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ABSTRACT
LANDFILL LEACHATE PRODUCTION AND GAS
GENERATION NUMERICAL MODEL

John Edward Riester, Jr.
Old Dominion University
Advisor: Dr. A. Osman Akan

Numerpus processes occur in landfills which lend themselves to modeling. Many of the
processes are mutually interdependent. An unsteady numerical model is developed combining
the major processes. The three-dimensional moisture transport equations and boundary
conditions are solved using an implicit finite difference scheme. The boundaries are determined
through a two-dimensional runoff model for the landfill surface and a one-dimensional leachate
liner flow model at the bottom of the landfill. The runoff model accounts for
evapotranspiration, runoff, infiltration, and leachate recirculation. Richard’s equation is solved
for saturated and unsaturated vertical flows and Darcy’s Equation is solved for lateral flow
between adjacent saturated landfill cells. Results of the moisture flow are used to solve
contaminant production and transport equations. Contaminant production uses moisture flow
and previous leaching history to generate source terms. The source terms and recirculated
contaminants are used to implicitly solve contaminant transport equations which account for
advection, diffusion, and dispersion of the contaminant. Landfill temperatures are predicted by
solving an energy equation implicitly. Temperatures are combined with moisture content and
gas production history to determine gas generation. The model is applied to three Wisconsin
lysimeters and a Kentucky landfill to demonstrate the simulation of leachate and contaminant
production and transport. Comparison to the HELP water balance model is also done for a
Wisconsin lysimeter. The model is also applied to an existing landfill to demonstrate the gas

gencration portions of the model.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

The author wishes to thank Dr. A. 0Osman Akan for his help,
guidance and encouragement in this research. The author also wisles
to thank his committee members, Dr. Joseph M. Marchello, Dr. Billie
M. Reed, and Dr. Gary C. Schafran for their discussions and guidance.
Appreciation is also expressed to Mr. Seshadri Suryanarayana for his
discussions dealing with computer languages and Mr. Arie Richards for
the CAD drawings. Appreciation is also extended to contacts at
various landfills and engineering firms for their discussion and
help. They include Mr. Carlton Dudding, Mr. Bruce Coble, Mr. John
Ritter, Mr. Scott Reichle, Mr. Steve Brooks, and Mr. Mike Dorsey.
The author also wishes to thank the Civil Engineering faculty and
staff at 0ld Dominion University and the Virginia Military Institute
for their encouragement. Last, but not least, the author wishes to
thank his wife, Barbara, and his family for their support during this

work.

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page

LIST OF TABLES......vcitteeeereeansseosacosacsssssasssnsansans vi

LIST OF FIGURES. ... i cctieeieenceecnoencacsassnsacnscssonsassnns vii
NOMENCLATURE. ¢ .t civevuenreanossosnosscsssssssassasasnsosaasans xi

CHAPTER

1. INTRODUCTION...e:ucveeeneacsneacassosanssnnonnsonnanonnnns 1
1.1 LITERATURE SURVEY.......icteiecennocnoccaccaconccans 2
1.2 0BJECTIVES OF THE STUDY....cccceecncececnccacannnens 9

2. THEORETICAL ASPECIS...... teetteceesreneasstssasecnsanenan 12

2.1 LANDFILL DESIGN OVERVIEW.......eveeeeieecencccnnnnns 12

2.2 LEACHATE. ... cictiuiiereernnetenccsnsecossnaansnncons 18
2.2.1 Leachate Generation......veoveeeerenceonnness 20

2.2.2 Evapotranspiration.......... et fesecserestana 21

2.2.3 Surface Runoff......cviviieiiininienecnnnnnns 26

2.2.4 Modeling Leachate Flow....ccoeeveiievineennnen 31

2.2.4.1 VWater Balance Methods................. 31

2.2.4.2 Richards Equation...... Cecetssscenenaas 34

2.3 LEACHATE CONTAMINANTS......ccceceeveen cesees cesenan « 35
2.3.1 Modeling Leachate Contaminants................ 41

2.3.2 Contaminant Transport Models.........coeueen 49

2.4 LANDFILL LINER AND LEACHATE COLLECTION SYSTEMS...... 51

2.5 GAS GENERATION....:vuveenssaneesasccassccosacncannsa 56

TABLE OF CONTENTS

2.5.1 Theoretical Maximum Yield of Landfill Gasses.. 58
2.5.2 Factors Affecting Landfill Gas Production..... 61
2.5.2.1 Energy Transport.....ccccceeevees .o0. 69

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.

