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Abstract

Performance eriteria for radioactive waste repositories are often expressed in terms of dosc or
risk, The characteristics of biosphere modelling for performance assessment are that: (a)
polential release occurs in the distant [uture, (b) reliable predictions of human behaviour at the
time of release are impracticable, and (c) the biosphere is not considered to be a barrier as the
geosphere and the engincered barriers. For these and other reasons, differences have arisen
in the approaches 1o biospherc modelling for repository dosc and risk assessment. The
BIOMOVS 11 Reference Biospheres Working Group has developed (a) a recommended
methodology for biosphere model development, (b) « structured list of features, events and
processes (FEPs) which the model should describe, and (¢) an illustrative example of the
recommended methodology. The Working Group has successfully tested the Interiction
Matrix (or Rock Engincering Systems, RES) approach for developing conceptual models. The
BIOMOVS 11 Working Groups on Reference Biospheres und Complementary Studies have
luid the basis for considerable harmonisation in approaches to biosphere modelling of long
1erm radionuclide releases. 1998 Elsevier Science Lid, All rights reserved.
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1. Introduction

Performance criteria for radiouctive waste repositorics are often expressed in terms
of dose or risk. If other criteria are used, they may well have been derived from dose or
risk criteria. Some sort of biosphere modelling is therefore usually required to ussess
radionuclide migration and accumulation in the humao environment, and to assess
the associated radiation exposure. Diferent views are held, however, both on the
scope of processes 10 be included and on the level of detail required in biosphere
models,

The characteristics of biosphere modelling for performance assessment of solid
radioactive waste disposal are that (a) potential release and exposure occur in the
distant future, {b) reliable predictions of human behaviour at the time of the release are
impracticable and (¢) the biosphere is not'considered to be a barricr as the geosphere
and the engincered barriers and cannot be optimised. For thesc and other reasons,
differences have arisen in the past in the approaches to biosphere modelling in
cifferent countries and projects.

Given the uncertainties associated with biosphere modelling, it has been suggested
that o desirable approach might be to adopt ‘reference biosphere models’. These
models could then be used to derive canversion factors, expressed as the radiological
dose or risk associated with unit relcase rates of radionuclides. These release rates to
the biosphere would be provided by geosphere modelling within the performance
assessment. A Working Group on Reference Biospheres was set up within the
BIOMOYVS [] programme to address these issucs.

Participants in the Reference Biosphere Working Group arc experts in the field of
biosphere modelling and data collection working for the implementator as well as the
regulator,

The Reference Biospheres Working Group considered that the concept of *reference
biosphere models’ would be difficult to achieve, because of the different types of waste,
sites and ussessment purposes. The Working Group did not find it practical to try in
the carly stages of its work, to develop just one or a limited number of reference
biospheres. It decided rather to develop and test a ‘reference biospheres methodology'
for analysing radionuclide behaviour in the biosphere and associated radiologicul
exposure pathways. It limited the scope of work to assessment of the long-term
implications for deep geological disposal. Nevertheless, it considered that many of the
basic principles would also apply to other areas of biosphere assessment for solid
radioactive waste disposal. The objective was to define a systematic generic approach
for developing a biosphere model. This would include the documentation of un *audit
trail’ and would show that & biosphere model is fit for its intended purpose. The
Working Group cxpected that this approach would also reduce the unresolved
differences between different models and so harmonise biosphere modelling.

The BIOMOVS [l Reference Biospheres Working Group, therefore, defined its
aims as to develop (BIOMOVS 11, 1994);

« a recommended methodology for biosphere model development, which is consistent
for differcnt types of radioactive waste and disposal concepts (Scction 2 of this

paper),
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« a structured list of generic Features, Events and Processes (FEPs), which can be
uscd to guide the development of conceptual biosphere models lor specific assess-
ments by indicating which FEPs should be included (Section 3 of this paper),

- an example illustrating the application of the methodology (section 4 of this paper),
which uses the test case of the Complementary Studies Working Group
(BIOMOVS 11, 1996b).

