SYSTEMATIC DESIGN OF METHANE MIGRATION CONTROL SYSTEMS

Stewart J. Smith,
Harold W. Bentley,
Hydro Geo Chem, Inc.
Tucson, Arizona

Keith Reaves,
TTL, Inc.

Vadosta, Georgia

ABSTRACT

This paper presents a systematic methodology for de-
sign of landfill methane migration control systems.
The key to the methodology is that it tests for defi-
ciencies in the conceptual model (working hypothesis)
of methane migration, correcting potential design
flaws in the landfill methane control system before
commencing design and construction. The testing is
accomplished by (1) afield investigation of gas well
extraction tests and monitoring of transient and
steady-state pressures and methane concentrations in
the landfill and surrounding soils; (2) constructing a
site-specific numerical model of the landfill gas flow
and transport consistent with the conceptual model’s
structure and pneumatic properties, and (3) calibrating
the numerical model by modifying landfill gas (LFG)
generation rates and model properties within reason-
able limits to provide a best fit to the field data. In-
sights developed during both the field investigation
and the calibration process alow identification and
correction of deficiencies in the conceptual model,
and, ultimately, in the conceptual engineering design.
The gas flow numerical model resulting from the cali-
bration process is used to simulate the performance of
a methane migration control system and optimize the
control system’s performance and costs.

Thisimproved approach is illustrated by methane con-
trol system projects recently conducted at three
unlined landfills. These landfills include the City of
Cairo 6" Avenue Municipal Solid Waste Landfill,
located in Grady County, Georgia, the Buckhead
Mesa Municipal Solid Waste Landfill, located near
Payson in Gila County, Arizona, and the Decatur
County SR309 Municipal Solid Waste Landfill, lo-
cated in Bainbridge, Georgia. Each site investigation
included a review of landfill construction and waste
disposal history, installing and/or utilizing selected
boreholes as gas monitoring wells or gas extraction
wells, monitoring the wells' and probes gas pressures
and methane concentrations, and conducting tests to
determine pneumatic parameters. Vertical and hori-
zontal gas permeabilities were obtained by gas well
extraction tests or, where estimates of LFG generation
were needed, by a combination of gas pressure moni-
toring and gas well extraction tests. These pneumatic

data were interpreted using analytical and numerical
models. The resulting calibrated three-dimensional
numerical gas flow and transport models were then
used to develop and optimize conceptual engineering
designs of methane control systems and assess their
performance in meeting methane control objectives.

INTRODUCTION

The design of a landfill-methane migration control
system is done by a sequentia trial-and-error ap-
proach that includes devel oping a conceptual model of
the affected site’s methane (LFG) flow system; install-
ing monitoring wells to delineate the methane prob-
lem; designing, constructing and operating a methane
control system composed of LFG control wells,
trenches, or subsurface barriers; monitoring methane
to determine effectiveness of these remedia control
measures, modifying the control system to correct for
insufficiencies in methane control; repeating methane
monitoring to determine effectiveness of modified
control methods; and so on. The problems with this
approach are its reliance on a conceptual model that is
untested and, therefore, nearly always deficient in
some significant way; the rounds of monitoring and
system modification required to correct the design of
the methane control system; and the consequent de-
lays and extra costs involved in accomplishing the
desired level of methane control.

Identifying and correcting flaws in the conceptual
model and conceptual design before commencing full
engineering design and construction will eliminate
costly rounds of monitoring and redesign, as will be
described in this paper. Testing of the conceptual
model of methane migration is accomplished by

(1) A field investigation comprised of installing
monitoring probes and soil vapor extraction
(SVE) wells in the landfill and surrounding
soils, monitoring transient and steady-state
pressures, and performing soil vapor extraction
(SVE) well tests.

(2) Constructing a site-specific gas flow-and-
transport, numerical mo-del of the landfill that
represents its structure and pneumatic proper-
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ties. This model is a numerical representation
of the conceptual model of the site.

(3) Calibrating the numerical model by modify-
ing landfill gas (LFG) generation rates and
other conceptual model properties within rea-
sonable limits to provide a best fit to the field
data

Insights developed during the calibration process (and
during the field investigation) allow deficienciesin the
conceptual model to be identified and corrected.

The gas-flow numerical model resulting from the cali-
bration process is then used to simulate the perform-
ance of a methane migration control system and com-
pare the effects of various design modifications on
control efficiency. Thus the calibrated numerical
mode! is the ideal engineering tool to design the meth-
ane control system and maximize its cost effective-
ness.

The remainder of this paper illustrates the utility of the
design procedure outlined above using three case stud-

ies where the procedure was applied to landfills for

the purpose of methane migration control.