Page
2.5.3 Theoretical Kinetic Models for Gas Production. 70

2.5.4 Landfill Gas transport....ccceeeeeocscsccancss 77
DESCRIPTION OF THE MATHEMATICAL MODEL...........ccvcua.e. 82
3.1 GENERAL DESCRIPTION......cocieeeeecencnnnanas ceenees 82
3.2 WATER FLOW MODEL......ccivtieeneeencnoannssascsannans 83

3.2.1 Finite Difference Equations for Moisture

0 cereneans 85

3.2.2 Initial and Boundary Conditions.......cceeeese 88

3.2.3 Method of Solution of the Moisture

Flow EqQUation...cecveeeeccsesecoscnscaascnnsas 20

3.2.4 Lateral Flows....ioeeirenereineneccnncaccennns 93
3.3 RUNOFF MODEL....cocveeirenesenscaoccnsensacsaananans 96

3.3.1 Liner Model.....iititneneneneneraceneecnnennan 97

3.3.2 Liner Geometry....cassvecennasansocensscsnanss 98
3.4 LEACHATE COLLECTION/LINER SEEPAGE..........cccuvenen 101

3.4.1 Liner Model......ciiiiniiiieninrereeenacsannan 102

3.4.2 Liner Geometry....coeeeteocccasssscscscssaasss 108
3.5 LEACHATE CONTAMINANT MODEL.....ccovvveeeneinnnnnannn 110

3.5.1 Numerical Solution of the Contaminant

Transport Model..........ciiiieiiieniaannn. 113

3.5.2 Boundary Conditions for Contaminant Transport. 114

3.5.3 Contaminant Dispersion-Diffusion Coefficient.. 116

3.5.4 Lateral Contaminant Transport......cccoeeveenen 117

3.5.5 Contaminant Source Terms....covenvenencnannnns 118
3.6 GAS PRODUCTION MODEL.....cvieeeereensenanssecannanss 122

3.6.1 Gas Production Factors........ccciiveennnnenn 123

3.6.2 Temperature Predictions in the Landfill....... 126

3.6.3 Cell Gas Production......cveveeivenecennannnns 129
3.7 MODEL SETUP SUMMARY. ...ccveeireienrneenencencannnns 130
MODEL VERIFICATION.....civitineeeneerenecasececnnsacnssnns 132
4.1 PRELIMINARY MODEL TESTS.....ceecieececcencacncaccnns 132
4.2 TEST COMPARISONS WITH REAL LANDFILL DATA............ 136

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page
4.2.1 University of Wisconsin Lysimeters............ 136
4.2.1.1 Model Simulation of University
of Wisconsin Water Flow.............. 139

4.2.1.2 Model Simulation of University

of Wisconsin Contaminants...... cesans 146
4.2.1.3 Comparison with the HELP Model........ 155
4.2.2 Boone County Landfill......ccievevieiennnnens 159
4.2.2.1 Model Simulation of Boone County
Water Flow....coveneianaanns ceasanoas 161
4.2.2.2 Model Simulation of Boone County
ContaminantS...ceeeceresnccscncanans 163
4.2.3 Private Landfill Gas Production........ccevue.n 165
4.2.3.1 Model Simulation of Landfill
Gas Generation.....ceceevecenssavnas 167
5. SUMMARY AND CONCLUSIONS. ... cvettecveectoossasscscsaassnas 175
5.1 FUTURE RESEARCH......vccctiteeececcasacncosssssananas 178
REFERENCES . « it iititeeeeeencceasasneacesassssosasasscaanssanaas 181
APPENDIXES
A. Description of Three Kinetic Gas Models............. 190
B. Computer Input File Examples...........ciiiieeenannn 196
v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table Page
1. Typical Data on the Composition of Leachate

from New and Mature Landfills......ccieeiieniineenncennns 19
2. Kinetic Wave Equation Parameters ........cceeeeeecrccanse 29
3. Typical Municipal Solid Waste Composition .......ccccuenn 45
4. Leachate Chloride Concentration Example.................. 48
5. Factors Affecting Gas Production Rate ............ .00 71
6. Gas Production Rate Models .......cciiiveviinencecacnnens 76
7. Methane Gas Production for Private Landfill ............. 168

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure Page

1. Typical landfill profile (not to scale)........... cesnaee 14

2. Instrumentation of a landfill for the collection of
environmental monitoring data ......ciceeeieiencenciannas 17

3a. Illustration of water movement in a landfill............. 22

3b. Sketch of a landfill cell...... ceseee ceetceacantasecanans 22
4. Idealized contaminant production curves.........eeeeeeons 40
5. Chloride concentration history......ccecevneeaccceanns eees 42
6. Chloride mass removal.....c.veeiveinececereanncaanas ceees. 43

7. Leachate chloride example description.......cceeeeeveee.. 47

8. Typical design of a landfill liner and leachate
collection system........ cresesscesans cetescsacen eeeeeeas D4

9. Generalized phases in the generation of landfill gases... 62
10. Gas Production as a function of moisture content......... 67

11. Variations in the rate of gas production from
anaerobic decomposition of rapid and slowly
biodegradable organic material.....cccceeveenennn. Y

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page
12. Effect of reduced moisture content on the production
of landfill gas......... et esencsessaeseaananas D £