This paper summariscs the results of the extensive discussions of these items in the
Working Group. The interim and final reports of the BIOMOVS Il Reference
Biospheres Working Group (BIOMOVS 11, 1994; BIOMOVS 11, 1996u) provide
more details,

2. Mecthodology for the development of biosphere models

The methodology recommended by the Reference Biospheres Working Group
consists of several steps (see also Fig. 1), The Reference Biospheres Working Group
discussed the [ollowing steps 13 in detail, because they are relatively new in biosphere
modelling, The further steps which are standard components are summarised in
point 4,

Step 1. A case-specific FEP list is developed (see details in BIOMOVS. 11, 1996a)
starting from & generic FEP list such as the international FEP list (iwalics refer to items
in Fig. 1) in Table 1, by marking non-relevant FEPs and giving detailed comments to
the relevant FEPs. This nceds to take account of the assessment context, consisting of
(a} the assessment purpose and target audience, (b) the endpoints to be ussessed
(including regulations and the definition of eritical groups), (c) the description of the
repository system, (d) the site context and (¢) the nature of the release.

Step 2. The hasic system representative of long-term conditions including the
characterisation of the process system domain, climate conditions, assumptions for
human actions (socicty) and identification of the biosphere systems,

Step 3. Conceprual models or textual descriptions of the biosphere system are
constructed. This involves an initial screening of the FEP list against the basic system
description and the assessment context, and the identification of relationships hetween
FEPs. For this step several methods can be applied such as (a) influence diagrams
(Chapman et al., 1995), (b) the rock engineering system (RES) approach (Eng et al.,
1994; Hudson, 1992; Smith et al, 1996a) which involves the development of un
interaction matrix (this approach was tested by ihe Working Group), (c) directed
diagrams (UK-NIREX, 1995), or (d) a reverse method, which compares cxisting
models with the assessment.specific FEP list obtained after the initial screening (see
above in this paragraph), The resultis a relational FEP list indicating the relationships
between the FEPs. These FEPs and their relationships are categorised according to
priorily, taking into account (a) the known influcnce of the FEP or the interaction on
the result, if known from previous experience or expert opinion (well known impor-
tant FEPs have high priority, well known unimportant FEPs low) and (b) the state of
knowledge about the FEP or the interaction (unknown FEPs have high priority),
FEPs with high priority should be included in the models, FEPs with low priority
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Fig. 1. Hlustration of the Reference Blospheres methadology. One phase in an iterative process is shown, In
practice, the procedurc for defining the coneeptual model includes the results of previous calculations based
on cxisting mathematical representations and assessment tools (mathematical model plus appropriate
database), The development of conceptual models was performed within the Reference Bioapheres Working
Group, while the implementation of mathematieal models for an inland biosphere in a temperate climate is
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Step 4. The textual description is developed into the mathematicai description,
A site-specific database is defined based on the basic system description and a generic
database is defined consistent with the international FEP list, The assessment tool,
generally a computer code, is developed and finally, caleulations produce results,
which have to be interpreted relative to the assessment context,

The methodology described here is applied in several iterations involving one,
scveral or all steps.

The following two subsections of Section 2 discuss the steps that were particularly
important in the study as the Working Group discussions showed.

2.1. Critical group definition

ICRP has developed the critical group concept for normal routine releuses, In
a habit and diet survey of the exposed population, the most exposed groups have to be
identified ICRP, 1977, 19852, 1991), For solid radioactive waste disposal, because
potential releases may occur far in the luture, habits and diet cansot be surveved and
the exposed population is hypothetical (ICRP, 1985b). Therefore, the principles have
to be adapted. The approaches uscd in previous assessments as well as regulatory
guidance were reviewed (Appendix A2 of BIOMOVS II (1996a) reports the results),
The review showed that assumptions vary significantly and harmonisation seems
desirable. A new international exercise, Theme | in BIOMASS, continues the work
initiated here (BIOMASS, 1996). The critical group could be defined is a subsistence
agricultural community and, so far, many assessments have implicitly or explicitly
used this definition. However, situations can be imagined whete other critical group
definitions would be required, for example in a tundra climate.

A release into the biosphere will result in a distribution of doses or risks within the
exposcd populations, with a small number of persons being exposed to relatively high
levels and a large number exposed to lower levels, Important are the degree of
conservatism and the level of protection required by the authorities. Details of the
treatment of FEPs in the calculations depend significantly on the critical group
assumptions, for example the size of the modelled biosphere and diet,

2.2, Conceptual model development (procedure to construct conceptunl models, see Fig. 1)

Various methods for the identification of relationships between FEPs and the
subsequent development of conceptual models or textual descriptions have been
tested in mational programmes. Examples are the ‘influence diagrams' approach
(Chapman ct al., 1995), the ‘rock engineering system (RES)' or ‘interaction matrix’
approach (Eng et al., 1994: Hudson, 1992; Pinedo ct al., 1996; Smith ct al., 1996a;
Vieno ct al,, 1994) and ‘directed diagrams’ (UK-NIREX, 1995). In most assessments
published so far, a reverse method has been applicd in which the list of relevant FEPs
is mapped against previously developed conceptual and mathematical models.