Case Studies

The three methane migration control projects de-
scribed herein include the City of Cairo Municipal
Solid Waste Landfill, located in Grady County, Geor-
gia, the Buckhead Mesa Municipal Solid Waste Land-
fill, located near Payson in Gila County, Arizona, and
the Decatur County Landfill, located near Bainbridge
in southwestern Georgia. These projects were selected
to demonstrate the application of the methodology to
the design of 3 common types of methane migration
control systems: (1) extraction wells constructed in
soils surrounding the landfill; (2) a gas interception
trench positioned at the landfill perimeter; and (3)
extraction wellsinstalled directly in the landfill refuse.
Figures 1-3 are plan views of the respective sites,
showing their topography, landfill area, and pressure-
monitoring probe and SVE well locations. The waste
disposal history and area, volume, and refuse mass of
these landfills are summarized in Table 1.

MATERIALSAND METHODS

Well and Probe Construction

For the City of Cairo and Decatur County sites, a hol-
low-stem auger rig was used to drill boreholes and
install the monitoring probes and SVE wells. Moni-
toring probes were implanted just beneath the soil
cover and just above the base of the unlined landfills.
The probes were installed in a boring with an approx-

imate diameter of 23 cm (9 in) drilled to the desired
depth. Flush-threaded 2.54-cm (1-in) diameter PVC
casing with a90 cm length of 0.5 mm slot PV C screen
a the base was then inserted into the open borehole.
All casing joints were threaded and sealed with an O
ring seal. A filter pack consisting of coarse

sand or pea gravel was installed to gproximately 30
cm (1 ft) above the screens, and approximately 60 cm
(2 ft) of bentonite chips were placed on top of the
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Figure 1 Plan View of the City of Cairo Landfill,
SVE Wells and Monitoring Probes
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Figure 2. Plan View of the Buckhead Mesa Landfill,
SVE Wells and Monitoring Probes
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Figure 3. Plan View of the Decatur County Landfill,
SVE Wédlls, and Monitoring Probes

TABLE 1. LANDFILLS WASTE -DISPOSAL HISTORY, AREA,
VOLUME, AND ESTIMATED MASS
Refuse in
LANDEILL Laere}(i’jlllring Year of Area Volu;ne Place
Started Test (Hectares) (md (tonn:s X
10%
City of
Cairo 1978 2005 20.2
Buckhead
Mesa 1989 2005 v 0.92 0.65
Decatur
County 1982 2004 4 0.29 0.64

filter pack and hydrated. The remaining annular
spaces were then filled to within 60 cm of the surface
with fine sand collected on site. The remaining 60 cm
was filled with bentonite. The SVE wells were 10 cm
(4 in) diameter and installed with longer screens, but
otherwise constructed in asimilar manner.

The gas-monitoring and SVE wells used at the Buck-
head Mesa Landfill site had been installed prior to the
investigation (see Figure 2). The wells included five
10 cm (4 in) diameter passive vent wells completed in
refuse to a depth of approximately 4.5 m These were
used as both SVE and pressure-monitoring wells. An
additional three 2.5 cm (1 in) diameter gas monitoring
wells were adready installed. These were located in
soils north of the landfilled area and screened from 1.8
to 3.6 m below land surface (BLS). Table 2 lists the
probe and well placement information.

At all three sites the wells and monitoring probes were
completed at the surface with gas-tight polyvinyl chlo-
ride (PVC) valves equipped with Swagelok 1/8-in (3.2
mm) compression fittings. Polyethylene tubing con-
nected probes to the data acquisition system (DAYS).

TABLE 2. PROBE AND WELL PLACEMENT
Range of  Probe
LANDFILL g?c'];i f Total Probe Screen SVE
Locations Probes Depth Length Wells
BLS (m) (m)
City of
Cairo 6 12 2476 1 3
Buckhead
Mesa 8 8 3.7-48 1.8-45 5
Decatur
County 10 20 15-12 15 4

Data Acquisition Appar atus

The DAS consisted of asingle Setra pressure trans-
ducer sensitive to 10 kilopascas (kPa) [1 x10™
pounds per square inch (psi)], and a laptop data logger
used to switch the valve to separate data ports on a 16-
port VValco multiport valve and to record al measure-
ments from the pressure transducer. These ports were
connected to the polyethylene tubing leading from the
wells and probes, with one port left open to the d-
mosphere for measurement of barometric pressure.
The DAS switched the multiport valve at predeter-
mined pressure-measurement intervals, typicaly 1
minute. Figure 4 showsthe DAS.

The single-transducer configuration has the advantage
that pressure data from & many as 16 locations are
collected at the same elevation, and the relative pres-
sure readings required for analysis are not sensitive to
low-frequency instrument drift. A disadvantage is that
the hundreds of meters of tubing connecting the trans-
ducer to the pressure probe lead to transient noise in
the pressure signal. This noise is believed to be asso-
ciated with windy conditions, possibly rapid tempera-
ture changes produced by changes in ambient solar
intensity, and the vibrations associated with working
an active landfill face. The noise observed during
several landfill site investigations has not yet proved

i gnificant enough to interfere with data interpretation.