13. Spatial division of the vertical element................. 86

14. Division of vertical cell into spatial and temporal
StEPS.crrcaconncssscnans seseerecsasesaseaaennase cevesncess 8T

15. Lateral flow between adjacent cells......iciiveveneeann .. 94

16. Lateral flow between adjacent cells in surface runoff.... 99

17. Definition of leachate collection system sketch.......... 103

18. The division of each liner field into lateral strips
which run perpendicular to the drain lines. Each
drain line can serve two drain fields..... e sesesenenana 109

19. Leachate from a waste cell percolating down into
different nodes in the liner strip...ccceeeeeececn. eenees 111

20. Mass release of chlorides from Municipal Solid Waste..... 120

21. Gas production as a function of moisture content......... 124

22. Model Flowchart.....ccieiiicirennnnane cesereseractaranaes . 131

23. Plan view of the University of Wisconsin test facility... 137

24. Rainfall data for University of Wisconsin test cells..... 140

25. Cumulative leachate in Cell B ceeeses 142

26. Cumulative leachate in Cell 2.......... cececesecceccsrans 143

27. Cumulative leachate in Cell 8....... Ceteceseaceccaeans ... 144
viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

28.

29.

30.

31.

320

33.

34.

35.

36.

37.

38.

39.

40.

41.

Al.

Theoretical rate coefficient for chloride production..... 149
Cumulative chiorides inCell 1...ueiueerennninneenennnnnnn 151
Cumulative chlorides in Cell 2......cccvevvieiinneennnn. 152
Cumulative chlorides in Cell 8......cccveiiiierinnneennns 153
Cumulative COD in Cell 8....... Cecetnennnans chestserennans 154

HELP model simulation of cumulative leachate
from Cell 2....iiiieieeeeeesreesnassccsncscsscssanscassanse 157

Comparison of the model to the HELP model using Cell 2
data. The HELP simulation begins at month 24............ 158

Boone County Landfill Cell 1 design and leachate

collection system .....ccciveeviecnsnnsas Cresseeccnananene 160
Cumulative leachate for the Boone County Landfill........ 162
Boone County Landfill cumulative chlorides leached....... 164

Site plan of a private landfill producing methane gas.... 166
Cumulative gas produced from a cell in the landfill...... 171
Gas production rates from a cell in the landfill......... 172

Temperature in the landfill as predicted by the model
after a simulated 12 months......ccoieiiirerecrionaacanans 174

Rate of gas production and cumulative total gas
production (Palos Verdes Kinetic Model)........c.coueunnn 192

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

A2. Estimated methane production (Scholl Canyon
Kinematic Model).....ovvviviinnnienanns eesescesscccncense 195

A3. Sample input file......cciieiieeeennereioecoccccccocnnnns 207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NOMENCLATURE

stochastic values for wastes (2.5.1)
soil diffusion constant (3.5.3)
height of liner above the datum

p oo o P
[

[’}

maximum fraction of waste chemical oxygen demand
Fourier coefficient (2.2.2)
Arrhenius equation coefficient (2.5.2)

gas production parameter (2.5.3)

> B > >

elevation of liner peak above datum (3.4.1)

e
-~
Cte

derivative terms for equation at node j

>

-

slope of saturation vapor pressure

>
b
=

cross sectional flow areas per width § for runoff

<

stochastic values for wastes (2.5.1)
soil diffusion constant (3.5.3)
Fourier coefficient (2.2.2)

grid width (2.2.3)

derivative terms for equation at node j

T W= o T
=}

==
(=]
o .
o

Biological Oxygen Demand (5 day)

stochastic values for wastes

contaminant concentration (2.3.2, 3.5.3)
remaining gas production substrate (2.5.3)
contaminant production rate coefficient (3.5.5)

specific heat

G O a Qa0
k<]

k]

specific heat of water

@]

£
]
g
o

specific heat of waste

[}

rain contaminant concentration of rain
CCj derivative terms for equation at node j

CH, methane

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



carbon monoxide.

carbon dioxide

chemical oxygen demand

degrees Celsius

liner thickness (2.4, 3.4)

stochastic values for wastes (2.5.1)
diffusion coefficient

hydraulic dispersion coefficient
equivalent diffusion coefficient in free water
soil diffusion coefficient

vertical diffusion coefficient

resultant terms of equation at node j
fraction of waste converted to methane gas
energy of activation

potential evaporation on day i

cell decay rate

function at point j

finite difference residual

field capacity

gas production rate due to moisture content
acceleration of gravity |
psychometric constant (2.2.2)

volume of gas produced (Appendix A)

gas previously produced

ultimate expected gas production per unit mass
months in Fourier analysis (2.2.2)

head (2.2, 2.3, 3.2)

leachate depth above the liner (3.4)
leachate depth over the liner

water surface elevation

net solar radiation on day i (langleys)
specified head

hydrogen gas

hydrogen sulfide

day index in Fourier analysis (2.2.2)

