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ABSTRACT

In response to concerns about global warming, the U.S. Environmental
Protection Agency's (EPA) Office of Research and Development (ORD) has
initiated a program to characterize the effects of global change, including
identifying and quantifying emission sources. EPA's Air and Energy
Engineering Research Laboratory (AEERL) is part of this effort, and is
particularly concerned with quantifying emissions sources both in the

United States and globally.

This report provides an overview of the available country-specific data
and modeling approaches for estimating global landfill methane. The
current estimates of global landfill methane indicate that landfills
account for between 4 and 15% of the global methane budget. The report
provides an approach for using country-specific data and field test data to
develop a less uncertain estimate of global landfill methane. The
development of enhanced emissions factors for landfills and other major
sources of methane will improve the understanding of atmospheric
chemistry and feedback effects, will target mitigation opportunities, and
will ensure cost-effective mitigation strategies.
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1.0 INTRODUCTION

In response to concems about glabal warming, the U.S. Environmental Protection Agency’s (EPA}
Office of Research and Development (ORD) has Initiated a program to characterize the effects of global
change, including identlfying and quantifying emission sources. EPA’s Air and Energy Engineering
Research Laboratory (AEERL) is pan of this effort, and is particularly concerned with quantifying
emissions sources both in the Unlted States and globally.

Considerable effort has been expendad studying carbon dioxide (CO,) emissions since CO, is
responsibie for most of the globél warming. Methane (CH,), is of particular concem since #ts radiative
forcing potential has been estimated to be 20 10 30 times that of CO, on a mole basis; furthermore,
atmospheric methane is increasing at a faster rate than any of the other greenhouse gases except for
CFCs (Rodhe, 1990). Although the major sources of methane are known qualitatively, considerable
uncertainty exists about the quanthtative emissions from each source. One of the goals of AEERL's
plobal climate research program is to develop better models and inventories for methane sources.

This report summarizes the current state of knowledge with respect to one important methane
source—-landfills. The objectives of this study are:

. 1o evaluate the epproaches currently avallable for estimating landfill methane emissions,
and

. 1o determine the best avallable approach for estimating global methane emissions from
landfills.
These objectives were met by reviewing the current literature on methanogenesis in landfills, coliecting
and evaluating methane emissions models, and interviewing experts in this field.

The "best” approach Is cbviously determined by & variety of factors including the desired level of
accuracy, desired resolution, data limitations, and budget and time constraints. The level of accuracy is
largely determined by the needs of the usars of the model outputs. Policymakers need quantitative
measures of landfill emissions in order to develop mitigation strategies and to assign priorities 10
mitigation programs. However, they may need only one number, such as average annual global
methane emisslons from a given source; the finest resolution they may need is likely to be at the
country-specific level. At the other end of the spectrum, AEERL's mode! may be needed to supply
information to regiona! and global atmospharic modals. If 5o, the resolution of the data will need to be
finer. Spatially, the emissions may be neaded for grid cells as large as 10° x 10° or as smaltas " x T,

Temporally, time periods smaller than a year may be desirable.



At this time, AEERL can only recognize that these divergent needs exist, but can not say for
certain that the needs of all users can be met. The limitations to meeting all these needs are partly
related to the costs of model development. Even more critical, howsver, Is the large amount of
uncertainty associated with modeling methanogenaesis. Cost considerations aside, the data required as
inputs for a mechanistic mode! of methane production may not exist.

The conclusions and recommendations are summarized In Section 2.0. Section 3.0 discusses
several different modeling approaches that are currently avallable, and discusses data needs and
avallabllity. Section 4.0 presents a conceptual scheme for a global landfllis model, and outlines a
program to develop that mode! further.



2.0 CONCLUSIONS

The purpose of this project was 1o determine the preferred approach for estimating global landfill
methane. This effort Is part of a larger effort in which field test data are being collected to develop
enhanced emission factors for major sources of methane Including coal mines, natural gas
production /distribution systems, and waste disposal facllities such as landfiis. The development of
enhanced emission factors will improve the understanding of atmospheric chemistry and feedback
effects, will target mitigation opportuntties, and will ensure cost-effective mitigation strategies.

This report provides an overview of the approach to develop enhanced emission factors for globa!
landfill methane. The approach was developed considering the availablity and quality of country-specific
information such as the amount of waste being landfilled, the composttion of landfilled waste, and other
landfill characteristics that affect landfill methane emissions. The approach was also developed
considering the needs of policymakers and atmospheric chemistry modelers.

Provided below are conclusions from this project for developing an approach to more reliably
estimate giobal landfill methane:

1. An analysis of avallable models was conducted (Section 3.1) and the conclusion
is that several cument models exist which could be modified for use with
country-speciiic data. The models were evaluated considering avaliability of
required inputs. In future work, field test data are to be collected to evaluate
how the avallable models compare to gas production data at landflll sites where
methane is being collected and controlled/utlized. The results of this future
work will be used to define the algorithm for estimating global landfili methane.

2 A review of avallable country-specific data was conducted (Section 3.2). It was
found that data on waste composition and waste management for most
countries are adequate. However, some regions are not covered as well as
others, so extrapolation from similar countries or use of surrogates is needed to
develop inputs forthase countries. Also important are the country-specific waste
generstion rates because methane production is directly proportional to the
amount of degradable waste landfilled. Data are avallabie tor a large number of
countries. It was also found that gross national product (GNP) is a good
predictor of waste generation rate. Future work wiil need to determine whether
to use estimates of waste generation rates or to use the gross national product
approach developed by Kelth Richards of the United Kingdom Department of
Energy.

3 The results of enhanced emission estimates for globa!l landflll methane will be
used as input to other models. Policymakers are generally concerned with total
and country-speclfic estimates. Atmospheric chemistry modelers generally
require finer resolution. A sensitivity analysis of three allocation schemes was
conducted to test the relative performance of each scheme using a range of grid
slzes: 1° X 1°,5° x5°,and 10° x 10°. The aliocation schemes range from the
very simple to the very detaled. The conclusion of this analysis is that a
*Population Centroid® methodology previously developed for a global VOC
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inventory study Is reasonably accurate and cost-effective for a 10° x 10° grid.
It maximum fiexibility Is desirable or if a 1°* X 1° grid cell is required, then a new
methodology Is required (Section 4.1). Future work will need to determine the
user needs of enhanced emission estimates for global landfill methane.

A review was conducted of the functional relaticnships between methane
production and the various factors known or suspected to affect the rate of gas
production. h was found that moisture appears to be the greatest factor
affecting gas production. The other factors such as waste age, composltion,
quantity and quality of nutrients, and ambient temperature may aiso affect gas
production. However, the results of studies reponed in the literature are
sometimes contradictory, and it is unclear how the resuits would be extrapolated
to actual landfilis. Future wark where field testing data are to be coliected will
help in determining the functional relationships for the factors affecting gas
production. In addition, work belng conducted in the United Kingdom, Sweden,
the Netherlands, and India will also provide data needed to help determine the
functional relationships. The results of this work need to be collected for
developing the inputs for estimating global landfill methane.
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3.0 REVIEW AND ASSESSMENT OF LANDFILL MODELS AND DATA AVAILABILITY

Currently availabie modals are reviewed below in Section 3.1. Data gaps and knowledge gaps
that limit development of a global model are identified in Section 3.2.

3.1 EVALUATION OF AVAILABLE MODELS

Three different types of models dealing with landfill methane were identified. The first are global
landfill methane emissions estimation models. These are simplistic models which do not take into
account time-dependent variations in methane production. in general, the refuse generated annually is
assumed 1o be converted to rmethane and carbon dioxide based on the degradable carbon content in
the same year that the waste is landfiled. Spatial variation is, at best, limited to the scale of individual

countries.

The second group of models are theoretical first-order kinetic models of methane gas production.
They are based on the methanogenic processes of bacterial populations and include a time component.
These models are generally applied to individual landfills, although they could be applied to entire

countries or regions.

The third group of models are not concerned with methane production, but model the movement
of gases through a landfil. Whlle these modeis are capable of providing the most detalled emissions
data with respect to temporal resolution, they are far too detailed for plobal applications. These models
are not discussed any turther in this report. The first two types of models are described in more detall

below.