Data Acquisition System (DAS)
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Figure 4. Singletransducer DAS



Pneumatic Testing

The pneumatic testing conducted at these sites con-
sisted of monitoring of atmospheric pressures, meas-
uring pressures in gas-monitoring wells and probes in
order to establish ambient pressure conditions; and
monitoring selected gas monitoring wells and probes
while conducting soil vapor extraction (SVE) tests.

SVE tests were monitored before, during, and after
pumping of the SVE wells. Pre-SVE test monitoring
was to establish background pressures, but primarily
to measure horizontal subsurface pressure gradients
induced by LFG generation. Monitoring during and
after pumping was done to capture both the pressure
drawdown and recovery data. The SVE wells were
pumped using atrailer-mounted SVE system equipped
with a positive displacement vacuum blower capable
of pumping 8400 standard liters/min (sim) [300 stan-
dard cubic feet per minute (scfm)] at the Georgia sites
and 14,000 dm (500 scfm) at Buckhead Mesa. The
SVE well was pumped at three increasing levels of
flow for a cumulative pumping time ranging from 1 to
3 hours. The recovery pressure data, collected after the
SVE blower was shut down and the SVE well (imme-
diately) shut-in, were recorded for approximately 1 to
1% hours. Extraction rates were monitored periodi-
cally by a handheld flow meter. Subsurface and a-
mospheric pressures were continuously monitored at
1-minute interval s throughout the SVE tests.

Baro-pneumatic testing was conducted at the Deca-
tur County site to estimate LFG generation rates (see
Bentley et a, 2005 for additional details). Testing
consisted of measuring the amospheric pressure and
the pressure within the gas monitoring probes and the
SVE wells for a period of approximately 4 days. Each
DAS was programmed to collect data at 5-minute in-
tervals. The pressure readings at each location were
obtained after allowing a 20-second equilibration pe-
riod following the switch to that location. Pressure
readings were recorded on the laptop persona com-
puter.

DATA ANALYSIS

Analysis of the test data was accomplished by con-
structing appropriate anaytical or numerica models,
described in following sections, and calibrating them
by varying the distributed parameters of gas perme-
ability, gas porosity, and, for numerical models, the
LFG source to provide a best fit to the test results. An
analytical model was used to interpret SVE well tests.
A numerical gas-flow model was used to estimate the
permeability of refuse and soil cover material, and to
estimate the rate of LFG generation at various loca
tions across the landfill. For the Decatur County site
these LFG generation rates were combined with the

landfill’s waste disposal history to calibrate ax ana
lytical 1¥-order decay model (Augenstein and SCS,
1997). This last exercise resulted in ste-specific es-
timates of decay rate and methane potential that were
utilized to predict future LFG generation rates.

SVE test analysis: SVE test data were analyzed using
Hydro Geo Chem Inc.’s proprietary pneumatic test
analysis computer program, ASAP, which solves the
analytical solution for a leaky confined aquifer
(Moench, 1985), modified for compressible gas flow.
ASAP uses the measured flow rates and pressure re-
sponses as input, and solves for pneumatic properties
using an automated parameter estimation routine. The
SVE test pressure drawdown data were corrected for
changes in atmospheric pressure and then analyzed to
estimate the average vertical and horizontal air perme-
abilities of the refuse or soils interrogated by the SVE
well and monitoring probes; the average vertica air
permeability of the cover materials or confining
bed(s), and the average gas porosity. Note that poros-
ity estimation requires data obtained from a monitor-
ing well at known radius from the pumping well.

Figures 5, 6, and 7 show the data and analysis of rep-
resentative SVE tests conducted at the City of Cairo
MSW Landfill, the Buckhead Mesa MSW Landfill,
and the Decatur County MSW Landfill. The x-axes in
these figures are the times since the SVE pump was
turned on. Drawdown at a selected time is the differ-
ence between the pressure at the start of the test and
the observed pressure at the selected time.

The sharp drop in drawdown at late time is the de
crease in pressure resulting from shutting down the
pumping well. Table 3 summarizes the SVE test re-
sults obtained for each landfill. Gas permeabilities are
listed in darcies (1 darcy ~ 1 x 102 m?).
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Figure 5. Measured & smulated drawdown in 2A
while pumping SVE-2, City of Cairo MSW Landfill
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Figure 6. Measured & simulated draw-down in SVE-
E during pumping of SVE-A; Buckhead Mesa MSW
Landfill
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Figure 7. Measured & simulated draw-down in B8A
during pumping of VE1, Decatur County MSW Land-
fill SR309

NUMERICAL MODELING

Two numericdl model codes were employed.
TRACRN (Travis and Birdsall, 1988) was used for all
three projects, and MODFLOW- SURFACT (Hydro-
geologic, 1996) was additionally employed for the
Decatur County project. Both are finite-difference
computer codes that are capable of simulating 3-
dimensional flow in variably saturated porous media.
TRACRN simulates flow of both water and gas, and
MODFLOW- SURFACT, either water or gas.

