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INTROBUCTION

Until quite recently, society has disposed of household
waste by open dumping, frequently followed by burning to reduce
volume and produce heat. Burning reduces the volume of refuse
principally by accelerating the decomposition of the organic
wastes in the presence of oxygen. Since the late 1960's and
early 1970's, however, sanitary, or environmentally managed,
landfilling of our household and municipal wastes has replaced
the ancient practice of dumping and burning. Developed in
response to public concern for the protection of the environ-
ment, sanitary landfilling involves covering the refuse daily
with soil, thereby creating anaerobic conditions for refuse

decomposi tion.

A significant by-product of the sanitary landfill has been
the creation of conditions suitable for the decomposition of
organic wastes to produce a mixture of gases whose major com-
ponent is methane--the primary constituent of natural gas. In
essence, the degradation process taking place in a landfill is
analogous to that occurring in a sewage sludge digestor; the
major difference is that optimum conditions for methane pro-
duction are rarely, if ever, encountered in a Tandfill.

In recent years there has been a growing interest in the
generation of landfill gas. Although the main reason for this
interest is the scarcity of energy sources and the rising
prices of natural gas and fossil fuels, there are severgl other
contributing factors. First, the trend toward regionalization
of disposal sites has resulted in the development of landfills
in large metropolitan areas where substantial quantities of
refuse can be deposited to great depths. Since methane produc-
tion is a function of the quantity of waste deposited (as well
as a number of other factors such as temperature, moisture
content, and pH), large regional landfills represent prime
candidates for gas recovery. In excess of 5 million cubic feet
per day of equivalent pipeline standard gas (1000 Btu/scf) may
be recoverable from each of the largest landfills.



Another development which has contributed to the interest
in landfill gas generation is the emergence in the United
States of regulatory standards to control the hazard posed by
migrating methane gas. In concentrations between 5 and 15% by
volume in air, methane is flammable at atmospheric pressure
and ordinary temperatures. The potential for hazard is height-
ened by the ease with which methane may migrate subterraneously,
often to significant distances through permeable media; public
safety may be endangered if methane accumulates in a poorly
ventilated area and subsequently achieves combustible concen-
trations. Solid waste disposal guidelines mandated by
Section 1008 of the Resource Recovery and Conservation Act of
1976 (RCRA), slated for final pubiication in early 1979, estab-
1ish criteria for control of landfill gas migration. The pro-
posed criterion for explosive gases stipulates that concentra-
tions of such gases must remain below 25% of the lower explosive
limits (LEL) in facility structures, and below their LEL in the
soil at the property boundary.

The forthcoming gas control criterion is expected to result
in the need for gas migration control systems at numerous land-
fills throughout the country. Where active control systems are
required, the gas-gathering network often can be adapted to gas
recovery for little additional capital investment, thereby
:reating the basis for a profitable gas recovery project. The
recovered methane might be used on-site for heat or power
jeneration, sold as a fuel to nearby industrial customers, or,
in some cases, sold to utilities for subsequent use by private
cus tomers.

The increasing interest on the part of regulatory agencies
ind private research groups in the generation and commercial
-ecovery of landfill methane gas has created the impetus for
‘his state-of-the-art study of the theories and methodology
-elated to landfill gas recovery. Although the major focus of
‘his state of the art of landfill gas is on theory and method-
ylogy, it is important to note that the successful or commer-
:ial application of this information requires an understanding
yf a number of additional disciplines, such as:

1. Landfill design and operation, including control
systems for leachate and gas; ‘
Economic feasibility studies of selected landfills;
Regulatory constraints on the commercial sale of
recovered landfill gas;

Legal arrangements between the landfill owner and
prospective energy user(s); and

The transmission of gas or energy.

DN B wh

The general approach used in this study was to (1) gather,
.0ollate and evr~ ~te available literature pertinent to landfill
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gas production and recovery, and (2) summarize this information,
emphasizing the currently used theories and approaches rather
than attempting a comprehensive review of methodology in the
field. Additional input to the study came from discussions
with experts in the area of gas generation and recovery. The
information presented is organized as follows: (1) a concep-
tual review of the methane fermentation processes; (2) discus-
sion and summary of data on the composition of refuse materials;
(3) procedures for estimating the theoretical maximum methane
yield to be expected from composite refuse; (4) review and
discussion of the available models for the time-dependency of
gas production; (5) gas flow in landfills; (6) field testing

of landfills to determine gas recovery potential; (7) methods
of gas recovery; and (8) processing and utilization of the gas.



METHANE FERMENTATION PROCESSES

In the methane fermentation process, stabilization of
organic wastes is carried out by microorganisms under anaero-
bic conditions, resulting in the production of methane and
carbon dioxide. Understanding the basic kinetic parameters
which affect the degree of waste degradation (stabilization)
should aid in appreciation of the overall rate-controlling
factors as they occur in a Tandfill context. Most of the lit-
erature cited in this section reflects work done on the anaero-
bic liquid waste treatment process, but the basic considera-
tions are also valid for the 1andfill context.

GENERAL MICROBIOLOGY AND BIOCHEMISTRY

In general, any waste material susceptible to aerobic
degradation can also bée treated anaerobically. One of the few
exceptions to this statement is lignin, an amorphous polymeric
substance in wood that binds the cellulose fibers. Lignin com-
prises about 30% of wood, while cellulose~type fibers account
for 55 to 75% of the wood material. Unlike lignin, cellulose
materials are more readily degradable by anaerobic than by
aerobic processes. Wood-derived paper product wastes comprise
the bulk of the moderately decomposable wastes in a landfill,
The biodegradability of wood products is discussed in some
detail in a later section.

Anaerobic decomposition of complex organic materials is
normally considered to be a two-stage process, as indicated in
Figure 1 [28].* In the first stage, there is no methane produc-
tion. In this stage, the complex organics are altered in form
by a group of facultative and anaerobic bacteria commonly
termed the "acid formers". Complex materials such as cellulose,
fats, proteins, and carbohydrates are hydrolyzed, fermented,
and biologically converted to simple organic materials [20, 21].

* Recent research on anaerobic processes has resulted in some
modification of the theory presented on this section (p.5,
para. 3 to p.9, para. 1). See Appendix D for a synopsis.

s
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For Fhe most part, the end products of this first-stage con-
version are organic fatty acids. Acid-forming bacteria bring
about these initial conversions, obtaining for growth the small
amounts of energy released; in the process, a small portion of
the organic waste is converted to bacterial cells. This first
§tage of biodegradation is required to place the organic matter
in a form suitable for the second stage of decomposition.

Dgring the second stage of methane fermentation, the
organic acids are consumed by a special group of methanogenic
bacteria and converted into methane and carbon dioxide. The
methanogenic bacteria are strictly anaerobic, and even small
quantities of oxygen are toxic to them.

Figure 2 illustrates the pathways for the fermentation of
complex wastes such as sewage sludge, food wastes and vegetable
matter (e.g., garden wastes, paper, wood) [28]. The numerical
values shown represent the portion of waste chemical oxygen
demand (COD) which is converted by the various routes. Not
shown in the figure is the portion of the various organics
that is converted to microbial cells as the waste is fermented.
This portion may be as high as 20% during the fermentation of
carbohydrates, and as low as 4% during methane fermentation of
the saturated organic acids.

Figure 2 indicates that, during the complete methane fer-
mentation of complex wastes, over 70% of the methane results
from the fermentation of acetic acid. Also, about 30% of the
waste COD must pass through propionic acid on its way to
becoming methane. The importance of these two acids, and of
the microorganisms which consume these acids in the formation
of methane, is thus indicated.

Waste stabilization requires a balance among all the organ-
isms; the establishment and maintenance of this balance is nor-
mally indicated by the concentration of volatile acids and pH
in the system [28]. MWhen the system is in balance, the methano-
genic bacteria use the acid intermediates as rapidly as they
are produced. However, if the methanogenic bacteria are not
present in suitable numbers, or are being slowed down by unfav-
orable environmental conditions (e.g., pH, toxic materials,
etc.), they will not use the organic acids as rapidly as those
intermediate products are produced by the acid formers. As a
result, the volatile acids will increase in concentration [28].

During start-up of the methane fermentation process, when
excessive sudden shock loads are added, when temperature fluc-
tuations occur, or when inhibitory materials enter the system,
the balance between methane-producing and acid-forming organigms
may be upset, leading to an organic acid increase and a drop in
pH. If the pH decrease is not prevented (i.e., if the pH drops

&
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below 6) during this period, the methane-fermenting . Janisms
may be destroyed, thus causing a severe and costly setback in
the methane production process. To prevent such a setback,

and to aid in optimizing the process, it would be desirable to
have the ability to add alkaline materials in order to maintain
the process balance. A monitoring system for determination of
acidity and pH in the landfill leachate would be an additional
asset for management of the ‘system's environment.

PROCESS BIOCHEMISTRY

A generalized reaction for the overall methane fermentation
of a waste with an empirical chemical formulation of

anaoch

to methane, carbon dioxide, and bacterial cell (CgH,0,N) is as
follows:

9sd de N
CnHaOch + (2n + c-b - 30" 73 H,0 =
sd d sd
(%) cH, + (n-c - 2 - B €0, + 5§ CsH 0N
sd + sd -
+ (c - 3p) NH, + (c - 35) HCO, (1)
where,
d=4n +a - 2b - 3c :
s = the fraction of waste chemical oxygen demand (COD)
synthesized or converted to cells
e = the fraction of waste COD converted to methane gas
for energy
and
s +e=1. (1a)

The value of s varies with the waste composition, the average
solids retention time in the system (ec), and the cell decay
rate (f), as follows:

(1+0.2f ec) (2)

S =3, (+f ec§
where,
ec = solids retention time, days
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ae smax when ec =0

f = cell decay rate, day'l (per day).

The value 0.2 represents the refractory portion of the bacter-
ial cells formed during cell decay. Values for ap, the maximum
value for s obtained when 6. equals zero, are listed in Table 1
for various components of wastes; carbohydrates give the maxi-
mum yields and fatty acids, the minimum [31]. .

TABLE 1. Values for ap and Y for methane fermentation of
various wastes components (Ref. 31)

Y{Organism Yield
Was te Chemical a Coefficient)

Component Formula gm cells per gm
COD consumed

sarbohydrate CeH1005 0.28 0.200
drotein C16Has Os My 0.08 0.056
Fatty Acids CisH3202 0.06 0.042
Jomestic Sludge  CioH1903N 0.1 0.077
“thanol CoHe O 0.1 0.077
fethanol CH, D 0.15 0.110
Jenzoic Acid C7Hg 02 0.1 0.077

The specific maintenance rate, f, has also been Fermed
more generally the cell decay rate, as decrease in biomass may
yecur through death, lysis, endogenous metabolism, and preda-
tion, as well as through energy utilization for maintenance
[23]. Typical values for f have ranged from 0.01 per day to
).05 per day in mixed cultures. Organism decay rates under
anaerobic conditions tend to be lower in general than unqer
serobic conditions; f ranges from 0.02 to 0.06 for aerobic
systems and 0.01 to 0.04 for anaerobic systems [23].

The biological yield factor, Y, generally ranges from
).03 to 0.15. For anaerobic systems, Y is 0.03 to 0.05 for
yrotein and fatty acid substrates and 0.14 to 0.16 for carbo-

1wydrate wastes.

11
pH AND ALKALINITY REQUIREMENTS

The optimum pH for methane fermentation is about 7 or
slightly above, but the methane bacteria generally are not
harmed unless the pH drops below the range 6.0 to 6.5. The
lTower the pH, the shorter the time for a given decrease in
activity. For this reason, it is essential that the pl be
maintained above 6 at all times in those cases where pl control
is possible. When pH control is not possible, the process will
probably not be operating under optimum conditions.

Figure 3 illustrates the relationship between pH, bicar-
bonate concentration and carbon dioxide partial pressure in an
aqueous, anaerobic system [28). When the bicarbonate alkalin-
ity drops below about 500 mg/L, and with the normal percentage
of carbon dioxide in the gas (e.g., about 50%), the pH will
drop dangerously close to 6.0. Since most landfills will start
out under acid conditions (pH between 5 and 6), they will not
initially provide optimal pH conditions for maximum methane
production unless the pH is controlled externally.

When anaerobic systems become unbalanced, the volatile acid
concentration increases, destroying the bicarbonate atkalinity
according to the following reaction:

HCOQ + HAc = H,0 + CO, + Ac” (3)
where,

HCO; is the bicarbonate ion and HAc is acetic acid.

This results in a pH decrease as indicated in Figure 3. The
total alkalinity will not change greatly, as Ac also is
measured as alkalinity. When the volatile acid concentration
and the total alkalinity (usually titrated to pH 4,0) are
known, then the bicarbonate alkalinity can be computed by the
following relationship:

BA = TA - 0.71 (VA)
where,
BA = bicarbonate alkalinity, mg/L as CaCO;
TA = total alkalinity, mg/L as CaCO,
VA = volatile acids, mg/L as acetic acid (HAc)

According to Dr. DeWalle of the University of Washington
(pers. comm.), bicarbonate alkalinity in landfills tends to be
relatively low, since the concentration of inorganic carbon in
leachate is typically less than 50 mg/L. However, the release
of ammonia from nitrogenous organics in refuse is thounht to
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counteract the drop in pH according to the following reaction:

Xk -
HAc + NH, =@4ﬁ9j NH, + Ac
A

HAC is acetic acid
Ac, is the acetate ion
NH, is the ammonium ion.

where,

Note that the above reaction neutralizes the organic acids to
the extent that the ammonium ion is produced.

SUMMARY

Although the activities and very existence of a microbial
population are associated with a multitude of abiotic factors,
a range (maximum and minimum) can usually be established for
each of these factors. The extremes of each range are physio-
logical limits beyond which the microbial population is unable
to maintain itself or to perform a vital function. For each
factor, an optimal level or range usually can be established,
in addition to an upper or lower limit.

In a heterogeneous mixed-media system such as is found in
a landfill, it is to be expected that many microenvironments,
exhibiting varied conditions, may be formed at different loca-
tions within the refuse and may support the growth of widely
varying types of organisms. For exanple, one may find methane
produced in a landfill which appears to have a leachate pH of
5 (even though methanogenic bacteria cannot function at pH 5).
This unusual situation can occur because there are pockets or
regions (microenvironments) in the landfill where conditions

allow these organisms to survive.



COMPOSITION OF MUNICIPAL REFUSE

GENERAL CONSTIDERATIONS

Refuse composition directly affects both the total yield
and the rate of methane production during anaerobic decomposi-
tion in a landfill. Methane production is stimulated by a
waste having a high percentage of biodegradable organic mater-
ials (food and garden wastes, paper, textiles, and wood). To
facilitate estimating the overall rate of methane production
as a function of time, the biodegradable organics in refuse
can be subdivided into categories; for example, rapidly decom-
posable (food and garden wastes), and moderately decomposable
(paper, textiles, and wood).

Estimating the bulk composition of municipal refuse is a
task requiring attention to questions of (1) sample size, (2)
frequency of sampling, and (3) total number of samples [51}.
Since municipal refuse is a composite waste material made up
of particles or pieces the sizes of which range over several
orders of magnitude, the most reliable and accurate estimates
of composition have been based on sample masses of at least

90.7 kg [7].

COMPOSTTION AND CHEMICAL ANALYSIS OF REFUSE

Table 2 summarizes the best available literature on the
composition of residential and commercial refuse. Data are
given as the percent total of total wet weight of refuse. Data
indicate that approximately 70 to 80% of the total wet weight
is comprosed of organic-based materials.

A high refuse moisture content (in the range of 60 t0 80%--
wet weight) favours maximum methane production. However, the
moisture content of refuse at the time of placement is normally
well below this range, averaging about 25%. Typica’ 1isture

4
&
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Municipal refuse composition (percent on wet weight basis).

Table 2.

49 54

49

agb

REFERENCE NUMBER®

REFUSE

17 39 40 43 47 47 47 47
;} 69.0

16

COMPONENT

12.0

10.7 12.0 0.5 14.9
10.4 35.7 64.1

|

4.8
9.6) 69.

15.3 14.5 16.0 22.5

12.0

10.1

Food Waste

16.3

40.6 30.0 30.2 34.9

2.0

1

.4 42.5 48.0 45.5 42.0 56.5

9.0 13.8 2.5 9.0

5.2

Garden Waste

60.3 50.0 42

Paper Products

6.4

4.6 -- 1.3

0.2
1.5

2.2

2.4

2.5

3.0

2.0

Plastics/Rubber

1.7
3.8
9.8
10.5

1.0
1.9

1.0

.7

1.0 1

0.6
2.5

4.0
3.0

1.0

2.0

1.6

2.0

1.6

Textiles

1.0
9.0

2.0

2.0

1.4

Wood

5.9

8.0 14.5 8.7 10.5
11.3 N.4

9.0
6.0

8.0

9.0

6.7

7.7

Metals

0.9

1

6.1

6.0
1.0

5.1 7.0 10.1 10.0 6.0

Glass/Ceramic

1.7

1.0

8.5

7.5

1.2 8.0

6.6

Ash/Dirt/Rock

8.3 7.0 -
2.1

Fines

7.4 -- --

- 74

0.5

Miscellaneous

In cases where a reference presents differing data (e.g., references 47 and 49),

altemative waste streams have been analyzed.

b Average of all cells.

% Yhe nunber above each column is a reference number identifying the source of the data in the
bibliography.
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content of the various fractions of refuse is presen..d in
Table 3 as a percentage of wet weight. As expected, food and
garden wastes--the most rapidly decomposable fraction of
refuse--contain the highest percentage of moisture, averaging
over 50% moisture on a wet-weight basis.

Several studies have analyzed the chemical composition of
typical refuse components; these data are summarized in Table 4.
In cases where data for a particular chemical component are not
shown, either the element was not detected in the refuse or it
was not analyzed in that study. References are given for the
data presented in Table 4.

Average values for the carbon, hydrogen, oxygen, nitrogen,
and sulphur content of refuse components are given in Table 5.

The data in Tables 2 through 5 comprise the information
base for estimating the theoretical maximum yield of methane
from municipal refuse. The next chapter reviews two approaches
to estimating methane production: (1) a stoichiometric method
based on the chemical composition of the organic material to be
biodegraded; and (2) a method based on the overall biodegrada-
bility of the refuse components.



Table 3. Moisture content of refuse components (for selected
waste samples) (percent on wet weight basis).
b MOISTURE CONTENT®

REFUSE COMPONENT 27 47 48 50
Food Waste 62 72 55 -
Garden Waste -- 65 47 32.7
Paper Products 20 10.2 24 24.6
Plastics/Rubber 20 2 16 --
Textiles -- 10 23 14.6
Wood -- 20 15 8.1
Metals -- ) 3 5 -
Glass/Ceramic - 2 1 --
Ash/Dirt/Rock -- 10 14 --
Fines -- - 32 -
Miscellaneous - 4 - 7.4

a The number above each column identifies the source of the
data in the bibliography.

b RSN

Mean values computed from all data given.
¢ Average of all cells.

Table 4. Chemical analysis of refuse components.
Reference? 47 47 47 4 47 47 47 47 47
Composite Fats Glass
ANALYSIS Refuse (Lipids) Putrescibles Metals Ceramics Ashes Paper Wood Grass
Percent Moisture 20.7 0.0 72.0 3.0 2.0 10.0 10.2 20.0 65.0
(wet material)
Chemical Analysis
(% dry material)
C 28.0 76.7 45.0 0.8 0.6 28.0 43.0 50.5 43.4
H 3.5 121 6.4 0.04 0.03 0.5 5.8 6.0 6.0
0 22.4 1.2 28.8 0.2 0.1 0.8 44.3 42.4 41.7
N 0.33 0 3.3 -- -- - 0.3 0.2 2.2
S 0.16 0 0.52 - -- 0.5 0.2 0.05 0.05
Ashb 24.9 0.0 16.0 99.0 99.3 70.2 6.0 1.0 6.8
Vo'latilesC 75.1 100.0 84.0 1.0 0.7 29.8 94.0 99.0 93.2
Heat Content, 14 430 38 840 19 730 288 151 9704 17 610 20 040 17 890

kd/kg

Bl
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Table L. Continued.
Reference’ 47 a7 47 47 a7 47 4 47 47
Oils Textiles
ANALYSIS Brush Greens Leaves Leather Rubber Plastics Paints Linoleum (rags)
- Percent Moisture 40.0 62.0 50.0 10.0 1.2 2.0 0.0 2.1 10.0
(wet material)
Chemical Analysis
(% dry material)
C 42.%5 40.3 40.5 60.0 77.7 . 60.0 66.9 48.1 55.0
H 5.9 5.6 6.0 8.0 10.4 7.2 9.7 5.3 6.6
0 4.2 9.0 45.1 11.5 -- 22.6 5.2 18.7 31.2
N 2.0 2.0 0.2 10.0 - . 2.0 0.1 4.6
S 0.05 0.05 0.05 0.4 2.0 - - 0.40 0.13
Ash? 8.3 130 82 10.0 10.0 0.2 163  27.4 2.1
Vo'lati]esc 9.7 87.0 91.8 89.9 90.0 89.8 83.7 72.6 97.5
Heat Cont.ént, 18 380 16 460 16 510 20 590 26 350 33420 31 190 19 330 17 800
kd/kg
Table 4. Continued.
Re ference® 27 27 46 46 47 47 49 53
Street
ANALYSIS Paper Garbage Paper Leaves Sweepings Dirt Refuse Coapost
Percent Moisture - - 4.07 1.04 20.0 3.2 - -
{wet material)
Chemical Analysis
(% dry material)
c 4N 43.19 51.21 55.72 3.7 20.6 X9.0 35.7
H 7.44 9.40 5.85 5.37 4.8 2.6 -- -
0 40.66 26.64° 41.14 28.72 3.2 4.0 - -
N 0.41 2.90 0.04 4.20 0.1 0.5 0.56 1.07
S 1.28 1.14 0.12 0o.Nn 0.2 0.01 -- -~
I\shb 4,99 15.23 1.57 5.88 25.0 72.3 -- -
Volat'ilesc 95.01 B84.77 98.43 94,22 75.0 21.7 - -
Lipids 7.48 28.%4 - -- - -- -- --

0¢
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Table 4. Concluded.

Reference® 19 k7 41 53
ANALYSIS Refuse Organics Fines and Organics Garden Waste

Chemical Analysis
(% dry material)

c - 35.0 - 39.2
N 1.0 0.62 0.16 2.03
S -- - - -
ashP 54.0 - 88.0 21.0
volatiles© 54,0 -- 12.0 79.0
BOD;, mo/L - -- 0.6 -
€OD, mg/L - - 3.6 -

2 The reference number above each colum refers to the source of the data.

b} Noncombustible.

€100 - ¥ ash.

77

kR

Table 5. Chemical composition of organic components in municipal refuse
(percent on dry weight basis) (Ref. 51).