3.1.1 Global Fmissions M

Two examples of plobal models were found. The simplest was develcped by Richards (1989) and
is based on using Gross Domestic Product {GDP).' Using estimates of annual refuse production and
GDP tor the U.S. and western Europe, Richards calculated that these two industrialized regions (which
account for 65% of the world GDP) produce 492 million metric tons of refuse per ysar. Making some
other gross assumptions about gas generated per tan of refuse and percent landfilled, he estimates that,
globally, 39.2 x 10° m’ landflll gas are produced each year. This number includes all landfli gases, so
the amount of methane was extracted using an assumed CO, /CH, ratio. Richards estimates that 9.8-
18.3 million metric tons of methane are emitted from uncontrolled landfills globally.

Gross Domestic Product is the Gross National Product excluding payments on foreign investments.
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Ancther example of a method for estimating global landfll emissions is provided by Bingemer and
Crutzen (1987). In this methodology. 80 percent of the degradable organic carbon (DOC) in landfil
waste is assumed 10 be converted into landfil gas that is 50 percent methane by volume. The authors
then used existing studies to develop estimates of annua! retuse generation rates and waste composition
for different countries. Data are not avallable for all countries, sc estimates had to be made for the
USSR and eastern Eurape and tor some developing countries. Based on these assumptions the authors
estimate global landflll emissions of 30-70 million metric tons annually.

These two methods produce quite different estimates, reflecting the problem with an approach
that uses such gross simplifications. Bingemer and Crutzen (1987) assume a rather high conversion rate
(80%) which is not likely to apply to all climates and landfill types. They also assume & relatively high
percentage of waste is landfilled (80% globally). In fact, the percentage of the waste depasited in
sanitary landfills where anaerobic conditions are likely to occur may be much lower than 80 percent. In
developed countries, alternative forms of waste management, such as incineration, recycling, and
composting, are becoming increasingly important (Richards, 1989; Swartz, 1989). in the developing and
undeveloped countries, very little waste is deposited in sanhary tandfills. Most of i ends up in dumps
(i.e.. deposited on the surface) where asrobic conditions prevall (Bhide et al., 1980).

Although consideration of all these variables suggests that Bingemer and Crutzen's estimates are
on the high side, Richards' estimates are based on a few broad assumptions and must be regarded as

crude approximations. Both of these approaches have merit and the techniques used may be
incorporated into more detalled models. However, at this time, both methods yield only rough
approximations of present-day emissions; they have even less credibillty for projecting emissions in the

future.

3.1.2 Methane Gas Production Models

Methane emissions from individual landfills may be estimated using theoretical first-order kinetic
models of methane production. Specific models are discussed and evaluated in Emcon (1882). These
and other modeis were reviewed for EPA's Office of Air Quallty Planning and Standards (OAQPS) by
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Radian Corporation®” The Scholl Canyon mode! has been modified for use in estimating iandfill VOC
emissions in the United States.

The original form of the Scholl Canyon model is
Qcn, = LyR(E*“€™)

where:
QcH, = methane generation rate at time t, 1’ /yr

L = potential methane generation capachty of the refuse, { /Mg refuse

R = average annual refuse acceptance rate during active life of landfili, Mg/yr
Kk = methane generation rate constant, 1/yr

c = time since landfili closure, year (c=0 for an active landfill)

t = time since the initial refuse placement, year

For a given landfill, R, ¢, and t are usually available. Vglues for L, and k are not so easy to find, in part
because they are defined ambiguously. The potential methane generation capachty of refuse, L, is
generally trealed as a tunction of the molsture content and organic content of the refuse. The rate
constant, k, is a function of many factors, including molsture, pH, temperature, and other environmental

factors, as well as landfill operating characteristics.

Unfortunately, no explick functional relationships are avallable that can be used to estimate the
kinetics of methane production. Both L, and k must be estmated; the OAQPS method is to use
measured methane emissions from several landfills to calculate both k and L, for differem climates within
the United States. Another approach is to estimate L, for a given landfill from refuse composttion; then,
using measured methane generation rates, k can be calcutated for that landfill.

2Memorandum to S.A. Thomeloe, EPA, from Y.C. McGuinn, Radian Corporation. "Use of a Landfill Gas
Generation Model to Estimate VOC Emissions from Landfllls." June 21, 1988. ii-B-14, U.S. EPA
Standards of Performance for New Stationary Sources and Guldelines for Contro! of Existing Sources:

Municipal Solid Waste Landfill Docket, Docket No. A-88-09.

IMemorandum to S.A. Thomeloe, EPA, from Y.C. McGuinn, Radian Corporation. *Sensitivity Analysis of
Landfill Gas Generation Model." June 21, 1988. 1I-B-15, U.S. EPA Standards of Performance for New
Stationary Sources and Guidelines for Control of Existing Sources: Municipa! Solid Waste Landfill

Docket, Docket No. A-88-09.
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Similar models are described in Emcon Associates (1982). They will not be discussed here since
the fimitations of the Scholl Canyon model for global modeling apply to al of these kinetic models. A
senshivity analysis of the Scholl Canyon Model* found that emission rate was & direct linsar function of
L, and R, and a negative exponential function of k. The senshivity ot emission rate to k depends partly
on the year (t) and partly on the magnitude of k. Furthermore, greater uncertainty is associated with k
In the U.S., k appears to be affected somewhat by climate in that estimated k values tended to be higher
in states with higher precipitation. However, a wide range of k values were found within both “dry” and

“wel" states.

These models would have to be modified for use on a global scale for many reasons. One
problem Is that the mode! requires information on iandfill age and time since closure. It would be
impossibie to get this kind of infformation for every landfi within a country. An alternative would be to
model the average landfill within each country and muttiply mode! emissions by the number of landfills.
However, this still requires fairly detailed country-specific data.

An even more imponant problem Is that k must be estimated from empirical data on methane
generation rates. While this is a reasonable approach for the United States, It is probably not feasible on
a global scale because sufficient data on methane generation rales are not fikely 10 be avafable 10
estimate k values for individual countries or regions. [f functional relationships between k and the factors
believed to affect k (e.g., moisture) were avallable, kinetic models such as these might have more
potential. Even i thase relationships could be determined, uniess a rather large data set covering a wide
range of refuse types (for estimating L,} and moisture regimes (assumed to partially determine k) is
available, this approach Is unlikely to be any more reliable or accurate than the meathods discussed In

Section 3.1.1.
3.2 DATA NEEDS AND AVAILABILITY

Data necessary to develop global models for methane emissions from landfills include refuse
generation, waste composttion, landfill size, aerobic vs. anaeroblc processes, age of refuse, pH,
temperature, maisture content, and avallable nutrients. Researcher’s opinions vary concerning which
parameters are most Impornamn in determining methane emissions from the landfil. For example, while
many studies conclude that a certain pH range combined with moisture and refuse content will result in
maxirmum methane generation, one study found that lack of soil ~pisture actually increased methane
generation from the landfill (Jones and Nedwell, 1990). Conclusive data conceming these parameters

“See footnote 3.
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are important in developing modeling approaches. Data may be collected by initiating sampling of

landfills or bench scale research.

Availabllity of data conceming landfill methane emissions was assessed through database and
library searches using keywords such as: landfill, municipal solid waste, biomass, alternative energy,
methang, and anaerobic decomposition. !nformation was evaluated to establish relevance to this
project. The results of these searches reveal that there is a great deal of information conceming waste
composition and, 1o a lesser extent, waste generation rates. Information conceming factors that affect
the generation of methane from fandfills is generally not available, or, where avallable, is not conclusive.

Information conceming waste compostition and generation as well as disposal methods was found
for both developed and developing countries. Composting is becoming a popular program for reducing
the amount of waste sent to landfills in some countries. Tables summarizing this information can be

found in Appendices A and B.

3.2.1 Essential Data Requirements

In order to develop a modeling approach to estimate global landfill methane emissions, inputs for
parameters affecting methane generation are necessary to develop estimates. The major data types
required are discussed below. The first two, waste composition and refuse generation rate, affect
potential methane production. The environmental variables affect the rate of production.

3.2.1.1 Waste Composttion and Refuse Generation Rate—

Waste composttion and refuse generation is a major determinant of both gas quality and rate of
production. Both organic content of the waste as well as the size of the particles of waste influence gas
generation quantity. Waste having & high percentage of biodegradable organic material (food and
garden waste, paper, wood) and small particle size (25-250 mm) has been found to increase gas
production from landfils, although other factors, such as the pH, affect the concentration of methane as

opposed to carbon dioxide (Senlor, 1990).