Model Construction: Numerical gasflow and trans-
port models were constructed for each site using
lithologic and elevation data collected in the field or
available in previous site reports. The permeability
and porosity results of the SVE test analysis were in-
corporated into the models. The models were cali-
brated by varying their rates of LFG generation at
various locations across the landfill to provide a best
fit to the observed anbient subsurface gas pressures
and gas-pressure gradients.

In the case of the baro-pneumatic tests at Decatur
County Landfill, the calibration included varying both

input permeabilities and LFG generation rates to
match the response of landfill and soil gas pressures to
transient changes in atmospheric pressure at the land-
fill surface. The baro-pneumatic model calibration
was assisted using the model parameter estimation
program PEST (Doherty, 1994). PEST uses a
Marquardt- Lambda search procedure to iteratively
determine the best fit to the computed and measured
pressure data. Details of this approach are presented
in Bevington (1969).

Material Typesand Digtribution: The material types
represented in the models included various soils, re-
fuse, cover material and “air”. “Air’ indicates a
model volume where the land surface is below the
upper model boundary elevation. “Air’ was repre-
sented in the models as a material with an LFG con-
centration of zero, a very high permeability of 10,000-
50,000 darcies, and a very high gas diffusion coeffi-
cient of 1 x 10* m¥sec. Materials below the water
table were assigned a gas saturation of 0.00.

Table 4 shows the pneumatic properties of the materi-
als represented in the site models. Initial values of
permeabilities were obtained from SVE tests for Cairo
and Buckhead Mesa and from baro-pneumatic tests
conducted at Decatur County (discussed later). The
distribution of site materials was determined based on
borehole logs or other relevant information such as
observed or inferred high or low permeability, water
levelsin monitoring wells, etc.

TABLE 4. Pneumatic Properties Represented in the Numerical Mode|
Material ki ky Total Water Gas
(darcies) (darcies) Porosity Saturation Porosity
City of Cairo Municipal Solid Waste Landfill
sand 5.7 0.57 0.4 0.7 0.12
clayey sand 1.5 0.015-0.15 0.4 0.7 0.12
refuse 50 5 0.4 0.5 0.20
cover 0.1-0.15 0.05-0.15 0.4 0.7 0.12
“air” 10,000 10,000 0.4 0.1 0.81
Buckhead Mesa Municipal Solid Waste Landfill
soil 5 5.0 0.23 0.2 0.18
refuse 220 20 0.19 0.2 0.15
cover 1 0.65 0.19 0.2 0.15
“air" 10,000 10,000 0.90 0.1 0.8
trench 1.000 1.000 0.90 0.1 0.8
Decatur County Municipal Solid Waste Landfill
native soils 5.4 0.036 0.0054 0.3 0.3
cover 0.31 0.0095 0.36 0.22 0.28
upper refuse 0.4 0.031 0.53 0.21 0.42
lower refuse 218 0.55 0.53 0.21 0.42
“air' 50,000 50,000 0.53 0 0.53
Notes:

k n = Horizontal gas permeability
k , =Vertical gas permeability
k c=gas permeability of confining layer (“aquitard™) or cover

City of Cairo MSW L andfill M od€|

Model Dimensions: A plan view of the City of Cairo

Landfill gas flow and transport model mesh is shown
in Figure 8. The model extended 580 m in the east-



west and north-south directions, the model was 18.2 m
(60 ft) thick, and its base was 73.2 meters above mean
sealevel (amdl). The model consisted of 41 columns,
41 rows, and 18 layers. Row and column spacing were
uniformly 15.2 m except near the landfill margins
where spacing was reduced to 7.6 m (25 ft). Mode
layers were 0.76 m (2.5 ft) thick in its lower half and
1.52 m (5 ft) in its upper half. The model domain cov-
ered the southeast portion of the landfill and surround-
ing areas to the east, southeast, and south of the land-
fill

Boundary Conditions: The lower, north, and west
boundaries were specified as no-flow, and the upper,
south, and east model boundaries were assigned con-
stant pressure and water saturations. LFG concentra-
tions at the upper, south, and east boundaries were
maintained at zero.
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Figure 8. Site map showing numerical model domain
and mesh of City of Cairo MSW Landfill.

Five material types were represented in the model:
clayey sand, sand, refuse, cover material and “air”.
Refuse was placed within the area shown in Figure 8
and was assumed to be covered by clayey cover mate-
rials and have a base elevation of 81 m amd. Table 4
shows the pneumatic properties of these materials
represented in the model.

The boring logs and elevation data indicated unsatu-
rated sands ranging from 0.2 to more than 3.7 m deep
extending east from the southeast portion of the land-
fill. The shape of this zone was found to be generally
coincident with the observed area of high subsurface
LFG concentrations. Clayey materials overlie this

zone and likely behave as a semi-confining layer, aid-
ing lateral migration of LFG to the east. In the model,
the sands were assumed to extend beneath the landfill
asshown in Figure 9.
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Figure 9. Approximate areal extent of sand layer ex-
ceeding 1.4 m thickness. City of Cairo MSW Landfill

The permeability and porosity of the refuse, not meas-
ured, were assigned values typical to those at similar
sSites, i.e,, 50 and 5 darcies for horizontal and vertical
gas permeabilities, respectively, and 0.20 for gas [o-
rosity.

