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INTRODUCTION

Egtimation of the rate of landfill gas (LFG) generation may be performed for severd purposes. to
satidy regulaory requirements to estimate non-methane organic carbon emissons under 40 CFR Subtitle
D (Subtitle D); to design LFG and methane control systems; or to evaluate and design LFG-to-energy
projects. At least in the second two cases, the success of the project depends on therdiability of the LFG
generate rate estimate. Inthefirg case, over-estimation of the LFG generation rate can lead to ingtalation
of a cogtly and unnecessary LFG collection sysem. This paper discusses the fluid dynamic principles,
religbility and practical considerations underlying four methods of estimating the LFG generation rate usng
empiricd testing methods. These methods are gas extraction rate testing, surface flux measurements,
differential pressure testing, and baro-pneumatic testing.

EXTRACTION WELL TESTING

Extraction well testing, such as that described in the Tier 3 method in Subtitle D and its variants
(e.g., Emcon, 1980), involves extracting gas from a well constructed in the refuse and, based on
measurements of the LFG extraction rate, pressure drop induced in the refuse at various distances from
the well, and the composition of the extracted gas, computing the LFG generation rate within the “radius
of influence” (RO, r.) of thewdl. The Tier 3 testing configuration isilludrated in Figure1. The ROI is
typicaly defined as the radid distance from the well a which the difference between the average refuse
pressure during extraction (P,) and the average Static refuse pressure (P,) arelessthan the precision of the
pressure measurements (commonly 0.1 or 0.01 inches of water [inH,O]). The “influence’ based on this
concept can be expressed as:

DR = R- P, @

Given an esimation of the ROI and knowing the extraction rate, the assumption ismade that the extraction
rateis equd to the LFG generation rate within the RO, that is, the volume specific LFG generation rate
is computed by:

1Hydro Geo Chem, Inc., 51 W. Wetmore, Tucson, AZ 85705 520-293-1500 http:\\www.hgcinc.com
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where Q -,  isthe LFG generation rate per unit volume of refuse,
Q. isthe well extraction rate,
b, is the average thickness of the refuse within the ROI.

Given one or more tedts, the total LFG generation rate is computed from the average specific LFG
generation rate times the volume of the refuse.

The fundamentd assumption underlying extraction well methods is that the LFG generation rate
within the ROI equalsthe extraction rate. This assumption can be demonstrated to be wrong based on
fundamentd principlesof gasflow towdls(Wadlter, Interview). Toillusratethispoint, assumethat the LFG
generdion rate is uniform throughout a lined landfill and that the effective gas permesbility of therefuseis
much larger than the gas permeability of the cover so that the verticd pressure gradient in the refuse is
negligible. In this case, the average difference in pressure between the refuse and the atmosphere due to
flow through the cover is given smply by Darcy’s Law (Al-Hussainy and others, 1966):

_ k. DP
=< — 3
q|_|:c; m bc ()
or
mb
pp= e @

where ¢ isthe gasgeneration rate per square foot of landfill
K. is the effective gas permegbility of the cover
M isthe dynamic viscosity of the LFG
b, isthe cover thickness
D P isthepressurediffeentid r, - P,
P. is the atmaospheric pressure

Given the assumptionof auniform LFG generation rate and an aredly extensive landfill, the Satic pressure
intherefuseis B, = P, + DR, and is uniform throughout the landfill.
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For smdl pressure differentids, the pressure drop created by the extraction well (assuming anided
gas and steady-flow conditions and ignoring compressibility effects) is given by:

DP. = Qm P(r) (5)

e 2p k
where k, is the effective horizontd ar permesability of the refuse,
Q. isthewdl extraction rate,
Pp(r) isan appropriate dimensonless pressure solution for flow to the well,

D P, isthedifference between static and flowing pressure, and
b, is the thickness of the refuse.

For the case of ahighly permegblerefusein alined landfill with ardatively low permeshility cover,
the appropriate P, function isthat given by Hantush (1964) for a leaky, confined formation without fluid
gorage in the confining bed:

W12
Py =Ko(r/ B);B:?—fbfbcg (6)
e ke o

where K, is the modified Bessd function of zero order

Thus, (5) becomes

DR, Ko(r/B) ()

2pkh

The absolute pressure within the refuse during extractionisthen 7= B +pp . The generdized absolute

pressurein the refuse based on (7) isillugtrated in Figure 2 dong with its reationship to the satic pressure.
In the extraction well methodology, the ROI is defined as the radia distance from the extraction well at
which the difference between the absolute pressure during extraction and the Static absolute pressure is
zero, that is, Ry- P.=0 within messurement error. Using the Tier 3 criteria,

_Qm_
20k.b,

Equations (7) and (8) and Figure 2 illugtrate two problemswith the Tier 3 gpproach. Firgt, athough
the pressure drop induced by the extraction well approaches zero asr increases (K60 asr64), it never
actudly reaches zero. Thus, the vaue of r, determined from the test depends entirely on the pressure
measurement precison. Second, and moreimportantly, the LFG generationrate playsno rolein (7) or (8)

DP, @0= —<*—K,(r,/ B) ®
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so that the distance (rp) a which D P is zero within measurement error is independent of the LFG
generation rate. Therefore, the LFG generation rate cannot be determined using the Tier 3 methodol ogy.