REFUSE

COMPONENT . CARBON HYDROGEN OXYGEN NITROGEN SULPHUR ASH
Food Waste 48 6.4 37.6 2.6 0.4 5.0
Garden Waste 48 6.0 38.0 3.4 0.3 4.5
Paper Products 44 6.0 44.3 0.3 0.2 5.5
Plastic 60 _ 7.2 22.8 -- - 10
Rubber 78 10 - 2.0 2.0 10
Textiles 55 6.6 31.2 4.6 0.15 2.5
Wood 50 6.0 42.7 0.2 0.1 1.5
Ash/Dirt/Rock 26 3.0 2.0 0.5 0.2 68

€7



ESTIMATION OF THEORETICAL MAXIMUM YIELD

ALTERNATIVE APPROACHES

Several different methods have been used to estimate the
theoretical maximum yield of methane from municipal refuse.
Each method necessarily assumes an efficiency of conversion
and/or stoichiometry for the bioconversion of the organic
matter to methane. The following section briefly reviews the
approach of several investigators. Later sections of this
chapter explore in more detail the methodologies employing
(1) the basic stoichiometry of the conversion process, and
(2) an approach utilizing an assumed conversion efficiency.

Using the stoichiometric method, the potential ultimate
yield of methane gas has been estimated as 270 L CH,/kg wet
refuse. This estimate is based on a gross enpirical formula
representing the chemical composition of composite refuse
(CogHy,9059N) and on the overall process stoichiometry
(equation 1) approximating the combined mechanisms which take
place during anaerobic decomposition of organic refuse in a
Tandfill [24]. The same analysis estimated that the landfill
gas would be 54% CH, and 46% CO, by volume.

A similar stoichiometric approach based on gross empirical
formulas representing two groups of organic wastes constituting

major sources of landfill gas, paper (C,g3H33,0;35N), and food
wastes (CygH,70gN) resulted in an estimated ultimate yield of

230 L CHy/kg wet refuse [24). This approach also estimated an
overall gas composition of 54% CH, and 46% CO,.

An estimate of 415 L CH,/kg refuse was reported by Dynatech
R&D Company using the stoichiometric approach [56]. This esti-
mate assumes that the refuse is cellulose on a dry weight basis
and that all of it decomposes to methane. The stoichiometry

for this reaction is:

C6H1005 + H20 = 3c02 + 3CHl.
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The estimated yield of methane would be 300 L CH,/kg wet
refuse.

The second method of estimating the ultimate gas yield is
based on approximations of the overall biodegradability of
"typical" composite refuse or of individual waste components.
One approach assumed that 239 L of CH, could be produced from
each pound of dry biodegradable volatile solids in the refuse
[24). Analyzing various refuse categories separately (based
on the range of possible values for fractional composition,
moisture and volatile solids content, and fraction of volatile
solids biodegradable), and summing the gas contributions of
the individual categories gave total methane yield estimates
ranging from 6.2 to 230 L CH,/kg wet refuse. Analysts using
"average" characteristics for each refuse category gave a
potential ultimate yield estimate of 47 L CH,/kg wet composite
refuse (24].

Another approach [43], based on the overall biodegradabil-
ity of composite refuse, assumed the following: decomposable
material constitutes 50% of in-place refuse weight; 50% of the
decomposable material is volatile; 375 L of gas are produced
for each kilogram of refuse destroyed (47]. Schwegler stated
that the assumptions were conservative. These assumptions
would result in an ultimate gas production estimate of 0.5 x
0.5 x 375 = 94 L gas/kg refuse. At a methane concentration of
50%, ultimate methane production would be 47 L CH,/kg refuse.

Similar assumptions used elsewhere would give a higher
yield estimate. For example, Pfeffer [42) assumed the follow-
ing: 70% of domestic refuse is biodegradable; 70% of the bio-
degradable portion is anaerobically gasified; 687 L/kg of gas
are formed for each pound of dry solids destroyed [44]. Fur-
ther, assuming a 50% methane concentration and a 25% refuse
moisture content would give an ultimate yield estimate of
0.7 x 0.7 x 0.5 x 0.75 x 687 = 125 L CH,/kg wet composite

refuse.

Numerous landfill gas recovery project reports have based
ultimate yield estimates on the total organic carbon content
of composite refuse (6, 8, 28]. This approach assumes the
following: 1 mol of combined methane and carbon dioxide is
produced from 1 mol of organic carbon; organic carbon content
is 25 or 26% of the composite refuse by weight; 100% of the
organic carbon is converted to gas. Estimates of ultimate
yield based on these assumptions range from 506 to 530 L gas/kg
composite refuse. Assuming a methane concentration in the gas
of 50% by volume, the ultimate potential yield would be 260 to
270 L CH,/kg composite refuse. The references differ as. to
whether these yields are based on wet or dry weight of compo-
site refuse. ‘wever, the lower estimate of 506 L gas/kg of

Summary of estimation methods for theoretical maximum methane yield.

Table 6.

Reference

Assumptions
Made

Estimated
Yield
L CH,/kg
wet composite

Estimation
Method

24

CogHy490s50N,

tes

203H33H0138N) and food was

Chemical composition of composite refuse,

and of paper (C
(CygHz70gN) .

230-270

Stoichiometric

Balanced
~Equations

Assumes 1.5 kg biodegradable COD/kg volatile solids

and 351 L/kg biodegradable COD

24

6.2-230
47 average

Biodegradability

of Materials

45

47 average

Biodegradability
of Materials

Wet, composite refuse is 50% decomposable organics;

50% of decomposabie organics is volatile; 375 L gas/kg

volatile matter; 50% of gas is CH,.

42

moisture

I
o

of gas is CH,.

«
“°

Wet composite refuse is 70% decomposable organics;

70% decomposable organics converted to gas; 690 L

gas/kg dry decomposable organics, 25%

content; 50%

120

Biodegradability
of Materials

190-270

Total Organic

Lontent

1 mol organic carbon yields 1 mol gas; CH, is 50% of
gas produced, 100% of organic carbon is converted

to gas.

5, 26, 4

27
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refuse was stated to be on a dry weicht basis. Assuming 50%
CHy and 25% refuse moisture, this estimated yield could be as
Tow as 187 L CH,/kg wet composite refuse.

Table 6 summarizes the range of values for estimated ulti-
mate methane yield for the different estimating methods de-
scribed above. L

From the above discussion, it can be seen that realistic,
theoretical estimates of potential total methane production
range from 47 to 270 L CH,/kg wet composite refuse. We feel
that, for conditions prevailing in most sanitary landfills,
total methane production would fall within the range of 31 to
94 L CH,/kg wet composite refuse. The total production can be
enhanced by managing environmental factors favouring methane
fermentation; in particular, moisture and pH.

Two stoichiometric methods used to evaluate the potential
for methane production from organic solid wastes placed in
landfills are examined below in detail. The first method
utilizes the chemical compgosition of thé refuse to compute on
a strictly stoichiometric basis the maximum potential methane
to be derived under optimal anaerobic conditions. The second
method utilizes the gross composition of the refuse components
along with an estimation of the biodegradability of the indi-
vidual refuse components.

Tables 2 through 5 provide the data base for estimating the
potential methane production by these two methods. Table 2
presents data on the percentage of various refuse components
in solid wastes; Table 3, data on percent moisture content of
refuse components; Table 4, values for the chemical composition
of refuse components; and Table 5, data on the composition of
organic components in municipal refuse.

STOICHIOMETRIC METHOD

The stoichiometric method of estimating potential methane
production requires that the basic chemical composition of the
organic material to be biodegraded be known. This method does
not include any evaluation of the extent of biodegradability

of the organic matter.

Composite Refuse

From Table 4, we will use the chemical composition of com-
posite refuse as presented in a 1972 publication of Solid-
Waste Management [47].
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Chemical composition of composite refuse:

Stoichiometric
% (Wet Wt) Normalized 4 Mole Ratios Coefficients

C 28 51.6 4.3 99

H 3.5 6.5 6.5 149

0 22.4 41.3 2.58 59

N 0.33 _ 0.6 0.0436 1
54.23 100.0

Based on the above computations, the empirical formula for
refuse is:

CagHyyg0sgN

From equation (2) we can compute the fraction of substrate
converted to cells, s

(1+ 0.2fec)

ST [TTFA)
e 1+ fec

Now, assuming the following values for the biological activity
in the fill, a, = 0.2, f = 0.02, and choosing an infinite time
for 6c, we get s = 0.04. We will use this value for general
computation purposes; therefore, e = 0.96 (equation la).

The molecular weight of the empirical formula is:
M.Wt. = 12 x 99 + 149 + 16 x 59 + 14 = 2295
Utilizing the empirical formulation (equation 1), we have

d=4n+a-2b- 3c=4x99+ 149 - 2 x5 - 3 =424

d = 424

moles CH, per mole composite refuse =
de _ 424 x 0.96 _
S 8 51 )
moles CO, per mole composite refuse= {n-c-sd/5 --%

0.04 x 424 _ ¢, - 44

de
B

(n-c- ig - g%) =99 - 1-
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Volume methane per unit weight of composite refuse:

L CH,/kg wet composite refuse = (61 x 22,266
( 2295 )

0.5423
L CH
= — LA,
268 kg wet
composite -
refuse

where 1 kg-mol CH, occupies 22,266 L, at standard temperature
and pressure.

The gas produced will be 54% CH, and 46% C0,.

Re fuse Components

An alternative approach to estimating potential methane
production from refuse is to consider two groups of organic
wastes which together constitute the major sources of landfill
gas: (1) paper and garden wastes, and (2) food wastes. Using
the data presented in Tables 4 and 5, stoichiometric coeffi-
cients for the constituent elements can be derived for these
two organic waste categories. Based on the resulting empirical
formulas and on assumed values for selected biological para-
meters, the volume of methane per kilogram of raw refuse in
the two organic waste groups may be estimated.

Non- food Organic Wastes

Non- food organic wastes are principally comprised of garden
wastes, paper, textiles, and wood. For purposes of calculating
an empirical formula for this waste category, these refuse com-
ponents are represented as paper materials.

Since paper is a wood-base product, we can look at the com-
position of wood for an evaluation of these materials. On a
dry-weight basis, wood consists of: cellulose, 40 to 50%;
1ignin, 30%; hemicellulose, 15 to 25%; and other, 5%. Cellu-
lose, a water-insoluble polysaccharide, constitutes the bulk
of the cell membrane material of higher plants. It makes up
50% of wood and wood-1like plant fibers, and over 90% of cotton
fibers. Wood consists of molecules of cellulose, hemicellulose
(a polymer of related structure), and lignin. Lignin, whose
structure is not completely known, is a polymeric aromatic
material which acts as a matrix, binding the cellulose fibers
together. Cellulose (a polysaccharide made up primarily of
glucose) and hemicellulose (a noncellulosic, nonpectin poly-
saccharide) are hoth substantially biodegradable under appro-
priate anaerokt onditions.

- ———— e e

— ————
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From Table 4 we obtain an ave}age chemical composition of
paper (average of three analyses) of:

Mole Stoichiometric

Normalized ¥ Ratios Coefficients
c 48.84 4.07 203
H 6.69 6.69 334
0 44,20 2.76 138
N 0.26 0.02 1

These staichiometric coefficients yield the empirical formula
of C,93H33,0,3gN for paper.

Following the stoichiometric computation method used for
composite refuse and again utilizing values of a, = 0.2,
f=0.02, s = 0.04, and e = 0.96, we get the fol?owing results
for potential methane from the garden waste, paper products,
textile, and wood components of solid waste (here all computed
as paper materials):

104 mol CH, per mole C03H334,053gN (M.Wt. 4992 g/mol)
91 mol CO, per mole C203H33q0133N
yielding a gas composition of

53% CH,,
47% C0,

and potential methane production of

466 L CH,/kg £x

where £x = (garden waste + paper products + textiles + wood)
on a dry weight basis. Potential methane production from ix

in raw refuse is estimated to be
209 L CH,/kg raw refuse (wet weight).

This does not include the contribution from food wastes.

Food Wastes’

The estimated contribution of potential methane production
from the food waste component of refuse, compyted by the same
method as above, gives the following information (data base

taken from Table 5):
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Empirical Formula
Molecular Weight
Gas Composition

CygH2 706N

361 g/mol

60% CH, (8.64 mol CH,)
40% €0, (5.78 mo1 CO,)
535 L CH,/kg food waste
23.4 L CH,/g raw refuse '

kg CH,/kg food waste
kg CHy/kg raw refuse

Summary

The'stoighiometric method of computing potential methane
production yields the following:

L CHy/kg
Material Raw Refuse
1. Composite Refuse 269
2. Garden Wastes, Paper, Textiles, Wood 209
3. Food Wastes 23.4
4. (Sumof 2 + 3) 232.4

Presumably, the difference between methane production based on
conposite refuse (296) and the sum of the major organic frac-
tions (232.4) is due to nonbiodegradable organics such as
plastics, rubber, and other materials, as well as statistical
variations in the data used for the basis of the computations.
The values computed by the stoichiometric method assume opti-
mal anaerobic conditions of moisture, pH, temperature, C/N
ratio (weight of carbon divided by the weight of nitrogen),
and micronutrients. Implicit in this approach is the absence
of toxic or inhibitory substances which would impede the
methane fermentation process. Obviously, these idealized
conditions do not exist in most landfills. Nevertheless, the
results obtained do put maximum boundaries upon the potential
for methane production and will allow better focus upon those
factors which might 1imit the achievement of optimal gas
recovery from the waste materials.

METHOD UTILIZING BIODEGRADABILITY OF MATERIALS

This method of estimating potential methane production is
based upon gross characteristics of the organic material, as
characterized by volatile solids (V4) and effective biodegrad-
ability (E;) of the refuse components.

The following is a simple mathematical model for estimat-
ing methane production from refuse components based on data.
sontained in Tables 2 to 4. Equation (4) estimates the maxi-
num methane volume that can be produced from component i for
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a given_weight (Wg) of wet bulk refuse when optimal «...ditions
are available for the anaerobic conversion of organics to
methane and carbon dioxide.

- ' -
C. k x k' x Nt X Pi x (1 Mi) X Vi X Ei) (4)
where,

Wy = Total weight of wet refuse

P; = Fraction of component in total bulk refuse, wet
weight basis

M; = Fractional moisture content of component i, wet
weight basis ‘

V; = Fractional volatile solids content of component

c, dry weight basis

E; = Fraction of dry volatile solids in component i
that are biodegradable

C; = Volume of methane gas from refuse component i
(Potentia)l methane production from unit weight
of raw refuse is estimated by letting Wy = 1),

Coefficients/Constants

k = 351 L CH,/kg biodegradable
Cob

k' = 1.5 kg COD/kg volatile solids

Total potential methane production from n refuse
components is given by

C, = .L.C . (5)

Table 7 summarizes the typical range and averages for the
various factors used in calculating the methane gas production
per unit mass of refuse. Note that the data in this table do
not correspond exactly to the numbers shown in Tables 2 through
4, Where appropriate, the authors have selected ranges and
averages that represent, in their judgment, the most typical

values.

Substituting in equation (4) the average values for the
factors shown in Table 7, and letting W¢ equal 1, one may
calculate the methane gas production per unit mass for each
organic component of the refuse. The results of these calcu-
Tations are shown in the last column of Table 7. These
results differ significantly from the potential methane
production computed by the stoichiometric method (calculated
as 230 to 267 L CH,/kg wet composite refuse in the section
entitled "Alternative Approaches"), differing by a factor of
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Y

Calculation of theoretical maximum methane yield based on biodegradabilit

of refuse composition?a,

Table 7.

Methane Gas
Production Per

%
Volatile

Average

Typical
Range

Range Average

Typical
i

Refuse
Component

Volatilg

Solids

Average

Unit Mass

RefuseC
Litres CH,/kg

Biodegrad.
{dry wt.)

(dry wt.)
[27,46,47,49}

Solids

4

Moisture Ory Solids

(wet wt.)

(wet wt.)

o
r

L4
%
Moisture

(wet wt.)
127,47,48,50)

2
In Raw
Re fuse

In Raw
Refuse

(Organic

Fraction)}

{39}

[39)

8.53

55-72 63 37 60 50

14.6

0.08-36

Food Waste

8.38

33-65 48 52 70 35

12.5

0.3-3%.5

Garden Waste

85 20 30.57

20 80

10-25

42.7

13 -61.8

Paper Products

0.37

95

87

13
16

2-20

4.3

Plastic/Rubber 0.3- 6.4

0.50

94
85

84

2.4 10-23

0.1- 8.9

Textiles

0.48

8-20 14

2.5

0- 7.5

Wood

Where

3 Note that the data on this table do not correspond exactly to the numbers shown in Tables 2 through 4.

appropriate, the authors have selected ranges and averages that represent, in their judgment, the most typical

The numbers under the colum titles identify the sources of the data in the bibliography.

values.

b Estimated.

€ 47.5 L/kg.
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about 5.. It is reasonable to expect considerable variation in
composition of refuse and in landfill environments, and these
estimates are based on two different methods, giving only

approximate results. No one value for potential methane pro-
duction is merited.

Again, it must be emphasized that all the above estimates
are for theoretical maximum CH, production under optimal anaer-
obic conditions which are seldom obtained throughout the fill
volume. On the other hand, under non-optimal anaerobic condi-
tions, and assuming less than 100% efficiency for recovery of
methane, a figure of 60 t 30 L of CHy/kg of raw refuse repre-
sents a practical estimate of actual recovery potential.

COMPARISON OF OBSERVED AND CALCULATED GAS COMPOSITION

The composition of landfill gas produced under anaerobic
conditions is typically observed to be 50 to 70% methane and
30 to 50% carbon dioxide. Traces of ammonia, hydrogen
sulphide, and other gases may also be present. Quantities of
oxygen and nitrogen encountered in analysis typically result
from air contamination during sampling, from atmospheric air
that may be drawn through the fill when an induced exhaust gas
extraction system is employed, or from air leaks in the gas
collection system.

Table 8 presents typical landfill gas composition data
observed at a number of landfills. As indicated in footnote
a of this table, the calculated gas composition using the
stoichiometric method (described earlier in this report)
compares quite favorably with field measurements of gas
composition.

Because of its combustible nature, methane is the gas of
principal interest when gas hazard control or gas recovery is
contemplated although other potentially corrosive gases may be
of concern, Methane, a colourless, odourless hydrocarbon, is
combustible at concentrations of 5 to 125 by volume in air and
has a heating value of approximately 37,260 kJ/m3 of methane.
Since methane averages only about 55% of the landfill gas
composition, the heat content of the gas as produced in the
landfill is about 20,490 kJ/m3. During recovery or harvesting
of the gas, some reduction in methane concentration occurs due
to dilution with air, and the more usual value of heat content
for the extracted gas is 16,770 to 18,630 kJ/m3.
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Table 8. Typical landfill gas compositiona.

Carbon
LANDFILL Methane Dioxide Nitrogen Oxygen Other
% % % %

Azuza Western 50 50 - S
Azuza, CA .

Bradley 50 50 - - -
Los Angeles, CA

Central Disposal © 50 50 -- - -

Site

Sonoma County, CA

G.R.0.W.S. 46 53 1 -- -
Morristown, PA

Hewi tt 45 55 - -- -
Los Angeles, CA

Mountain View’ a4 3 21 1 -
Mountain View, CA

Palos Verdes® 53 43 3 -- 1
Rolling Hills, CA

P.1.1. 45 55 -- -- -
Denver, CO

Scholl Canyon® 40 51 7 2 --
Glendale, CA

Sheldon Arleta 55 45 -- -- --

Los Angeles, CA

3 The data presented in this table were obtained from an unpub-
lished study by EMCON Associates; they are based on field
measurement of gas composition, and are within the range of
the theoretical values computed by the stoichiometric methods
described earlier in this chapter. The computed values for
methane and carbon dioxide are as follows: composite refuse,
54% and 46%; paper products, 53% and 47%; food wastes, 60%

and 40%, respectively.

b The presence of oxygen and nitrogen is believed to be caused
by the air drawn into the fill during the extraction process.

TIME DEPENDENCY OF GAS PRODUCTION

GENERAL CONSIDERATIONS

During the relatively early active life of a 1andfill, the
composition of landfill gas undergoes an evolutionary process
as the waste experiences first aerobic, and then anaerobic
environments. The changes in gas composition can be character-
ized by four relatively distinct phases (Figure 4). In the
first phase, lasting several days to weeks, oxygen is present
as a component of air from the time of waste placement; carbon
dioxide is the principal gas produced during this stage.
During the second phase, anaerobic conditions prevail once
oxygen has been depleted. As anaerobic decomposition begins,
significant amounts of carbon dioxide and some hydrogen are
produced. The third phase, also anaerobic, is characterized
by the first evidence of methane, a reduction in the amount of
carbon dioxide produced, and the depletion of hydrogen. The
fourth phase is also anaerobic and differs from the third in
that gas production and composition approach pseudo-steady- -

state conditions.

The amount of time associated with each phase of gas
production is a function of the specific conditions within a
given landfill. Once methane production begins within a land-
fill, it usually will continue over a number of years, the
total time depending on site-specific conditions. Gas gener-
ation may range from a few years to several decades in certain

environments.

IMPORTANT SYSTEM VARIABLES

The rate of gas production at any time is a function of
numerous factors, including: (1) size and composition of
refuse; {2) age of the refuse; (3) moisture content of refuse;
(4) temperature conditions in landfill; (5) quantity and

7
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Figure 4. Evolution of typical landfill gas composition,

quality of nutrients; and (6) pH and alkalinity of liquids
within the landfill (probably only important for those land-
fills actively producing leachate). As the landfill ages, gas
production gradually decreases, and the landfill eventually
returns to an aerobic environment when the biodegradable
materials are depleted.

Several of the landfill variables are potentially manage-
able by the landfill operator/manager. These variables could
be manipulated to enhance both the rate and quantity of methane
produced within the landfill. For instance, the following
f§ctors could potentially be altered or managed: (1) composi-
tion of refuse materials, (2) exclusion of toxic or inhibitory
materials; (3) time/space of refuse placement within a land-
fill volume, (4) moisture content and moisture recycling,

(5) nutrient addition, (6) pH control, (7) particle size of
refuse materials (size reduction), (8) density of in-place
refuse (reflects degree of compaction), (9) permeability and
porosity, (10) microbial population (seeding). Temperature is
probably the one parameter which is not readily amenable to
management. Current practice commonly does not allow for
management of any of the above variables.

Factors Affecting Production Rate

Refuse composition directly affects the rate of methane
production, as well as the ultimate yield. Maximum methane
production is stimulated by a waste having a high percentage
of biodegradable materials (food and garden wastes, paper,
textiles, and wood). Composition changes reflect seasonal and
geographical variations; e.g., significant increase in garden
trimmings in fall, seasonal agricultura) wastes, higher
percentage of garden wastes in tropical or fast-growing
geographical areas, sludge applications, etc.