Model Calibration consisted of adjusting model LFG
generation rates assigned to refuse materials and per-
meabilities of landfill cover and vertical clayey sand
in the vicinity of SVE-4 until the simulated subsurface
gradients near SVE-1, SVE-2, and SVE-4 were simi-
lar to those observed in the field investigation. As a
result of the calibration process, the LFG generation
rate was set at 0.0129 sm/m® refuse (1.28 x 10°
scfm/ft® refuse), and the gas permeability of the south-
ern portion of the cover materials was raised to 0.15
darcies.

Simulation of Landfill Gas Migration was per-
formed by running the model forward in time until
near steady-state conditions were attained. Simulated
results for layer 10 (approximately 80 m amdl) are
shown in Figure 10.

As shown, most of the LFG is predicted to migrate
offsite to the east within the area where unsaturated
sands occur, as shown in Figure 9. LFG concentra-
tions above 0.1 (10%) are also predicted to occur
along the southern margin of the landfill. This LFG
distribution is reasonable in accordance with past



measurements. The overall area of predicted impact is
dightly larger in the simulations (which will result in
a more conservative, therefore more protective, de-

sign).

Design Simulation: Simulation of LFG control g/s-
tems was conducted for a number of potential designs,
each incorporating the three existing SVE wells.
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Figure 10. Simulated steady-state LFG concentrations
a 80 mamd, City of Cairo MSW Landfill

The most cost-effective design used a total of 12 pe-
rimeter SVE wells (3 existing and 9 new installations)
with a total extraction rate of 2500 m (90 scfm) and
variable screened intervals and extraction rates for
individual wells. The proposed locations of the 9 new
wells are shown in Figure 11, which also shows the
simulated steady-state LFG concentrations when the
designed methane control system is operating.

As shown, the designed control system will remove
subsurface LFG that has already migrated offsite to
the east of the proposed SVE wells. Removal of gas
from this area will take some time, perhaps a year or
more. However, a short-term benefit will occur within
about a month of operation as a subsurface vacuum
develops. Thisvacuum, shown in Figure 12, will limit
or prevent possible LFG movement upward into sur-
face structures over the short term.

Buckhead M esa M SW L andfill M odel

Model Dimensions: A plan view of the Buckhead
Mesa Landfill gas flow and transport model mesh is
shown in Figure 13. The model extended 150 m (500
ft) in the east-west and north-south directions. The
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Figure 11. Proposed locations of 9 new SVE wells
and simulated steady-state LFG distribution under
well operation, City of Cairo MSW Landfill

model was 15.2 m (50 ft) thick, and its base was 158
meters (5180 ft) ams. The model consisted of 25
columns, 65 rows, and 20 horizontal layers. The row
spacing was 1.52 m (5 ft) near the landfill margin and
3.05 m elsewhere. The column spacing was uniformly
6.1 m (20 ft). Model layer spacing ranged from 0.7 to
2.4 m (2 to 8 ft). The model domain covered an area
along the northern boundary of the landfill where off-
site LFG migration was known to occur.
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Figure 12. Simulated gage pressure at an elevation of
8.14 m bls using existing and proposed wells for con-
trol system. City of Cairo MSW

Boundary Conditions: The lower, southern, eastern,
and western boundaries were specified as no-flow
(movement of gas a these lateral boundaries is
roughly parallel to the boundaries) and the upper and




northern model boundaries were assigned constant
pressure and water saturations. LFG concentrations at
the upper and northern boundaries were maintained at
zero. The northern boundary was far enough away that
internal concentrations were not impacted by this con-
dition.

Material Typesand Distribution: Four material
types were represented in the model: surrounding
soils, refuse, cover material, and “air. Table 4 shows
the pneumatic properties of these materials repre-
sented in the model. Refuse was assumed to be cov-
ered by silty-to-clayey sand. Materials other than
“air” were assigned a lateral dispersivity of 0.3 m (1
ft) and atransverse dispersivity of 0.03 m (0.1 ft).
The permeability and porosity of the refuse and cover
materials were based on values estimated from the
SVE tests.

The Calibration Process consisted of adjusting LFG
generation rates assigned to refuse materialsin the
model until the simulated subsurface
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Figure 13. Site map showing numerical model -
main and mesh of Buckhead MesaMSW Landfill. .

gas pressure gradients across the landfill boundary and
in soils north of the boundary were similar to those
measured during the field investigation. As a result
of the calibration process, the LFG generation rate
was set at 0.016 sm/m3 refuse (1.6 x 10-5 scfm/ft3
refuse).