Retuse generation rates affect the amount of waste being delivered to a landfill and therefore the
amount of waste available for decomposition. Waste decays at different rates. According to one source
(Rovers et al., 1977), food and garden waste decompose within 1-5 years, paper breaks down in
5-20 years, and wood may take 20-100 years to decay. Refuse generation rates in past years will affect
the amount of material degrading in the landfill at any given time. Refuse generation rates can also be
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used to estimate the amount of biodegradable carbon In a landfill given annual generation rate,
composition of waste, and size of the landfill.

industrialized countries tend to have high generation rates, with paper and cardboard as the

most significant contributors to degradable carbon. Waste in developing countries, by contrast is
generally comprised of vegetable and garden refuse, but the total volume of waste generated Is lower.
Some data on waste generation rates in different countries are also avaflable (e.g., World Resources
Institute, 1988). See Appendix A for a summary of refuse composition in developed and developing

countries.

3.2.1.2 Environmental Variables—

Several environmental parameters influence methane production from landfills: pH, moisture
content, refuse generation, waste composition, temperature, aerobic vs. anaerobic processes, landfill
size and type. Data are needed to quantify relationships between these variables and how they affect
the methane generation rate. Much of the recent research on landfills has focused on optimizing
methane production for collection and utilization as an energy source.

Mpistyre-in landfllils, moisture determines the mbxing, dilution, and fiushing of refuse components
and nutrients. Moisture has been found to increase methane production in landfills; however, in some
instances, decreased molisture values have increased methane production, possibly because &t
decreases the activity of methanotrophic soll microorganisms which consume methane {Jones and
Nedwell, 1990).

it is generally accepted that controlling water conditions can increase methane generation rates;
however, introducing controls may also introduce prablems (Senlor, 1990). Presence of high water
content should enhance avallability of nutrients and, therefore, stimulate bacterial growth. However,
there is a distinction between moisture volume and infitration. One study performed with three cells
fiiled with different amount of refuse found that rapid infiltration could impede methane generation
(Rovers and Farquhar, 1973). Another study (Klink and Ham, 1982) found that methane production
could increase 25-50 percent with infiltration even when total moisture content of the refuse remained
constant. This increased production rate of methane may be due to an increase in uniform distribution

of nutrients and pH (Klink and Ham, 1982).

No definltive answer has been found conceming the necessary moisture content for maximum
methane generation. Laboratory studies (deWalle et al., 1978) have found that maximum rates resuit
from water-saturated refuse; while other studies found that moisture contents of 60-80 percent produce
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maximum methane generation {Farquhar and Rovers, 1973). Researchers hypothesize that large water
additions may Introduce oxygen which delays the initiation of methanogenesis, and in some instances,
may introduce acidogenesis which retards methane production. Conversely, the ratio between methane
and carbon dioxide may increase in favor of methane production, in the presence of elevated moisture

contents (Senior, 1990).

in a study conducted by EPA's Office of Solid Waste (OSW), landfill gas generation rates between
0.34 andd 15.28 cubic meters of landfill gas per cubic year of refuse per year are reported. These data
are provided in Table 1 (SCS Engineers, 1986). Assuming a refuse denslty of 533.24 kilograms per
cubic meter, this corresponds to & landfil gas generation rate of 0.75 to 34 liters of landfil gas per.
kitogram of refuse annually. One important finding of this study was the correlation between landfili gas
generation rate and moisture coment. Based on these data obtained from 12 landfills in “wet® States and
8 landfilis in Southern Calfornia, emissions from “wet" landfills are approximately 2.6 times greater for the
“wet” States as for the “dry” ones. The field data supporting this factor is presented in Table 2. The
factor of 2.6 is obtained when the mean or median value (7.78 or 7.67) of wet region gas generation rate
is divided by the dry region gas generation rate (3.04 or 3.00). The *wet" States are defined as the
States with annual precipitation of 23 inches (58.4 centimeters) of annuel precipltation. All States except
the following receive greater than 23 inches of precipitation annually. Arizona, Califomnia, Colorado,
Hawali, Idaho, Montana, Nevada, New Mexico, North Dakota, South Dakota, Utah, and Wyaming.

Jemperatire—~An optimum temperature range exists in which the methanogenic bacteria function
best. It is the temperature of the anaerobic zone that regulates the optimum methane production.
Research has found that at 35° C almost 80 percent of the degradabie organic carbon (DOC) may be
dissimilated. It is assumed that 80 percent of the DOC is converted into blogas containing 50 percent
by volume of methane (Bingemer and Crutzen, 1987). Verstraste et al. (1984) obtained a 70 percent
increase in gas production with a temperature elevation from 22 to 33°C.

Temperature in the landfil is determined by microbial metabolism, dry denslty of refuse, specific
surtace area, refuse compostion, and water content. Landfill temperature changes in response to air
temperature changes have been reported (Rovers and Farguhar, 1972). For example, a tandflll in
Canada exhiblted seasonal temperature fluctuations between 2 and 21°C at a depth of 1.22 m.

Temperature can also affect gas composition. Temperature increases can affect the fermentation
balance, resutting in increased acki generation while inhibking methanogenesis (Kasali, 1586).



TABLE 1. LANDFILL GAS GENERATION RATES AND REFUSE MOISTURE CONTENT

Gas Refuse
Generation Moisture Methane
Rate Content Content
Landflil Location (m? fred ) (Wt %) (vol %)
WET REGIONS
Michigan 267 33 52
Maryland 3.41 34 a9
Wisconsin 5.33 50 52
New York State 7.04 53 57
Washington, DC Area 7.18 - 47
Maryland 7.37 - 56
Florida 8.15 29 55
Ohio 8.29 33 53
Florida Q.26 24 50
New York State 9.26 30 51
Onhio Q.59 a7 55
Florida 20.00 42 58
DRY REGIONS
Southern California 0.44 17 56
Southemn Callfornia 1.78 12 52
Southern Callfornia 222 18 55
Southern California 230 16 50
Southern Calltomnia 3.67 27 54
Southem California 392 18 56
Southern California 467 2 54
Southern Callfornia 5.30 22 51

¥Cubic meters of landfill gas/cubic meters of refuse per year.
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TABLE 2. EFFECT OF MOISTURE CONTENT ON LANDFILL GAS GENERATION RATE

Gas Retuse
Generation Moisture Methane
Rate Content Content
Landfili Location (n? fod yr) (wt %) {vol %)
WET REGIONS
Michigan 2.67 33 52
Maryland 3.41 34 49
Wisconsin 5.33 50 52
New York State 7.04 53 57
Washington, DC Area 7.18 - 47
Maryland 7.37 - 56
Fiorida B8.15 28 585
Ohio 8.29 33 53
Florida 9.26 24 50
New York State 0.26 30 51
Ohio 9.59 37 55
Florida 20.00 42 38
Mean 7.78 37 83
Median 7.76 34 53
Standard Deviation 4.52 9 3
DRY REGIONS
Southern California 0.44 17 86
Southern California 1.78 12 82
Southem California 222 18 55
Southemn Californla 2.30 16 50
Southem California 367 7 54
Southem Califomnia 3.92 18 56
Southern Callfornia 4567 2 54
Southemn California 530 22 51
Mean 3.04 19 54
Median 3.00 18 54
Standard Deviation 1.63 5 2

* Cubic meters of landflll gas/cubic meters of refuse per year.



pH~The pH value in a landfill can vary at different depths and celis of the landfill. Ranges of pH
have bean reported as 4.4-6.9 (Bookter and Ham, 1982); however, the optimum for methanogenesis
seams to be around 7.0 {Emcon Associates, 1982). Low pH values and high concentrations of
carboxylic acids can inhibit methanogenesis. While the methanogenic bacteria necessary for production
of methane are most active at certain pH values, this is a parameter that wouid be difficult to measure in

the field as it is highly variable in space and time.

Aerobic vs. Anaerobic Conditions-During aerobic pracesses in the landfill, bacteria decompose

refuse by consuming oxygen, while producing carbon dioxide and water. Anasrobic processes result in
the production of methane. The aerobic decompostition of waste generally lasts only a few weeks while
the anaerobic process can continue for 10-30 years after the filing has been completed (Bogardus,
1987). Some methane produced through anaerobic processes in the landfill may be oxidized by
methylotrophic bacteria present in the top cover of the landfill (Jones and Nedwell, 1930).