The fatd flaw in extraction well testing can aso be demongrated Smply by considering the effect
of the gas pressure measurement precision on the ROI and the resulting LFG generation rate cal culations.
Toillugratethis, congder the example of alandfill with arefusethickness of 30 fet, refuse gas permesbility
of 50 darcies, and cover thickness of 2 feet. Findly, assume that an extraction test is performed at an
extraction rate of 100 standard cubic feet per minute (scfm) and that the actua area specific LFG
generation rate is uniform and congtant at 5.6 x 10 scfm per ft 2, equivaent to 1,750 scfm over a72 acre
landfill. Figure 3 shows the static and extraction pressures versus distance for a cover permesbility of
0.1darcies (gpproximately equivaent to saturated hydraulic conductivities of 1 x 10 cnv/s). Also shown
in Figure 3 are the ROIs determined assuming measurement errors of 0.01 in H,O and 0.1 in H,O. The
ROIsinthis case are 720 ft and 408 ft for the lower and higher measurement errors, respectively. The
L FG generation rate determined by dividing the extraction rate, Q,, by thevolumewithin the ROI and then
multiplying by the landfill area, yields two different estimates of the LFG generation rate, neither of which
iscorrect. Inthisparticular example, both LFG estimatesarelessthan theactud. A more genera andysis
(Walter, Interview) shows that the actual LFG generation rate may be either over or under estimated.

Insummary, the LFG generation rate cannot be directly cal culated from extraction well tests. Such
tests may be useful for estimating the LFG yidd and quality from individua wells. Such tests can only be
used to estimate the actua LFG generation rate, however, if the tests are andyzed to estimate the
pneumatic gas flow properties of the refuse and the landfill cover in conjunction with measurement of the
excessrefuse pressure. A discussion of such methods is outside the scope of this paper, however.

SURFACE FLUX MEASUREMENTS

Another direct measurement technique is the Surface Isolation Flux Chamber (flux chamber)
described in EPA (1986). The concept behind theflux chamber isillugtrated in Figure4. Theflux chamber
is designed to measure the mass emission rate of gases from the subsurface which could include emissons
from alandfill. The fundamenta assumption behind the flux chamber isthat the interior of the chamber is
maintained at the average, ambient atmaospheric pressure during the period of the measurement so that the
flux chamber does not disturb the pressure gradient between the refuse and the atmosphere. Thus, the
emissonrate of specific condituentsin the LFG can be determined by andyzing the composition of thegas
within the chamber. The flux chamber is not directly cgpable of measuring the volumetric rate of LFG
emissons, only the massrate of emisson of specific congtituents. In principle, if the compostion of the
LFG within the refuse was known, the volumetric LFG emissions through the landfill cover could be
back-calculated from the congtituent specific mass flux rates.
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Although flux chamber measurements have been used to estimate methane emissions from landfills
(suchas, http://www.agquaf oam.com/papers/comparison.html), we are not aware that they have been used
to estimate L FG volumetric generation rates. Asmentioned above, they are capable of such measurements
if 1) the measurements are performed long enough to establish average flux rates, 2) theflux chamber does
not disturb the pressure gradient between the refuse and the atmosphere, and 3) the composition of the
LFG in the refuseis known and is not modified by passng through the landfill cover.

ZISON'SMETHOD

Zison (1991) patented a method for estimating the LFG generation rate that involved measuring
the average pressure gradient within the landfill cover and the gas permeability of the cover maerids. His
method isillugrated in Figure 5. By then applying Darcy’s Law for gas flow, the LFG flux through the
cover a the measurement | ocations can then be computed using equation (3). The pressure measurements
are made in the cover and in the atmosphere so that a gradient can be computed if the thickness of the
cover is known. Because of naturad atmospheric barometric pressure variations, the average pressure
gradient must be determined from a series of pressure measurements thet is long enough to determine a
reliable average. Zison recommends using measurements collected over “aweek or amonth”. Zison's
method could a so be applied by measuring the pressure gradient between the upper portion of the refuse
and the amosphere, athough Zison excludes this gpproach in his patent for some reason. Asfor the gas
permesbility of the cover, Zison's method involves laboratory gas permesbility tests on soil core samples
collected from the landfill cover. He suggests samples be collected a random locations over the landfill
at varioustimes during the period of the pressure measurements. The pressure gradient measurementsand
gas permeability estimates can then be combined to compute spatialy and temporaly averaged LFG
emisson esimates using various satistical methods.