Simulation of Landfill Gas Migration was per-
formed by running the model forward in time until
near steady-state conditions were reached. Simulated
results for layer 3 (approximately 1583 m or 5195 ft)

amgdl) are shown in Figure 14.
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Figure 14. Simulated steady-state LFG concentrations
at 1583 m amsl. Buckhead Mesa MSW Landfill

Most of the LFG is predicted to migrate off site to the
north just past the locations of MP-2 (BH-6) and MP-
3 (BH-5). This simulated distribution is generally
reasonable based on past measurements, although the
overall area of predicted impact and the predicted
concentrations are dlightly larger in the simulations.
This was regarded as desirable from the standpoint of
methane control design, asit will result in a more con-
servative design.

Simulation of Potential Landfill Gas Control Sys-
tem was conducted for a number of potential designs.
These designs did not include active pumping of the
existing vent wells as this was judged unacceptable
with regard to fire risk. (The potential for air (oxygen)
intrusion is high due to the relatively high vertical gas
permeability estimated for the cover material based on
the SVE well tests). Therefore, only perimeter systems
with actively pumped components completed in soils
outside the refuse were considered. Potentia design
choices focused on atrench system rather than wells.

The selected design consisted of a 3 m (10 ft) deep
trench. Variable lengths and extraction rates were
simulated to determine most effective design. The
selected configuration consisted of a trench extending
over the area shown in Figure 15 and pumped at 500
dm (18 scfm), or 4.6 km/m (0.05 scfm/ft).
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Figure 15. Location of selected methane control sys-
tem vapor-extraction trench Buckhead Mesa MSW
Landfill

Decatur County MSW L andfill M odel

The primary goal at the Decatur County site was the
design of a system to prevent off-site migration of
hazardous concentrations of methane. A second goal
was to provide compliance with the Clean Air Act
(CAA) regulatory criteria for New Source Perform-
ance Standards (NSPS) regarding non-methane organ-

[ EET = T

Figure 16. Simulated steady-state LFG distribution
under operation of selected methane control system
SVE trench, Buckhead Mesa M SW Landfill

ic compound emission controls at MSW landfills.This
second goal was requested by the client, athough

compliance with NSPS rules was not required because
the design capacity of the Decatur Landfill isless than
2.5 million tons. Mesting both of these goals requires
efficient collection of LFG from the landfill, and, be-
cause of variable gas generation rates and pressures
within alandfill, is a notably more difficult method of
controlling methane migration than installing pneu-
matic barriers outside the landfill perimeter (such as
those described in the two previous examples). The
dual goas were addressed by conducting a baro-
pneumatic investigation (Bentley et al., 2005; Bentley
et al, 2003, Bentley et al, 2002) to define the distribu-
tion of LFG generation at this landfill and predict its
future LFG generation. This approach, and the site-
specific numerical model that was generated by the
baro-pneumatic investigation, allowed the design of a
control system to efficiently capture LFG for both
migration and emission control.

The Baro-pneumatic Method involves collecting a
continuous 4 or more-day record of atmospheric pres-
sure at the surface of the landfill and the transient
pressure responses in the monitoring probes resulting
from the barometric pressure changes. These probe-
pressure responses are delayed and attenuated as a
function of depth and the distribution of gas perme-
ability and gas-filled porosity of landfill refuse, under-
lying soil and liner materials, and overlying cover
materials. The pressure signals within the landfill are
higher than the atmospheric pressure signals owing to
LFG generation in the landfill. Figure 17 illustrates
the attenuation and lag in the pressure response rela
tive to the atmospheric pressure at a landfill in Tuc-
son, Arizona. Note the pressure in the landfill (the
circles) is higher than atmospheric (the solid line), the
difference reflecting subsurface LFG generation. Av-
erage refuse pressures increase with landfill gas gen-
eration rates and decreased gas permesability in accor-
dance with Darcy’slaw.

The baro-pneumatic data are supported by independ-
ently acquired SVE well test data regarding the gas
porosities and horizontal permeabilities of the landfill
refuse. The LFG generation rate and the vertical gas
permeabilities of the refuse, soils, and cover materials
can then be estimated by calibrating a numerical gas-
flow simulation of the landfill. The atmospheric pres-
sure data are used as a landfill surface boundary con-
dition; the horizontal permeabilities and porosities
determined from the SVE well tests (or otherwise es-
timated) are input to the model; and the LFG genera
tion rate and vertical permeabilities are varied to
match pressure responses observed at various depths
within and beneath the landfill. Figure 18 shows the
observed subsurface baro-pneumatic data at probe B-3
at the Decatur Site compared to the simulated results



of a calibrated 1-dimensional model. The periodic
noise in the observed data is believed to be associated
with waste compaction activities at the face of the
working landfill.
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Figure 17. Atmospheric (solid line) and monitoring
probe pressures (30 m below surface; Tucson, AZ
Landfill)
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Figure 18. Observed baro-pneumatic pressure re-
sponse (circles) and model-simulated pressure re-
sponse at probe B-3, Decatur County MSW Landfill.