Wasle disposal practices dictate the presence of aerobic vs. anaerobic processes. Landfilling
wastes encourages the presence of anaercbic processes while composting and surface disposal,
prevalent in developing countries, result in aerobic processes of decomposttion.

Size and Tvpe of Landfill-Lendflls may include municipa! solid waste, industrial waste, hazardous
waste, or in some cases, 8 combination of refuse. Because It is important to have waste with a high
percentage of organic material for methane production, municipal solid waste landfllls are the obvious
source of methane emissions. Hazardous and Industrial waste landfills may contain compounds that will
resutt in @ low pH atmosphere 1oxic to the methanogenic bacteria.

Larger landfils will generally provide greater mass of organic material. However, no information
was found to describe the functional relationship betwesn landilll size and methane production. The
depth and surface area are probably more important factors to cansider than skze alone. For exampile, a
large shallow landfil is likely to produce more CO, than a deep landfill of comparable size because of its

greater surface area.



4.0 DEVELOPMENT OF A GLOBAL LANDFILLS MODEL

Ideally, the gioba! landfill methane emissions model used by AEERL should meet two criteria. The
first 1s that &t provides reliable courtry- or region-specific estimates of methane cumently produced by
landfilis. The second is that It be capable of projecting emissions into the future. The reliability of these
projections will depend on the ease with which the model's parameters can be changed to refiect
various world scenarios; for example, country-specific trends in waste management could afiect the
amount of waste landfilled as opposed to incinerated or composted. Increasing affluence of developing
countries may increase the amount of waste generated annually. Finally, changes in the earth's climate-
particularly in precipitation—cauld affect the rate of methane production.

4.1 CONCEPTUAL SCHEME FOR A GLOBAL LANDFILLS METHANE EMISSIONS MODEL

Based on the review of the currently available models, the needs of AEERL and other mode!
users, and the current state of understanding of methane production, a genera! scheme for a giobal
landfills model can be described. This scheme is presented solely for the purpose of synthesizing the
current state of the science. it provides a framework tor discussion, and helps identify both data needs
and potential modeling methodology requirements. The actual form of the mode! that is developed may
be qulte different.

Figure 1 shows a flow diagram of the conceptual model. Three modules are delineated that
reflect the two major steps required 1o generate annual methane emissions per country plus a third step
that allocates those emissions 10 a global output format. A brief summary of each step is:

(1) Determine the methane potential of landfill waste, taking into account refuse composttion,
leve! of development of the country, and other pertinent factors;

{2) Calculate methane generation rate on an annual basis, taking into account the factors that
affect the rate of production, annual waste generation rate, and methane potential of the
waste; and

(3)  Allocate methane emisslons to a spatial grid for input into other models and data bases
(such as atmospheric models or mapping programs).
Note that only steps 1 and 2 are required to get country-specific and total global methane emissions.
The third step Is necessary only if the data are 1o be useful to atmospheric modelers or ¥ a spatial data
base is used for the inventory. These steps are discussed In more detall below.

411 Iculating Methane Potential

The organic content of the waste primarily determines the landfill gas potential of the waste.
However, the relative amount of methane in that gas is determined by the disposal method. If wastes
are incinerated or composted, only CO, will be produced. Wastes that are *dumped” (i.e., surface
disposal in relatively shallow heaps) will decompose primarily under aerobic condltions, producing CO,.
in addhion, these trash heaps are open to scavenging animals that will remove a good portion of the
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biodegradable wastes. Only wastes that are deposited in sanhtary landfills {i.e., excavated pits that are
filled and covered with some sort of cap) are likely to produce significant amounts of methane.

in industrial countries, &t is probably safe to assume that landfill wastes are going to sanitary
landfilis where anaerobic conditions prevall. The relative percentage of potential methane will depend on
the organic content of the refuse, and the amount of waste that Is anaerobically gasified.

Various methods have been proposed for estimating mathane potential. Theoretical estimates
range from 47 1o 270 L CH, /kg wet composite refuse, although 31-94 L CH, /kg wet composite refuse is
thought to be a more realistic range for most sanitary landfills (Emcon Associates, 1982). Relative
amounts of landfill gas constituents are generally predicted to be 54 percent methane and 46 percent
carbon dioxide. In fact, landfill gas is typically 50-70 percent methane and 30-50 percent carbon dioxide
with traces of other gases (Emcon Associates, 1982).

Module A of Figure 1 diagrams a series of categorizations the model would have to make to
determine methane potential of the waste for a given country. The fraction of biodegradable material
must be supplied as input data. The percentage of material that will be converted to CH, is determined
by a set of criteria. If the country is an industrialized one, then waste that is not incinerated, composted,
or recycled Is assumed 10 go to0 sanitary landfills. In this case, the relative methane content of the
landfill gas is likely to be around 50 percent. If the country is not a developed one, then sanitary landfills
are likely to be found only in large clties. In the rural areas, open dumping Is likely to occur. Moreover,
refuse composition may vary between rural and urban areas: in india, the organic content of refuse in
rural areas Is lower than in large urban areas (Bhide et al., 1990). Tharefore, for these countries, two
estimates of methane potentlal may be needed: one estimate for urban wastes and one for rural wastes.

412 leulating Annyal n

Module B requires the following country-specific input data: average amount of waste landfilled
each year, the methane potential of that refuse (generated by Module A), and the methane generation
rate, k. The exact form of the methane generation algorithm is not specified. it could resemble one of
the methods described in Section 3.1, or It could be entirely different. A hybrid approach that uses
elements of Bingemer and Crutzen's methodology and of the kinetics model would be to mode! annual
methane production within a country as though It were all being generated by one landfill. Waste
generated each year can vary as can k, the rate of methane production.

This approach does not require variables such as the age of the landfill. For estimating emissions
from an individual site, the age Is very important. However, for global emissions calculations, this
Information is probably not important. A global model deals with a population of landfills; theretore, for
estimating current emissions, the population average is sufficient. I a steady-state can be assumed,
then using current average waste production to calculate current emissions should give a reasonable
estimate (even though today's emissions probably come from waste deposited years ago). However, If
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the number of new landfills is increasing at a rapid rate, then the average age of the landfills is
decreasing. Since landfill emissions tend to lag behind actual deposition of the waste, younger landfills

produce gas a! a slower rate than older ones.

In tact, landfiling is likely 10 decline in developed countries as space becomes limiting and
incineration becomes more popular. On the other hand, sanktary landfills may become more common in
developing countries, especially around cities. These two trends may cancel each other out. This issue
needs to be recognized, but is probably not the most important issue in the shont-term (i.e., the next
20-30 years). It is more important for doing projections into the future, and can probably be dealt with In
the model by use of a lag time. Other variables, such as refuse acceptance rate and time since closure,
are easlly dealt with at this scale. Refuse acceptance rate Is simply all of the waste sent to landfllis each
year. That amount can be allowed to change by modeling it as a function of population or economic
growth. Time since closure is no longer relevant, uniess changes in waste management practices are
tareseen such that all landfills within a country are to be closed.

One critical piece of information is still needed: the functional relationship between k and the
sulte of factors that determine k. As was stated previously, a variety of factors such as moisture affect k,
but the functional relationships are unknown. Globally, landfills may be found in a wide range of
climates. Since both moisture and, to a lesser extent temperature, are known to affect methane
production rates, developing a better understanding of the functional relationship between k and these
two variables will increase the reliability of methane emissions estimates in several ways. First, for
modeling current emissions, geographic variabllity in emissions will be more accurate. It may even be
possible to increase the temporal resolution to a seasonal scale for those countries with pronounced wet
and dry seasons. Second, the model can be used to do projections into the futurs for alternative
climate scenarios. The possiblilty of feedback effects where climate changes accelerate the release of
RITGs is one that concems scientists and policymakers. To the extent that landfill methane production
is affected by climate, feedback effects are potentially imponant.

Unlortunately, as was discussed in Section 3.2.1.2, insufficient data are avallable to develap the
needed functional relationships. An intensive resaarch effort is needed to gather data that can be used
to develop this component of the model. Section 4.2.3 discusses the proposed research in more detall.

4.1.3 Allocation to g Grid

The resufts of the emissions model will be needed as input to other models, particulary
atmospheric modeis. These models are typically spatial with resolutions from * x " up t0 10° x 10°. In
order 10 be compatible with these models, the methane emissions model will need to convert the
country-specific emissions output to emissions per grid cell. This poses several problems: how will
emissions be allocated to the spatial grid, how small will the grid cells need to be, and what effect will
choice of grid cell size have on the validlty of the aliocation scheme?