Studies of anaerobic waste treatment in digesters indicate
that no toxic or inhibitory materials should be present in the
waste since such substances readily upset the activity of
methanogenic bacteria. Industrial wastes may contain inhibi-
tory concentrations of common salts of sodium, potassium,
magnesium, calcium, ammonium or sulphide, and, more impor-
tantly, toxic organic solvents such as carbon tetrachloride
and chloroform, among others (28]. During anaerobic digestion
of sewage sludge, it has been observed that, while sodium,'
potassium, calcium and magnesium may stimulate gas proquctyon
at relatively low concentrations (75 to 400 mg/L), inhibition
results from higher concentrations (1000 mg/L), and toxic
effects are noted at still higher concentrations (e.q., 2000

to 3000 mg/L for calcium) [28].
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As alr, noted, methane production begi

oxygen has been depleted; indeed, oxygen isgtgiignlg z:;er o
str!ctly_anqerobic methanogenic bacteria. If a gas recovery
project is 1mplemgnted, high gas extraction rates may cause
problems by Creating a pressure gradient across the refuse
cover or pﬁrlmetgr, drawing in atmospheric oxygen and. thereby

poisoning’ portions of the methane-generating landfill.
0ver§tre551ng of the system must be avoided if an optimal
ongoing gas recovery project is to remain economically viable
Ideal!yt a large number of closely spaced recovery wells wou]&
be utjllzed, and the extraction rate of each well would be
relatively 1ow: The extraction rate could be closely regulated
by Oxygen-sensing, or pressure-sensing instrumentation. Of
course, thefe is usually an economic trade-off limiting the
1q1t1al capital which may be expended during system installa-
E}Z:Eyand resulting in less than ideal recovery system effi-

] A high moisture content, in the range of 60
we1g@t basis), favours maximum methane groductiosorggz.(WEt
§tud1es have shown, for example, that gas production can
increase after a heavy rainfall. In reality the moisture
content gf refuse at the time of placement is normally well
below this range, averaging about 25%. In an effort to control
leachate pro@uction, landfill design and operation typically
focus on limiting the refuse moisture content. Consequently,
by environmental design, lack of moisture may significantly
limit gas production rate in a sanitary landfill.

Although methane formation will proceed in a pH range from
6.5 to 8.0, the optimal pH for methane fermentation is in the
neutral to slightly alkaline range, between 7.0 and 7.2. A
drog of pH below a value of about 6 may be toxic to methano-
genic bacteria. Most landfills have an acidic environment
initially but, within the first several years, the pH rises
toward neutrality. Therefore, optimal pH conditions for maxi-
mum methane production typically do not occur for several years.
A§ noted in Figure 3, the presence of significant alkalinity
will tend to buffer the system, minimizing sudden changes in
pH and stabilizing the gas-production process.

DeWalle has shown that refuse size reduction can have a
marked effect on the rate of gas production, presumably because
of the Increased surface area available for organisms to attack
Fhe organic materials {11]. In addition, data indicate that
increased moisture content can have a direct and proportionate
effect on the rate of gas production [11].

Warm 1andfj]l temperatures favour methane production; a
dramatic drop in activity has been noted at temperatures below
10°C.  Production rates for methane may thus reflect seasonal

| by the addition of water or sludge (a dual
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temperature fluctuations in cold climates where the .dfill

is shallow and responsive to ambient temperatures. Gas tem-
peratures as high as 71°C have been observed in a deep landfill
(average refuse thickness of 37 m. Optimum temperatures for
anaerobic digestion of sewage sludge have been reported as 29
to 38°C for mesophilic operation and 49 to 57°C for thermo-

philic operation [28].

Optimum anaerobic conditions for rapid gas production are
rarely, if ever, observed in normally operated landfills. The
rate of gas production may be limited by any of the conditions
discussed above. In addition, mass transport is probably a
rate-limiting factor in the typical landfill since the contact
opportunity between the organisms and the organic substrates
or inorganic nutrients is very limited. Control of temperature
in the landfill may be impractical, but the other factors
affecting the rate of gas production might be controlled to a

varying extent.

Enhancement of Gas Production

Means of increasing methane production include changing the
composition mix of the refuse by (1) increasing the organic
content, and (2) by limiting the presence of toxic or inhibi-
tory substances. The organic content may be increased by the
addition of sewage sludge, manure or agricultural wastes;
removal of ferrous and nonferrous metals; separation of heavy
and light material; and use of less daily and intermediate
cover soil. The types and amounts of waste admitted to the
landfill can be carefully screened to avoid placement of sub-
stances in toxic or inhibitory concentrations.

Anaerobic conditions can be maintained by careful operation
of the gas recovery system, thereby avoiding air intrusiqn_that
can be caused by excessive gas extraction rates. In addition,
the surface and perimeter of the landfill can be sealgd with
clays, synthetic materials, or paving to prevent qir intrusion
(the sides and/or bottom could be sealed during fill con-

struction).

Refuse moisture content could be increased during placement
benefit in that

After refuse place-

organic content could also be increased). 1ce
n into

ment, moisture content could be increased by infiltratio
the fill of water applied at the surface.

Environmental pH, alkalinity, and nutrient availability can
be improved by the addition of chemicals during refuse place-
ment. Leachate recirculation would permit subsequent con@rol
of these conditions and would improve mass transport within

the landfill.
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The practical feasibility of gas enhancement appears excel-
lent. Pacific Gas and Electric Company (PG&E) has appropriated
fgnds for an extensive gas enhancement program at the Mountain
View Landfi]! in California to supplement their current gas
recovery project. Dynatech, Easley and Brassey, and EMCON
Associates have been selected to assist PGAE in this innovative

program which will involve size reduction, sludge addition, and
pH control. !

.

OBSERVED PRODUCTION RATES

Estimates of the rate of gas production from operating, as
well as from recently closed landfills, range from a low of
1.3 L CHy/kg/yr of wet refuse, to a high of 7.5 L CH,/kg/yr.
For comparative purposes, Table 9 presents data for landfills
where recovery projects are either on-going or under study.

Within a few years of refuse placement, production rates on
the order of 2.5 to 3.7 L CH,/kg/yr of wet refuse commonly are
reported. Laboratory characterization of the landfilled refuse
in terms of total organic carbon, volatile solids, and moisture
will give a preliminary indication of whether production rates
above or below those typically observed should be anticipated.
Normally observed refuse characteristics might be 25% for
moisture (wet weight basis) and total organic carbon, and 50 to
75% for volatile solids.

THEORETICAL KINETIC MODELS FOR GAS PRODUCTION

At the present time there are no available field data from
sanitary landfills which will allow verification of a kinetic
model to describe the time dependency of gas production. There
are, however, models describing the growth kinetics of bac-
terial populations, and there is no reason to suspect that the
heterotrophic anaerobic organisms in sanitary landfills should
deviate from these general models.

Although the importance of many physical and chemical vari-
ables is known for the anaerobic degradation processes, it is
not possible to describe with any certainty the actual condi-
tions inside a landfill system. In addition, no explicit func-
tional relationships exist between many of the factors known
to affect the anaerobic microbial systems (e.g., moisture con-
tent) and the relationships expressing the kinetics of anaer-
obic gas production. Therefore, the approach currently taken
in modelling efforts is to use the most simplified model avail-
able consistent with fundamental principles, and to empirically
adjust the kinetic rate constants to account for variations
in such variab™ .as moisture content and temperature. The

Annual Methane
Production per
Kilogram of
Refuse
L/kg/yr
2.5
2.5
2.5
2.5
1.5
3.1
1.2
5.6

Predicted
Methane
Extraction
Rate
L/sec
425
613
1557
472
165
330
189
472

Average
Thickness
of Refuse

m
37
37
NA
3
12
kil
27
26

Surface
Area
ha
22
24
162
24
13
18
15

Landfill gas recovery comparison data".
6.0

1.5
5.6
0.7

Refuse
In Place
kg x 10°

3.4
4.3
2.7

19.6

Fin
Completed
Still
Filling
Stin
Filling
1981
(est)
1975
1975+
1975
1974
1974

Year

Fin
Began
1953
1960
1964
1962
1975+
1957
1963
1962

Year

Landfill
Name

b Figures based on published or latest available data, including personal communication.

2 Data obtained from an unpublished study by EMCON Associates.

Rolling Hills Estates, CA

Sun Valley, CA
Coyote Canyon
Irvine, CA

Los Angeles, CA
Mountain View
Mountain View, CA
Palos Verdes
Scholl Canyon
Glendale, CA
Sheldon Arleta
Los Angeles, CA

Azuza, CA

Hewitt

Azuza Western

Table 9.
Bradley
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simplified kinecic model for the production of CH, and C0, des-
grlbed below cannot account explicitly for most of the known
important variables. Variations in physical-chemical environ-
ments would be accounted for in the overall rate constant.

The kipetic expression used here to describe the time rate
of productloq of C0, and CH, is a pseudo first-order equation.
Thg pseudo first-order expression results from applying 1im-
iting conditions to the classical Monod equation relating the
rate of substrate utilization both to the concentration of
microorganisms in the system and to the concentration of sol-
uble substrate surrounding the organisms [37]. This equation,
in only a slightly modified form from that used by Monod [37],
is

ds KXS (6)

in which K is the maximum rate of substrate utilization per
unit mass of microorganism (occurring at high substrate con-
centration) [time-1}; X is the concentration of microorganisms
[mass/volumel; S is the concentration of substrate surrounding
the microorganisms [mass/volumel; and K 1s the waste concen-
tration at which the rate is one-half the maximum rate of sub-
strate utilization [mass/volume]. Equation (6) indicates that
the functional relationship between substrate utilization rate
and substrate concentration is continuous over the total range
of substrate concentrations. In the two extreme cases, when S
is very large (S>>Ks), and when S is very small (S<<Ks), equa-
tion (6) can be approximated by the following discontinuous
functions:

= KX, when s > K (7)
ds
T %;X S, when § << Kg (8)

tquation (7) is zero order with respect to substrate concen-
tration and equation (8) is first order with respect to sub-
itrate concentration. A necessary assumption in applying this
tinetic model to the decomposition of organics in a sanitary
‘andfill is that the organic waste is the limiting nutrient for
he rate-determining methane bacteria [33]. A recent study by
;han and Pearson [8] on the hydrolysis of cellulose indicated
:hat hydrolysis of insoluble cellulose to soluble cellobiose
ippeared to be the rate-limiting step in the anaerobic decom-
wsition of cellulose. They also concluded that the hydrolysis
f cellulose to cellobiose is not only the limiting step of .the
:.ellulose hydrolysis process, but is also the rate limiting
.tep in the overall cellulose fermentation process. Since a
ajor fraction (=70%) of organic material in refuseis cellulose
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based, this supports both the notion of substrate lim..dation

on kinetics and the critical role moisture content plays in the
degradation process. The rate-determining nature of methano-
genic bacteria and the effects of environmental and metabolic
factors on the kinetics of methane fermentation have been
studied in great detail for applications to anaerobic digesters
[28, 33]. Little of this information can be applied directly
to organic decomposition in sanitary landfills because of the
undefined nature of the landfill environment [25].

The three case studies presented below all have first-order
kinetics as part of the overall kinetic model. However, there
are significant differences in approach and assumptions, as
will become apparent. It is important to note that, although
these kinetic models are useful as references, they have not
been verified by field data.

Palos Verdes Kinetic Model

In the Palos Verdes report, a two-stage, first-order mathe-
matical model was employed to represent the kinetics of gas
production in a landfill. It was assumed that the first-stage
gas production rate (dG/dt) is proportional to the volume! of
gas already produced (i.e., gas production rate is increasing
exponentially with time). During the second stage of gas pro-
duction, it was assumed that the rate of decrease of the
remaining potential for gas production (-dL/dt).1s proportional
to the volume of gas remaining to be produced (l.e.,.gas pro-
duction rate is an inverse exponential function of time). This
two-stage model can be described mathematically, as follows:

First Stage:

& - 6 (9)
Second Stage:

&= kgL (10)
where,

t = time

G = volume of gas produced prior to time t

L = volume of gas remaining to be produced
after time t

1 Yolume of gas is being used here as a measurement_of gas
quantity and would have to be consistently determined
relative to the same temperature and pressure.
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k] = first stage gas production rate constant
k2 = second stage gas production rate constant

It was further assumed that the maximum gas production rate
and the trans1tfon from first-stage to second-stage kinetics
occurs at the time when half of the ultimate gas production has
been reached (i.e., G = L = Ly/2 when t = t1/2), referred to
here as Fhe "half-time". Two ways of expressing the limits of
integration, and relationships resulting from integration of
the first-stage equation follow:

G = Go when t = 0 or G=Gwhent =t
G=G whent =t G = Lo/2 when t = t]/z
for t < t]/2
nG=1ng +kt : (11)
or
= kit
6 =6 ekl (12)
Since G = Lo/2 when t = t]/z’
Lo (t
nG=1n () -k /2 t (13)
or
Lo ky (ty,,- t)
G = 7 e ] 1/2 (14)

Limits of integration for the second stage equation and the
relationships resulting from the integration are as follows:

L=G-= L0/2 when t = t]/2
L = L0 - Gwhent =t

for t]/2 <t
n L= 1n (L /2)- Ky (t - t;)5) | (15)
L= (L /2) ekelt-t/2) (16)
G=L-L=L [1-1/2 e'kZ(t'tl/Z)] (17)

In the Palos Verdes report, the organic wastes were con-
sidered in three main categories: readily decomposable wastes
(food and grac moderately decomposable wastes (paper, wood,
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and textiles); and refractory wastes (plastic and rubber). For
purposes of estimating values of the first-stage gas production
rate constant (k]). a value of ty,, was assumed for each of the
three categories of organic refuse. It was also assumed that
the value of G, is Ly/100 for each waste category. A value of
k] can then be calculated by rearranging equation (11) to give
the following expression:

G
(&)
_\%)

ky = t

Substituting in the assumed value of Gy = Lo/100 and the value
G = Ly/2 at the assumed half time, t]/z, permits calculation
of k] as follows:

K = 1n(50)

1 t]/2 (18)

For purposes of calculating kp, values of t99/1q0 (the time
required to achieve 99% of the ultimate gas production), were
assumed for each category of organic refuse. "Rearranging equa-
tion (15) gives the following:

K = ‘“(Lgig)

2 t - t]/?

Substituting Lo/100 for L at t = tgg/jp0 yields the following
relationship, which can be used to calculate k2:

K ‘= 1n(50) (19)

2 99,100 ~ Y/2

Apparently, the values of ky tabulated in the Palos Verdes
report were miscalculated, as those k2's equal

1n{100)
ty9,100 = Y172

From equations (18) and (19) it can be seen that calcu-
lated values of kj and k2 do not depend on the value gssumed
for Lo (at least, when Gy is assumed to be some fraction gf
L,). It is the assumed values of t, », tgq,) and G_ which
eftablish the values of the rate co*égantg. 8? cours8, values
of k1, k2 and Gy could be initially assumed, pgrmitting calcu-
lation of tj/2, t99/100, 9as production at a given time, and
time required to reach a given gas production. Table 10 gives
values assumed in the Palos Verdes report for ty/2,¢ ¥100 and
refuse composition. F




2
1.84
0.115

Reported
k

(years™ ')
1.15

These

2
(years ')

Calculated
k
.56
0.978
0.0978

1

Calculated
k
] -
(years
3.91
.96
0.196

Assumed
t99/100
(years)
3.5
60

Assumed
Y72
(years)
20

a
3.6

Percentage
of Total
Organic
Fraction
(wet basis)

35.4
61.0

Assumed values for selected kinetic factors (Palos Verdes study).
Assumed

percentages do not necessarily reflect the composition of refuse at the

Institute for Solid Wastes, American Public Works Association, 1970.
Palos Verdes Landfill.

a cie s
The percent composition is based on data from "Municipal Refuse Disposal®,

Table 10.
Readily
Decomposable
Organics
Moderately
Decomposable
Organics
Refractory
Organics
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Assumed and calculated values of L,,Gy, ty/2, ky, and k)
can be substituted into equations (12) or (]4;, and (17), which
can then be used to calculate an estimate of gas volume pro-
duced from a waste category prior to any time, t. Production
rate at any time can be estimated from the derivatives with
respect to time of these equations. Total gas production vol-
ume is the sum of the productions from each refuse category.
For any assumed total ultimate yield, Lo, the Palos Verdes
report assumed that the ultimate yield from each category of
waste, Loi, is equal to PjxLy, where Pj is component i's per-
centage of the total organic fraction of the refuse, on a wet
weight basis.

Figure 5 graphically depicts methane gas production, as
estimated by the Palos Verdes kinetic model. The upper graph
presents the log of the rate of gas production over time for
each of the three refuse components. Note that each of the
three peaks has a positive slope on the left of the maximum,
and a negative on the right; the positive slope corresponds to
the first stage of methane production and the negative to the
second stage. These schematic curves are based on the assump-
tion that the readily decomposables provide 20% of the total
gas production; the moderately decomposable, 50%; and the
refractory, 30%. Note that these percentages differ from those
presented in Table 10.

The lower graph in Figure 5, which shows the fraction of
gas produced per unit mass of refuse, is based on the data
presented in the upper graph; the composite curve shown in the
lower graph is the summation of the three components depicted

jn the upper graph.

In employing the Palos Verdes kinetic model, it should be
noted that the first-stage equation is not suitable for appli-
cation at the inception of methane formation in a landfill.

The gas production rate is said to be proportional to the vol-
ume of gas already produced, G. Since G=0, at a landfill's
inception, production rate would remain zero. As stated ayove.
the Palos Verdes report assumed that the first-stage equation
became applicable when gas production reached 1% of the ulti-

mate yield (i.e., when GO=L0/100).

In the Palos Verdes report, it has also been noted that
yltimate gas production for each category of organic refuse
was computed as the product of that component's fracpional
weight of the total organic content on a wet basis times the
assumed total, ultimate gas production. Perhaps each compo-
nent's ultimate production would better have been estimated on
the basis of that component's fraction of the total organic
content on a dry basis and the average carbon content of each

component.
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Finally, in the Palos Verdes report, the maximum production
rate and the rate constants (therefore, the extent of the gas
production curves along the time axis) were established by (1)
the assumption that the point of inflection in the gas produc-
tion curves occurs when t=tysp, (2) the assumption that G =
Gp=Lo/100, and (3) the assumed values for ty,2, tgg/100, and
Lg. The first two assumptions have already been addressed.

It should also be noted that the values of ty;2 and tgg/jg0 may
have been considerably underestimated. The economical gas pro-
duction life of a "typical® landfill is probably significantly

greater than the six years mentioned in the Palos Verdes report.

Sheldon Arleta Kinetic Model

Since gas recovery work at the Sheldon Arleta Landfill uti-
lized a two-stage, first-order kinetic model similar to that
employed at Palos Verdes, many of the above comments and criti-
cisms apply. The approach in the Sheldon Arleta report was
based on an article by G.M. Fair and E.W. Moore related to
anaerobic digestion of sewage sludge and on a master's thesis
by Robert Alpern concerning decomposition rates of landfilled
refuse (13, 1]. The Fair and Moore article presented a plot of
gas production versus time for sewage sludge digestion, and the
Sheldon Arleta estimation of the time dependency of gas produc-
tion was based on the Fair and Moore curve for total gas pro-
duction, including both methane and carbon dioxide. The Fair
and Moore curve showed the peak digester gas production rate
occurring at 14 days, and gas production being about 997 com-
plete at 40 days [13]. For the Sheldon Arleta report, this
curve was normalized along both axes; hence, the approach
assumes that maximum landfill gas production rate occurs at
14/40<0.35 of the time required for 99% complete gasification.
It was further assumed that the time required to reach the
maximum production rate coincides with the "hal f-time", ty/2
(i.e., t1/2=0.35tgg9/100). The dimensionless gas production
curve, as generated from the Fair and Moore curve, was used to
estimate the time dependency of gas production for jncremental
additions of refuse to the landfill; the incremental produc-
tions were then summed to give total production.

The Sheldon Arleta landfill was operated over a 12-year
period, and the refuse weight landfilled each year was consid-
ered separately in the analysis of gas production kinetics.

In addition, the refuse landfilled each year was considered in
two separate categories; readily decomposable materials (e.g.,
garbage, grass, and tree trimmings) were distinguished from
relatively slowly decomposing materials (e.g., newspaper, card-
board, and lumber). In all, the total refuse mass was divided
into 24 parts which were considered separately and summed for
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total gas production. The following assumptions were utilized
to estimate the maximum theoretical gas yield for each of the
24 refuse subdivisions:

-composite refuse is 26% carbon by weight .
-approximately 31% of the refuse carbon is readily
decomposable .
-approximately 66% of the refuse carbon is more slowly
decomposable '
-100% of the carbon is converted to gas

-one kilogram of carbon yields 2.01x103 L of gas.

Half-times were assumed for each of the two refuse cate-
gories, and the time required for total (i.e., about 99%) gas-
ification was estimated from the observation that on the Fair
and Moore curve and its dimensionless equivalent, tigtal =
t172/0.35. For each refuse category this value of tota] and
the dimensionless curve of production rate permitted estimation
of the ratio of production rate at any time to the maximum pro-
duction rate; this ratio was estimated for each year up to
ttotal. Because of the assumption that the half-time, ty/2,
coincides with the time of maximum production rate, values of
the production rate ratio were modified to give equal areas
under the dimensionless curve on either side of a vertical line
drawn at the time of maximum gas production rate (now equal to
t]/g). The area under the entire curve represents total, maxi-
mum, theoretical gas production, Lg; the area under the curve
on either side of ty/2 represents a gas production volume of
Lo/2. For each refuse category, average annual production
rates for each year were then calculated from the theoretical
ultimate gas production volume (Lo) and the ratio of area under
the modified curve for a given year to the total area under the
modified curve. In this way, average annual production rates
from the time of refuse placement to ttotal were estimated for
each of the 24 refuse subdivisions. Average annual production
rates for the entire refuse mass for each year were calculated
as the sum of the rates of the 24 refuse subdivisions during

that year.

The Sheldon Arleta approach was performed with various ini-
tial assumptions of half-times for the two refuse categories,
until the calculated total production rate at a point in time
matched a prior, independent estimate of production rate at
that same point in time. The half-times and total production

times (t]/2/0.35) finally accepted in the report are as follows:

Y72 total
Readily Decomposable 9 yr 26 yr

More Slowly Decomposable 36 yr 103 yr
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Comparison with the values assumed in the Palos Verdes report
shows that the estimates differ by factors ranging from 7 to 18.

Since the Sheldon Arleta model is almost identical to the
Palos Verdes model, its graphs are similar to those shown in
Figure 5. The main difference is that for Sheldon Arleta the
log of the rate of gas production has two peaks instead of the
three shown in Figure 5. The cumulative gas production curve
for Sheldon Arleta would be similar to that shown in Figure 5.

. In applying the Fair and Moore curve (gas production versus
time for the anaerobi¢ digestion of sewage sludge) to gas pro-
duction in a landfill, the Sheldon Arleta approach explicitly
assumed that the gas production rate in a landfill is not Tlim-
ited by lack of moisture or nutrients. Nevertheless, the
report did acknowledge that "moisture is critical to the anaer-
obic digestion process..." and that "...very little moisture
is added to sanitary landfills..." [26}. Implicitly, the
approach assumed that the possibility of rate limitation by
inadequate mass transport, unfavourable pH, or oxygen intrusion
did not preclude adapting the sewage sludge digester model to
the landfill environment. These considerations were addressed
in the discussion of the Palos Verdes kinetic model and will
not be expounded upon here.

As in the Palos Verdes approach, the Sheldon Arleta report
assumes that the maximum production rate occurs at the time
when half of the ultimate gas production has been attained
(i.e., when t=t1/2) [26]. It has already been noted that,
although this assumption may be approximately true for anaer-
obic digestion of sewage sludge, maximum gas production rate
from a landfill probably occurs at a time substantially shorter
than ty/2. In a sewage sludge digester under optimal condi-
tions, the microbial mass may expand geometrically until 1im-
ited by a decrease in the substrate (organic waste) concentra-
tion below some critical level; however in a landfill, many
factors may limit biomass growth before the total amount of
remaining organic matter becomes 1imiting.