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i,j.k indices denoting spatial location

ie rainfall excess rate

I specified infiltration flux()

I source/loss terms from rainfall and infiltration
J joules

K, gas production rate

Ko ad justed gas production rate

k Nikuradse’s roughness (2.2.3)

k gas order of reaction coefficient (2.5.3)

ks heat diffusion coefficient in respective direction
K channel conduction parameter (2.2.3)

K methane reaction rates (2.5.2, Appendix A)

K maximum rate of substrate utilization (2.5.3)

°K degrees Kelvin

Ky saturated hydraulic conductivity of drainage layer
K, liner saturated hydraulic conductivity

K relative. permeability of the cell

Kq saturated permeability of the landfill cell

Kg waste concentration

L albedo for solar radiation (2.2.2)

L water source term (3.2)

L length of liner (3.4.1)

L volume of gas remaining to be produced (Appendix A)
L, lateral flow into node from adjacent node

m parameter exponent for runoff (2.2.3)

m pofous soil parameter (2.2.4, 3.2, 4)

m slope of gas production curve (3.6.2)

n manning roughness coefficient (2.2.3, 3.3.1)

n temporal step index

n stochastic values for waste (2.5.1)

n number of data points (4.2.1.1)

N number of nodes in column

NR number of rows

NC number of columns

N, nitrogen

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0, oxygen

p pressure head
P gas previously produced
P, total contaminant previously produced
q drainage flow rate along liner surface (2.4, 3.4.1)
q maximum amount of gas per mass (2.5.3, 3.6.1)
Qa1 liner flow into element from upstream
Q42 liner flow out element downstream
Qx, Qy runoff discharges per width
& heat flow rate
qp leakage rate through the barrier
q, total overland flow
Ay overland flow in respective direction
q overland flow in respective direction
R rate of leachate percolating from waste (2.4, 3.4)
R gas constant (3.6.2, 2.5.2)
Rx,Ry hydraulic radius
Ri solar radiation on day i
reaction source terms
s fraction of waste chemical oxygen demand
deviation data (4.2.1.1)
S concentration of substrate (2.5.3)
liner slope (3.4.1)
S¢ friction slope
Sgys Sfy friction slopes for runoff
Sw degree of saturation of the cell
ASgw change in water stored in solid waste
Sox 150z bed slopes in the respective directions
t time
At time step
T temperature
Tatm atmospheric temperature
T; mean temperature in ‘K on day i
TOC total organic carbon
ULT total contaminant per mass of dry waste
xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v fluid velocity
' vertical advective velocity
v average interstitial flow velocity (3.5.3)
\ total volume of leachate (3.5.5)
v average annual value
Vu mean monthly value for month h in Fourier analysis
v; interpolated value on day i
W weight
Wa water from rainfall or snow
Vi water leaving the bottom
VoM water cover material
Ve vater lost due to surface evaporation
Vg water lost in formation of landfill gas
Waw water in incoming solid waste
 VWrg water in incoming treatment plant sludge
Vwyv saturated water vapor lost with landfill gas
X,y lateral distance (2.2, 3.2, 3.3)
X distance along the liner (2.4, 3.4.1)
XY 2 spatial coordinates (2.5.2)
X concentration of microorganisms
y depth of leachate on the liner
Ymodel simulation data point
Yactual experimental data point
Y depth of standing of flowing water on surface
Aw perpendicular width of liner node
Ax, Ay distance between node points
Ax; lateral length for the element in x direction
Ay lateral length for the element in y direction
z vertical distance
Az vertical thickness of landfill node
a porous soil parameter
Qy s 0y open channel flow friction parameters
§ lateral width of runoff cell
A Darcy-Weisbach friction coefficient (2.2.3 Table 2)
A porous media empirical constant (3.5.3)

Xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



porosity of the waste layers

¢
b effective porosity of the drainage layer

P density

Py density of water

Pwaste density of waste

0, solids retention time, days

xvi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. INTRODUCTION

Landfills have served for many decades as the ultimate disposal
sites for residential, commercial, and industrial (both imnocuous and
hazardous) wastes. Landfill technology has evolved from the open
dump, in which the wastes were burned to reduce the volume, to highly
engineered sites designed to minimize the impact on the environment.
Improvements in landfill engineering have been primarily aimed at
reducing leachate production, collecting and treating leachate, and
limiting leachate discharge to the assimilative capacity of the
surrounding soil (Farquhar 1989). This has been accomplished through
leachate collection systems, liner and cover designs, and leachate
monitoring systems. Environmental concerns and legislation regarding
the operation of landfills have become very stringent, thus boosting
the requirements. Instances of uncontrolled landfill leachate
reaching groundwater sources and uncontrolled gas generation has
caused great concern. This demonstrates the need for tools to
predict the performance of landfills for future designs, planning,

and completed landfill site closings.

