipped for treatment is based on selecting treatment locations in close pro~~i·ty to waste 
storage/generators in order to minimize transportation requirements. It should be noted that 
system capacity is constant. Thus, whether one or multiple F!ties are used, processing 
capacity is always 13,640 cubic meters of waste per year (work-o eriod is 1 O years for treating 
all waste). 

J.3.1.4 Capital Cost Calculation ~ 

The information in Tables J-1 through J-4 provid/;il ~nput parameters necessary for estimation 
of capital costs. These input pa~ers are: 

• Treatment ~~tion costs and capacity scaled to 1990 dollars 

DCapaclty required for a given number of facilities 

c Sequence of treatment operations required for each waste form, for all 
combination alternatives. 

111U 

The following general exp.ression is used to determine cost on first a facility basis and then on 
a system basis (sum of all facility costs): · ,,,. 

,,,, 

[ ( J
m] r p n Q + 

Capital Cost = :E :E :E c, '·J.k µ 
k-1 J-1 1-1 q, 

Equation B-2 

where: = Cost in 1990 dollars of input treatment operation, Table J-1, '"' 

= Capacity of reference input treatment operation, Table J-1, 

'"' 
WP:EATF.1991:R-1775-APPJ J-5 
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TABLE J-3 

TOTAL CH-TRU STORED/GENERATED<1> 

Solid Solid Total 
Organics lnorganics Sludges Site Total Inventory 

DOE-Site (m3) (m3) (m3) (m3) (%) 

------
ANL-E 31 19 44 94 i: INEL 14859 12990 9672 37521 

LANL 4407 6724 4403 0534 11.39 

LLNL 2367 433 87 887 2.12 

MOUND 60 120 1017 1197 0.88 

NTS 353 254 p. 12 619 0.45 

ORNL 927 603 15 1545 1.13 

HANFORD 8736 ~11591 1217 21544 15.79 

RFP 17017 9828 9550 36395 26.68 

SRS o~·~ 4098 667 19062 13.98 

TOTALS 63054 46660 26684 136398 100.00 

<
1
> Values adopted from DOE, 1988 
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TABLE J-4 
.,~, 

TEN-YEAR WORK-OFF CAPACITIES FOR EATF WASTE TREATMENT FACILITIES ,1,,, 

ilii' 

Required Capacity (10 Year Work-off) 

Number Assumed Assumed Solid Solid tt'!I'• 

of Treatment Feed Organics lnorganics Sludges Total Total •t1i' 
Facilities Location Locations (lbs/hr) (lbs/hr) (lbs/hr) (lbs/hr) (drums/yr) 

WIPP All Sites 559 1212 831 2601 60892 
!f\Ji 

2 INEL HANFORD, 469 1017 697 2183 51088 
... 

INEL, LANL, 

"'"' LLNL, NTS, 
RFP 4191 "" SRS ANL-E, 90 195 134 9804 
Mound, f!'I' 
ORNL, SRS -- -- u 

559 1212 2601 60892 

3 INEL Hanford, 242 525 1126 26366 '"~ 
INEL 

"" RFP RFP 149 p 220 695 16258 
WIPP All other 168 249 780 18268 

Sites ~" 

-- 111• 
559 1212 831 2601 60892 

4 INEL INEL, LANL, 232 503 345 1080 25270 
,.,. 

LLNL, NTS ll:t 

RFP RFP 149 324 222 695 16258 
SRS oAN.-E. 89 194 133 416 9743 fl!f 

Mound, 
ORNL, SRS ll i~ 

WIPP Hanford 88 191 131 411 9621 

-- -- -- 11'' 
559 1212 831 2601 60892 

i!1t 

5 INEL INEL 154 333 229 715 16745 
RFP RFP 149 324 222 695 16258 "'' SRS ANL-E, 89 194 133 416 9743 

Mound, ii ii 

ORNL, SRS 
Hanford Hanford 88 191 131 411 9621 ,, ,, 
WIPP LANL, 78 170 116 364 8525 

LLNL, NTS 
lilt 

-- -- -- -- fl~ 559 1212 831 2601 60892 

M1i 

~If 

li ~ 

f11 

II~ 
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TABLE J-4 (Continued) 

TEN-YEAR WORK-OFF CAPACITIES FOR EATF WASTE TREATMENT FACILITIES 

Required Capacity (10 Year Work-off) 