At this time, the desired grid cell size is unknown. In fact, It is likely that methane emission model
estimates will be needed for input into several different models with different resolutions. Most general
circulation models (GCMs) are relatively coarse with resolutions of 10° x 10° or 5° x 5°. Regional models
may require data at a finer resolution, such as 1 x 1*. Clearly, developing an allocation scheme for a
T x T grid will be extremely labor intensive, and should not be done unless really needed. On the other
hand, i a 10° x 10° grid is used initially, Is there some way to design an allocation scheme that can be
adapted to a finer resolution If the need should arise in the future? in other words, can a fiexible
allocation scheme be devised that allows for different grid resolutions, but is also not too costly to

develop?

if the exact location of every landfill in the world were known, then an allocation scheme would
not be needed. However, the acquisition of information this detailed Is not feasible. Several possible
schemes can be envisioned. The simplest would be to allocate emissions uniformly within a country; the
relative area of the country included within a particular cell would be used to weight the emissions from
that country assigned to that cell. For example, i 25 percent of a country is located within a given grid
cell, then 25 percent of that country’s emissions are allocated to that cell.

Another approach is to use population centroids. The problem with this approach is that the
number of centroids used is often dependent on the grid cell size. This method was used in & global
VOC Inventory’ which allocated VOC emissions to a 10° x 10° grid. Population centroids were
developed for each cell, but the number of centroids varied. Every cell had at least one centroid unless
there were obviously no emission sources within the cell (e.g.. a cell that had only open ocean). Over
populated areas, the number of centroids depended less on the size of the population than on Its
distribution geographically. For example, a cell with a large population that was concentrated in one
comer of the grid would have fewer centroids than one with a smaller but more evenly dispersed

population.

Many other possible schemes exist. The problem for this particular mode! is in trying to identity a
scheme that will be flexible but also not too costly to impiement.

4.2 FILLING THE GAPS

The review of modeis and data in Section 3.0 and the discussion of a conceptual model above
have identlfied stréng!hs anx weaknesses of currently available models and data. The remainder of this
report addresses remedies for three of the issues identified:

(1)  the use of economic indicators to predict refuse generation rates (as in Richards’ model);
(2 the relative marits of emission allocation schemes as a function of grid cell size; and

*Detalls on the development of this inventory will be avallable in a forthcoming EPA report.

45



(3)  the acquisition of data that will aliow development of a predictive methane production
model.

Each of these are addressed in more detail below.

Some other areas ngt considered in more detall at this time are still important. Refuse
compasttion by country is an impartant input variable, but one for which cansiderable data exist (see
Appendix A}. Although data are not available for many countries, reasocnable extrapolations from
existing data can be made. Another issue is that of determining the proportions of waste going to
different types of treatments. Although some data have been found (Appendix B), & covers a small
number of countries. Little is know about developing countries in particular. Furthermore, future trends
in waste management will make current data obsolete. Since the development data for individual
countries is beyond the scope of this program, currently available sources will have to be relied on. For
most countries, the percent of waste landfilled will have to be estimated based on information for similar

countries.

4.2.1 Predicting Waste Generation Rates from GNP

Richards' (1989) used gross domestic product {GDP) 1o predict waste generation rates in his
global estimation of landfill gas production. The basic concept is that increasing affluence will be
accompanied by increasing waste production. Since economic indicators such as gross national
product (GNP) are widely avallable for most countries, this could provide a readiy avallable surrogate for

waste gengration rates.

To test this idea, a small sampie (12) of countries representing a broad range of economic levels
was selected from a data set of waste generation rates (World Resources Institute, 1988). GNPs for
those countries ware also given in the same source. The data are shown In Table 3; waste generation

rates and GNPs are not necessarily from the same years, but all are from the time period between 1980
and 1986.

A linear regression was used to test the relationship between waste per year and GNP. The
regression was significant with R* = 0.97. The regression model! is,

WASTE(1000 Mg/yr) = 0.0399 « GNP (miliion US §). )

This looks like an excellant model even with such a small sample size. As a further test, the GNP of
India was used to estimate that country’s annual waste generation; this was converted to a per capita



TABLE 3. DATA USED FOR REGRESSION OF WASTE GENERATION RATE ON GNP

GNP Waste Ganeration Rate
Country (million US $) (1000 Mg/yr)
Canada 361,720 16,000
Costa Rica 3,790 534
Federal Republic of Germany 735,940 27,544
France 585,180 14,000
Ireland 18,190 1.270
Israel 26,730 1,400
Japan 1,559,720 41,095
Korea 98,370 15,746
Singapore 18,160 1,498
Spain 188,030 10,600
Unlted Kingdom 504,850 16,398
United States 4,221,750 178,000




per day basis and compared to an independent estimate® The model prediction fell in the middie of
the range of the other estimate (0.2 to 0.5 kg/capita/day).

However, both the U.S. GNP and waste generation rate are so much higher than the second
largest (Japan) that this data point appeare to exert undue influence on the model. The regression was
rerun without the U.S. data. Although the regression was still significant, the R® dropped 1o 0.85. The

regression model without the U.S. data Is
WASTE(1000/Mgfyr) = 3802 + 0.0251 « GNP {million US §). (2

The intercept term in this model was not significant although it was very close (0.06). Again, the model's
prediction for india fell within the range of the independent estimate,

This approach appears to be very promising but further research is needed. The best strategy
may be a mixed one, using dilferent equations for different countries. The next phase of analysis should

include:
(1)  Increased sample size (more data observations are available);
(2)  Separate analyses for difierent regions (e.g., continents); and
(3) Separate analyses for industrialized versus developing countries.

Other economic indicators should be conskiered, such as per caplta income. However, these indicators
need 1o be readlly avallable for a large number of countries If this method is to be usetul.

422 Aliocation of Emissions t0 g Grid

A sensltivity analysis of three allocation schemes was conducted to test the relative performance
of each scheme using a range of grid sizes: T x *,5" x 5", and 10" x 10°. The aliocation schemes

range from the very simple to the very detalied.

The simplest scheme, “Uniform,* assumes emissions are uniformiy distributed throughout a
country. Within a grid cell, emissions are caiculated by determining what proportion of the country is
included in that cell, muitiplying that proportion by total emissions for the country, and summing for all

countries within the call.

The “Population Centroid”® scheme uses an axisting data base that was developed for EPA’s
Global VOC inventory. The population within a country s subdivided into several groups based on the

®Personal communication from A.D. Bhide, Nationa! Environmental Engineering Research Institute,
Nagpur-20, india, to D.L. Campbell, Radian Corporation. April 13, 1990.
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The advantage of using the existing centroid data base is that It could be implemented at very
fittle cost, since the bulk of the development work has been done. The population data needs to be
updated, but this will not require a great dea! of effiot. One potential problem with this scheme is that it
was developed for a 10° x 10° grid. The analysis performed in this study evaluates the performance of

the data set for finer resolutions.

The third scheme, “Urban/Rural,” is a compostte of the first two. The population within a country
is divided into two groups. The urban population is the proportion of people residing in clties of 200,000
or more. The rest of the population is considered rural. Each clty of 200,000 or more is treated as a
population centroid. The populations of the centroids were summed and the total was subtracted from
the country’s total population. The remaining population was assumed to be uniformly distributed

throughout the country.

The Urban/Rural scheme was considered 1o be the mast accurate of the three schemes used in
this analysis. Its outputs are used to evaluate the relative accuracy of the other two schemes. The
relative merits of all three schemes with respect to ease of implementation, flexibility, and performance

with differing resolutions were analyzed qualitatively.

Two 10° x 10° grid cells were chosen for analysis. The India cell lies between 70° and 80°E
longltude and 20° and 30°N latitude. Part of Pakistan is also included In the cell. This cell was chosen
because It represents two cell "types®: It is simple {only two countries included), and # includes only
developing nations. The second cell was chosen to represent the other extremes: it includes eight
countries, all of them industrialized. This European cell is bounded by 0° to 10°E longhtude and
40° to 50° N latitude. Characteristics of each cell are summarized in Tables 4 and 5. Each cell was
subdivided into four §° x 5 grids; one of these cells was turther subdivided into T x 1" grids. Figure 2
shows the lettering and numbering conventions used to identlfy each cell.