The performance of a landfill can be measured from the leachate
and gas generation of the landfill. Farquhar (1989) points out that

regardless of whether leachate is collected and treated or discharged
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to the soil, or whether gas is flared or used as an energy source, it
is imperative to have estimates of the leachate and gas flows as the
landfill is developed, closed, and for post-closure purposes. Hence,
the development of computer models to make these type of predictiomns

is both useful and necessary.

1.1 LITERATURE SURVEY

A literature survey has been completed to identify the major
processes occurring within a landfill and the tools used to
characterize these processes and designs. The different processes
and designs include: precipitation, runoff, evapotranspiration,
infiltration, leachate generation, 1leachate transport, leachate
collection, waste biodegradation, gas generation, gas transport,
landfill liner design, and contaminant transport. Mathematical and
computer models have separately been developed to describe some of

these processes and are summarized.

The development of models to predict the leachate generation
and flow as well as gas generation is relatively new. Fenn et al.
(1975), Dass et al. (1977), Perrier and Gibson (1982), Gee (1981), Lu etal
(1981), Kmet (1982), and Schroeder etal. (1983a, 1983b) reported models
in the literature which were formulated to predict leachate flow
discharging out of landfills based on a hydrologic water balance
method (WBM). This method, first proposed by Fenn et al (1975), is a
manual procedure generally solved using monthly averaged values of

the amount of water percolating through the solid waste. This
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percolation quantity is determined to be the total precipitation (P),
minus the runoff (R0O), the change in soil moisture content (MC), and
the evapotranspiration (ET). In water balance methods, the process
of moisture passage through the solid wastes and barriers is not

considered (Ahmed et al 1992; Farquhar 1989).

There have also been computer models developed using the Water
Balance Method as a basis with various modifications. Gee (1981)
used two variations of the Water Balance Method to predict leachate
flow at an active landfill and compared the results to actual
measurements made in the field. The predictions were approximately a
factor of two higher than actual. Lu et al (1981) conducted similar
comparisons at five landfills using 25 different methods to estimate
the various terms in a Water Balance Method (precipitation, runoff,
infiltration, evapotranspiration, initial moisture content, soil
storage, .and percolation). Again, the average leachate flow
estimates were in error by a factor of two, however, the poorest
estimates were up to 100 times greater than the measured leachate

flows (Farquhar 1989).

Kmet (1982) used a Water Balance Method with modificatioms to
account for infiltration and runoff during winter conditionms. He
simulated leachate production in Ham’s (1980) eight field lysimeters
with excellent success. The Hydrologic Simulation of Solid Waste
Disposal Sites (HSSWDS), a model developed by Perrier and Gibson
(1982), and the Hydrologic Evaluation of Landfill Performance (HELP),
reported by Schroeder et al. (1983a), are currently the most widely

accepted Water Balance Method computer models, with the HELP model
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being considered by many the best of the available computer models.
This is evident in the fact that the HELP model has become compulsory

for Superfund Site evaluation (Farquhar 1989).

The HELP model developed by Schroeder et al. (1983a), is a quasi-
two-dimensional deterministic model which computes the long term
leachate flow in a quasi-steady-state flow condition. The HELP model
is a tabulation of a moisture balance and was initially developed to
perform evaluations on hazardous waste disposal landfills, however,
its use has been extended to solid waste landfills. The hydrologic
processes modeled include: precipitation, surface storage, runoff,
infiltration, percolation, evapo-transpiration, soil moisture
storage, and lateral drainage. The lateral drainage process is the
only aspect which uses a quasi-two dimensional technique. The model
requires climatologic, soil, and landfill design inputs that include:
combinations of vegetation, cover soils, waste cells, lateral
drainage layers, relatively impermeable barrier soils layers, and

synthetic membrane covers and liners.

There have been numerous methods developed to describe the flow
of water through unsaturated and saturated porous material among
which are those reported by Hanks and Bowers (1962), Whisler and
Watson (1968, 1969), Hanks et al. (1969), Freeze (1969), Smith and
Woolhiser (1971), Giesel etal (1973), and Demetracopoulos et al. (1986).
These methods use variations of the Richards Equation (Richards 1931)
and propose that the flow (and the corresponding moisture content) is
considered to be a continuous function of time and space. The refuse

material is treated in landfill modeling as homogeneous and the non-
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linear parameters, moisture content, permeability, and heads, are
assumed homogeneous in each node. The determination of the non-

linear terms at different nodes can be done using mathematical models

reported by Russo (1992), Abriola and Pinder (1985a, 1985b), and

Demetracopoulos et al. (1986).