Number Assumed Assumed Solid Solid 
of Treatment Feed Organics lnorganics Sludges Total Total 

Facilities Location Locations (lbs/hr) (lbs/hr) (lbs/hr) (lbs/hr) (drums/yr) 

6 INEL INEL 154 333 229 715 16745 
RFP RFP 149 324 222 695 16258 
SRS ORNL, SRS 88 191 131 411 9621 
Hanford Hanford 84 183 125 39319195 
LANL LANL 64 138 95 297 6942 
WIPP ANL-E, 20 42 29 91 2131 

LLNL, 
Mound, NTS t -- --

559 1212 2601 60892 

7 INEL INEL 154 333 229 715 16745 
RFP RFP 149 fl 222 695 16258 
SRS SRS 88 ~ 131 411 9621 
Hanford Hanford 78 116 364 8525 
LANL LANL 64 138 95 297 6942 
ORNL ORNL r< 20 42 29 91 2131 
WIPP ANL-E, 6 13 9 29 670 

LLNL, 
Mound, NTS 

D -- --
559 1212 831 2601 60892 
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Capacity as a function of total waste, for each 
treatment operation, given number of facilities, 
and generic waste form, 

Quantity of secondary waste generated, e.g., 
incinerator ash which must be vitrified, 

A treatment operation, 

Number of facilities, 1 .s j .s 7, 

A generic waste form, 1 .s k .s 3, and 

0.88. [The reader should note th~t t Equation 
8-2 in its most basic form is ret d to as the 
point six rule, with point six indica 'ng m = 0.6. 
The EATF chose a more conservative approach 
by using m = 0.88~asel, 1990) which predicts 
higher costs thanr = 0.6.] 

Equation 8-2 may be applied to any choice of combination alternative, work-off period, and 
number of facilities. This expression is easily am"1\ble to application in spreadsheet form. 

Table J-5 presents a sample calculation using: r 
• 1990 trealme~ration cost, c.. and base capacity, q,, from Table J-1 

• Necessary treatment operations (for each unprocessed waste form) from 
()ible J-2 

• Vwaste treatment capacity by waste form for a ·10 year work-off period, 
developed from Table J-3 and presented in Table J-4. 

While the applications of costing equations are presented for a particular case of 10-year work-off 
and combination alternatives 8, 9, and 13, minor modifications allow application to all different 
cases. The data presented in Tables 6-6a, b, and c of the report were similarly generated. 

NOTE: Equation 8-2 must be used with caution for small capacity facilities. There is potential 
for predicting unreasonably low costs. The EA TF defined a minimum size facility for all 
combination alternatives. This minimum cost is compared t<> all computer generated 
values. If minimum cost is greater than a facility cost predicted by equation 8.2, the 
minimum facility cost is substituted and becomes part of total capital cost for the 
particular option. 
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NUMBER OF 
FACILITIES 

1 (K·1) 

0 4(k=4) 

2 

3 

4 

%0FWASTE 
PROCESSED 

100% 

41.5% 

26.7% 

16.0% 

15.8% 

TABLE J-5 

CAPITAL COST SAMPLE CALCULATIONS: 
10-YEAR WORK-OFF OPTION 

ALTERNATIVES 2, 3 

D 
FACILITY 

TREATMENT: SHRED APPLICABLE WASTE TREATMENT: CEMENTATION APPLICABLE WASTE BASIC COST, 

$4.5 x 

$4.5 x 

$4.5 x 

$4.5 x 

$4.5 x 

FORMS: FORMS: FACILITY MILLIONS 

SOLID SOLID SOLID SOLID 
ORGANICS INORGANICS ORGANICS INORGANICS SLUDGES 

~ 
(559 + 1212)0 .aa $18 (559 + 3750 + x· 

(232 + 503)°.88 $18 ~ + 3750 + x 

(149 + 324)°.88 
3750 + $18 x (149 + 

1212 + 
367 

503 + 
367 

324 + 
367 

831)°"88 

345)°"88 

222r.aa 

(89 + 194)°"88 
3750 + $18 x (89 +~ + 133)°"88 

(88 + 191)°.88 (88 + 191 + 131 )°.88 
3750 + $18 x 367 

--\ 

+ $47.6 x (~:gw.aa - 241 

+ $47.6 x (~~bg)°~ 111 

+ $47.6 x (l&%~~o.aa. 75 

( 9743 r.88 + $47.6 x 1lmOO - 48 

( 9621 )°.88 + $47.6 x 1lmOO - 48 

TOTAL 
COST 

Ml WONS 

241 

282 

8 
~ 
;; .,, 
~ 
6 
0 
.:-.i 
:IJ 

~ 
en 
i5 z 
.!'> 
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J.3.2 Operating Costs 