It is interesting to note that, even for the normalized
Fair and Moore curve, time of maximum gas production rate
(tmax) OCCurs prior to ty/2. About 40% of the total area under
the curve lies to the left of tpayx, indicating that tpax equals
tg.4 rather than tg, 5 for this model of anaerobic sludge diges-
tion. The Sheldon Arleta approach manipulated coordinates of
the curve along the ordinate so that tg g5 was made to equal
tmax. As a result, the Sheldon Arleta approach estimates that
50% of the ultimate yield is attained by the time gas produc-
tion rate reaches its maximum, followed by a rapid decrease in
production rate. By comparison, the original sludge digester
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nnde]_estimates'that 40% of the ultimate yield is attained by
the t1@e of ma x i mum production rate, followed by a less rapid
(relatively speaking) decrease in production rate.

In reality, maximum production rate in a landfill would
pro@ab]y occur when substantially less than even 40% of the
ultimate ¥1eld had been attained, followed by a relatively slow
dgcreqse in production rate. According to the Sheldon.Arleta
kinetic model, it would take more than 30 years for a.landfill
to reach its maximum gas production rate. ’

Scholl Canyon Kinetic Model

The Scholl Canyon report adopted a single-stage, first-
order kinetic model similar to the second-stage model of the
Palos Verdes and Sheldon Arleta approaches [12]. The Scholl
Canyon approach assumes that, after a lag time of negligible
duration, during which anaerobic conditions are established and
the microbial biomass is built up and stabilized, the gas pro-
duction rate is at its peak. Thereafter, the gas production
rate is assumed to decrease as the organic fraction of the
landfilled refuse (measured as remaining methane production
potential, L) diminishes and the landfill is able to support
an ever decreasing biomass of gas-producing microorganisms.
This is a model of substrate-limited microbial growth, as des-
cribed by the following equation:

dL _
o i KL (20)
where,
t = time
L = volume of methane remaining to be produced after
time t
k = gas production rate constant

This kinetic model is analogous to models often used to des-
cribe oxygen uptake in dilute aqueous solutions by bacteria
utilizing soluble organic matter as substrate. One example of
such an application of the model is reduction of biochemical
oxygen demand (BOD) in the BOD bottle. Another example is the
deoxygenation term of the classical Streeter-Phelps equation
used to describe the oxygen deficit due to bacterial metabolism
downstream from an input of organic wastes into a river. These
examples illustrate that equation (20) is often considered an
appropriate estimation of bacterial growth kinetics (which can
be measured by uptake of essential substances or release of
byproducts, - ~h as gases) as a function of available organic

substrate, v the bacterial growth system is substrate-limited.
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Integration of equation (20) gives the following expressions
for landfill gas production:

L=1et

G=t -L=L (1-e*h (21)
where,

L0 = total volume of methane ultimately to be produced

G = volume of methane produced prior to time t

A1l other terms are defined above

Convenient expressions for methane production rate are as
follows:

Methane
Production = %% = - %% = kL = kLoe’kt (22)
Rate

The pertinent terms of these relationships have the following
units:

volume of methane (e.g., L/kg)

(L1 = (6] = “5a5s of refuse
(K1 = T%ﬁg ] (e.g., Vyr)
dG , _ volume of methane
(d& ! ° lmass of refuse - Time) (e.g., L/ka/yr)

In the Scholl Canyon report's analysis of landfill gas pro-
duction kinetics, the refuse mass was broken down into the sub-
masses which were placed during each year of the landfill's
operation. Letting the subscript i denote values for sub-mass
i, an expression for composite methane gas production rate at
a point in time, kL, can be written as follows:

o= oors ke Lo e it
izl i i 0,
where,
n = number of sub-masses considered
ry = fraction of total refuse mass contained in
sub-mass i
t. = time from placement of sub-mass i to point in time

' a3t which composite production rate is dgcired



ki = gas production constant for submass i
A1l other terms are defined above

Assuming that k and L_ are the same for each sub-mass, this
expression reduces to the following:

kL= ki, Ire i (23)

) From gas extraction testing, the composite methane prodhc-
tion rate kL can be estimated ?typically in the range of 1.25

to 7.49 L/kg of refuse per year for relatively young landfills).

The time from placement of each refuse sub-mass, tj, is known,
and rj is calculated as the ratio of the weight of each sub-
mass to the total refuse weight. The value of Lo is estimated
from the refuse composition, e.g., 62.4 to 187 L of methane per
kilogram of refuse. Hence, when a composite production rate
has been estimated at some point in time, the only remaining
unknown in equation (23) is the rate constant, k; and equation
(23) can be solved for k by trial and error. Once k has been
estimated, it can be substituted into equation (21) to deter-
mine cumulative methane production or remaining methane produc-
tion potential at any time, or it can be substituted into equa-
tion (22) to determine methane production rate at any time.

The estimated cumulative methane production rate is shown
in Figure 6. The shaded area in the figure shows a range of
methane production assuming a lower limit of methane production
per unit mass of refuse of Lo = 62.4 L CHu/kg of refuse, and an
upper limit of Lo = 125 L CH,/kg of refuse. In other words,
given these assumed limits, estimated methane production would

fall in the shaded area.

There is no guarantee that the Scholl Canyon approach,
which is based on observed characteristics of substrate-limited
bacterial growth, will accurately estimate the time dependency
of landfill gas production. As already noted, many environ-
mental factors other than overall substrate availability may
be rate limiting in the landfill.

The data are not available to determine which approach is
the most suitable model of landfill gas production kinetics.
One may consider other reasonable gas production approaches
which differ from the Scholl Canyon assumption that peak pro-
duction rate is established after a negligible lagtime and is
followed by a first-order (with respect to remaining methane
production potential) decrease in production. For example,
peak production rate may be veached quickly and the production
rate may then be relatively constant for a significant period
of time, followed by a gradually decreasing production rate.

Rate measurad this study
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A]terngtively, production rate may initially increase over a
significant period of time (as assumed by the Palos Verdes and
Sheldon Arleta models) and gradually decrease during the later
years of the landfill's gas production life (with or without a
period of relatively constant production rate between the
periods of increase and decrease). '

GAS FLOW IN LANDFILLS

GENERAL CONSIDERATIONS

Gases flow through refuse or soils either by convection or
by diffusion. Convection occurs when total gas pressure is not
uniform throughout the system (i.e., when a total pressure
gradient exists). Convective flow is in the direction in which
total pressure decreases; gases tend to move from regions of
high pressure to regions of low pressure. Diffusive flow
occurs when the concentration of a gas is not uniform through-
out the system (i.e., when the partial pressure gradient for a
gas is not equal to zero). Diffusive flow of a gas is in the
direction in which its concentration (partial pressure)
decreases; gases tend to move from regions of high concentra-
tion to regions of low concentration. For a particular gas,
convective and diffusive flows may be in opposing directions,
resulting in an overall tendency toward cancellation. However,
for most cases of practical interest related to recovery of
landfill gases, diffusive and convective flows occur in the
same direction. :

Diffusion can occur by several mechanisms, including ordi-
nary molecular diffusion, Knudsen diffusion, and surface migra-
tion (the latter mechanism is significant only when diffusing
gases are adsorbed onto the porous medium in a mobile layer,
and surface migration can probably be neglected for flow of
methane in and around a landfill) [22]. Although diffusive
flow is important in assessing the landfill gas hazard due to
lateral migration and in evaluating passive systems for the
control of such lateral migration, for most purposes its effect
is negligible where an induced exhaust system is used to create
total pressure gradients throughout the landfill.

In cases where gases are withdrawn from a landfill by
applying a partial vacuum to wells penetrating the refuse, con-
vective flows predominate. Pressure within the gas recovery

s0



60

well is reduced to some value below that normally existing
within the landfill, creating a total pressure gradient which
decreases in the direction of the recovery well. The net
result is convective flow of gases toward the well.

MATHEMATICAL DESCRIPTION OF GAS FLOW

Darcy's law has often been used to describe laminar flow of
fluids through porous media. It is most often used to describe
the flow of water through porous media (e.g., the flow of
ground water through a natural aquifer or the flow of water or
wastewater through a sand filter during a treatment process),
but it has also been applied to the flow of gases toward a pro-
duction well {22). Darcy's law applies only to laminar (as
opposed to turbulent) flow; that is, inertial forces must be
negligible, compared to viscous forces. '

To determine whether Darcy's law is applicable to fluid
flow under a given set of conditions, one can evaluate the
Reynolds number--a dimensionless parameter expressing the ratio
of inertial forces to viscous forces. The Reynolds number is
defined by the following equation:

g =puld (24)
U

where,

Reynolds number

absolute viscosity of the fluid

density of the fluid

velocity of flow

a characteristic dimension of the system

Oco®TE X
LI N (I (I '}

For flow of gases through porous media, v is taken as ghe
apparent or bulk velocity of the fluid (as opposed to inter-
stitial velocities, which vary in magnitude and direction
throughout the system). This hypothetical velocity is obtained
by dividing the flow rate by the cross-sectional area, normal
to the direction of flow, across which the gases are passing.
The characteristic dimension, D, is generally taken to be the
mean grain diameter of the porous medium [52, 56]. Flow has
been found to depart from the laminar regime as the Reynolds
number exceeds some value, generally ranging from 1 to 10,
depending on the distribution of grain sizes and shapes [52,
56). Applicability of Darcy's law to gas flows resulting from
a landfill gas recovery program can be evaluated on the basis
of the Reynolds number and conditions likely to prevail ina

landfill setting {22].
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We can conservatively state that flow will be laminar if
the.Reynolds number is less than one. This condition, assuring
laminar flow, may be expressed mathematically, as follows:

if gf <1, then flow is laminar

For a§sumed conditions of pressure, temperature, and gas com-
position, o and p are known. If a realistic value of v is
selected, an estimate of D, the mean grain diameter of the
porous medium, which assures the existence of laminar flow can
be made as follows:

if D < ;{f , then flow is laminar

If D exceeds the value so estimated, flow may depart from the
laminar regime. The most conservative estimate of the critical
value of D will result when u is minimized and » and v are maxi-
mized. The value of uwill be greatest at the refuse/recovery
well interface; a realistic maximum estimate of v at this point,
for relatively high extraction rates, would be on the order of
0.3 cm/sec. Maximum p and minimum u would occur at relatively
low gas temperatures. Gas temperatures as low as 0°C have been
observed during very cold weather. At 0°C and 1 atmosphere of
pressure {actually pressure would be slightly below atmospheric
because of the applied vacuum), approximate values of » and u
for methane and carbon dioxide are as follows:

p CH, = 0.714 x 107" kg/m?

o €O, = 1.95 kg/m?

w CH, = 1.04 x 1075 NZsee
w2

u €0, = 1.39.x 1075 N—::EEE»(where N is newtons)
m2

Representative values for the composite gas would fall between
these extremes, depending on gas composition; using the values
for CO2 will result in a conservative estimate of the critical

D, as follows:
E.39x10'5 "'5“] [—"9"":,
1fp<-t= L —m? LN - sec?

pY [(1.95 ka/m?)]  [(3.05 x 1073w/sec])]
then flow is laminar

If D <0.233 cm = 0.00765 ft, then flow is laminar
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This result means that laminar flow is assured to exist at the
refuse/recgvery well interface when the mean grain size of the
porous med1um is less than 0.2 cm. By coincidence, this is
also the grain size which distinguishes gravels from coarse
sands, according to the Massachusetts Institute of Technology
Grain-Size Classification System. ‘ .

- As'a general rule, it appears that for flow rates;of prac-
tical interest in landfill gas recovery, flow will be laminar
and Darcy's law will apply if characteristic grain sizes of the
refuse or soils are smaller than the grain sizes typical of
gravel. .If grain sizes of the porous medium reach those char-
acteristic of gravel, turbulent flow may become significant in
the vicinity of the recovery wells; in this case, Darcy's law
would be inadequate.

It should be noted that the value calculated as the crit-
ical value of D is a very conservative estimate for the fol-
lowing reasons: (1) laminar flow may occur at Reynolds numbers
greater than one; (2) at the modest well withdrawal rates
employed in a gas recovery system, gas velocity at the refuse/
well interface would probably be less than 3.05 x 103 m/sec;
(3) gas temperatures in a landfill would normally exceed 0°c
(typically on the order of 38°C; (4) values for o and u would
fall between those for methane and carbon dioxide, resulting
in a larger estimate for a critical value of D than that
obtained by using the carbon dioxide values; and (5) this
approach has estimated the critical mean grain diameter at the
refuse/recovery well interface, where flow rate and velocity
are maximum. As one moves radially away from the recovery well,
gas flow rate and velocity across a concentric cylindrical sur-
face surrounding the well decrease because gas is produced
throughout the landfill, and because the area of this cylin-
drical surface increases. As a result, the apparent gas
velocity decreases as one moves away from the well.

We can conclude that, for most cases of interest, Darcy's
law is an adequate description of gas flow through refuse and
through sands and silts during forced withdrawal of gases from,
or adjacent to, a landfill. The principle may also be appli-
cable to flow through fine gravels, depending on specific con-
ditions; in addition, it is probably applicable to flow through
many clays. However, Darcy's law may not be applicable to
flows (1) through very coarse grained media, (2) through media
containing numerous cracks and fissures, or (3) during very
heavy pumping of gases, as turbulent flow is likely to be
significant near the extraction wells. Also, the principle may
not be applicable to extremely fine grained soils (e.g., some
clays) where Knudsen diffusion may control the rate of gas

transport [38].

Darcy's law for radial flow of landfill gases toward a
recovery well, considering flow in other directions to be
negligible, may be expressed mathematically, as follows:

)
V. = - k dar (25)
where,
r = radial distance from the recovery well
Y = apparent gas velocity at r in a direction
toward the well
k = coefficient of permeability
h = static head (piezometric head)

The derivative, dh/dr, represents the static head gradient
(slope of the hydraulic grade line) at distance r. The nega-
tive sign indicates that flow is in the direction in which
dh/dr decreases (i.e., toward the recovery well). The static
head is expressed, as follows:

h=—$—+z (26)
where,

p = total pressure at distance r

vy = specific weight of the gas

7 = elevation above some arbitrary datum

Darcy's law may now be written, as follows:

d( £+ 2)
v o= -k

r dr

(27)

Assuming that gas flow streamlines are horizopta], z is con-
stant along a streamline, and jts derivative is zero. Further
assuming that the gases are incompressible over the small range
of differential pressures employed in landfill gas recovery,

n be treated as a constant and taken outside the derivative,

y Ca :
giving the following expression for Darcy's law:
r y dr

The standard coefficient of permeability, K, depgnds on
characteristics of both the fluid and the porous medium. This
coefficient can be expressed, as follows [52, 55]:

k = Y-k (29)
n S
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where,

abso!uge viscosity of the gas
specific or intrinsic permeability of the medium

H

k
s

The value of ks is independent of fluid properties and
depen@s on the following properties of the porous medium:
porosity, range and distribution of grain sizes and shapes,
orientation and packing of the grains. In terms of intrinsic
permeability of the medium, Darcy's law may be expressed as
follows:

-k, dp

- S
% * T @ (30)

Mode!]ing gas flow through porous media requires: (1) a set
of equations describing mass transport for each gas which )
include a term for diffusive flow and convective flow; (2) an
eguation describing fluid flow (Darcy's Law); and (3) an equa-
tion of state for the gases. Several attempts at modelling gas
migration from sanitary landfills have been attempted, but are
not summarized in detail here [36, 38].

0f the available models designed to describe gas flow
through or from a sanitary landfill, two apply to gas migration
outside the landfill and do not contain an explicit term for
the production of gas within the landfill mass [35, 36, 38].
A third model is designed to describe gas migration within a
landfill mass and incorporates an explicit term for the produc-
tion of gases within the landfill volume [15]. All of the
models require site-specific data such as porosity, permeabil-
ity, gas composition, pressure gradients, or rate of gas pro-
duction. None of the models can presently account for gas
novement under a partial vacuum during pumping.

The following dimensions apply to the equations presented
in this discussion:

p = %%2 (e.g., 1 atmosphere = 1.0132 x 106 4 o)
r = Length

. Force
Y Length3

- i d
wo= ﬂ){—g%gt—h}mg (e.g.. 1 poise = 1 SEEIEE)
K = v . Length
r Time

k. = Length? (e.g., 1 darcy = 9.87 x 10 %cm?)

FIELD TESTING OF GAS RECOVERY FROM LANDFILLS

GENERAL CONSIDERATIONS

Sampling and Monitoring Devices

Bar-Hole Probe

The simpiest method of monitoring gas composition in soils
and refuse is by means of a bar-hole probe. The probe is sim-
ply a rigid, hollow tube which is attached to the inlet of a
gas detection device by means of flexible tubing. The probes
are typically 60 to 90 cm long and are used in conjunction with
a bar-hole driver. The latter, consisting of a small diameter
solid metal rod with a slide-hammer attached, is used to make
an opening in the soil to accammodate the bar-hole probe. The
probe is inserted into the bar hole, and the hole is sealed
around the probe at the surface, typically with rubber stopper,
cloth, or native soil. A gas sample is then drawn from the
probe and through the gas detection instrument, giving an indi-
cation of the gas composition in the bar hole.

Detection of methane by means of a bar-hole probe may give
a positive indication of the presence of combustible gas, but
a failure to detect methane does not necessarily indicate the
absence of combustible gas. Most frequently, the gas sampling
is attempted immediately following the creation of the probe
hole. The accumulation of migrating gas to a representative
level may require minutes, hours, or days. In numerous inves-
tigations, shallow bar-hole probe surveys have failed to detect
significant methane concentrations, and subsequent monitoring
at deeper, permanent probes has shown the gas to be present at
relatively high levels. Another limitation of the bar-hole
probe survey is the fact that results are not repeatable
because a new hole must be made each time a survey is conducted.
For these reasons, installation of permanent gas monitoring
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probes with periodic monitoring over a period of time is pref-
erable to bar-hole probe surveys when investigating the pres-
ence and characteristics of landfill gas in soils or refuse.

Permanent Gas Monitoring Probes

Installation of a permanent gas monitoring probe requires
drilling a hole in the soil or refuse to a depth at which moni-
toring is desired. The probe casing, perforated at the tip, is
installed in the drilled hole, and the hole is backfilled with
permeable material (sand or pea gravel) to a distance above the
perforations. The remainder of the hole is backfilled with
fine-grained soil to act as a seal against the instrusion of
air from the surface. Impermeable seals are sometimes war-
ranted to keep soil above from entering the permeable material.
A gas sample can then be withdrawn from the probe at the sur-
face, or the probe pressure can be determined. Probe measure-
ments must be taken at the probe tip if they are to be repre-
sentative of gas composition and internal landfill pressure at
specified depth.

Figure 7 illustrates a typical probe installation and
Figure 8 presents details of a gas probe tip.

A thin-walled PVC (polyvinyl chloride) pipe 1.3 cm in diam-
eter is commonly used for the probe casing. To obtain a sample
of gas representative of conditions at the probe tip, a gas
volume equivalent to the entire volume of the probe between
the probe tip and top of the pipe must be withdrawn. Since
nethane is lighter than air and carbon dioxide is heavier, some
stratification of the gas is frequently observed in the probe.
\ probe having an internal, flexible tubing of small diameter
is recommended since it requires less gas volume extraction to
ybtain a representative sample at the tip. This is a very
important consideration when gas production is slow, and/or
vhen there is a negative pressure at the probe tip (e.g., due
to diurnal pressure fluctuation or exhaust testing).

Gas Extraction Wells

The gas extraction wells used for landfill testing are sim-
ilar to the wells used for full-time operation of permanent
recovery and/or control systems. Through careful planning,
test wells used to determine the feasibility of methane recov-
ary can later function as part of the permanent control well
installation. Well construction will be discussed in a later

;ection in some detail.

Under stat’ -onditions, the extraction wells are used
issentially as itoring probes. During short-term extraction

10.2¢m min,

Not to Scale

Figure 7. Typical
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tgsting, gas is extracted from wells singularly or in combina-
tion by means of portable blowers. During long-term extraction
testing, gas is frequently extracted simultaneously from sev-
e(a! wells which are linked by means of gas collection header
piping. A motor/blower unit applies a suction to the collec-
tion header, gathering the gas to one point where it is
gxhausted. A burner is often needed to flare the exhaust gas
in order to control malodours. Details regarding the gas col-
lection header and blower/burner facility are presented in

a later section.

Gas Characteristics Determined by Field Testing

Gas Composition

Gas composition is one of the determinations that is of
principal interest in any testing program. Field instrumenta-
tion is readily available for routine determination of combus-
tible gas, carbon-dioxide, and oxygen concentrations. Verifi-
cation of the accuracy of field determinations and a more
detailed breakdown of gas composition can be made by collecting
a gas sample and submitting it for laboratory analysis. Typi-
cally, methane, carbon dioxide, oxygen, and nitrogen concentra-
tions are determined with a laboratory gas chromatograph; how-
ever, there is an increasing use of portable field chromato-
graph equipment. Concentrations of hydrocarbons other than
methane and those of trace gases that may have an effect on
usability (e.g., corrosive compounds) can be determined by mass

spectroscopy.

The significance of methane concentrations is apparent in
that the energy content of landfill gas is directly propor-
tional to its methane concentration ?assuming other combustible
gas concentrations to be negligible, which is generally the
case). The presence of oxygen or nitrogen is usually an indi-
cation of air intrusion; however, small amounts of nitrogen
may be generated within the landfill, especially when the fill
is young. Moisture content and the presence of corrosive com-
pounds is important when evaluating the extent of gas pro-
cessing required in a gas recovery project. Table 8 presents
some typical landfill gas compositions, as observed at various

landfills.

Relative Pressure

The production and accumulation of gases as end products
of the anaerobic biological activity within the landfill_tends
to raise the gas pressure in ‘the fi1l voids. Under static
conditions, internal landfill pressures higher than atmospheric
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are normal. The resulting gradient in total pressure from fill
to the surrounding soils and the atmosphere is one of the
iriving forces (along with diffusion) creating a net outflow of
landfill gas away from the landfill. Static pressure measure-
nents have generally been found to exhibit a diurnal fluctua-
tion, reaching the highest and most stable internal pressures
juring the afternoon hours. This diurnal fluctuation is due

to changes in atmospheric pressure as well as to changes. within
the landfill. The magnitude of the internal, relative pressure
iepends, in part, on the nature of the surrounding soils and
the landfill cover. Less permeable soils and cover can be
axpected to result in higher internal pressures, all other fac-
tors being equal. Static measurements at numerous landfills
:ave revealed internal, relative pressures generally on the
yrder of a few millimetres of mercury or less, although values
1s high as 225 mm of mercury have been observed in isolated
locations at landfills where the average internal pressure is
less than 2 mm Hg.

During gas extraction from a landfill, the pressure distri-
yution around the withdrawal wells defines the well's influence
mn the refuse mass. The pressure distribution discovered dur-
ing extraction testing can be used to determine the layout of
i full-recovery well system.

Pressure readings (along with gas composition determina-
-jons) made at shallow probes during gas extraction are useful
in evaluating the extent of air intrusion through the cover.
‘ressure below the cover should be kept slightly higher than
itmospheric pressure to prevent convective flow of atmospheric
yxygen and nitrogen into the fill.

Pressure measurements made within the casing of the extrac-
:jon wells during gas test withdrawals are helpful in correlat-
ing the well flow rates with the applied suction. This infor-
mation can be helpful in sizing the gas collection header
yiping and the motor/blower unit.