For the India cell, a waste generation rate of 0.125 Mg waste/yr/capita was used for India, and
0.017 for Pakistan. These waste generation rates were estimated using GNP values from World
Resources Institute (1988) in the equation given in Section 4.2.1. Methane was assumed to be produced
at the rate of 30 m’ CH, /Mg waste. A second analysis for the Urban/Rural scheme only was run using
30 m*° CH, /Mg waste for urban populations and 10 m* CH, /Mg waste for rural papulations (designated
by (b) in Table 6). This is done to reflect the fact that sanitary landfills are relatively rare in developing
countries, and are only found in large urban areas. The methane potential used for rural area was
chosen arbltrarily as no estimates were found in the lierature. The results of each allocation scheme for
10° x 10° and 5° x §° grids are shown in Tabie 6; results for two sets of the ** x T° grids are shown in

Figures 3 and 4.

in the European cell, the proportion of waste landfilled in each country was included in the
analysis. Table 7 shows the waste generation rates and proportion landfilled for each country. A
methane generation rate of 30 m’ CH, /Mg waste was used for all countries. The results for 10° x 10°
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TABLE 4. CHARACTERISTICS OF THE INDIAN CELL

Proportion of
Total Country in
Country Population 10° x 10° cell
india 683,810,051 0.33

Pakistan 83,782,000 0.10




TABLE 5. CHARACTERISTICS OF THE EUROPEAN CELL

Proportion of
Total Country in

Country Population® 10° x 10° cell
Austria 7,507,000 0.02
Belgium 9,855,110 0.14
Federal Republic of Germany £1.658,000 0.25
France and Corsica 54,077,842 0.80
Italy and Sardinia 58,613,800 0.25
Luxembourg 364,000 1.00
Spain 37,430,000 0.06
Switzerland and Liechtenstein 6,391,180 1.00

4-11



5° B
AN AN
rﬁ —— \\
1 3|45
6|7(8|9]10
0
57 A 1112] 13| 14|15
1617 18|19 20
21 (22| 23| 24|25
" >10
C D
J
- ~" /
10°

Figure 2. Lettering and Numbering Conventions for Grid Cells.

4-12



TABLE 6. RESULTS OF ALLOCATION ANALYSIS FOR INDIAN CELL

Emissions from Emissions from
10° x 10° cell 5 x5 call
. Percent of
Allocation Scheme (10’ m* CH, /) (10° m® CH, /yr) 10° x 10°
Uniform 850,488
A 192,210 226
B 234,735 276
C 188,808 222
D 234,735 276
Centroid 621,838
A 6.409 1.0
B 384,643 61.9
C 230,786 37.1
D 0 0
Urban/Rural 710,460
@ A 80,538 127
B 282,639 39.8
o} 158,651 223
D 178,633 251
Urban/Rural 296,004
(b) A 32,624 110
B 125,084 42.3
C 67,844 29
D 70,452 23.8
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TABLE 7. INPUT DATA FOR EUROPEAN CELL

Waste Generation Rate Propornion Waste
Country (Mg waste/yr/caplta) Landflied”
Austria 0.21 ‘ 0.70
Belgium 0.31 045
France 0.26 035
ltaly 0.25 0.85
Luxembourg 0.52 0.90
Spain 0.28 0.70
Switzertand 0.34 0.90
W. Germany 0.45 0.70

*Derived from Richards (1989). When specific data not avaliable, proportion was estimated.



and 5° x 5° grids are shown in Table 8; the resulits for two sets of the 1* x 1* grid are shown in Figures 5
and 6.

The results for the 10° x 10° cell show that, i the Urban/Rural method is closest to the true
emissions, then the Population Centroid method is the second best. Although it underestimates
emissions in both cells somewhat, the Uniform method overestimates I, furthermore, the magnitude of
the error is greater for the Uniform method. However, the three methods produce much more similar
estimates for "Europe” cell than for “India® cell. This is partly due to the fact that the Europe cell
encloses all or large parts of several densely settled countries. Since these countries are small relative
10 the grid, they become, in effect, centroids. Therefore, less difference between the Unlform and
Population Centroid methods occurs in this cell than in one like India that encompasses pan of a large
country. Finally, the Urban/Rural (b) method shows that toial estimated emissions are significantly
reduced f a distinction between urban and rural methane generation rates is made. Although these
resuits show higher emissions for india than for Europe, the methane generation rate used is probably
much too low. A rate four times as high is mare likety {Odich, 1990), making Europe's emissions more
than double India’'s. However, these numbers are for model comparisons only and should not be
treated as true predictions.

When a §° x §° grid Is used, considerable disparity can be seen between the three methods,
particutarly for india. The Population Centrold method In India produces a very skewed distribution of
emissions in comparison to the Urban/Rural method. For both Europe and India, the Uniform method
comes closes to matching the Urban/Rural method. This is partly due to the "small country” effect
described above. However, It is also due to the fact that this particular Population Centroid scheme was
designed for a 10° x 10° grid. The formation of centroids is based partly on subjective decisions which
are determined in part by scale considerations. Therefore, It is not surprising that centroids developed
at the 10° x 10° scale should be too coarse for finer resolutions.

At the T x T level, these disparities are even more apparent. The Population Centrold method is
clearly inappropriate at this scale since the relatively few centroids avallable leave most of the cells
blank. The Uniform method performs somewhat better in that some emissions are aliocated to each cell
that is supposed 10 have emissions. However, the patiern of emissions from the T x 1* cells does not

match the Urban/Rural emissions pattern very well.

Based on these results, if it is known that a 10° x 10° grid is all that is required, using the existing
Population Centroid methodology is reasonably accurate and very cost-effective. If maximum flexibiity
is desirable or, if a T x T grid cell is required, then some new methodology is required. The
Urban/Rural scheme here could be simpiified by using larger metropolitan areas as centrolds. A similar
approach would be to develop new population centroids, but more of them, and to allocate rural

emissions uniformly.
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TABLE 8. RESULTS OF ALLOCATION ANALYSIS FOR EUROPEAN CELL

Emissions from Emissions from
10° x 10° Cell 5 x 5° Cell
Aliocation Scheme (10° m’ CH,/yn (10° m’ CH, /yr) Percent of
10 x10°

Uniform 438,520

A 59,881 13.7

B 293,601 67.0

C 42,557 9.7

D 42,482 8.7
Centroid 410,475

A 51,394 125

B 302,350 73.7

C 20,020 4.9

D 36,710 89
Urban/Rural 413,835

A 60,239 146

B 258,769 62.5

C 47,484 1.8

D 47,343 1.4
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4.23 Landfilis Sampling Program

The greatest gap identified is the lack of sufficient quantiative data to develop a reliable model of
methane production. A large number of laboratory studies have been conducted on the microbiological
processes that occur in landfills, but the resuits are difficult to extrapolate to the field {(Senior, 1990). It is
also not clear that the theoretical models, which are based on microbial population kinetics models, are
useful for projections at the global scale.

A new approach is needed for the development of a global model. The following pieces of
information are known:

(1) landfill emissions vary widely;
(2)  methane emissions seem to be higher in wetter climates within the temperate zone:

(3) in the temperate zone, air temperature probably does not affect methanogenesis, but in
extreme climates, it may;

{4)  the greater the orpanic content and moisture content of the waste, the greater the methane
potential; and

(5)  site and operating characteristics, such as age and depth of landfill, and size of cells, may
affect methane emissions in some way; but, the relative importance or even direction of the
effects are not known.

AEERL is planning a testing program that will begin to try to define some of these relationships in

a functional way. Although the scope of the program may eventually become global, in the near future,
a pliot study within the U.S. is planned. The focus of this study will be to determine whether some
readlly available data are sufficient to develop a predictive model. it is desirable that elaborate models
requiring very detailed data be avoided due to the expense.

The approach to be used in the pilot study Is to seleét only landfilis where methane Is already
being recovered. Methane content and flow rate will be sampled, analyzed, and the resutts will be
compared to measurements made by continuous monitors at each site. This will allow standardization
of data sets from different sites. Physical characteristics, operating condltions, refuse composition,
retuse acceptance rate, age of landfill, and other pertinent Information will be collected by interviewing

landfill operators.