Ahmed et al. (1992) developed a numerical model to compute the
time variation of leachate flow in landfills using a two-dimensional
moisture transport equation. Unsteady boundary conditions were
developed for one-dimensional runoff, evapotranspiration, and
infiltration. The model developed a leachate mound at the landfill
bottom and allowed for lateral flow in the saturated zones and
vertical flow through the landfill liner using Darcy’s law. Since
landfill surfaces usually behave in a two-dimensional nature,
consideration of another runoff model to predict runoff is necessary.
Two-dimensional kinematic flow models could be used to determine
runoff on top of the landfill. Models have been reported by
Constantinides and Stephenson (1981), Stephenson and Meadows (1986),
Hromadka and Durbin (1986), and Guymon and Hromadka (1986) describing

two-dimensional overland flow.

Farquhar (1989) pulled technical 1literature together to
summarize trends and data for typical leachate composition as a
function of age. Using a leachate prediction model (such as the HELP
model), site geometry, and contaminant leaching curves, he presented
a model to characterize leachate composition (quality). He also
examined the impact of microbial processes on the leachate

composition. Fungaroli and Steiner (1979a, 1979b), Ham (1980), Wigh
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and Brunner (1981), and McGinley and Kmet (1984) have experimentally
investigated the factors which impact leachate quality. The factors
include compacted density, waste composition, moisture addition,
depth, and refuse age. McGinley and Kmet (1984) and Fungaroli and
Steiner (1979a, 1979b) combined data from these investigations and

produced leachate contamination curves for various constituents.

Farquhar (1989) used one of these curves in the discussion of
his method to calculate leachate contaminant concentrations in the
field. The transport of the contaminants through the landfill and
soil is important. Source terms for the contaminants need to be
determined for the transport models. Contaminant transport has been
modeled by Burnett and Frind (1987a, 1987b), Mahmood and Sims (1986),
Nair et al. (1990), and Cederberg et al. (1985). Cederberg et al. (1985)
provided a model for groundwater mass transport and chemistry
equilibrium known as TRANQL. The model uses multicomponents to solve
the mass transport equations and the chemical equations for various
species. Demetracopoulos et al. (1986) and Russo (1991) developed
transport equations which account for diffusion and advection of the
contaminants with the sources and losses. Bresler (1973) developed
expressions for a diffusion coefficient for the transport equations

which combined diffusion with dispersion.

Farquhar (1989) also has developed tables to estimate
contaminant concentration ranges as a function of age for many of the
different components. Currently leachate composition estimates for
assessing the impact of leachate on surrounding soil, groundwater,

and wastewater treatment facilities are made from this 1list of
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concentration ranges.  Integrating a water flow model and a
contaminant transport model using the the contaminant production
curves as a source term will provide more accurate predictions of

landfill leachate generation.

Along with leachate production is gas production, specifically
carbon dioxide and methane. DeWalle etal. (1978) conducted experimental
gas generation studies using steel containers filled with solid
wastes while maintaining them wunder different environmental
conditions. He was able to show the effects of temperature, moisture
content, waste size, dry density, and ideal pH conditions, on gas
production rates. Many others (Merz 1964; Merz and Stone 1970;
Rovers and Farquhar 1973; Ramaswamy 1970; Pfeffer 1973; Cooney and
Wise 1975) conducted experimental tests for gas production with
results which were similar to DeWalle’s reports. Hartz (1980) and
Hartz et al. (1982) studied and quantified the impact of different

temperatures on landfill gas production rates for methane gas.

Various schemes to predict the methane production are presented
in EMCON (1980) and Tchobanoglous et al. (1993) using triangular
distributions and an estimated gas production per mass of solid waste
(measured as dry or wet depending on the model). The schemes assume
that gas production increases linearly until half of the potential
gas is produced, at which point the rate slowly falls off linearly.
The total life-time of the gas production and the total gas
production is estimated. Depending on the model, the peak production
rate will occur after a certain percentage of the total estimated

life-time has expired (one-half, or one-third, for example.). A
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linear line is drawn up to the peak and then back down to the end of
gas production point. Gas production is then estimated to occur
along the two éurves. Hartz (1980) studied data from real landfills
which were producing the percentage of methane which is expected from
landfills. He analyzed numerous types of mathematical models to
describe the gas production behavior. He and Hartz et al. (1982)

employed the effects of temperature on the various gas production

rates.

Modeling of gas flow in a landfill was presented by Findikakis
and Leckie (1979). They considered one-dimensional flow in the
vertical direction and used a substrate limiting production model to
determine +the amount of methane, carbon dioxide, and nitrogen
produced. Then they solved diffusion equations to determine the
flows through the landfill. Peer et al. (1992) have developed an
empirical model of methane emissions from landfills. They presented
an empirical relationship linking methane production to potential
capacity, time, and a constant which is a function of moisture

content, nutrient availability, pH, and temperature.

Models to evaluate the design and effectiveness of landfill
liners and collection systems under various conditions are reported
by Wong (1977), Demetracopoulos et al. (1984), Peyton and Schroeder
(1988), Korfiatis and Demetracopoulos (1986), Lentz (1981), McEnroe
and Schroeder (1988), and McEnroe (1989a, 1989b). Using one-
dimensional models, different liner and collection system factors
were modeled. These factors included liner slopes, length between

drainage pipes, saturated hydraulic conductivity of the lateral-
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drainage layer, saturated conductivity of the soil liner, fraction of
the area under a synthetic liner which allows leakage, thickness,

inflow volumes, and saturation depths above the limer.