The BIOMOVS IT Reference Biospheres Working Group has tested the RES
approach and concluded that it can provide a clear overview of the inicractions
between processes and features to be included in the conceptual model (Fig, 2).
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A comparison of the FEP list and the matrix of intcractions between the most
important aspects produced by the RES approach lead to identification of missing
elements in each, This process provides confidence in the completeness of the concep-
tual model, given that absolute completeness can never be proven. A further step in the
RES approach is the categorisation of the FEPs and their interactions, This categorisa-
tion should take into account the importance for the results and the state of knowledge
concerning a FEP or an interaction, FEPs with significant effect on the result and FEPs
with an insufficient state of knowledge should get a high priority in the categorisation,
This categorisation will often be based. on expericnce, for example from previous
assessments, or on expert opinion. The interactions or relationships identified by the
RES approach form a relational FEP list. The relationships identificd in the relational
FEP list form the textual basis (textual description or conceptual model) of the
cquations to be included in the mathematical description. Duc to time limitations, the
Reference Biospheres Working Group could not investigate these relationships.

3. The internationa) biosphere list of features, events and processes

Table  shows the structure and the key FEPs of the International Biosphere FEP
list developed by the Reference Biospheres Working Group. The Working Group
constructed this list (1) for groundwater release from a decp repository at 2n inland
site and (b) in view of the requirement to calculate the annual dose to a representative
member of a critical group (representing the Assessment Context for the illustration,
see Section 4). For other releases, other sites and other Assessment Contexts the FEP
list may have to be extended, for example for coastal sites.

This FEP list should provide a comprehensive framework which can be used (a) as
a starting point to develop project-specific FEP lists or (b) as a list against which to
check the completeness of project-specific FEP lists, Most FEP lists published so far
do not systematically contain features such as an assessment context and basic system
description. When comparing models, these features have been shown to contribute
significantly to differences between models. An example is the implicit assumptions
about the person for whom doses arc calculated {critical group definition) and the
degree of required conservatism, Therefore, the Working Group has added assessment
context and basic system deseription at the beginning of the FEP list,

The approach for constructing the International Biosphere FEP list is consistent
with the approach of the "NEA Working Group on development of a data base of
features, events and processes relevant to the assessment of post-closure safety of
radicactive waste repositories’ (NEA, 1998),

4. An illustration of application of the methodology
The Reference Biospheres Working Group defined the assessment context for

illustration of the methodology as one in which the endpoint of interest is the dose 10
an individual of a critical group, Releases to groundwater from geological disposal at
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Table |

Steucture of the Internationa! Biosphere FEP list .

1 FEATURES

1i assexsment context

1L nssezsment purpose

1.1.2 assessment endpoints

1.3 FEPOSIONY 1Ype ~ tmabrtier Gaes ,taum vt 1, 2pas’

114 site context

1.2 source term

Lal geosphere/biosphere interfce

122 release mechanism

1.2 source term charactenistics

1.3 basic system description

1 general elimate description

1.3.2 general biosphere system description

1.1.3 general human society description

2 EVENTS AND PROCESSES

2l natyrs} events und processes

il environmental evolution

2000 environmenta! dynamics

200 climate-driven changes

212 radionuclide transport

2.hal atmosphernic transport processes

2122 surface waler 1queous Lransport proceyses

L1.23 porous media uquCOUs transport Processey

2124 transport processes between surface waters and porous me-
dia

2125 solid phase transport

2126 dual flow sysiems

2127 transport mediated by flora and fauna

213 processes aflecting radjonuclide concentrations

2131 chemical reactions

2132 physical processes

2= radionuclide metabolism

RN crops and natural, semi-natural flory

2142 livestock and natural. scmienaturat fauna

2 events and processes related to humun activity

221 chemical changes by human action ' '\I

222 physical changes by human action —~

.2 recycling of materials and mixing by humin action (

224 radionuclide trunsport mediated by human uction |

23 eventy and processes. relsted to human exposure 4

21 human hibits

2311 resource usage

PR W) storage of products

2313 air, wauter and food processing

2114 location and shielding factors

2118 diet

232 cxternal exposure processes

233 internal cxposure procesacs
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an inland valley site form the main component (source term) of the basic system
description, The illustration is based on the Complementary Studies case (BIOMOVS
I1, 1996b). The climate is as at present (basic system description), The society in which
the dose or risk to an average individual of the critical group is to be calculated is
a subsistence community in a mountain valley. Such a community makes significant
use of natural (e.g. forests) and semi-natural environments (c.g. alpine meadows),
However, the databases for such environments are net yet complete (mainly Cs data
are available) and have not yet been evaluated for radioactive waste disposal. There-
fore, only agricultural cnvironments could be included at this stage.