J.3.2.1 Costs for Continuous Operation Facilities 

Operating costs are estimated based on literature (PNL, 1982; PNL, 1986) which report operating 
costs as a function of capital costs. On this basis, the EATF estimates operating costs as 12% 
of capital costs. This represents continuous operation of 24 hours per day and 240 days per 
year. 

J.3.2.2 Batch Facility Operating Costs 

As noted in Section 3.1.4, care must be taken in estimating cost for small facilities. The same 
can be said for operating costs of small facilities. In practice, small facilities are operated in batch 
mode instead of continuous operation. Operating costs for batch facilities are assumed to be a 
minimum .of 4% (1 /3 of continuous operation) of capital, which represents a one~sh· (8 hour per 
day) operation for 240 days per year. A sliding scale was developed to ace t for facilities 
which may operate between a single shift and 24 hours per day. It should be not d that for the 
waste treatments considered batch facilities were the exception and only a few facilities will 
operate on a batch basis. r; 
J.3.3 Life-cycle Costs r 
J.3.3.1 Life-cycle Operating Costs /').. 

Operating costs may be computed on a lifecycle 6asi~. Application of appropriate factors allows 
computation of costs on a co~ basis of 1990 dollars. A number of assumptions are 
necessary for calculation of lifecr·~operating costs: 

• EATF assumes waste processing begins in 2000 and continues for the duration of the 
work-o~riod. 

• 1990 c~ may be escalated at an average rate of 3.5%. This figure is adapted from 
DOE cost estimation literature (Smedley, 1991 ). 

• Future costs may be discounted to a common basis of 1990 dollars using a discount 
factor of 10% (Bozik, 1991 ). 

J.3.3.2 Lifecycle Operating Cost Estimation 

Lifecycle operation cost estimation is a three-step process, as outlined below: 

• 1990 annual operating cost is escalated to year 2000 cost 

• A future value of an annuity (for operating cost) is calculated based on the length of the 
work-off period 

• The annuity is discounted back to 1990 dollars. 

The expression used by the EA TF to estimate life-cycle operating cost is presented below: 
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LCOC = AOC x (l+i )10 x [(J+i }; - 1 JI {/ + k )<n+101 Equation B-3 

Where LCOC =Lifecycle operating cost, 

AOC = Annual operating cost {see Tables 6-6a, b, and c}, 

= Escalation factor, 3.5%, 

n = Work-off period: 5, 10, and 20 years, and 

k = Discount factor, 10%. 

Table J-6 presents lifecycle operation cost estimates for combination altemativ~, and 13, 
based on a 1 O year work-off period {n = 10), and for one through seven facilitie_. I 
J.3.3.3 Total Project Cost 

The final calculation is a summation of capital costs described in ~on 3.1.4 and lifecycle costs 
developed in Section 3.3.2. This calculation is possible bee~~ capital cost and lifecycle 
operating costs are both In 1990 dollars. p. 

r 
D 
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TABLE J-6 

LIFECYCLE OPERATING COST ESTIMATES1 

NUMBER OF 
FACILITIES 
OPTION 

1 

2 

3 

4 

5 

6 

7 

ANNUAL 
OPERATING COST, 
(IN MILLIONS)2 

29 

31 

33 

34 

35 

35 

36 

1Computed by applying Equation 8.3. 

LIFECYCLE 
OPERATING COST 
(IN MILLIONS) 

703 

74 

80 

f 
85 

86 

87 

'Annual operating costs from T~b for combination alternatives 8, 9, and 13. 

3Substituting into nation 8.3: 

LCh{ = (98) x (I +0.035)10 x r (/+O.o35>
10 

- 1 
p [ 0.035 

= $239 

] I (I + 0.010)110
•
10

> 

ull 

Note that due to round-off of AOC, slightly higher values for LCOC will be produced by hand w~ 
calculation. 
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