An advantage of this method is that its interpretation
is accomplished using a quantitative gas flow equation
based on the well-established equations of continuity
and Darcy’s Law (Bentley et al, 2003). A second ad-
vantage is that the barometric response data result
from pressure changes imposed over a large surface
area (the entire landfill surface) and that traverse a
large volume of landfill material between landfill sur-
face and probe screen. For both permeability and LFG
generation estimates, the large scale measurement
process tends to average out the effects of smaller
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scale landfill heterogeneities. A third advantage is that
the offset pressure, from which the LFG is estimated,
is obtained from the same measurements and along the
same flow path as the barometric response data.

The Modeling Approach was, first, to anayze the
baro-pneumatic data at each probe location to deter-
mine the relatively localized LFG generation rates and
vertical permeabilities at that location. Figure 18
shows one of these model analyses, conducted using
the numerical code TRACRN. (One interesting attrib-
ute of the data was the observation of a downward
vertical gradient in most of the probe pairs, indicative
of significant methane migration to underlying and
surrounding soils.)

A 3-dimensiona model was then constructed (using
the numerical code MODFLOW-SURFACT) and
calibrated by allowing the horizontal permeability and
gas generation rates to vary while holding the vertical
permeability values fixed.

Model Dimensions: A plan view of the 3-dimensional
Decatur County Landfill gas flow and transport model
mesh is shown in Figure 19. The model extended 640
m (2100 ft) from east to west and 792 m (2,600 ft)
from north to south. The landfill was located in the
center of the model and measured approximately 427
m (1400 ft) from north to south and 275 m (900 ft)
from east to west. Elevationsfor the top of the current
landfill and for the ground surface were obtained from
atopographic survey of the site, or, where not covered
by the survey, east and south of the landfill were ex-
trapolated from the topographic data and are therefore
approximate. Elevation of the bottom of the refuse
was interpolated from logs of borings. Groundwater

e Y R

)L
: TYY)

B, [
NS5 L] r

-l
[

=rl i W
T

55

W23
]
v

0
L)

RTi

-

=)
90, 800 1600
SCALE IN METERS

Figure 19. Site map showing numerical model
domain and mesh of Decatur County MSW Landfill.

data suggest that a perched water zone exists in un-
consolidated soils above a limestone bedrock layer.



The model consisted of 26 columns, 21 rows, and 9
layers. The column and row spacing was uniformly 30
m (100 ft). Model layer spacing was variable to reflect
variations in the ground surface elevations, refuse and
cover thicknesses, and groundwater surface elevation.

The layer descriptions are as follows:

1. Layer1:a30cmlayer of “air”

2. Layer 2: landfill cover and air outside the
landfill (0.5-1m)

3. Layers3,4,5,6: 0.6-12 m refuse within land-
fill; 0.15 m each outside the landfill

4. Layers7,8,9: native soils underlying the
landfill

The depth to the base of the model grid (the bottom of
the 9™ layer), was taken to be the distance to the
perched water table.

Boundary Conditions. The atmospheric pressures
measured during the test were assigned as the bound-
ary condition for the layer -1 “air” layer. The lower
layer boundary was assigned as no flow in accord with
the existence of the zero-gas permeability water table
at that depth. The lateral perimeter boundaries were
set far enough away from the landfill to have no im-
pact on LFG concentrations, and, therefore, were
specified as no-flow with LFG concentrations main-
tained at zero.

Material Types and Digtribution: Four material
types were represented in the model: native soils,
refuse, cover material, and “air”. Refuse was assumed
to be covered by silty to clayey cover. Table 4 shows
the pneumatic properties of these materials repre-
sented in the model. Materials other than “air” were
assigned a lateral dispersivity of 0.3 m (1 ft) and a
transverse dispersivity of 0.03 m (0.1 ft).

The initial values of horizontal permesability of the
refuse and cover materials were based on values esti-
mated from the SVE tests. The water saturation of the
refuse, hence its gas porosity, was caculated by the
model from van Genuchten parameters (van Genuch-
ten, 1980) taken from Benson and Wang (1998). The
resulting water saturations varied with elevation above
the perched water table.