The Reference Biospheres Working Group has applied the methodology from the
beginning to the construction of a relational FEP list. The Complementary Studics
Working Groups started with the textual description, checked that the FEPs identified
by the Reference Biospheres Working Group were included and proceeded with the
methodology, finally producing results, doses to individual members of the defined
critical group. The step from relational FEP list to textual description wus only
superficially investigated.

The exercise of defining the sxample illustration identified several points. When
describing a generic system, it is difficult to simplify and to justify the simplification.
Simplification is only justified il it either does not significantly effect the result or
produces a more conservative result, [n an. carly stage the Reference Biospheres
Working Group tried to delete unimportant FEPs [rom the generic FEP list, but no
such FEPs could be identified. Useful screening is possible given a particular assess-
ment context and a FEP management procedure such as the Interaction Matrix.

The systematic application of the suggested methodology did make the definition of
the example illustration straightforward and easy, although the result was not
a simple model. This was possible due to the careful definition of the basic system
descriprion and thc assessment contexr and, in particular, of the critical group.
Analysing existing databases for the assessment of radioactive waste disposal showed
that the requirements to be [ulfilled by these data bases have not been sufficiently well
defined; particularly important are (a) the potentially large number of relevant
radionuclides or elements, (b) the long time scales for which the data should be
applicable. (¢) the fact that effective data are often required, for example by averaging
recurring events (c.g. once-in-a-century flood) into processes and (d) the uncertainties,
variabilities and averages relating to the temporal and spatial scale which are relevant
for the assessment, Although the definition of the critical group as a self~sustaining
agricultural community should include the use of natural and semi-natural environ-
ments, no relevant reviewed databases exist.

5. Summary and suggestions for future work

Conclusions (for details sec BIOMQYVS 11, 19963, b) from the study are

The methodology and the FEP list developed by the Reference Biospheres Working
Group form a possible common approuch to biosphere modelling, which should help
to harmonise the approaches used in the different organisations.
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The discussions showed that the sime words often have a different meaning und
that different words the same meaning for different persons. This is particularly
pronounced in a more philosophical exercise such as the description of a methodology
for asscssments. Astonishingly, it was much easier to construct a biosphere model by
applying the proposed methodology, than to define and document the principles. The
authors apologise for any remaining confusion in terminelogy in this paper,

The formulation of simple, defensible modcls is not an easy task and in particular,
the definition of generic biospheres is not straightforward, However, using the meth-
odology (a) an audit trail can be documented, which facilitates the detailed scrutinis-
ing of all steps in a specific assessment and (b) differences in modelling will be reduced.
or, if they still exist, will be better explained.

Analysing cxisting databases for the assessment of radioactive waste disposal
showed that the requirements to be fulfilled by these databases have not been
sufficiently well defined. Particularly important are (a) the potentially large number of
relevant radionuclides or elements, (b) the long time scales for which the data should
be applicable, (¢) the fact that cfiective data are often required, for example by
averaging recurring cvents into processes and (d) the uncertaintics. variabilities
and averages related to temporal and spatial scales which arc relevant for the
assessment,

BIOMOVS.II and, in particular, the Working Groups on Complementary Studies
and Reference Biosphercs have laid the basis for harmonisation in the approaches for
biosphere modelling, Smith et al, (1996b) have applied and demonstrated the viability
of the Reference Biospheres methodology. Many of the tasks of the Reference
Biospheres Working Group could be delcgated to participants und results discussed
in plenary. This demonstrated that international cooperation can be much more
efficient than multiple individual cfforts.

The Working Groups suggested the following further studies:

» Refinement of the steps in the methodology concerning (a) the definition of hypo-
thetical critical groups and (b) the definition of criteria for databases to be used as
input in assessments,

« Impiemcntation of the methodology used to derive Relerence Biosphere descrip-
tions additional to the one of the example, including the derivation and testing of
databascs.

« Augmentation of thc methodology to incorporate specific issues, for example the
eflects of transitions between climates, the effects of landscape evolution, and to
cvaluate the importance of different exposure pathways,

Theme | of the new international exercise BIOMASS (BIOMASS. 1996) has taken up

these suggestions,
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