Temperature

The biological activity within the landfill results in heat,
sart of which is carried away by the gases generated. There-
fore, elevated gas temperatures are a sign that biological
sctivity is taking place within the landfﬂ]6 Landfill gas
temperatures typically range from 30°C to 40°C. Shallow land-
fills may exhibit near-freezing temperatures during cold win-
ters. Landfills of at least 15 m in thickness are relatively
maffected by ambient air temperatures, and have been observed
yith temperatures as high as 70°C.  Such high temperatures may
axist in "pocket-" or microenyironments within a landfill whose

wverage temper:  : may be 40°C.
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Flow Rate

Because internal landfill pressures are usually higher
than ambient, atmospheric pressure, convective gas flow out of
an uncapped monitoring probe or extraction wells is typically
observed under static conditions. The magnitude of the flow
rate can be compared to past measurements made at other land-
fills using similar probes or wells, to estimate the relative
gas production potentials. These gas flow rates are determined
by a combination of many factors, including hole diameter,
interception length and depth, differential pressures (atmo-
spheric versus landfill) and all other parameters affecting
landfill gas generation. Diurnal pressure variations can
explain why a probe will support combustion of a flame in the
afternoon and evening, but not necessarily in the morning when
internal pressure may be less than atmospheric.

During extraction testing, gas withdrawal flow rates must
be regularly determined, to be used (along with gas composition
and pressure distribution data) in estimating production and
recovery potential.

Available Field Equipment and Instrumentation

Gas Composition

Field determination of combustible gas and oxygen concen-
tration is normally made with portable gas detection instru-
ments. These instruments can be obtained for making measure-
ments in numerous ranges of methane concentration, ranging from
a few parts per million to 100%. The more sensitive units are
most useful for trace gas studies such as leak detection when
small concentrations are present, and for trend studies of
small concentrations. The gas analyzer units are more helpful
for gas hazard and recovery studies; these units may have one
meter for the 0 to 100% lower explosive range (LEL) and O to
100% combustible gas. The instruments often make use of a
Wheatstone Bridge circuit which senses changes in an electrical
coil's conductivity with changes in temperature caused by flow-
ing the gas over the coil and/or combusting it. The units may
be equipped with an electrical pump, or the sample may be
drawn with a hand-aspirated bulb. The electrical pump system
js far more convenient for field use.

Other equipment of value in the field includes: (1) com-
bustible gas analyzers with oxygen meter; (2) portable, rela-
tively low-cost gas chromatographs; (3) infra-red detectors for
methane-carbon dioxide analysis; and (4) orsat-type carbon
dioxide and oxygen indicators adapted from the field of chemical
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engineering. ine orsat-type units are relatively inexpensive
and easy to operate, but their usefulness is questionable
because the data they provide usually duplicate those obtained
by other methods.

Sample Containers

Gas sample containers are readily available in glass,
stainless steel, and plastic material. They typically are in
the 250 mL size with stopcock valves at either end. Selection
of material is based on consideration of use, cost, breakage,
transportation, and 1ife. The plastic sample containers are
acceptable and should be the preferred selection in most
instances.

Laboratory analyses can be performed on samples of gas
obtained in the field. Gas sampling bottles are used for col-
lection and storage of the gas. The bottles are simply pres-
sure bottles equipped with an opening and stopcock on each end.
Hand-operated or battery-powered pumps may be used to vacate
the vessel before sampling or to pressurize the gas, forcing
it through and into the vessel. Alternately, fluid displace-
ment]techniques can be employed to obtain a representative gas
sample.

Pressure

Gas probe and well pressures must be obtained in the field.
An airtight connection must be made between the probe, or well,
and the pressure indicator. The simplest pressure instrument
in common usage is the inclined manometer. Pressure readings
accurate to +0.002 mm of Hg can be obtained using a manometer
equipped with a micrometer. An alternative to the manometer
is the Dwyer, Magnehelic differential pressure gauge. The
range of these gauges is from 0-0.47 mm Hg to 0-281 mm Hg, and
they are accurate to 2% of full scale. The Magnehelic gauges
have been found to be quite convenient and reliable in field
applications. They should be tripod-mounted for ease of use
in the field, as they must be calibrated by leveling prior to
each measurement. :

Temperature

Mercury-filled glass thermometers have been used to obtain
landfill gas temperatures; under static conditions, these
devices are of limited utility in obtaining temperatures at
wells. The thermometer must be used near the surface and
results may be affected by ambient temperatures. During gas
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extraction, the thermometers give acceptable measurei...cs of
temperature of the gas flowing through the well head and in
the collection header. For measuring probe-tip and static-well
tip temperatures, thermocouples or thermistors are preferred;
these can be lowered into or permanently stationed at the tip,
relaying temperature data via electrical cable.

Flow Rate

Flow rates may be estimated by using the continuity equa-
tion: flow rate equals area normal to flow times average gas
velocity. Numerous devices are available for velocity measure-
ment, including those utilizing hot-wire anemometers or rotat-
ing anemometers. But the most common means of determining
velocity is with the pitot tube, used in conjunction with a
manometer or Magnehelic gauge. By making only one measurement
in the center of the conduit with a pitot tube, one may achieve
accuracies of :15%,

DESIGN OF FIELD TESTING STUDY

Background Information

Operating History of the Landfill

Planning the field test is facilitated by general histori-
cal information related to the production and recovery poten-
tial of the landfill under study. For example, categorizing
the types of refuse accepted for landfilling gives a clue as
to refuse composition, permitting comparative estimation of
total gas yield per unit mass of refuse. This refuse categori-
zation may also help assess the potential impact of toxic sub-
stances. Other operational information may help develop a
general idea of whether a landfill should be a good methane
producer. For example, a landfill at which moisture was added
to aid in the compaction of refuse would be expected to produce
methane at a greater rate (at least during its early life) than
would a relatively dry landfiil. Data concerning placement
tonnage and chronology help one to evaluate a landfill's gas
production potential, while the fill's age and location distri-
bution facilitate the layout of the test wells and probes.
Conditions of the surrounding soils and the cover material
(especially information related to permeability) help to deter-
mine desirable well setbacks from the landfill perimeter,
inter-well spacings, and test extraction rates.
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Refuse Analyses

Refuse composition is an important factor limiting both the
total yield and the rate of production that can be expected
from a 1andfill. During refuse placement, the incoming refuse
can be randomly sampled and hand sorted into categories, such
as paper, yard waste, food waste, wood, textiles, leather, rub-
ber, plastics, and inorganic materials. The percentage-distri-
bution by weight of these categories of refuse, compared to
similar data from other landfills, gives an indication of a
Tandfill’s gas production potential.

In addition to the above compositional analysis, certain
gross characteristics more convenient to obtain can be used to
indicate a landfill's methane generation potential. Refuse
moisture and volatile solids determinations are useful indica-
tors, higher values being associated with greater gas produc-
tion potential. Total organic carbon content is another rela-
tive measure of production potential. These gross character-
istics can be determined for raw refuse being placed, as well
as for refuse samples withdrawn from the landfill during dril-
1ing operations. A drilling log of refuse appearance can also
be of value, especially in evaluating differences between two
locations within the same landfill.

Objectives of Field Testing

Static Testing

A general idea of a landfill's potential as a methane pro-
ducer can be formed by evaluating a site's physical character-
istics and operational history, and by comparing gas composi-
tion, pressure, temperature, and flow data under static condi-
tions with similar data obtained from other landfills. Diurnal
and seasonal fluctuations in a landfill's gas production pat-
terns can be discovered by static monitoring. The static test
results are reviewed to determine whether extraction testing
may be worthwhile. Most importantly, data gathered under
static conditions serve as a baseline against which data
obtained during extraction testing can be evaluated; in partic-
ular, establishing a static baseline is an essential prerequi-
site to determining the effect of gas extraction on internal

landfill pressures.

Short-Term Extraction Testing

Short-term extraction testing is a means.of qbtajning a
first look at pressure and gas composition distributions sur-
rounding an - ‘action well, as they relate to the extraction
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rate employed. The results of short-term testing give an indi-
cation of the extent of air intrusion, and the influence of a

selected withdrawal rate on the refuse mass. In addition, the

appiied vacuum required to achieve a given flow rate permits
more rational selection of desirable well spacings, blower
capacity, and well-flow rates. Preliminary estimates of gas
production and recovery rates can be made on the basis of
short-term testing.

) A Tandfill's volume can be expected to include about 50%
void space. Because Tandfill gas can be stored in the void
space, the results of short-term testing may not reflect the
current gas production rate. Short-term testing may be more
analogous to the withdrawal of gas from a reservoir than to
conditions required for an ongoing landfill gas recovery pro-
ject. In evaluating the results of short-term testing, it is
difficult to separate the portion of gas extracted that was
stored in the voids at the beginning of testing from that por-
tion which 1s "newly produced" (i.e., produced during extrac-
tion testing).

Short-term extraction tests usually run for periods of
several hours to several days for each gas extraction rate.
Typically, 2 to 4 extraction rates are used for each well, and
2 to 4 wells are tested per landfill. The main limitation of
a short-term test is that only a portion of the gas being
extracted is newly produced. Weeks or months of gas extraction
are necessary to develop data to verify a stable, sustainable
extraction rate.

Long-Term Extraction Testing

The primary objective of long-term extraction testing is
to refine and verify gas production rate estimates made from
the results of short-term testing, and especially to permit
better estimation of the "sustainable" production or recovery
rates. The long-term testing is intended to simulate condi-
tions expected from a full recovery project. The objectives
of long-term testing should be to estimate the "“sustainable"
gas recovery rate (or at least to establish a lower limit on
the same), and to refine preliminary design criteria obtained
from short-term testing. With careful planning, many of the
components of the long-term test gas extraction system can be
used as part of a full recovery system, if full recovery proves

feasible.
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Lajout of Extraction Wells and Monitoring
Probe for Field Testing

Area Coverage

Initial extraction testing may be from only one well; how-
ever, it is generally preferable to extract gas from various
locations within the fill, especially during long-term testing.
Considerable variation in conditions affecting gas production
is often observed within a given landfill. For extraction
testing to be representative of a field's overall gas recovery
potgntial, wells should be Tocated to withdraw gas from fill
regions spanning the range of site conditions reflecting the
more important factors affecting gas production (a discussion
of these important factors was presented earlier in this
report).

Several criteria are particularly valuable in locating
extraction wells for field testing. If well clusters are util-
ized they should be widely spaced over the landfill surface
area. In addition, the well locations should be selected to
withdraw gas from areas covering the extremes of conditions
such as refuse composition and age, and landfill characteris-
tics and operating conditions (e.g., moisture addition). Test
wells should also be located with forethought as to their even-
tual inclusion as part of a full recovery system.

If the short-term test results are favorable, the long-term
test well layout should consider the advantage of combined

pumping from the short-term wells and the addition of new wells.

The cost of a combined extraction system may be lessened if
wells are closely spaced and a common header-blower-burner

system is utilized.

Gas monitoring probes are most commonly located along imag-
inary lines radiating outward from the recovery wells, Typi-
cally, the nearest probe might be 3 to 9 m from the extraction
wells, and successive probes might be spaced out at probe-to-
well distances approximately double the prior distance {e.q.,
3, 6, 12, 25, 50, 100 m). Additional probes might be located
near the landfill perimeter to evaluate air intrusion across
the soil-refuse interface. Probes may also be located at other
points of interest, such as at the mid-distance between adja-
cent wells. An example of a typical well cluster is presented

on Figure 9.

Depths

Extraction wells can be located at various depths, depgnd~
ing on the refuse stratum from which gas extraction is desired.

PROBE SCHEDULE

SHALLOW MIDOLE

STATION P@nggﬁ POROO?E
S-1 X X
s-2 X x
$-3 X X
S-4 X X
$-5 X %X

5-6 X Optional
8$-7 X X
S-8 X X

$-9 X Optional

$-10 X Optional

Figure 9.
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More than one well casing may be placed at different depths in
the same borehole, with the gas extraction intervals sealed
off from one another. These multiple-depth wells permit one

to evaluate (1) which refuse 1ifts are the biggest contributors
to gas production, (2) the 1ifts' relative permeabilities, and
(3) the_rg]ationship between apparent horizontal and vertical
pgrmeab111ty. Typical depth of a single-casing extraction well
might be 60 to 90% of the refuse thickness, with the lower 30
to 80% of the well casing perforated. The percentages ‘chosen
as design criteria would depend primarily on refuse thickness
aqd cover conditions. For example, a shallow landfill or one
with a shallow or permeable cover would call for a smaller per-
centage length of casing perforated than would a deeper land-
fill or one with a tight cover.

Probe depths generally should be varied-in order to deter-
mine the depth distribution as well as the radial distribution
of internal pressures and gas composition surrounding gas
extraction wells. Shallow probes provide data on the extent
of air intrusion through the landfill cover, whereas all probes
(shallow and deep) are used to estimate the extent of an extrac-
tion well's radial and vertical influence on the refuse mass.
As with extraction wells, multiple-depth probes may be placed
in the same borehole, with the perforated intervals effectively
sealed off from one another. Normally, a length of only 1 m
or less is perforated at the probe tip. Example probe depths
might be at a depth of 2 m, 6 m, and at depths of 20, 40, 60,
and 80% of the average refuse thickness. Cost considerations
normally preclude placing monitoring probes at each depth of
interest for every probe location. Locations for multiple-
depth probes might be at several radial distances from each

well, -

Test Program

Duration of Testing

As a general rule, greater reliability in estimates made
from test results can be achieved for tests of longer duration
than for those of shorter duration. Of course, cost is usually
the factor which limits test duration, and there is a point
beyond which the cost of extending a testing program outweighs
the information that remains to be gained. v

Although the duration of static testing is rather arbitrary,
monitoring should continue for a period adequate to reveal
diurnal trends and to establish a recognizable data baseline.
Investigation of seasonal variations would require monitoring
over a period of at least one year; however, the cost of moni-
toring for suc* ~n extended period is often prohibitive. Typi-
cally, the st.  test results would be monitored for a period
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of 2 to 5 days just prior to extraction testing. Barometric
pressure data should be collected concurrently and utilized to
evaluate the atmospheric impact on the measured pressures.

Short-term extraction testing typically proceeds for a
period ranging from several hours to several days per extrac-
tion rate per well. Landfill pressures have been found to
respond relatively quickly to the inception of extraction test-
ing or to changes in extraction rate (stable pressures will
generally have been established within a matter of a few hours
or less). Changes in gas composition and long-term trends of
pressure distribution require extraction of longer duration.

For a test to be categorized as "long term", it must pro-
ceed for a period of time at least long enough to extract a
volume of gas equivalent to the landfiil's total void volume.
Estimation of the “sustainable" gas recovery rate or the estab-
lishment of a lower limit on this rate requires gas extraction
for some period of time exceeding the minimum duration required
to exhaust all stored gas. The test duration required to per-
mit reasonable estimation of the sustainable recovery rate
depends on the landfill void volume, the methane extraction
rate, the actual potential recovery rate, and the fraction of
the total refuse mass from which gas is being withdrawn, as
will be noted in a later section of this report. Accurate
estimation of the sustainable recovery rate requires extraction
at a rate and for a period of time sufficient to (1) withdraw
all stored gas, and (2) establish the maximum rate at which
extraction can proceed without causing significant air intru-
sion or deterioration of gas quality. Tests of shorter dura-
tion and/or at lower extraction rates can be used to establish
a lower limit on the recovery rate that could be sustained;
however, these tests are not conducive to estimation of the
actual, potential recovery rate.

Frequency and Timing of Monitoring

Determination of diurnal fluctuations in relative pressure
internal to the landfill requires monitoring throughout the
course of the day--for example, at 1-hour intervals. It has
been observed that relative pressures generally exhibit their
highest and most stable values during the afternoon hours.
Baseline pressure and gas composition data should be collected
under static conditions on a regular basis for some period of
time prior to extraction testing. For example, static data
might be obtained prior to extraction testing, daily or every
other day. To obtain representative data and to make the base-
line data as repeatable as possible, static readings should be
made during the highest and most stable pressure time period,
usually in the afternoon and at approximately the same time

each day.
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The frequency of monitoring during short-term testing
depends largely on the test duration. For example, if an
extraction test is to proceed only three hours, it may be
possible to make only one round of readings, depending on the
number of probes monitored. If an extraction test is to pro-
cged for a period of a day or more, several rounds of readings
might be made each day. At least one round of readings should
be made each time the extraction rate is changed. As a general
rule, a waiting period of at least one hour might be used after
the adjustment of extraction rate before readings are taken, to
permjt landfill pressures to stabilize. A subsequent set of
readings must repeat the previous pressure readings before the
pressures are considered stable. The best method of comparing
extraction data with baseline, static data is achieved by
taking extraction readings at approximately the same time of
day for which the most stable baseline data were developed.

Many of the comments regarding the frequency and timing of
monitoring during short-term extraction testing also apply to
long-term testing. Readings should be made most frequently at
the beginning of testing and after any abrupt changes in condi-
tions, such as an increase or decrease in extraction rate.
During the early stages of long-term testing, a full round of
readings is typically made each day, during the afternoon. As
gas extraction rates and pressure and gas composition data
become relatively constant, the frequency of monitoring and/or
the number of probes monitored each day might be decreased in
order to minimize costs. More frequent and complete monitoring
should again be conducted as a total volume of extracted gas
equivalent to the landfill void volume is approached.

Extraction Rates Employed

Of course, one of the objectives of extraction testing is
determination of the rate at which methane gas can be extracted
from the landfill. But in ordering equipment (e.g., motor/
blowers) and in setting the initial operating conditions of the
testing program, preliminary estimates of well-flow rates are
required. A simple approach utilizing the concept of "radius
of influence" can be used to obtain a reasonable estimate of
well-flow rates to be expected.

The radius of influence is assumed to define a distance
from the extraction well within which all gas is drawn to the
extraction well; it is assumed that no gas is drawn to the
extraction well from a distance greater than the well's radius
of influence. Within this context, the radius of influence is
a fictitious concept in that not all the gas within the radius
of influence can be captured (i.e., some gas will escape to the
atmosphere) and some gas will be drawn to the well from a dis-
tance greater than the radius of influence. However, the errors
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inherent in these two simplifications tend to cancel v..c
another, and reasonable flow rate estimates are usually
achieved. The concept of radius of influence is a convenient
and useful one in establishing inter-well spacings and in
estimating potential well-flow rates.

Using the radius of influence approach, an individual well-
flow rate (Qw) can be estimated as follows:

2
_ K= R°tDr
O =~ (31)
where,
Qw = well-flow rate, L/sec
K = a compilation of conversion factors, 1.157 x 1078

(L/day)/(mL/sec)
= "padius of influence", m

= in-place refuse density, kg/m3
= methane production rate, mL/kg/day
C = fractional methane concentration

R
t = refuse thickness, m
D
r

Some of the values needed to estimate Q, will be available for
a given landfill; others must be estimated or assumed. For
example, assuming the following typical values:

D = 650 kg/m3
r = 7 m./kg/day
€ =20.5
equation (31) reduces to the following:
Q= K'REt (32)

where,

3.31 x 1074 L/sec/m3 refuse.

Kl

Refuse thickness is usually known. Qw and R are interrelated,

requiring the selection of one or the other.

If several wells are being used for extraction, the desired
radius of influence might be selected as approximately one-half
of the inter-well distance. For example, if refuse thickness
is 30 m, the extraction rate required to establish a radius of
influence of 70 m would be estimated from equation (32) at
49 L/sec; and reasonable test extraction rates for a group of
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wtraction wells spaced about 140 m apart might range from 20
0 125 L/sec, depending on the validity of the assumptions.

‘or extraction from a single well, extraction rates consider-
ibly greater than the above estimate could be employed, as the
ixtent of the radius of influence would not be limited by the
woximity of adjacent wells. The range of reasonable estimates
ioted above for the example case was calculated simply by
ssuming that the rate would vary between 40 and 250% of the
:alculated estimate. Since extraction testing is intended to
lace an estimate on the actual production or recovery rate,
otor/blower equipment providing a range of possible extraction
-ates should be utilized.

The above approach might be used to estimate the required
apacity of motor/blower equipment to be used for short-term
esting., Normally, variations in extraction rate are used for
oth short-term and long-term testing. Initial high extraction
ates may inadvertently overstress the landfill, causing a
ignificant influx of air and diminishing the landfill's capac-
ty as a methane generator. Therefore it is preferable to
egin the testing with lower extraction rates and to increase
he rate as testing progresses. Changes in observed pressure
nd gas composition should be noted as extraction rates are
aried; these changes give an indication of the effect on the
andfill of the extraction rate variation, permitting rational
anagement of the testing program on the basis of the monitor-
ng data. Results of short-term extraction testing give a
tarting point for extraction rates to be employed during long-
erm testing. However, differences in the landfill response
ay be observed as the gas stored within the Tandfill's voids
s diminished.

Potential Field Testing Problems

Numerous practical problems may arise in the course of
andfill gas extraction testing. For example, in installing
he extraction wells and monitoring probes, difficult drilling
onditions are often encountered and progress may be slow.
nclement and cold weather can hamper mobility on-site.

Equipment and instrumentation failures are poteritial prob-
ems that should be addressed during the planning stages of a
.esting program, and an ongoing maintenance and calibration
outine should be established. Equipment and instrumentation
re often subjected to harsh conditions, and landfill gas is
lways wet and sometimes corrosive. To insure that accurate
nd meaningful data are obtained, proper maintenance and cali-
ration are imperative. Equally important is the training-and
.upervision of the personnel who are to operate and mafnta1n
‘he equipment -+ who use the instrumentation in the field.
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Since unexpected difficulties are almost certain to arise dur-
ing the course of extraction testing, it is essential that per-
sonnel are available who can assess the situation and recommend
corrective actions. Special safety precautions should be
implemented for those working around the driliing and testing
equipment, as the gases are flammable and explosive and deep
open holes may be temporarily present.

As test extraction rates are increased, it can be antici-
pated that a point will be reached at which air "breakthrough"
will occur (i.e., atmospheric air being drawn into and through
the landfill), The breakthrough usually can be detected from
changes in composition of the gas being extracted. The nitro-
gen concentration will increase since nitrogen can be drawn
through a landfill essentially unaffected; the oxygen concen-
tration may increase but usually does not since oxygen would be
utilized by aerobic or facultative organisms near the point of
air intrusion. In addition, an increase in the ratio of carbon
dioxide to methane concentration may be observed since the
organisms utilizing the oxygen drawn into the fill will produce
carbon dioxide but no methane. Since probe readings can also
indicate air breakthrough, the above comments regarding gas
composition changes apply to evaluation of the probe readings
as well. In addition, relative pressures at the shallow probes
might be observed to drop below zero if air is being drawn
through the landfill cover. If air breakthrough is observed,
the extraction rate should be immediately diminished. Oxygen
is toxic to the strictly anaerobic methanogenic bacteria, and
some methane generating capacity of the landfill will be lost,
at least for a short period of time, if air continues to be
pulled through the landfill.

Problems arising from the moisture contained in landfill
gas are also common. The accumulation of water at low points
in gas collection header piping results in partial or complete
blockage of gas flow. In addition, free water and particulate
matter contained in the gas may interfere with velocity measure-
ment by pitot tube. Periodic tapping of the tube on the inte-
rior pipe wall will help dislodge the blockage. To minimize
problems associated with gas moisture, the collection header
must be properly sloped and condensate traps must be constructed
at the low points in the system (see section entitled "Gas col-
lection Header" for a discussion of condensate traps).