The Calibration Process consisted of specifying an
LFG source term within each of the landfill model
cells. A total of 22 sctors was specified with differ-
ent gas generation rates corresponding to each of the
permeability zones in the upper and lower landfill
refuse. These gas generation rates and the sector hori-
zontal permesabilities were iteratively varied for each
sector by means of the PEST automatic calibration
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code to adjust LFG generation rates until the smu-
lated subsurface gas pressures were similar to those
measured during the field investigation. The horizon-
tal permeabilities obtained by this process were found
to be 1 to 2 orders of magnitude higher than the verti-
ca permeabilities, a range consistent with data ob-
tained at other landfill sites. The model calibration
yielded a good-to-excellent fit to the baro-pneumatic
pressure data as shown in Figure 20. The statistics of
the model fit yielded a correlation coefficient of 0.988
with a standard error of 0.29 kPa (0.0422 psi).
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Figure 20. Comparison of observed and simulated
baro-pneumatic pressure data. Decatur County MSW
Landfill

A first-order decay equation calibrated to the numeri-
cal model results was used to estimate the maximum
amount of LFG generated from the landfill under fu-
ture waste disposal conditions. The analytical decay
expression, modified from Augenstein and SCS
(1997) isgiven by

_elo - ke - kt
LF =¢c—=LgR -
Ggen gl\/lg 0 (e e )
Where

LFGgen isthe LFG production rate of the landfill
component considered (volume/time]

M is gas volume fraction of methane (unitless),

Lg is potential methane produced/unit waste
mass (volume/mass),

R is the average waste acceptance rate during
the active life of the landfill component
(mass/time),

k isthe rate of LFG generation per unit mass of
waste (time™),

t istime since the landfill component opened



and
c istime since landfill component closure

The calibrated gas decay coefficients were k =
0.179/yr and Lo = 115 m3/metric ton.

As a result of the calibration process, the current
(June, 2004) LFG generation rate was estimated at
21,100 sim (745 scfm). The peak generation rate of
26,200 sim (925 scfm) is estimated to occur upon fa-
cility closure in 2006. These generation rates are
about 20 % higher than those obtained using the 1-
dimensional model simulations, probably a result of
using the higher porosities predicted from the van
Genuchten equation in the 3-dimensional model. The
higher results were used in the design process because
they provided a conservative (more protective) LFG
collection and control system.

Simulation of Potential Landfill Gas Control Sys-
tem Designs was conducted by running models
equipped with operating control systems forward in
time until near steady-state conditions were attained.
The selected design consisted of a system of 10 ex-
traction wells for capture of LFG (methane) from the
non-active portion of the landfill to prevent off-site
migration of gas from that area. Gas extraction rates,
screened intervals, and well locations were adjusted to
achieve containment of all subsurface methane from
the inactive portion of the landfill. Figure 21 shows
the plan view layout of the selected methane control
system.

Figure 21. Layout of selected methane control system
at the Decatur County MSW Landfill

The system was optimized to satisfy the following
criteria:
1. Prevent off-site migration of
through the subsurface

methane
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2. Maintain high concentrations of methane
within the capture wells

3. Prevent intrusion of air that might cause
wasteignition

The simulated system proved to be successful in con-
trolling subsurface LFG migration from the closed
portion of the landfill while maintaining high concen-
trations (95% or better) of LFG in the extraction wells.
Figure 22 shows the LFG distribution in model layers
2-6 (refuse and landfill cover) resulting from opera-
tion of the extraction well system to steady state.
Note that LFG migration is still occurring to the north
(left side). This migration, from the uncontrolled,
active sector of the landfill, will be aldressed by an
expanded system to be designed and installed after
landfill closurein 2006.

Figure 22. Simulated LFG distribution in Layer 7
after 20 years operation of selected extraction well
system.

Gas Collection System criteria: Criteria considered
in the design of the pipe network included minimiza-
tion of

1. amount of piping required

2. number of elbows, valves, junctions, and

other pipe fixtures
3. potentia for condensation within the system
4. cost of construction

Additional criteria included provision of a relatively
even distribution of vacuum and facilitation of (later)
expansion into the active northern disposal area.

A Darcy-Weisbach analysis of system pressure re-
quirements was conducted to size and locate the
blower. The resulting design specifications were a
minimum vacuum of 234 kPa (3.5 psi) and a flow rate
of 26,000 km (925 scfm). This flow rate will be suf-
ficient to meet present and projected NSPS criteria.



CURRENT STATUS OF CASE STUDY PROJECTS

The City of Cairo MSW landfill methane control
conceptual engineering design has now been reviewed
and verbally approved by the Georgia Environmental
Protection Division (GEPD), the regulatory oversight
agency.) The engineering design has been prepared
by TTL, Inc. The City of Cairo plans to install the
system utilizing city equipment and personnel.

The Buckhead Mesa MSW L andfill methane control

project design was completed and submitted to Arizona
Dept. of Environmental Quality, the regulatory oversight
agency. The conceptua engineering design specified an
extraction rate of 500 dm (18 scfm). In November 2005
aventing system was installed consisting of a 75 m (250
ft) cutoff trench, located as specified in Figure 15 and
equipped with a wind-driven turbine venting system.
Monitoring indicated significant decreases in methane
concentrations in the compliance wells By January,

2006 methane levels had decreased in compliance wells
to non-detect levels. Measured combined flow through
the vent wells ranged from 550-1100 m (20-40 scfm).

The Decatur County M SW methane control engineer-
ing design has been completed and reviewed and
approved by GEPD. The system is currently under
construction.
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