Climate data from the National Ciimatic Data Center will be obtained and used with the monltoring
data to determine If any relationship between climate and methane emissions can be found. This
weather data is collected at airports in major cities; the landfiils to be tested will be chosen from those
located near a source of weather data. Shes will also be selected so that a range of climates are
represented; for example, sites from the southwest, the southeast, and the northeast might be chosen to
represent temperature and precipitation extremes within the contiguous Unhted States.
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APFENDIX A
WASTE COMPOSITION DATA

The following tables were complled from a variety of sources that are referenced in the footnotes.
Categories of waste have been combined to standardize the data as much as possible. Data are
reported for 22 countries, but muiltiple sources were found for several of these. in general, the
industrialized countries are well-represented with data for 8 European countries as well as the United
States and Canada. Less data were found for developing nations, particulady South America, the Middle
East, Turkey, Greece, and Indonesla.
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VASTE COMPOSIFION IN DEVELOPING COUNTRIES (VEIGHT PERCENT)

mRER I---.-...-----.-‘.'II-.-.....--...--.........--'..-'-.l-..-.--.---IIIIEHI!I"l.l‘--'.--.--.--.-- -
cHy, | | Jdekerts, | | | | r
f?‘fl.ft-.-!_.--!?fffl | tndonesta | tndia | wddle tast | foypt i tgypt |
oATA | | i | | I ]
somet | A | i
c | A | A | ) i ¢ {
YEAR i 1984 | | | | i '
ST ML T
Paper/Cardboard 1t 8.24 4 20 92-250 1.0
Grganic Mousehold Waste L]
Yegetsbles/Putrescibles 93 88 15 50 37.1 - 65.6 60 0
Plastics 4 5.52 1.9-45 15
Textiles 3.6 25
Plastics 8 lextiles q 7
Glass | 1.78 0 ) 1.1 -2.0 25
Helals 1 2.08 0 9 23-38 o
Cloth 21-30
Combustibles 0-9.6
Fines 4
Rubber /Mood/Leather/Clath
Bones 0.2-1.3
Inart below 10wm 12 10
Other/uUnclasaified 4 5.3 ? 0 137-200 1ns

..................................................................................

A) CRC Press. 1900. Morobiclogy of Landfii Sites.
8) E-Halwasl, WW, ol 0l 1988 Municipat Soild-Waste Management in Egypt. In: ISWA Procesdings of the 8th International Solid Wastss Conference.

C} Curi, K. 1988. Comparison of Solld Waste Management In Touristio Areas of Developed and Developing Countries. in: {SWA Proceedings of the Sth internationat Solid
Wastes Confersnce.,

D} Pspachristou, € 1088, Solld Wastes Mansgement in Fhodos. in: ISWA Procesdings of the 5th Internationa! Solld Wastes Conference,
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WASTE COMPOSITION IN DEVELOPING COUNTRIES {VELGHT PERCENT)

ciry, | istenbud, |} Rhodos, | | | Rio de Janeiro
COUNIRY | Turkey | Greece | Wonaco | South America | Brazit

sowmce | ¢ i o | c | A | C
YEAR | | | ] i
VASTE MATERIAL
Paper/Cardboard 11.98 11.5 - 18.0 38.40 13 3s8.82
Orgenic Household Waste 12.0- 480
Vegetables/Putrescibles 44.62 35 - 1% 55 6 15
Plastics 1n.e? 100-130 125 6 83
Textiles .28 1.90 o
Plastics & Textiles 10
Glass 3.42 10.0 - 22.0 65 &4 4 3.79
Hetals .28 8.5-150 & 1 6 l.a
Cloth
Combustibles
Fines 14.12 3.38
Rubber/Wood/Leather/Cloth 1.8-8.4
Bones
Inert below 10mm
Other/Unclasaifled 7.49 0.7 -2.¢ 1.53 10 6.80

-------------------------------------------------------------------------------------------------------------------

A} CRC Press. 1980. Microblology of Landfill Shes.
8) E.Haiwasl, WW, etal. 1988. Municipst Sofid-Waste Management In Egypt. In: ISWA Procsedings of the Sth internationa! Sofid Wastes Conlerence.

O Ol K 1988, fison of Soifld Waste Management in Touristio Arsas of Developed and Developing Countries. In: ISWA Proceedings of the 5ih international Solid
Wasies Conference.

D) Papachristou, E. 1988, Solid Wastes Management in Fhodos. In: 1SWA Proceedings of the 5th interational Solld Wastes Conterence.
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CEAEEEARSERSANSRARSREAS
CSURESUBARGFNSAS ANSIAAESARAREENLUNARERRREDE SN LAl LA R LI I LRI TEE BT I T T T T T TP pr ey ipusienmyn

city, | } I | | Vendargues
COUNTRY | West Germany | West Germany | Vest Germany | france |  France : rnr :
source | A | 8 | [ | 8 } ) | £ |
YIAR | 1977 | 1985 | | 1965 ) | i
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Paper & Carcdhoard 27 18 28 28 1 20 - 15

Food B Yard Wastes 2

Organic Household Waste k H] 3

Vegetables & Putrescibles 16

fermentables 15 - 3%

Textiles & Wood 5 -6

Plastics, Rubber, Glass, 14 15 2 - 12 96 8-170

teather § Textiles
Metals S 3 S 6 1.6 5-8
Fines, Dirt, Sand, Ash 19 a 3 10 - 20
& Ceramicy

Bones

Screenings

Other, Unclassified .1 ] 54 108 0 - 100

Motsture % -4 30

.......................................................................................................................

A CRC Press. 1080. Microblology of Landfiit Sies.

B8) Swartz, N. 1989. Overview of intemational Sofid Waste Managemen Method. State Government Technicat Brief, The American Socisty of Mechanical Enginears,
November.

C) Lawson, P.S. 1988. The UK Department of Energy RAD (oiotuels) Programme for Landfill Gas. Department of Energy, Energy Technalogy Support Unit, Dideot, England.

Abert, J.G. 1085, integrated Resource Recovery, Municipal Weste Processing in Europe: A Status Report on Selected Materlals and Energy Recovery Projects. The Warld
Bank, Wathington, DC.

E) Caywol, F.C, stal. 1988. Anaerobic Digestion of Municipal Sofid Waste by the Valorga Process. In. ISWA Procesdings of the Sth international Solld Wasies Conlerence.
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SO EA S B RRIESEERN I SN RN N A A NSAN SN NG RCARNGRGREEAR TS VARNAREERY R RENANERNVRL ST ERINIRTALS CYRICUCRSEEANEERNER
= SEXANEASRERAEN

cHy, | tondon, | | | 1yne & vear, | { 1
CountRY | Englend | England | United Kingdom|  England |  Sweden |  Sweden |
DAIA ! f | | | i {
somce | A | 8 | c | ) | 8 t st |
YEAR ) 1979 | 1980 | 1987 } | 1980 | |
WASTE MATERIAL

Paper & Cardbosrd 31.3 29 n 30 - 40 9 50

food & Yard Vastes 20

Organic Household Vaste

Vegetables § Putrescibles 23.0 24 15 - 2%

fermentables

Tentiles & Wood 3s 4-1

Plastics, Rubber, Glass, 158 17 15 12 - 18 15 8

Leather A Textiles
Metals 7.2 8 8 9 -2 6 5
fines, Dirl, Sand, Ash 10
8 Ceramics

Bores

Screenings 8.3 10 - 15

Other, Unclassified 6.9 46 19 3-5 36 1t

Holisture 20 - 30 22

........................................................................................................................

A) CRC Press. 1990. Microblology of Landfil Sites.
B) Swartz, N. 1989, Overview of Intemations! Sofid Wasie Management Wethod. Slate Government Technical Briel. The American Sociaty of Mechanical Enginsers,

November.
C) Llawson, P.S. 1968. The UK Department of Energy RAD (blotusis) Programme for Landfli Gss. Depariment of Energy, Energy Technalogy Support Unit, Dideot, England.
D) Abent, J.G. 1983 ntegrated FResource Recovery, Municipal Waste Processing in Europe: A Status Report on Selacted Materisls and Energy Recovery Projects. The Wartd

Bank, Washington, OC.
€) Cayrol, F.C. etal. 1888. Anseroblc Digestion of Municipal Solid Waste by the Velorga Process. In' ISWA Proceedings of the Sth international Sofid Wastes Contarence.

(")  Percent Wet Weight.
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VASTE COMPOSITION IR DIVELOPED COUNTRIES (VEIGHT PERCENT)

aw, | | R L
yo. | i ] Madrid,
COURTRY | United States| United States| Japen | Japan | Spain | Spain :

...............................
..........................................