Jayawickrama et al. (1988) reported on an experimental and
theoretical evaluation of liquid leak rates through flaws in
synthetic liners into a compacted soil base. Flaws include imperfect
seaming, rips or punctures, or shear failure of the supporting base.
They examined the following parameters and their effects on the leak
flow rate: head of the liquid above the synthetic liner, hydraulic
conductivity of the sub-base material, size and shape of the flaw,

and the type and thickness of the synthetic membrane.

The determination of all these 1landfill factors (waste
composition, rainfall, evapotranspiration, runoff, moisture content,
liner design, gas generation, and gas transfer) has been separately
done through the models presented in this section. Each factor has
effects on the other factors and together they are extremely
complicated with numerous simplifying assumptions and estimations.
This all needs to be taken into account to develop a total model of a

landfill in order to simulate the correlated effects.

1.2 O0BJECTIVES OF THE STUDY

None of the models reported in the Literature Survey simulate
all of the major processes taking place in a landfill and hence, they

do not account for the interaction between each process. A large
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research effort studying the factors affecting the processes and the
interactions between the processes is ongoing. The desire to develop
a comprehensive numerical model incorporating the various processes
in order to aid studies of the environment is the goal of this
research. The current use of wide leachate contaminant concentration
ranges to estimate leachate effects on the soil, groundwater, or
treatment plants, reveals the need for more accurate predictions of
leachate quantity and quality. Many of these procedures can be
combined with contaminant production curves to predict the quality of
the landfill leachate. There are numerous unknowns and assumptions
which must be made to model these processes. However, as research
better defines the processes, unknowns, and empirical relationships,
they can be used to modify the current model. The incorporation of
better estimations will improve the model predictions. The ability
to make predictions of landfill behavior and use of this knowledge
will improve designs, maintenance, and thus improve envirommental

quality.

This study develops a landfill computer model wusing the
available relationships and mathematical models to describe the
processes occurring in the landfill. The major processes modeled and
interconnected are: precipitation, evapotranspiration, surface
runoff, infiltration, leachate generation, leachate transport,
leachate collection, landfill liner performance, leachate
recirculation, contaminant production, contaminant transport, and gas
generation. The model determines the moisture content spatially and

temporally in the landfill. The water entering and passing through

10
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the landfill is modeled to determine the quantity of leachate
collected in the landfill collection system. The moisture content is
also used with leachate contaminant production curves and gas
generation empirical relations to determine leachate contaminant
concentrations and methane gas production for each element as a
function of time. Transport of the' leachate contaminants is modeled
to provide an estimate of leachate quality collected at the landfill
base. The mass of contaminants which leach out and the mass lost due
to gas generation can be used to make predictions about the landfill

support structure.

11
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2. THEORETICAL ASPECTS

2.1 LANDFILL DESIGN OVERVIEW

A sanitary landfill is a complex engineering project requiring
detailed planning, specifications, careful construction, and
efficient operation. The landfill can be conceptualized as a
biochemical reactor, with solid waste and water as the major inputs,
and with gas and leachate as the principal outputs (Tchobanoglous et al.
1993). Traditionally, waste materials have been deposited in voids
or on land with little or no agricultural or commercial value. Lack
of financing and expertise has led to considerable environmental
problems including water pollution, air pollution, and vermin

(Crawford and Smith 1985).

Conceptually, solid wastes are disposed of in landfills by
spreading them out in thin layers (approximately two feet),
compacting the waste, and placing approximately six inches of cover
material over the waste (Tchobanoglous etal. 1993). This waste pocket
is called a load or a lift. Lifts are built on top of each other to
fill up the landfill. When the landfill reaches the design height, a
cover or cap is placed over the top of the landfill. This cap can be
constructed of impervious and/or synthetic material. It is desired

to have a 57 grade on the cap to promote runoff from precipitation

12
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and reduce infiltration into the landfill. The cover is not usually
put in place until the landfill is filled (or a cell is completed in
large landfills). Filling a cell takes time (order of years) and
hence, the cell may not receive a final cover for many years. Also,
various cell filling schemes are followed to ensure an even build up
of the landfill. Thus, the landfill experiences changing conditions
in the amount of water (uncapped cells receive much more water than a
capped cell) it receives and hence, leachate amounts percolating

through the landfill (Farquhar 1989).