Another problem may arise from the malodours associated
with trace amounts of organic gases that are usually present.
Depending on the use of adjacent property, these odours may not
be a nuisance, at least for short-term testing. However, when
the malodours are a problem, igniting the gas in a flare unit
is the simplest method of odour control.
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Field methévc instrumentation should be calibrated before
2ach day's reading by analyzing a gas of known composition
btained from a local gas supplier.

INTERPRETATION OF FIELD TESTING DATA

Refuse Analyses

Befuse cgmposition information can be used to estimate the-
retical maximum gas yield by the methods outlined earlier in
this report. The estimation method that can be employed depends

n the degree of detail in the available composition information.

Gross characteristics such as refuse moisture, volatile
i01ids and total organic carbon content are useful in estimat-
ing maximum yield, and they can also help indicate whether a
andfill's gas production rate should be greater or less than
‘ates observed at other landfills. For example, all other fac-
:ors being equal, a landfill containing refuse with a relatively
1igh moisture content can be expected to produce gas at a
Jjreater rate than can a drier landfill. for a "typical” land-
“ill, the moisture content of refuse at the time of placement
s usually about 25%.

Static Testing

Static testing not only provides baseline data to be used
in conjunction with extraction testing, but enables an assess-
rent of a landfill's methane production potential., There is no
~igorous mathematical approach for estimating production poten-
:ial from static data; the most appropriate means of evaluating
jtatic data would be to compare the observations with static
jata obtained at other landfills where extraction testing has
11so been conducted and to develop a qualitative idea of pro-
juction potential on the basis of this comparison., A landfill
jenerating methane at a substantial rate would be expected to
axhibit consistently positive internal relative pressures, rel-
itively high gas temperatures and methane concentrations of 50%

yronmore.

Diurnal fluctuations in static data, particularly in rela-
tive pressure, may be an indication of the consistency of gas
sroduction. In evaluating relative pressure variations, the
ressure measurements should be compared to fluctuations in
ambient barometric pressure. Since atmospheric pressure is the
jatum for relative pressure measurements, landfill pressure
fluctuations may simply reflect atmospheric changes.

Static testing can also be used to evaluate seasonal vari-
ations in production potential, which may limit the feasibility
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of a gas recovery and use program. Seasonal variatioc. are of
particular interest for shallow landfills located where winters
are cold since the biological pracess by which the methane is
produced is temperature dependent, slowing in rate as tempera-
tures drop.

Extraction Testing

Gas extraction provides the most useful type of data for
estimation of a landfill's recovery potential. Many of the
same methods of data interpretation can be used for both short-
term and long-term testing. Preliminary conclusions based on
short-term testing results can be refined or verified by long-
term testing. Long-term testing results in greater confidence
of "sustainable" methane recovery rate estimates since gas
stored within the landfill voids is depleted.

Influence

During extraction testing, gas is withdrawn from a test
well at known rates, and the pressure responses at pertinent
monitoring probes (along with other relevant parameters) are
monitored. To correct for probe-to-probe pressure variations
under static conditions, fractional pressure drop relative to
static pressure is the parameter commonly employed. This frac-
tional pressure drop is referred to as influence (1), and is
defined as follows: ‘

[ = (static pressure) - (pressure during pumping)
(static pressure)

From its definition, it can be seen that [ is dimensionless.
Static probe pressures used to calculate influence are obtained
by wonitoring landfill gas conditions over a period of time
prior to beginning gas extraction testing. Mean static pressure
can then be used to calculate influence. Diurnal fluctuations
in static pressures have been observed; therefore, the pressure
data used to calculate influence should always have been
obtained at approximately the same time of day. Experience has
shown that static pressures are usually most reliable and at
their maximum values during the afternoon hours.

For a given flow rate and at a given depth below the surface
of the landfill, influence is expressed as a function of the
radial distance (r) from the well being pumped. Typically,
influence is reported to be linearly dependent on the logarithm
of radial distance as follows:

I=A+B1Inr (33)
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where,

—
H

influence (as defined above)

radial distance from the well being pumped

r
A = a positive constant
B

a negative constant y

A and B are considered constant only if depth and extraction
rates remain unchanged. The values of these constants are cal-
culated from the extraction test data. For one withdrawal rate,
I versus In r is plotted for all monitoring probes located at
ghe same depth. A straight line fit through the plotted data

is obtained by linear regression analysis. The line's
Y-intercept is A; slope of the line is B.

The validity of applying equation (33) to withdrawal of gas
from 1andfills remains to be verified. The equation is analo-
gous to approaches applied to pumping of ground water from an
aquifer, where the piezometric surface of the ground water is
taken to be linearly dependent on the logarithm of distance
from the well [53]. However, for fluid withdrawals from a
reservoir, it has been noted that pressure is linearly depen-
dent on In r for liquids, whereas the square of pressure is
Tinearly related to 1n r for gas [22]. Both of these somewhat
analogous situations differ from the case of landfill gas recov-
ery in that the withdrawal of liquid or gas from a reservoir
does not account for continuous generation of the fluid within
the reservoir, as a proper landfill gas extraction model should.

One problem with the expression I=A+B In r is that I=0 at
some finite distance from the well (i.e., at r=e A/B), and this
distance is usually referred to as the "radius of influence".
Actually, the influence of gas withdrawal extends to the limits
>f the landfill (and beyond); however, with the instrumentation
jvailable, its measurement becomes impossible at some finite
distance. The concept of a "radius of influence"” has been
defined as the distance from the well at which (1) "there is
no pressure effect from gas extraction (pressure gradient is
approximately zero)" or ?2) a pressure of -3 mm of water is
sbserved [5, 6]. Generally, the distance taken as the “radius
»f influence" depends on the precision of the instruments used
to measure landfill gas pressures and on the effects of diurnal
aressure fluctuations,

For a given withdrawal rate, an equation of the form I=A+B
In r can be derived for each depth at which monitoring probes
are located. Using these expressions, the radial distance at
vhich a selected value of influence occurs can be calculated
for each depth. Thus, for a given well and flow rate, coordi-
ates in terms: ‘depth and radial distance can be attained for
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points of equal influence. Connecting these points approximates
a curve of iso~influence, analogous to elevation contours on a
topographic map. Approximation of a surface of iso-influence

is attained by symmetrically rotating an imaginary curve of
iso-influence around the withdrawal well, assuming complete
homogeneity of the refuse. The fictitious, "zero influence"
iso-surface is commonly used to calculate "production rate".

The "zero" curve of iso-influence is often represented as a
straight line to simplify computations, and it has been repre-
sented as a straight, vertical line.

Estimation of Gas Production Rate

A completely satisfactory method of estimating a landfill's
gas production rate from extraction testing that draws only
from a confined radius of influence has not yet been demon-
strated. An accurate, theoretical mass balance on the landfill
gas remains to be developed and would prove invaluable in making
such estimates. The mass-balance could account for refuse char-
acteristics (e.g., permeability) and continuous gas production;

' the gas composition and extraction rate and the observed inter-

nal landfill pressure (or influence) distribution could be
related to available equations for convective and diffusive gas
flow, accounting for recovery efficiency and loss of gas to the
atmosphere as a function of distance from extraction well, land-
fill geometry, cover conditions, etc. An attempt to correlate
these many factors can quickly become very complex, and an
effort should be made to keep the model as simple as practicable.

The approaches which have been taken to arrive at quanti-
tative estimates of gas production rate from landfill extrac-
tion testing are summarized below,

A simplistic mass-balance approach utilizing the concept
of "radius of influence" and implicitly assuming 100% recovery
efficiency was used to estimate the gas production rate in the
Palos Verdes work. Steady-state conditions and a gas withdrawal
rate equal to the gas production rate were assumed. It was
assumed that no gas is drawn to the well from a distance greater
than the "radius of influence", and that all gas produced within
the "radius of influence" is recovered. For these assumptions,
flow rate across an imaginary cylindrical surface concentric
with the well can be expressed as follows:

Q = (R -PA)tDF, . (34)

where,

magnitude of the gas flow rate across the
imaginary cylindrical surface

£
[
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"i-atus of influence"
radius of the imaginary cylindrical surface
refuse thickness

refuse density

n O et
@ e T~
1]

gas production rate per unit mass of refuse

Note that n(RZ - rz)t represents the volume of refuse contained
between the surface at the "radius of influence" and the surface
crossed by the flow rate, (, at radius r.

The assumption of steady-state conditions greatly simplifies
the approach and is probably appropriate where gas withdrawals
of short duration are concerned, in spite of the fact that Fgq
may fluctuate and the mean Fg will change gradually over a
period of years. The other assumptions are suspect; however,
they do make the problem more manageable. In reality, some gas
will inevitably be drawn across the fictitious "radius of influ-
ence", and not all gases produced within the "radius of influ-
ence" will be recovered; gas withdrawal rate will never equal
the gas production rate because some gases will always escape
to the atmosphere. As radial distance from the well increases,
a decreasing percentage of the gas produced at that distance
#i11 be drawn to the well (i.e., gas recovery efficiency will
decrease). Nevertheless, a similar model is most often used to
estimate the gas production rate, Fq, of landfills.

Typically, gas withdrawal tests are performed at varying
extraction rates until attainment of the maximum extraction
rate that minimizes air intrusion and yields consistent quality
gas of adequate heating value. The premise js that this gas
vithdrawal rate is equal to the rate at which gas is being pro-
juced within a refuse volume bounded by the "zero-influence"
iso-surface (defined by the “radius of influence"). If we
~efer to this "optimal flow rate" as Qu* and to the observed
"radius of influence" during gas extraction at the rate Qy* as
1*, then, neglecting the radius of the well in comparison to
%, an expression for Fg is written as follows:

Qw*
x (R*)2t D

jote that this approach assumes a vertical iso-surface of “zero
influence". This is the single most common method by which
"gas production rate" has been estimated.

Fg =

The estimate of Fg might be more appropriately called the
"gas recovery rate", since not all gas produced will appear at
the recovery well. The rate, Fg, reflects both gas production
ind recoverability, and it is a useful tool in planning and
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designing gas recovery systems. But it must be reme. .ed that
the value of Fg for a given landfill is not an invariable esti-
mate; its value may depend on well depth and spacing, and on
the capabilities of the instrumentation used and the judgement
exercised in estimating R*. For example, it is likely that an
estimate of Fg based on simultaneous extraction from a number
of closely spaced wells would be greater than an estimate based
on withdrawal from a single well, because greater recovery effi-
ciency would be attained at points between wells.

The Scholl Canyon work employed a modification of this
method for estimating “gas production" in an attempt to reduce
inaccuracies inherent in the assumption that all gas produced
within the "zero influence" iso-surface is being extracted at
the test well [12). The modified approach assumed that at some
radial distance, r, from the withdrawal well, the fraction of
gas produced which reaches the well is equal to the influence
at that distance. Geometry of iso-surfaces was developed for
a number of influence values. The volumes and sub-imasses of
refuse contained between successive iso-surfaces were computed.
For purposes of estimating gas production rate, fractional "con-
tributory mass" of refuse was taken to be equal to the sub-mass
times the mean influence between successive iso-surfaces.
Extraction rate divided by the summation of the fractional con-
tributory weights gives an estimate of the gas production rate
per unit mass of refuse. This method of estimating gas produc-
tion rate may be used for well extraction rates other than the

"optimal" rate.

The Scholl Canyon approach may be an improvement over the
more simple method of estimating production rate in that an
attempt is made to account for decreasing recovery efficiency
with increasing distance from the withdrawal well, and the 1iso-
surfaces are not assumed to be vertical. But the assumption
that recovery efficiency is equal to jnfluence should be inves-
tigated further. The Scholl Canyon approach assumes_that no
gas is drawn across the fictitious "zero-influence" iso-surface,
as does the Palos Verdes work (however, for the Scholl Canyon
test results, it was found that there was a measurable influ-
ence to the limits of refuse). Since the Scholl Canyon approach
does not assume 100% recovery efficiency within the radius of
influence, this method will result in a more conservative esti-
mate of production rate than will the Palos Verdes approach. -

The methods outlined above for estimating gas production
rate can be applied to the results of either short- or lorg-term
extraction testing; however, short-term testing results me, be
affected by gas stored within the landfill voids. When short-
term testing results show that gas of desirable qua!1ty can be
withdrawn at reasonable rates without an excessive influence on
internal landfill pressures, long-term testing may be coqducged
to provide greater confidence in gas production rate estimation.
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A minimum estimate of the sustainable gas recovery rate
can be made from long-term test data by assuming that after a
volume of gas equivalent to the landfill void volume has been
extracted, all gas extracted is “"newly produced gas" (i.e.,
gas generated during the extraction testing). The "newly pro-
duced gas" volume extracted, divided by the duration of extrac-
tion testing, places a lower limit on the current recovery rate
that could be sustained. Of course, until a deterioratidn in
gas quality is observed, there is no guarantee that the ‘extrac-
tion rate employed equals or exceeds the optimum recovery rate
for the test recovery system. Also, the spacing, configuration,
and number of recovery wells would affect the system's "“optimum"
recovery rate. Unless the "optimum" system extraction rate has
been reached, the minimum sustainable recovery rate so calcu-
lated is a conservative estimate. Assuming a constant methane
concentration for the extracted gas, the following equations
can be used to calculate an estimate of the minimum sustainable
methane recovery rate:

q = —{¥0C (36)

r=_(X-V)C
fMP

shere,
Q = lower limit on sustainable methane recovery rate
for the entire site

r = lower limit on sustainable methane recovery rate
per unit mass of refuse

X = total volume of gas extracted

V = landfill void volume

C = methane concentration (percent : 100)

P = duration of extraction testing

M = refuse mass

f = fraction of in-place refuse from which the gas was
extracted

Yote that f is a gross parameter accounting for the relative
location in the landfill of the extraction wells and the 1955
»f landfill gas to the atmosphere. Judgment must be exercised
in selecting probable values for f, and normally a range of
values should be employed, resulting in a probable range for
the minimum estimate of sustainable recovery rate. Ideally, a
long-term testing program would use extraction wells spaced out
sver the entire fill and it could be assumed that f=1, but cost
-onsiderations - —+:ally make complete well coverage impractical.
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Refuse Permeability

Darcy's law was employed in the Palos Verdes report to des-
cribe landfill gas flow. The equation was used in the form of
equation (30), which is repeated below.

-k

e g

where,
u_ = apparent gas velocity at r in a direction toward
the well

k_ = specific or "apparent” intrinsic permeability of
the medium

u = absolute viscosity of the gas
r = radial distance from the recovery well
p = pressure at distance r

The apparent gas velocity as a function of r was then expressed
as follows:

R

where,

Q = volumetric flow rate
h = depth of well

These equations were combined and rearranged, permitting inte-
gration of the resulting differential equation, as follows:

R Pe
-27h k

u}('g dr = > v/[;D

r U
"w Pu

where,
re radius of the well
= "radius of influence”" of the well

p, = pressure at the well/refuse interface
po = pressure at the "radius of influence" of the well
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Here, h, kg ana y are assumed to be constant and have been
taken outside the integral. However, Q has been left inside
the integral because it is a function of r. Gas production
takes place throughout the refuse. Consider two values of r,
ri and rp, where rp>ry, and imagine concentric cylindrical sur-
faces at distances ry and rp from a gas withdrawal well. Flow
rate across the surface at ry must be greater than that across
the surface at rp because of the additional contribution of gas
from the continuous production taking place in the volume of
refuse between the two surfaces. Therefore, proper evaluation
of the integral on the left side of the equation would require
that Q be expressed as a function of r.

In the Pa]qs Verdes report, Q was treated as a constant and
was taken outside the integral, resulting in the following
expression for kg:

R
Q uin(=)
- W rw
ks 2nhap (37)
where,
4p = pg-p,

Note that the negative sign has been omitted from equation (37);
as equation (37) is written, the magnitude of the volumetric
well flow rate, Q,, should be used without regard to sign con-

vention for direction of flow.

This approach may be appropriate for withdrawals from a /
reservoir where no gas production is taking place, but applying
it to an active landfill results in neglecting gas production.
Since the same flow rate was assumed to exist across all “cylin-
drical surfaces" regardless of their distance from the well,
the entire gas flow was taken to originate at the “radius of
influence”. Note that the assumptions applied here are diamet-
rically opposed to those applied in the Palos Verdes method of
production rate estimation, where it was assumed that all gas
extracted -originates within the "radius of influence". The
shortcomings of this method of estimating refuse permeability
again emphasize the need for development of a reasonably accu-

rate mass-balance on the gas.

From gas extraction tests conducted at the Palos Verdes
landfill, it was concluded that the “"radius of influence" was
76 m for a 34 m deep well at a flow rate of 150 L/sec with an
applied suction of 34.4 cm of water below atmosphere. These
values and an estimate of 0.013 centipoise were substituted
into the above equation, and kg was calculated as 20 darcys.
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Refuse permeability was also estimated in the Sheldon Arleta
report [26]. In that work, the Kozeny equation was used to des-
cribe gas flow, and, as in the Palos Verdes report, gas produc-
tion was neglected. At Sheldon Arleta it was reported that the
"apparent permeability coefficient" increased with an increase
in the vacuum applied at the withdrawal well. This is not a
surprising result in that the greater applied vacuum should
have permitted more efficient recovery of gases produced. For
the "deep" wells, with an applied vacuum of 30 cm of water, the
*radius of influence" was estimated to be 76 m and the "appar-
ent permeability coefficient" was estimated as 0.0012 cm/sec.
The value of y for the composite gas was reported to be
1.07 kg/m3. Assuming that u = 1.15 x 10" 5Nsec/m? for the com-
posite gas, the "apparent permeability of the refuse, kg, can
be calculated as follows (see equation 29):

Nsec
1.15x1073 " 12 . m
— x 1.2x107° —
1.07 kg sec

m3

k =EK
Y

.
x 1xtob 2, L kg, Tdarcy
m2 9.8 N 9.85x1073cm?

k

s 13.4 darcys

This value is reasonably close to the estimate of 20.darcys
reported for Palos Verdes under similar pumping conditions.

Design Criteria

In the Palos Verdes report, an expression for the.mngitude
of gas velocity toward the well, v , was written by Q1v1q1ng
equation (34) for Q by the area of the imaginary cylindrical

surface of radius r, as follows:
2 2
- D R
. - Q. #(R-r")h Afﬂ,= (
r A 2nrh 2r

2. r2)D F

g (38)

This approach assumes that landfill conditions are uniform,
that Fq is the true gas production rate, that all gas produced
within R is collected, and that no gas is drawn across the
imaginary surface at R. Actually, only a fraction of the gas
produced at some distance r from the well would be collected,
and this fraction would decrease as r increases.
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As typically calculated, the value of Fgq accounts for effi-
ciency of recovery under the specific conditions of the gas
extraction testing, and when the contributing volume of refuse
surrounding the well is considered in bulk (i.e., Fq reflects
the "average" or overall recovery efficiency). In this context,
fg does not represent the true gas production rate, but rather,
it represents the maximum recovery rate for the system tested.
Introducing Fg into the equation for v, is bound to create some
inaccuracy where Fg is taken to be a constant, because .recovery
gfficiency will deCrease as radial distance from the well
increases.

The Palos Verdes approach proceeds, equating the above
$x¥§ession for vy with Darcy's law for vy (equation 30), as
ollows:

2 2
-(R® - r “)D ng- ) EE. dp
2r u dr

(Note that the sign convention for velocity direction toward
the well has been included here.)

R
P& up Fg f (Rz-rz)
dp = dr
.A, cks r

W

Evaluation of the above integrals gives the following expression:.

wF_D r 2 2
a9 2 R W R
P =7 E ‘"(rw“ 7 7 (39)

An improvement on this approach could be made if Fq were
treated as a function of r rather than as a constant, or if an
expression for recovery efficiency as a function of r were
introduced into the equation and Fq were treated as a constant
value (throughout the landfill volume) of the actual, composite
gas production rate.

Equations (34) and (39) were used in the Palos- Verdes report
to correlate R with Qy or Ap for various assumed values of Fg.
For example, equation (34) could be used to estimate the well
flow rate, Qy, that would be attained for a given value of R,
or to estimate R for the desired well flow rate; this informa-
tion is useful in determining inter-well spacing when laying
out the recovery well system. Equation (39) could be used to
help size the blower unit which applies the suction to the well
field or to determine well spacing given a practical value of
ap. Note tF *he value of ks calculated from equation (37)
may not be ai, opriate for use in equation (39), as these
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equations were derived from contradictory assumptions. Anyone
using these equations should keep in mind the limitations inher-
ent in the simplifying assumptions used in their development.

In particular, since landfill conditions are never homogeneous,
accurate modeling of the system is difficult. Judgment, experi-
ence, and experimentation are essential to rational, flexible
design of a landfill gas recovéry system.

Recovery System Management

The design and operation of a landfill gas recovery system
is still as much an art as it is a science. In conducting a
gas extraction test program and interpreting the resulting data,
common sense, experience, judgment, and even intuition are
essentia) assets. For example, experience with gas recovery
projects at numerous landfills will enable one to assess gener-
ally the gas production potential for a particular landfill
from such information as refuse appearance or composition,
refuse tonnage, age, and thickness, conditions of landfill
cover and surrounding soils, and other available background
data. Short of extraction testing, gquantitative methods for
this assessment have not been developed. Judgment based on
experience is critical to a preliminary estimation of methane

recovery potential.

Similarly, experience gained during extraction testing from
a particular landfill should form a basis for decisions related
to management of an eventual, full-recovery system. For example,
extraction testing can give an indication of the best gas pro-
ducing wells and areas of the landfill, initial extraction rates
to employ at particular recovery wells, and other operational

criteria. :
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METHODS GF RECOVERING LANDFILL GAS

GENERAL CONSIDERATIONS

Any recovery system for methane use should be designed and
operated in a manner which protects the long-term viability of
the landfill as a methane generator. Conditions favorable to
methane production should be maintained, as well as possible,
throughout the landfill. For example, a strategy of minimizing
air intrusion into the fill should be employed. "Overstressing
a landfil] by extracting gas at too great a rate will cause
substantial air intrusion, resulting in the establishment of
aerobic regions within the landfill and a reduction of the gas
recovery rate and of the total gas volume to be captured.

INDUCED EXHAUST WELL SYSTEMS

General Description

The induced exhaust well system is the only method of gas
recovery that has been used in cases where beneficial use of
the captured gas has been intended. This system has also often
been employed when control of lateral gas migration was the
objective., In many circumstances, it is desirable to design a
system which will both control gas migration and efficiently

recover methane for beneficial use.

The strategy of minimizing air intrusion is important from
the standpoint of a recovery and use objective, rather than for
gas control. Air intrusion can be minimized by using closely
spaced extraction wells operating at relatively low flow rates,
or by providing an effective gas containment system around the
refuse (e.g., synthetic membrane or tight soil). Of course,
there is an economic tradeoff, and a point may be reached where
the cost of improved gas recovery facilities outweighs the
potential benefit to be gained by improving recovery efficiency.
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A]so, ?mprovement of the gas containment systems is normally
impossible (except for improving cover conditions) in completed
portions of a Tandfill.