DATA ' | | | | ' i
sSomce | A i 8 | A | 8 | 1 | 0 |
TEAR | 1970 | 1987 | 1980 | 1986 | 1985 | |
VASTE MATERIAL
Paper & Cardboard 48 K} 3l.a 38 15 131
food & Yard Vastes 23 5 1286
Organic Household Waste 53.6
Vegetahles & Putrescibles
Fermentables
Textiles 8 Wood k] g
Plastics, Rubber, Glass, 12 1 22 10 12 2 M
Leather & lextiles
Metals 9 10 1.8 e 3 z
Fines, Oirt, Sand, Ash H 2.3
8 Ceramics
Bones
Screenings
Other, Unclassifled 1] ] 50 L] an.n
Moisture 48

@ eeeeeemasassscvesmemseaas Asesssssse-s mese e sMmemmemSmESSSmssesToSoemooSoSSsCsSSSSSsenIEcsSRcofSSSsSessssssnEomTEontes

A} CRC Pease. 1990 Miorabialogy of Landfil! Sttes.

B) Swariz, N. 1989. Overview of Intermnationat Solld Wasts Management Mathod. State Governmant Technical Bilel  The Amsetican Society of Mechanical Engineers,
November.

C) Lawson, P.9. 1683. The UK Department of Energy RAD (blofusts) Programme for Landfil Gas. Departmeni ot Energy, Energy Technology Support Unit, Dideot, England.

D) Aben, JG. 198S. integraied Resource Recovery, Municipal Wasts Processing In Europe: A Siatus Report on Selacted, Msteria's and Energy Racavery Projects. The Worid
Bank, Washington, OC.

E) Cayrol, F.C. etal. 1983 Anasrobic Digestion of Municipal Solid Waste by the Valorgs Process. In ISWA Proceedings of the Sih international Solid Wastes Conference.
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VASTE COMPOSITION I8 DEVELOPED COUNIRIES (WEIGHT PERCENS)

»an SERENSSSARNRAMERSEENERAREEAND SENSNENURARGYTDECORECIUTESCSINIRARTUDRY
city, i fome, | | Rome, i | Vienna, | |
countRY | italy | Ity | Italy | Switzertand |  Austrlsa | Nethertands |
DBATA | | | | | { |
SOURCE | A | B | ] | 8 | ] | 8 }
YEAR f 1917 i 1985 i | 1980 ! | 1985 {

------------------------------------------------------------------------------------------

WASTE MATERIAL

Paper & Cardbosrd ([} ¥ {4 25 30 39 48 23
food & Yard Wastes 53
Organic Household Vaste S0
Yegetables & Putrescidles 21 82
fermentables
Texti)es § Yood 2.5 k] 8 16
Plastics, Rubber, Glass, 16.5 13 19 22 17 os 14
Leather & Textiles
Metals b} k | 2.5 6 513 3
Fines, Dirt, Sand, Ash To
& Cermmics
Bones 109
Screenings
Other, Unclasaified ] 62 42 60
Molsture 45 - 50

PRSP RES TEEE  %iiedelaietielediedefeb e

A) CRC Press. 1990, Microblology of Landfil Sites.

B) Swartz, N. 1989. Overview of infernational Solid Wasts Management Methbd. State Governmaent Technical Briet  The American Society of Mechanical Enginesrs,
November.

C) lawson, P.S. 1988. The UK Department of Energy RAD (biofusis) Programme for Landtill Gas  Depariment of Energy, Energy Technology Suppart Unit, Didcot, England.

D) Abert, JO. 1983, Integrated Resource Recovery, Municipal Waste Processing in Eutope: A Siatus Report on Selected Materlals and Energy Recovery Projects. The World
Bank, Washington, DC.

£) Csyol, F.C, etal. 1883. Anaerobic Digestion of Municipst Solid Waste by the Valorga Process In  ISWA Proceedings of the Sth international Solid Wastes Conference
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WASTE COMPOSEVION IN DEVELOPED COUMTRIES (VEIGHT PERCENT)

A PADANNISSEARINNERINERSEANDR
- RN AR N RN SN AP I RSN RS IR A SRR NS N R R ENRC RS S RS ANS A IR SRS NN SN ATRENAVAYNEASERRE

ciry, | ) | |
COUNIRY | Cenada |  fsrael | Hong Kong |
DATA | | | |
SOURCE | ] | A i A |
.......... g eeemasesmanesacssemcmemenmmeemeesanna~
YEAR | 1985 | 1979 } 1983 |

P N L L L L LR Y e e e P 2 Y P PP TR T
.........................................................

VASTE MATERIAL

Paper & Cardboard 36 30.3 ]

food & Yard Wastes S1.e

Organic Household Veste

Yegetables B Putrescibles 26

Fermentables

Textiles 8 VWood 122

Plastice, Rubber, Glass, 12 1.4 1]
Leather & Textiles

Betals ? 3 .9

fines, Dirt, Sand, Ash 1.2
8 Ceramics
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Screenings

Other, Unclassified 5 1.4 8.1

Molstlure

.............................................................................................................................

A CRC Press. 1990. Microblology of Landfih Sites.

8) Swartz, N. 1689. Overvisw of International Solid Waste Management Methed. State Government Technical Briel. The American Soctety of Mechanica! Engineers,
Novembet.

C) Lawson, P.S. 1968. The UK Department of Energy RSD (bictusis) Programme for Landfill Gas. Department of Energy, Energy Technotogy Support Unit, Dideot, England.

D) Abert, JG. 188S. integrated Resource Recovery, Municips! Waste Processing in Europe: A Status Report on Selected Materints and Energy Recovery Projects. The World
Bank, Washingion, OC.

E) Cayol, FC, et sl 1588 Anasroblc Digestion of Municipal Sciid Wasts by the Vatorga Process. In- 1SWA Proceedings of the 5th internstional Solid Wastes Conterence.



APPENDIX B
SOLID WASTE MANAGEMENT METHODS IN ELEVEN COUNTRIES

The following data were complied from a report from the American Society of Mechanical
Enginears’ Only industrialized nations were inciuded In this report. Other sources of data on this
particular aspect of giobal waste managemeant do exist, however, and more ressarch Is probably
warmranted.

TSwartz, A. 1889. Overview of intemnational Solid Waste Management Methods. In: State Government
Technical Brief. Paper No. 98-89-M1-2.
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OISPOSAL WETHODS OF WASFE IW DEVELOPED COUNTRIES (VEIGHT PERCENT)

COUNTRY | Vest Germeny | France | €ngland |  Sweden | United States| Japan |

R L LT T T - -
----------------- L R it L L L T pap

YEAR | 1985 | 1985 | 180 | 1980 | 1987 | 1988 §

-----------------------------------------------------------------------
----------------------------------------

DISPOSAL METHODS

incineration 2 36 ] 53 10 12

Landfitling (1] 47 ] ] 80 24.6

Composting ? 8 8 1

Sorting

Other ] 9 ] 1.3

SRR EOEREEDRPERERN (111111 ] an ENERERESSSREE S ESSES SRS EEESETRORACENEISASRES

COUNERY | Spein | Italy | Switzerland { Netherlands | Canada |
Year | e85 | 1988 | 1980 | 1985 | 198s |

DISPOSAL METHODS

Incineration S 19 80 36 q

Recycling 2

tandfitling 15 35 18 55 90

Composting 18 L} 2 5

Sorting k] 1

Other k] ] 3 4

feference: "Overview Of International Solld Vaste Management Nethods”. State Government lechnical Brief,
Allan Swartz, The Americsn Society of Mechanical Engineers, November, 1989.



APPENDIX C
SAMPLE PRELIMINARY LANDFILL SURVEY FORM

Date: Person making call:

Landfil facility:

Name and address:

Contact at landfill: Telephone:
Methane recovery system in place? Yes No

Active landfill? Yes No Refuse acceptance rate:

Date landfill opened: Closure date:

Describe landfill structure {depth, cell size, etc.):

If the answer to any of the following questions is “Yes,” get a copy of test resits ¥ avallable.

Retuse composltion known: Yes No
Resuits avaflable?

Molsture tests run on landfill: Yes No

Resuits available?
Moisture tests run on refuse? Yes No

Results avaflable?
Are there perimater wells or has surface testing of landfill been done? Yes No

Results avallable?

Comments:

C-1
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