Water enters a landfill from precipitation, recirculation, and
as a component of the waste. When the water content exceeds the
local capacity of water that the material (soil and waste) can hold,
it percolates down through the waste. The percolation will pick up
contaminants (dissolved or particulate) as it passes through the
waste. This percolation is known as leachate, and it will collect on
the bottom of the landfill. The percolation can also collect locally
(ponds) in parts of the landfill. It is important that the daily
cover material be a permeable material in order to prevent local pond
formation (Crawford and Smith 1985). Leachate passing out the bottom
of the landfill will permeate down into the local water table. At
that point it will contaminate groundwater supplies and will flow
with the groundwater. Eventually it will reach wells and become a
health hazard, in which the severity depends on the particular
contaminants involved. It is important to reduce the amount of

leachate and collect it as it percolates down through the waste.

13
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Figure 1. Typical landfill profile (not to scale)
(After Schroeder etal. 1983a)
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Sanitary landfills are initially constructed with a liner and
leachate collection system on the bottom. Many landfills prior to
1991 regulations do not have a leachate collection system and many
old landfills failed to use a liner. The liner is made of compacted
low permeability material, such as clay, or a synthetic impermeable
material, or both. A layer of very permeable material is laid on top
of the liner to collect the leachate which has percolated down
through the waste. The surface of the liner is sloped to force
leachate to flow laterally toward the collection system drains

(Figure 1).

The drains (usually PVC pipe), located in the low points of
this very permeable layer, collect, and take the leachate to a
central collection point. The leachate collection system removes the
leachate to reduce the build-up of saturated leachate above the
liner. Leachate build-up over the liner would tend to force its way
vertically through the liner into the soil (water table) under the
landfill (McEnroe and Schroeder 1988). Leachate in the collection
system can be gravity drained or pumped to storage tanks depending on
the particular design. There are older landfills which are not
designed with a leachate collection system. Below their liner is a
fail-safe leachate system, which collects leachate as it passes
through the liner. Some of the landfills with leachate collection
systems have a second collection system under the liner to collect
leachate and give indications of leaky liners. The collection

systems come in various designs.
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Solid wastes will decompose in the landfill giving off gases.
The major constituents of the gases are carbon dioxide (C0,) and
methane (CH;), which is explosive. Many landfills are designed with a
gas collection system to remove these gases for energy or disposal
(flaring). The gases tend to migrate vertically upward, however,
when leachate comes in contact with carbon dioxide, the gas can
dissolve into the liquid and be carried downward. If this carbon
dioxide reaches the water table under the landfill it will cause the
groundwater pH to decrease. Hence, environmental monitoring is
required at sanitary landfills to ensure contaminants are not
released to the surrounding environment (EMCON 1980). There are
three categories of monitoring: (1) vadose zone monitoring for gases
and liquids, (2) groundwater monitoring, and (3) air quality
monitoring. An example of typical instrumentation for environmental

monitoring is shown in Figure 2 (Tchobanoglous et al. 1993).

There are various types of 1landfill designs such as the
excavated  cell/trench method, the area method, and the
canyon/depression method. The selection of the method will depend on
the existing conditions such as surface water hydrology, topography,
climatologic conditions, ultimate use of the completed landfill,
available land area, and site access (Tchobanoglous et al. 1993).
Regardless of the design, there are many common processes occurring

in the design of a landfill and these processes lend themselves to

being modeled.
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2.2 LEACHATE

Landfill leachate is the liquid that has percolated through
solid waste extracting dissolved or suspended materials from the
waste. The dissolution and suspension of contaminants, which were
stationary in the refuse, are mobilized producing contaminated
leachate. Leachate normally is made up of the liquid which enters
the landfill from external sources and the liquid produced from the
decomposition of the wastes. These external sources may be composed
of surface drainage, rainfall, groundwater, underground springs, and
recirculated leachate previously removed from the landfill. As the
liquid percolates through the solid wastes that are undergoing
decomposition, both biological materials and chemical constituents
are leached into the solution (Farquhar 1989; Tchobanoglous et al

1993).

Typical data on the composition of leachate from new and mature
landfills can be found in numerous references (Crawford and Smith
1985; EMCON 1980; Farquhar 1989; Owens and Khera 1990; Tchobanoglous
et al. 1977; Tchobanoglous et al. 1993) and an example is given in Table
1. The chemical composition (or quality) will vary greatly depending
on a number of factors including the quantity produced, the original
nature of the waste, the various chemical and biochemical reactions
which may be occurring, the age of the landfill, and the events going

on inside the landfill (Schroeder etal. 1983a; Tchobanoglous et al. 1993).

The waste is broken down through anaerobic decomposition which

begins after the oxygen is used up. Anaerobic decomposition is
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Table 1.

Typical Data on the Composition of Leachate from New

and Mature Landfills -
Value, me/]l
New landfill Mature
(less than 2 years) landfills
(10 years)
Constituent Range Typical Range
BODg 200-~30000 10000 100-200
TOC 1500~20000 6000 80-160
CoD 3000-60000 18000 100-500
Total suspended solids 200~2000 500 100-400
Organic nitrogen 10-800 200 80-120
Ammonia nitrogen 10-800 200 20-40
Nitrate