Desjgn criteria for exhaust wells, including their depths,
collection intervals, inter-well spacings, and setback distances
from the perimeter, are determined from site geometry and other
background information. The results of previous extrattion
testing and the program objectives (i.e., migration control
anq{or.recovery and use) also help determine exhaust well design
criteria.

‘An induced exhaust well for the recovery of landfill gas
typlcally consists of a perforated pipe casing placed in a hole
drilled in the refuse, backfilled around the perforations with
gravel, and sealed off against the inflow of atmospheric air
around the outside of the well casing. Recent innovations in
well design include installation of driven perforated pipe and
placement of perforated pipe in slightly undersized drilled
holes. However, much remains to be learned about the relative
merits of the various well designs. A suction is applied to
each well casing, creating a pressure gradient within the vici-
nity of each well which decreases in the direction of the well.
The gas is gathered to the well by the predominantly convective
flow and is then removed at the well head. Each well head is
normally equipped with a butterfly valve for flow rate control,
permitting flexibility in system operation.

The gas withdrawn at each well is collected to a central
point by means of a pipe network referred to here as the gas
collection header. A blower/motor unit is normally the source
of the applied suction and the central point to which gas is
collected. Gas transmission or use may require pressures
greater than the 25 to 38 cm of water available from a blower,
in which case a gas compressor would follow the blower. Dis-
posal of excess gas to the atmosphere will usually require a
gas burner for control of malodours.

The following discussions include more details on the vari-
ous components of an induced exhaust well system for landfill
gas recovery.

Well Construction

Drilling

Well construction begins with the drilling of a borehole
in the refuse. Borehole diameters in the range of 60 to 90 cm
are commonly used and have been found suitable; however, smaller
diameter hol  may be adequate in some instances. Larger diam-
eter boreho: orovide greater surface area at the refuse/gravel
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interface and, logically, should require a smaller applied suc-
tion to attain a given flow rate than do smaller drill holes
since the gravel backfill is more permeable than the refuse
removed.

Well depths ranging from 50 to 90% of the refuse thickness
are common. The existence of a permanent leachate level above
the base of refuse is a lower limit on well depth. Typically,
collection intervals (i.e., well length along which the pipe
casing is perforated or the borehole is backfilled gravel)
vary from the lower one third to the lower three quarters of
the well depth. In any event, the upper extent of the collec-
tion interval should be far enough below the ground surface to
preclude substantial air intrusion.

Drilling in refuse is usually accomplished with a truck-
mounted continuous flight auger rig. Rates of progress are
often slow due to difficulties encountered in drilling refuse.
For example, construction debris (e.qg., Tumber and concrete)
and large metal objects such as automobile bodies and household
appliances may cause delays, and holes drilled in poorly com-
pacted refuse may cave in, requiring the removal of additional
refuse. For the drilling of 60 to 90 cm boreholes the drill
rigs should have an average rate of progress ranging from about
3.5 to 10 m per hour depending on fill conditions.

Materials

Various materials have been used for the well casing and
associated fittings. Although polyvinyl chloride {PVC) pipe
is the most common material, fiberglass, polyethylene, and stee
also have been used. PVC has been the most popular choice
because of its relatively low cost, and its generally satisfac-
tory performance. On the other hand, PVC pipe may be unaccept-
able where gas temperatures are high, and PVC is kqown to dete-
riorate rapidly when exposed to ultraviolet radiation (present

in sunlight).

Pipe casings are sized on the basis of the expected gas
flow rate and the permissible pressure loss from the well head
to the collection interval. Casings with diameters of 8 to
15 cm are common. Often, two casing diameters are used, with
alternating casing lengths of different diameters which permit
telescoping of the casing to accommodate landfill segt!ement.
Alternating pipe lengths of di fferent diameters are joined by
slip joints which permit the pipes to slide together but pre-
vent their pulling apart beyond some fixed poiqt. These tele-
scoping joints are used mainly where refuse thicknesses are
great; their performance remains to be documented.
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Figures 10 and 11 show typical telescoping gas well details.

Along that length of the exhaust well from slightly below
to slightly above the well casing's perforated interval, the
borehole is backfilled with gravel to facilitate the flow of
gas from the refuse to the perforations. Commonly, gravel of
a size less than 4 cm is used. A concrete plug 60 to 90 cm
thick is normally poured around the casing, above the gravel
backfill, as a seal against the inflow of air from the surface.
A relatively dry concrete mixture should be used to prevent
plugging of the gravel-filled gas collection interval of the
well. Above the concrete plug, the borehole is backfilled
around the well casing with fine-grained soil which acts as a
further seal against air intrusion.

Each well head is normally connected to the gas collection
header by means of flexible hose, which allows for thermal
expansion/contraction and differential settlement. A vault box
over the well head is normally provided to limit accessibility
to the flow control valve,

Perforations

Several well casing perforation patterns and methods have
been used. The primary requirements of the perforations are
that they remain open, that they do not require excessive pres-
sure losses to draw the gas through them, and that they do not
unduly weaken the pipe. Generally, the casings have been per-
forated using either a drill or a saw. Drill diameters of 1.3
to 2.5 cm are commonly used, and four or more holes may be
drilled in one ring around the pipe casing. Individual rings
of perforations might be spaced 10 to 30 cm apart. Weakening
of the pipe casing can be minimized by radially staggering
alternate rings of perforations. Sawed slots of 3 to 6 mm in
width have also been used as perforations. The slots are com-
monly cut to a depth of 1/6 to 1/3 the outside diameter of the
pipe casing. Relatively shallow perforations might be sawed
in pairs with perforations located opposite one another. Alter-
nate pairs could then be staggered 90°, radially, to maintain
pipe strength. Deeper perforations might be sawed individually,
with adjacent perforations staggered 180°, radially. The lon-
gitudinal spacing of sawed perforations is usually within the

range of 8 to 20 cm.

Well Spacing and Layout

Well spacings are normally determined using the "radius of
influence” concept and an approach similar to equations (31)

or (32). Assuming typical values of 650 kg/m3 for refuse den-
ST e T mathane recavery rate per unit mass
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of refuse, and a 50% methane concentration, equation (32) could
be used to correlate well flow rate, Qy, with "radius of influ-
ence”, R, given the refuse thickness, t. For example, if gas
is extracted at a rate of 50 L/sec from a 30 m deep landfill,

a "radius of influence" of about 70 m could be expected. The
gas extraction rate required to establish a "radius of influ-
ence” of about 50 m would be estimated at 25 L/sec. Inter-well
spacings should be less than or equal to twice the estimated
“radius of influence”.

Some "overlap" of influence is desirable for the perimeter
wells of a system designed for control of gas migration to
insure that effective control is obtained at points between
wells along the landfill boundary. Of course, gas extraction
rate and “radius of influence" are dependent on one another,
and individual well flow rates can be adjusted after the recov-
ery system is in operation to provide effective migration con-
trol and/or efficient methane recovery. In employing this
approach, it should be remembered that the "radius of influence"
is not a concept that can be taken Titerally; it {s merely a con-
venient tool for simplifying engineering calculations.

Once a desired inter-well spacing and well setback distance
from the Yandfill boundary have been established, recovery wells
are established in a pattern providing efficient recovery of
gas. Given no constraints, locating exhaust wells at the ver-
" tices of equilateral triangles (the sides of which are equal to
the desired inter-well spacing) provides the most complete
coverage of a landfill's area. It is usually not feasible to
lay out an entire well field in the equilateral triangle pat-
tern because of irregularities in the geometry of the landfill
boundary. It is also difficult to maintain the equilateral
triangle pattern because smaller inter-well spacings are often
used for wells nearest the landfill perimeter than are used for
interior wells. Perimeter wells must be relatively closely
spaced and operate at low flow rates to minimize air intrusion
across the refuse/soil interface. Interfor wells are less sus-
ceptible to air intrusion and can utilize greater inter-well
spacings and higher well flow rates, minimizing the number of
wells required and decreasing construction costs.

A recovery well layout design should take into account the
anticipated end use of the land. This type of planning is par-
ticularly relevant when layout of the gas collection header is
combined with the well layout. For example, well heads.and
collection header piping should usually be laid below final
grade if recreational use is anticipated. Wells and collection
header should normally not be located where structures are to
be constructed within the gas recovery project life.
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Gas Collection Header

- Materials

Polyvinyl chloride (PVC) pipe has been most widely used in
gas collection headers, primarily because of its low cost and
easy installation. However, as indicated above, PVC should

“not be used in piping exposed to long-term solar radiation
because the material is known to deteriorate under ultra-violet
radiation. High density polyethylene pipe has also been uti-
lized for gas collection header pipe. Recently fiberglass-
reinforced resin pipe impregnated with a reflective material to
resist attack under ultra-violet 1ight has been used for above-
ground installations.

Pipe Protection

Gas collection header piping usually requires protection
from damage by exposure to the elements, equipment traffic, and
vandalism. Soil cover can usually be expected to provide the
best practical means of pipe protection. The choice is whether
to lay the pipe on the surface and mound soil over it or to lay
the pipe in a trench and backfill with soil. The required per-
formance of the pipe protection, the end use planned for the
site, and the relative cost of the alternatives should be
weighed in making a decision. For example, consider a landfill
located in a warm climate: 1if there is no end use planned for
this site, a shallow soil cover over the pipe is sufficient to
protect it from vandals and ultra-violet light, provided equip-
ment traffic is not a problem. But trenching may offer the
best alternative, for example, if there is a planned end use
requiring a flat surface or if the landfill is located in a
climate where the header pipes must be protected from freezing
of condensate during the winter months.

Pipe Slopes and Condensate Drains

Gas recovered from a landfill normally has been found to be
saturated with moisture. During collection in the header sys-
tem, the gas undergoes an expansion and temperature decline,
and some water condenses (falls out of the gas), accumulating
in the bottom of the header lines. If the condensate is allowed
to accumulate in low spots of the line, the header pipe may
become partially or completely blocked. To avoid the line
blockage problem, condensate drains should be constructed at
regular intervals along the header line, and the line should be
always sloped toward a condensate drain. :
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Gas cgllection piping is usually sized on the basis of gas
flow requirements. Given pipe sizes and an assumed or calcu-
lated rate of condensate formation, the header pipe slopes and
cqn@ensate drain spacing can be established to keep only a neg-
ligible portion of the pipe cross-sectional area occupied by )
condensate. The required pipe slopes can be determined by
methods analogous to those used in sewer design. For example,
the Hanning or Hazen and Williams equations could be used to
evaluate the hydraulic characteristics of the pipe system.
Adegquate field inspection and supervision should be available
during construction of the header Tine to insure that the lines
are sloped according to specifications, Buried header lines
may present difficult problems 1f pipe slopes are incorrect,
and differential settlement of the landfill may cause adverse
slopes which require remedial measures.

Condensate drains should be located at all Tow spots and at
more or less regular intervals along the gas collection header
line. Typical spacings of the drains might range from 60 to
210 m. Shorter spacings are preferred because the drains are
relatively low cost items and the chances of major blockage due
to differential settlement diminish as the number of condensate
drains increases.

A condensate drain basically consists of a small diameter

. {(e.g., 2.5 cm) pipe connected to the header line by a "T" joint.

The pipe extends downward from the header Tine at a low spot in
the collection pipe; the accumulated condensate drains out of
the header line throuah this "driplea". Since there is suction
applied to the header line, means must be provided for prevent-
ing air flow through the dripleg and into the header line.
Typically, the lower end of the dripleg is immersed in a reser-
voir of water or condensate. The length of dripleg, from its
upper opening in the header line to its lower opening immersed
in the reservoir, must be greater than the greatest anticipated
applied pressure, relative to atmospheric pressure (expressed
as a height of water column).

The distance from the reservoir overflow to the top of the
dripleg must also be greater than the height equivalent of the
greatest anticipated relative pressure to be applied, so that
excess condensate will flow from the reservoir and not be sucked
back up into the header line. Above any openings in the lower
portion of the dripleg, a reservoir volume must be maintained
sufficient to fill the dripleg to a height above the reservoir
surface equivalent to the areatest relative pressure to be

applied.

Excess condensate is most often percolated back jntq the
refuse, from whence it came. The condensate reservoir is typ-
jcally set in a gravel-filled excavation, and the overflow from

the reservoir is applied to the gravel.
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Header Pipe Sizes and Layout

. The absolute pressure change experienced in typical land-
fill gas collection headers would almost always be less than
5% (5% of atmospheric pressure is equivalent to about 38 mm of
mercury), and, for all practical purposes, gas flow in the
header lines can be considered as incompressible. If pipe
stopes and condensate drains are well designed and properly
constructed, the pipe cross-sectional area which is occupied by
cqn@ensate can be neglected without materially affecting the
sizing of header piping on the basis of gas flow.

_ Header pipes are sized on the basis of flow rate and permis-
sible pressure loss in the header line. Flow equations analo-
gous to those used for design of air and water distribution
systems can be used to correlate pressure loss with gas flow
rate, pipe diameter, pipe length, and pipe material. Using a
commonly employed pipe-friction equation and assuming a header
pipe of circular cross-section, pressure loss would be directly
proportional to (1) a friction factor, (2) pipe length, and
(3) the square of mean gas velocity; and inversely proportional
to (1) pipe diameter, and (2) twice the acceleration of gravity.

The value of the friction factor can be determined, for
example, from a Moody chart. The value of the friction factor
is a function of the relative roughness of the pipe (i.e., abso-
lute roughness divided by pipe diameter, a dimensionless number)
and the Reynolds number. The Reynolds number is the product of
the pipe diameter and the mean gas velocity, divided by the
kinematic viscosity of the gas ?the Reynolds number is dimen-
sionless). The kinematic viscosity is absolute viscosity
divided by gas density, and, for a given gas composition, kine-
matic viscosity is a function of gas temperature. Methods of
solution for the flow of gas in air conditioning and heating
networks are in common usage, and standard texts should be con-

sulted for details.

The first step toward designing a gas collection header

line is to estimate gas flow rates from the individual recovery
wells. For a proposed header layout, flow rates in each seg-
ment of the header line can be estimated. Since preliminary
flow rate estimates may be inaccurate, a factor of safety should
be used to adjust the flow rate upward, especially where con-
trol of lateral migration is an objective. If the header line
for a gas control system is conservatively sized, the perimeter
wells may eventually be operated at higher flow rates than orig-
inally anticipated, and additional perimeter wells can be con-
structed at points along the header line where control is inad-

equate.
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Once the flow distribution has been estimated for a pro-
posed header layout, segments of the header pipe can be sized
to keep pressure losses within reasonable limits, as determined
by the performance characteristics of available motor/blower
units. Numerous header layouts can be proposed, each requiring
different lengths of various sizes of pipe. Since the instal-
lation cost per metre (linear foot) is less for smaller pipe
sizes than it is for larger sizes, there is an economic trade-
off; for example, a proposed layout using a greater total length
of header pipe may be less expensive than a layout using a
Tesser total length of pipe but using more pipe of relatively
large diameters. Generally, several proposed header layouts
should be investigated in an attempt to minimize construction
costs.

Possible Maintenance Problems

Gas collection headers are subject to several potential
problems that should be addressed during the design and planning
stage. It should be recognized from the outset of any landfill
gas recovery project that ongoing expenses for maintenance will
be incurred. Since one possible problem with header piping is
breakage due to thermal contraction or expansion, header design
should provide for flexible connections or layout to avoid such
breakage.

Another potential problem with a header system occurs when
differential settlement of the fill causes pipe movements
resulting in adverse slopes, accumulation of condensate in Tow
spots and partial or complete blockage of gas flow. The con-
densate blockage problem and the requirement for proper pipe
slopes and condensate drains were addressed earlier in this

chapter.

In anticipation of problems caused by pipe breakage, con-
densate blockage, or other header system failure, a regular
program of periodic inspection and maintenance should be estab-
lished. Tools and pipe materials should be readily available
for routine repair of the line, and pipe slopes should be
checked and adjusted as required.

Above-ground installation of the gas collection header is
sometimes possible, and the easy accessibility greatly simpli-
fies pipe maintenance and slope adjustment. If the end use .
plan for the land, climatic conditions, aesthetic considerations,
or security precautions dictate that the header system must be
below grade, maintenance becomes more difficult and the cost of
maintenance can be expected to increase.
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OTHER TECHNIQUES

Combined Recovery/Control Systems

Although recovery and beneficial use of landfill gas can
ften prove to be a viable energy alternative on the basis of
he economic merits of the recovery and use project alone, the
ioncept makes sense in many other situations where there s a
iazard potential from the lateral migration of methane toward
tructures. Properly designed and constructed induced exhaust
1el1s used for gas recovery systems have been shown to effec-
.;ively control the lateral migration of landfill gas. In addi-
.ion, completely enclosing the refuse with a liner impermeable
.0 gas would also avoid a lateral migration problem. However,
n cases where the economic benefit from the use or sale of
:he gas does not significantly offset the cost of the control/
'ecqye;{ project, more economical control alternatives may be
vailable.

Shallow Trench Collection Galleries with Induced Exhaust

Although vertical exhaust wells have normally been used for
:he recovery of landfill gas, as described earlier in this
thapter, a network of shallow trenches shows good promise as a
‘easible method of gas recovery. The shallow trench systems
ay have special merit where the leachate level is relatively
:Jose to the ground surface or where the refuse is thin. The
;hallow trenches would be backfilled with gravel, and perfo-
-ated, collection header piping would be laid in the gravel
yackfill. The trenches and header piping would be laid out and
nterconnected in network fashion.

An essential element of a workable shallow trench collection
jallery is the provision of a good seal above the trench qetwork
‘0 preclude air 1intrusion. In designing a trench collection
;jystem, consideration should be given to the alternative of
;ompletely covering the site with a synthetic membrane material.

Natural Exhaust

A natural exhaust landfill gas recovery system could be
designed to incorporate either vertical wells or shallow
trenches. An essential element of any natural exhaust system
sould be a good seal, approaching a complete enclosure around
the refuse, to prevent the escape of landfill gases. For exam-
ple, the refuse mass could be completely enclosed by a synthetic
membrane impermeable to gas. Logically, one should get the
greatest methane recovery from a completely enclosed system.
Such a system maximizes methane production because anaerobic

10¢

conditions can be maintained throughout the refuse mas  all
other factors affecting methane production assumed to be equal);
it also maximizes recovery efficiency because the refuse gas
cannot escape to the atmosphere.



UTILIZATION AND PROCESSING OF LANDFILL GAS

In conjunction with the field testing program, a market and
background data survey must be undertaken for a site. The
survey should determine the potential buyers available in the
local area, the energy usage load, the prospective price con-
siderations, and anticipated social, political, and technical
obstacles. The survey should also develop the landfill place-
ment history, character and composition of the refuse, moisture
history, and site physical characteristics. This survey, cou-
pled with an extensive test program, should provide the basis
for prediction whether it is feasible to recover and sell meth-
ane from a specific landfill.

If the gas is to be utilized by more than one buyer, the
Jandfill gas seller may be competing with a utility company,
thus falling under the jurisdiction of utility control agencies.
Thus, entrepeneurs contemplating landfill gas sales and/or pur-
chase should thoroughly investigate sales regulations and
restrictions.

UTILIZATION MODES

There are three primary categories of use for methane from
landfills: (1) the direct sale of low kilojoule (heating value)
gas to industrial customers; (2) utilization of low kilojoule
gas as a source of fuel for electrical generation; and (3) the
conversion of refuse gas to pipeline standard gas for injection
into nearby utility company pipelines.

Other potential uses of landfill gas are:

1. Steam generation as a source of heat or for electrical
generation.

2. Conversion of landfill gas to liquefied natg{"égas

(methane). _ L

e
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3. Conversion of landfill gas to methanol (methyl alcohol).
4. Direct combustion for space heating.

5. After removing moisture and particulate matter, injec-
§10n of low kilojoule gas directly from the landfill
into an existing natural gas transmission line..

The sale of low kilojoule gas to nearby industrial customers
is generally the most economical and profitable alternative; if
there are no regulatory constraints, there are no pricing
restrictions. The limiting economic factors for a successful
venture are the volume of gas available (including future
reserves), the distance from the landfill site to the custom-
er{s), local market price, gas use pressure requirement(s), and
compatibility of use as compared with pipeline standard gas or
alternative fuels. ,

Electrical generation is a more costly end use as compared
with the direct sale of low kilojoule gas to industrial custom-
ers. However, because of the limited low kilojoule gas market
for any particular landfill site, one should consider the use
of methane gas for electrical generation or some other purpose.

For each individual landfill site, specific market condi-
tions, requlatory constraints, and economics will dictate the
preferred end use.

Low Kilojoule Gas

Prior to transmission of low kilojoule gas off-site, some
on-site gas processing will be required. The minimum process
requirements for low kilojoule gas use consist of free 1iquids
removal and compression of the gas to elevated pressure.
Removal of water and other 1iquids will minimize pipeline
entrapment of condensation with its associated problems (cor-
rosion, liquid surge, flow blockage, and unacceptable water
content). The compression process provides the necessary
vacuum to withdraw gas from the landfill and pressure head to

move the gas to its use point.

Designers must select whether to use an electric motor or
internal combustion engine (option of dual fuel) for the com-
pressor system. The reliability (on-line time) of combustion
engines is between 90 to 95%, whereas the reliability of the

electric motor approaches 1003, However, the cost of electricity

for the electric motor is higher than the fuel for the combus-
tion engine, because the combustion engine can use 1qndfi11 gas.
In addition, the electricity supply may be interruptible if the
utility source has a brown-out or other power outage. chh_cqse
must be decided on the merits of its own economy and reliability.
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On-Site Generation of Electricity

Gas withdrawn from a landfill can be utilized for on-site
electrical generation. Initially, the gas is injected (typi-
cally under a pressure of 0.35 to 0.70 bars into an internal
combustion engine whose carburation is modified to deliver the
proper amount of air (approximately 10%) for combustion. The
motgr runs a generator to develop electricity. A dual fuel
engine can be utilized in the event the thermal heat of combus-
tion falls much below 19 kJ/L; natural gas, propane, or diesel
fuels can provide the supplementary fuel supply.

An alternative approach to utilizing landfill gas for on-
site electrical generation is to introduce the gas to a gas
turbine engine. This method requires a compressor stage ahead
of the turbine since the injection pressure is in the range of
10 to 20 bars. A significant drawback of this approach is that
the system efficiency is very low because of heat loss. How-
ever, the system's efficiency can be measurably improved if the
heat Toss from the combustion is captured for steam production
or other beneficial heat use.

The internal combustion engine-generator system has Lhe
following advantages over the gas turbine system: (1) lower
capital costs; (2) less compression before injection to the
engine; and (3) resulting higher efficiency because of decreased
energy requirements for compression.

Upgrading To Pipeline Quality

Landfill gas can be upgraded to yield a variety of heating
values (kJ/L) by numerous conventional processes. The cost of
upgrading rises dramatically as impurities are separated from
the methane. The ultimate product can be essentially pure
methane (equivalent to pipeline standard natural gas) with a
heating value of about of 38 kJ/L.

Certain users may require partial upgrading to a quality
which will meet their need. Although upgrading all the way to
pipeline quality is an expensive process, every user of natural
gas, as well as the gas transmission companies and utilities,
should be able to use this quality gas. Consequently, pipeline
quality gas may yield the greatest price premium. In addition,
some credit for the by-product €Oz may be obtained if it can be
removed in a relatively pure state and a local CO2 market exists.
Although the process technology to approach or achieve pipeline
quality gas is relatively straightforward, "off-the-shelf" tech-
nology, some technical problems may be encountered because of
variations of trace contaminants found in landfill gas. There-
fore, experience in process technology is a necessary prereq-
uisite to successful achievement of pipeline quality gas.
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Miscellaneous Uses

Where a commercially viable opportunity does not exist for
recovery and sale, landfill gas can be used as a supplement to,
or substitute for, miscellaneous on-site fuel requirements.

The gas can be gathered by a blower-motor system which can
deliver it at a pressure of about 0.34 bars for direct burning.
This source of heat energy can be utilized for space heating
and other applications where a source of heat is required.

PROCESS TECHNOLOGY

Dehydration for Water Removal

Landfill gas is generated within a temperature range of 27
to 66°C and at a saturation of nearly 100%. The internal pres-
sure within a landfill typically ranges from atmospheric to a
pressure ranging from 2.5 to 5 cm of water above atmospheric.
As the gas is extracted and moves through the header system to
either a motor and blower or to a process station, the temper-
ature is depressed toward the ambient temperature, and water
vapour and gases condense to form a liquid in the gathering
header 1ine. When the gas moves through a process facility,
it is subjected to a number of changes, such as compression,
temperature increase, cooling, and pressure reduction. As the
processed gas moves through the transmission line to the point
of use, there is a tendency for the gas within the pipe to
attain the ambient temperature. Unless the gas has been prop-
erly dehydrated, condensation may occur.

The technology to be followed in handling the liguid con-
tained in the gas starts at the point of collection (gathering)
and continues through transmission in the gathering header sys-
tem to the point of use, or process. The design engineer must
install sufficient condensate collection points to drain the
water and other liquids from the pipeline so that they do not

interfere with gas flow.

A condensate collector (knockout pot or scrubber) should be
provided for the gas immediately ahead of the compressor and
also just before the use point. Condensate drains may be
required in the gas transmission line, depending on its length,
elevation, and the ambient temperatures encountered. If the
gas moves through a simple blower system, there may be some
additional condensation. To overcome this problem, the blower
should be provided with a drain capability so that accumulated
water will not interfere with fan operation. If, on the othef
hand, the gas ~ters a process station, a large knockout pot is
usually prov, . This collects condensate from gas cooled
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after discharge from the compressor, directing discharge back
to the landfill or to other suitable points. This condensate
will be acid in nature, and thus corrosive.

As 1iquids move through the process system, additional
scrubber or knockout pots should be provided at points where
Tiquids are expected to condense, and provisions should be made
for their discharge in an environmentally safe manner.

Gas users will probably be concerned about the dryness of
the gas as it reaches their facility. If the gas has not been
depressed in temperature below the transmission temperature,
then some water condensate and moisture surges may be expected
at.the point of use. In order to avoid the accumulation of
moisture, the dew point of the gas must be lowered to a point
below the ambient transmission line temperature and maximum
transmission 1ine pressure. To attain the required dew point,
1iquid can be removed at the processing station by utilizing
either triethylene glycol and/or temperature depressing.

Methane Quality Improvement

Carbon dioxide is generated in the Tandfill in approximately
the same percentage as methane (45 to 55%); therefore, one of
the major efforts in upgrading methane gas quality is to separate
the carbon dioxide from the methane.

A number of solvent treatment systems are available which
utilize a liquid solvent that has an affinity for carbon dioxide,
hydrogen sulphide and, in some instances, water. The solvent has
minimal affinity for methane; thus the methane is effectively
separated from the other gases. Solvent treatment systems cur-
rently in use include Methyl Ethanol Amine~Diethanal Amine
Absorption {MEA-DEA), Diglycolamine (DGA), Hot Potassium Carbon-
ate, Propylene Carbonate, Selexol, and Fluor Solvent.

Dry adsorbent systems can also be used where molecular sieve,
activated charcoal or other appropriate adsorbents remove the
contaminants. As an example, the molecular sieve has a micro-
scopic honeycomb structure that traps (adsorbs) molecules accord-
ing to their size and polarity. Some molecules, including carbon
dioxide, hydrogen sulphide and water, are more readily adsorbed
than others such as methane, thus allowing the landfill gas con-
taminants to be selectively removed. In all instances, the sol-
vent or adsorbent is regenerated and recycled, the latter being
regenerated through vacuum evacuation and/or thermal regeneration.
The resulting contaminated gas or solvent is freed and discharged

in an environmentally safe manner.
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Each.of the methane treatment processes should be evalu-
ated on its own merit, with special consideration for the eco-

nomics, environmental constraints and process reliability.
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APPENDIX A

LIST OF ABBREVIATIONS

BOD biochemical oxygen demand

Btu British thermal unit

°c degree Celsius

cfm cubic foot per minute

cm centimetre -
C/N ratio weight of carbon + weight of nitrogen in sanple
CcoD chemical oxygen demand

DGA diglycolamine

°F degree Fahrenheit

ft foot

ft2 square foot

ft3 cubic foot

g gram

in inch

kg kilogram

kdJ kilojoule

kN kilonewton

L litre

1b pound (mass)

]bf pound {force)

LEL Jower explosive range

m metre

m2 square metre

m3 cubic metre '

MEA-DEA methyl ethanol amine-diethanol amine absorption
mg milligram

mL millilitre

mm millimetre
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N
PG&E
Psig
PVC
scf
typ.
yd

newton

Pacific Gas and Electric Company
pounds per square inch

polyvinyl chloride

standard cubic foot

typical

yard

APPENDIX B

LIST OF VARIABLES AND SYMBOLS?

Pages 5-13

pH -log [H+], where+[H+] is the concentration of
hydrogen ions, H

CH, methane

€0, carbon dioxide

C5H 05N chemical formula for a bacterial cell

5 fraction of waste chemical oxygen demand (COD)
synthesized or converted to cells

e fraction of waste COD converted to methane gas
for energy

ac solids retention time, days

a, Smax When 6c = 0
cell decay rate, day'1 (per day)
biological yield factor, generally ranging from
0.03-0.15

HAc acetic acid

HCO3™ bicarbonate ion

BA bicarbonate alkalinity, mg/L as CaCO,

TA total atkalinity, mg/L as Cal0;

VA volatile acids, mg/L as acetic acid (HAc)

LX (garden waste + paper products + textiles + wood)

on a dry weight basis
C;03H334013gN empirical formula for paper
Cyg Ha70gN empirical formula for food wastes

31n the technical literature one variable {letter) is occasion-
ally used to represent more than one parameter. For example,
in one chapter r refers to the radial distance from recovery
well, while in another r is the lower limit on sustainable
methane recovery rate for the entire site. With the goal of
minimizing confusion, this list is organized by chapter {page
numbers given), in the order in which the variables occur in
the text. Where appropriate, the reference equation is

included.
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Pages 25-36

Y2
t99/100

tnax
k

k x k x W, x P X {1 - M ) x V. X E.
weight tota] bu]k refuse

fraction of component i by wet weight of total
bulk wet refuse

fractional moisture content of component i by
wet weight

fractional volatile solids content of total bulk

dry weight

fraction of biodegradable volatile solids of
component i

351 L CH,/kg S,i
1.5 kg COD/kg
ZiCi

concentration of substrate surrounding the
microorgani sms

maximum rate of substrate utilization per unit
mass of microorganisms

concentration of microorganisms

half-velocity coefficient

time

volume of gas produced prior to time t

G at t=0

volume of gas remaining to be produced after t
L at t=0

first stage gas production rate constant
second stage gas production rate constant

hal f-time, when half of the ultimate gas produc-
tion has been reached, G =1L = LO/Z when t = t]/z

time required to achieve 99% of ultimate gas
production

time of maximum production rate

gas production constant for the Scholl Canyon
Kinetic Model

number of submasses considered

Pages 59-64
R

O ¢ © ©

< -3

x R N <X ©Ww I x

Pages 65-95

1”01:)”;0*20

P
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fraction of total refuse mass contained in
submass 1

time from placement of submass i to point in time
at which composite production rate is desired

Reynolds number

absolute viscosity of the fluid
density of the fluid

velocity of flow

characteristic dimension of the system or critical
grain diameter

radial distance from the recovery well

apparent gas velocity at r in a direction toward
the well

coefficient of permeability

static head (piezometric head)

total pressure at distance r

specific weight of the gas

elevation above some arbitary datum

standard coefficient of permeability

specific or intrinsic permeability of the medium

well-flow rate

compilation of conversion factors

radius of influence

refuse thickness

in-place refuse density K&+ D R2 ' Or
methane production rate (where Q, = )
fractional methane concentration

influence or relative pressure drop

radial distance from the well being pumped
(where 1 = A + Bin r)

a positive constant

a negative constant

magnitude of the gas flow rate across imaginary
cyltindrical surface



optimal flow rate

radius of influence at the rate Q*

radius of the imaginary cylindrical surface
{where Q = n(RZ-rz)tDFg)

depth of well .
gas production rate per unit mass of refuse

Tower 1imit on sustainable methane recovery rate

for the entire site (where Q = il%%lg)

lower Timit on sustainable methane recovery rate

. - X-V)C
per unit mass of refuse (where r = ™M(P/365 )

total volume of gas extracted
landfill void volume'

methane concentration (% ¢ 100)
duration of extraction testing
refuse mass '

fraction of in-place refuse from which the gas
was extracted

volumetric flow rate (where v, = 2)

radius of the well

pressure at the well/refuse interface

pressure at the “"radius of influence" of the well

— et et et e et b el el el omd ek el

APPENDIX C

CONVERSION FACTORS

centimetre

centimetre

cubic metre

degree Celsius

dyne per square centimetre

dyne-second per square
centimetre

hectare

kilogram

kilogram

kilogram per cubic metre

kilogram per cubic metre
kilojoule

kilojoule per cubic metre
kilojoule per kilogram
kilojoule per litre
kilonewton per square metre
litre

litre per kilogram

litre per second

metre

metre

millimetre of mercury

millimetre per kilogram
per day

newton )
newton-second perm

0.3937 inches

3.281 x 1072 feet

1000 L

0.556 (°f - 32) degrees
9.869 x 10" 7 atmospheres
1.00 poise

2.471 acres
2.205 pounds (mass)
1.102 x 1073 tons

6.243 x 10”2 pound (mass) per
cubic foot

1.686 pound (mass) per cubic yard
0.9481 British thermal units (Btu)
0.02684 Btu per cubic foot

0.4301 Btu per pound (mass)

26.84 Btu per cubic foot

0.1450 pounds per square inch
3.532 x 1072 cubic feet

0.0160 cubic foot per pound (mass)
2.119 cubic feet per minute

3.281 feet

1.0936 yards

0.5353 inches of water (at 4°C)

5.85 x 1073 cubic feet per pound
per year

0.2248 pounds (force)

2.089 x 1072 pound-sec per square
foot
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1 poise

1 square centimetre
1 square centimetre
1 square foot

1 square metre

100 centipoise

1.013 x 108 darcy

1.076 x 1073 square feet
9.416 x 1010 darcy

10.76 square feet

APPENDIX D

SYNOPSIS OF RECENT RESEARCH IN ANAEROBIC DIGESTION*

 Research on anaerobic processes involving the biodegrada-
tion of decomposable complex organics in the last decade has
revealed a complex biochemical process usually termed anaerobic
digestion {Zehnder 1978). The end products produced by anaer-
obic digestion consist primarily of methane and carbon dioxide
and water. Also produced are trace amounts of other substances,
including hydrogen and hydrogen sulphide gases, as well as dis-
solved ammonium and bicarbonate ions.

Three physiologically distinct groups of microorganisms
are involved in converting complex organics to methane. The
activity of these three microbial groups gives rise to the three
steps in the overall process of anaerobic digestion (shown on

Figure D-1).

In the first step, complex organic materials, carbohydrates,
proteins and 1ipids are hydrolyzed and fermented to fatty acids,
alcohols, carbon dioxide, ammonia, and some hydrogen. The
organisms involved in this step are anaerobic and facultative
anaerobic fermenting bacteria such as Bacillus, Clostridium,

and enterobacteria.

In the second step of anaerobic digestion, organic acids
and alcohols produced during the first step are converted into
acetate, hydrogen, and carbon dioxide. This process is con-
trolled by the actual hydrogen partial pressure, since organisms
in this step have to catalyze reactions which are endo thermic
under standard conditions at a pH of 7. Very little is known
about these organisms which exist only in co-cultures with
other organisms which keep the hydrogen partial pressure low,

e.g., methane bacteria.

The third step involves two physiologically distinct types
of methanogenic bacteria: (1) methanogens that reduce carbon
dioxide to methane; and (2) methanogens that decarboxylate

acetate to methane and carbon dioxide.

* Based on the work of A.J.B. Zehnder in “Ecology of Methane
Formation", Water Pollution Microbiology, 2, 349-376 (1978).
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In the case of sewage sludge digestion, about 70% of the

methane produced has been found to originate from acetate, COMPLEX ORGANIC MATERIALS
while the remaining 30% is derived from carbon dioxide reduction CARBOHYDRATES
(Zehnder 1978). , PROTEINS
The following equations summarize the three steps for the l LIPIDS ]
conversion of glucose (CgH,,0;) to methane and carbon dioxide .
(Zehnder 1980)*, ‘ ‘
Step 1
LIQUEFACTION, HYDROLYSIS, FERMENTATION
Fermentation CeHy 206 2C0; + 2C,H50H
Step 2
Hydrogen Formation 2C,Hs0H  + 2H,0  2CH4COOH + 4H i
yérog s z 3 2 { ORGANIC ACIDS
Step 3 ! ALCOHOLS
§
€0, Reduction COz + 4H,  CH, + 2H,0
Acetate Decarboxylation 2CH3CO0H  2CH, + 2C0, §
. fi YDROGEN
Overall Reaction CsHy20g  3CH, + 3C0, i Fr(')R‘:aRAc:'ION #
' Y
' ACETATE H, ,CO,
: Y Y
REDUCTIVE
ACETATE ME THANE
DECARBOXYLATION FORMATION
¢ CH
| CH,+CO, 4

EMCON
@Rssoclotes

Son Joss, Califorsis 98112

* Zehnder, A.J 2., "Water Microbiology", Class Notes,

Stanford Un.  sity (1980). Figure D-1. Multistep methanogenesis in anaerobic §stion.

(Source: Zehnder 1978.)
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Abiotic factors, 13
Acetic acid, 7, 11, 13
Acid conditions, 11
formers, 5
Adverse slopes, 107
Aerobic conditions, 5,
10, 97
Agricultural waste, 43
Air "breakthrough", 83
flow, 105
intrusion, 43, 69,
70, 75-79, 83, B8,
97, 99, 100, 103,
108
Alkalinity, 42, 43
Ambient barometric
pressure, 84
temperature, 43, 72,
114
Ammonia, 11, 37
Ammonium ion, 13
Anaerobic bacteria, 5
42, 83
biological activity,
69
conditions, 1, 5, 10,
30, 32, 34, 37, 39,
43, 56, 109
conversion, 35
decomposition, 15
27, 39, 41, 43,
46, 55
systems, 10, 11, 44
Anemometer, 73
Apparent gas
velocity, 91
permeability
coefficient, 93
Atmospheric air, 83, 98
oxygen, 70
pressure, 70, 71, 84,
105
Available organic
substrate, 56

Bacterial cell, 9, 10
growth kinetics, 56
populations, 44

Bicarbonate alkalinity,

1

Captured gas, 97
Carbon tetrachloride, 41
Cell decay rate, 9, 10
Cells, 31
Cellulose, 27, 32, 46
fermentation, 46
hydrolysis, 46
Chloroform, 41
Coefficient of
permeability, 65
Combustible gas, 71
concentration, 2
Compaction, 73
Composite refuse, 27, 28, 31,
34, 38 :
Compression, 114
Condensate, 104, 105, 107, 115
Construction costs, 107
Contaminants, 113, 115
Contributory mass, 88
Convective flow, 61, 66, 70,
71, 98
Corrosive, 32, 69, 82, 87
Cotton fibers, 32
Cover, 43, 73, 87, 95
Critical mean grain diameter, 64

Darcy's law, 62, 64-66, 91, 94
Decompos ition of organic
wastes, 1, 46
Detericration of gas quality, 79
Dew point, 115
Differential pressure, 71
settlement, 100, 105, 107
Diffusive flow, 61, 66, 87
Diurnal fluctuation, 70, 71, 74,
79, 84-86
Dry adsorbent system, 115
Dryness, 115
Dwyer, Magnehelic differential
pressure gauge, 72

Effective biodegradability, 34
Energy content, 69
usage load, 111
Equation of stage, 66
Explosive, 2, 71, 83 .
Extraction rate, 42, 75, 80, 82,
103

Factor of safety, 106
Facultative organisms, 83
Fatty acids, 7, 10
Fermentation of complex
wastes, 7
Ferrous metals, 43
Field determination, 69
Flare unit, 83
Flow equations, 106
Flow of gases, 62
rate, 64, 75, B0, 81,
85-88, 91, 92, 94,
98, 106
Fractional contributory
weights, 88
Free water, 83
Friction factor, 106

Gas burner, 98
compressor, 98
containment, 97, 98
control, 2, 97
flow, 3, 70, 74, 83,

106, 107
hazard, 37, 61
migration, 2, 97, 103
~producing micro-
organisms, 56
recovery system, 64
transmission, 64, 98

Hazen equation, 105
Hazard potential, 108
Heating value, 88
Hemicellulose, 32
Heterotrophic anaerobic

organisms, 44
Hydrocarbon, 37, 69
Hydrogen sulphide, 37
Hypothetical

velocity, 62

Idealized conditions, 34
Impermeable seals, 68
Inclined manometer, 72
Induced exhaust
system, 61
Infra-red detectors, 71
Inhibitory materials,
34, 4
Inorganic carbon
Jeachate, 11
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Inorganic nutrients, 43
Insoluble cellulose, 46
Internal pressure, 68-71, 84
Intrinsic permeability, 66
Iso-influence, 87

Kinematic viscosity, 106
Kinetic rate constants, 44
Knudsen diffusion, 61, 64
Kozeny equation, 93

Laminar flow, 62-64
tandfill settlement, 99

void, 79, 80, 89, 90
Lateral migration, 61, 106, 108
Leachate, 9, 42, 43, 99, 108
Lignin, 32

Magnehelic gauge, 72, 73

Maintenance, 107

Malodours, 68, 83, 98

Manure, 43

Mass spectroscopy, 69

transport, 43, 55, 66

Mathematical model, 34

Maximum methane, 11, 34, 84

Methane-carbon dioxide

analysis, 71

Methanogenic bacteria, 7, 11, 13
41, 42, 46, 47, 83

Microorganisms, 46, 55, 56

Micronutrients, 34

Migration, 2, 66, 103

Microenvironments, 13, 70

Moderately decomposable, 5, 15

Moisture, 15, 28, 30, 34, 35,
42-44, 47, 55, 63, 69, 73,
74, 83, 84, 104, 115

Molecular diffusion, 61

Monitoring probe, 68, 71, 76

Monod equation, 46

Moody chart, 106

Multiple-depth probe, 78

Natural exhaust system, 108
Nitrogen concentration, 83
Nitrogenous organics, 11
Nonbiodegradable organics, 34
Nonferrous metals, 43
Nutrient availability, 43



138

Odour control, 83
Optimal conditions, 35
flow rate, 88
gas recovery, 34
Optimum temperatures, 43
Organic acids, 7
decompasition, 47
gases, 83
material, 7, 15, 27,
30, 32, 34, 42,
43, 46-49, 51, 55,
74
Organism decay rate, 10
Overstress, 42, 82, 97
Oxygen, 1, 7, 9, 71, 83
intrusion, 55

Palos Verdes kinetic
model, 51
Paper, 32, 33, 38, 48
waste, 32
Partial pressure
gradient, 61
vacuum, 61, 66
Passive system, 61
Permeability, 66, 73,
78, 87, 91, 93
Piezometric head, 65
Pitot tube, 63, 83
Plastics, 34
Polymeric aromatic
material, 32
Polysaccharide, 32
Porosity, 66
Porous medium 61, 62,
64-66
Pressure, 42, 61-63,
65, 66, 68-70,
72, 74, 78-80,
83-87, 89, 98,
100, 105-107,
114
distribution, 70, 71
Probe casing, 68
Production potential,
71, 73
rate, 75, 87
Propionic acid, 7
Protein, 10

4

Radial flow, 65

influence, 78, 88
Radius of influence, 80, 82, 86,

87, 89, 91, 92, 103

Rapidly decomposable, 15
Rate-determining methane

bacteria, 46

-limiting factor, 43

limitation, 55 .
Readily decomposable

materials, 53
Recovery efficiency, 87-89

potential, 71, 85

rate, 90

system efficiency, 42
Recreational use, 103
Refactory waste, 49
Refuse age, 95

density, 81, 100

mass, 90

size, 42

thickness, 78, 81, 88, 95, 99

tonnage, 95

volume, 88

recovery well interface, 64

soil interface, 76, 103
Regional landfills, 1
Regulatory standards, 2
Reservoir, 86
Reynolds number, 62-64, 106
Rubber, 34

Safety precautions, 83
Saturated organic acids, 7
Seasonal fluctuations, 74, 78,
84
Sludge, 43, 44
Solar radiation, 104
Solids retention time, 9
Soluble cellulose, 46
substrate, 46
Solvent treatment system, 115
Stabilization of organic
wastes, 5
Static baseline, 74
conditions, 68-72, 74, 85
head, 65
monitoring, 74
readings, 79 )
Steady-state conditions. 87, 88

Stoichiometric
coefficients, 32, 33
Streeter-Phelps
equation, 56
Substrate, 31
availability, 58
concentration, 46
-limited bacterial
growth, 58
-limited microbial
growth, 56
utitization, 46
Surface migration, 61
Sustainable production,
6
Surrounding soils, 73,
95
Sustainable production,
75
recovery rate, 75,
79, 85
Synthetic membrane, 97,
108

Temperature, 34, 42-44,
63, 64, 70, 74,
84, 99, 114
Textiles, 33
Theoretical mass
balance, 87
Thermal contraction
or expansion, 100,
107
Thermistors, 73
Thermocouples, 73
Thermometers, 72
Tight soil, 97
Time dependency, 44
Total alkalinity, 11
bulk refuse, 35
gas pressure, 61
gas volume, 97
organic carbon, 28,
44, 84
organic fraction, 51
pressure gradient,
61, 62
refuse mass, 53
yield, 74
Toxic effects, 4}
materials, 7

13y

Toxic organic solvents, 41
substances, 73

Turbulent flow, 62, 64

Typical moisture content, 15

Ultimate gas production, 49, 5]
yield, 55, 56

Ultra-violet radiation, 104

Unfavourable environmental
conditions, 7

Velocity, 62, 64, 65, 73, 83,
93, 106

Vertical influence, 78
iso-surface, 88

Viscosity, 62, 66, 9]

Volatile acids, 7
acid concentration, 11
solids, 28, 34, 35, 44, 74,

84
Volume, 35, 88, 90
Waste chemical oxygen demand,

concentration, 46

stabilization, 7
Water, 43, 114
Wet refuse, 30, 35
Williams equation, 105
Withdrawal rate, 75, 86
Wood, 32, 47

-like plant fibers, 32

Zero influence, 87-89