Zison's method involves two fundamenta assumptions that can srongly affect the reliability of the
LFG generation rate estimate. Firdt, his gpproach assumes that dl of the LFG leaves the refuse through
the cover. Although thisassumption may bevalid for lined landfillswith rdaively high permegbility covers,
it iscertainly not vaid for many older, unlined landfills with native soil covers or store-and-release covers.
At such landfills, LFG can leave both through the cover and through the native soil underlying and
surrounding the refuse. Ultimately, the percentage of LFG that is emitted through the cover depends on
the gas permesabiility of the cover relative to that of the underlying soil, and aso on the structure of the
landfill.

The second important assumption in Zison's method is that laboratory gas permesbility
measurements provide areliable estimate of thein-stu gas permeability of the cover. Soil cover properties
are highly varidble, even inwell-engineered covers. Features such as dessication cracks, animal burrows,
and root tubes can sgnificantly increase the effective gas permesbility of the cover, yet the effect of these
featuresisrarely captured in soil cores. Also, disturbance of the sample during collection can sgnificantly
change the permeability of the sample. For example, native soils and store-and-release cover soils may
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be s0 incohesive that they must be repacked for [aboratory testing which can sgnificantly change ther
permegbility. Inasmuch as the LFG flux estimate by Darcy’s Law is linearly proportional to the gas
permesbility estimate, very large errors could result from these uncertainties.

BAROMETRIC PRESSURE TESTING

The barometric pressure testing approach for estimating the LFG generation rate is based on
mathematicd analysis of the pressure response in the refuse and, in some cases, the surrounding or
underlying soil, to variations in the atmospheric pressure, and to the excess pressure generated by the
release of LFG from the refuse. It is amilar in some ways to Zison's method in that the analyss
fundamentdly rests on Darcy’s Law which relates the average, excess refuse pressure to the LFG
generation rate and the gas permeability of the cover. It also recognizes that gas flow may occur through
the soil surrounding the refuse and that the pressure distribution may be affected by the structure of the
landfill. It is fundamentdly different from Zison's method because the cover and surrounding soil gas
permesbilities are determined in Stu from the anayss of the barometric pressure response in the
Subsurface.

The pressure distribution within alandfill depends on the rate of gas production, the effective gas
permeshility and air-filled porosity of underlying soil and overlying cover materiasthat surround thelandfill,
and the gas pressure a the landfill boundaries (controlled primarily by changes in barometric pressure).
The higher the gas generation rate, and the lower the gas permeghiility of thefill and surrounding materids,
the higher will be the average pressure within the landfill as a result of gas generation. Assuming Smple
conditions of alined landfill with alow permestility cover and high permeshility fill, the excess pressurein
the landfill is afunction primerily of the gaspermesbility of the cover, asdescribed by equation (3). Inthis
case, the LFG generation rate can be computed from the excess pressure if the gas permesbility of the
cover isknown. Under conditions typicd of older landfills where the landfill is not lined (so that gas can
escape both through the cover and through the sdes and base of the landfill) and where the gas
permesability contrast between thefill and the cover may not belarge, the Situation becomes more complex.
The excess pressure is then afunction of the LFG generation rate, the gas permeshility of the cover, fill,
and underlying soils, and the geometry of the landfill. If the relevant gas permesatiilities can be rdigbly
estimated, then the LFG generation rate can be computed using an appropriate mathematica modd.

Under many circumstances, the analyss of pressure variationsin thefill and underlying soil dueto
barometric pressure fluctuations provides a means for estimating the gas permesbility of these materids
which then serves as the basis for computing the LFG generation rate based on the average excess
pressure. Various investigations, such as Weeks (1978) and Lu (1999), have presented methods for
estimating the vertica gas permesbility of soils based on the andlys's of barometric pressure responsesin
the soil. All of these methods are based on a recognition that 1) the barometric pressure response a a
given depth in the subsurface depends on the pneumatic diffusivity (affected by gas permesability, porosity
and gas compressibility) of the overlying materid, and 2) the pressure response is atenuated and its
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amplitudeisreduced with depth asafunction of the pneumatic diffusivity. Thus, by appropriately andyzing
the barometric response at various depth within and beneath the landfill, the gas permeability can be
edimated. In more complex geometries, where the barometric pressure response has a sgnificant
horizontal component, the estimate of gas permesability requires a2- or 3- dimensond andysis. In ether
case, given the average excess pressure, the LFG generation rate can also be estimated.

Becausetherate of LFG generation isexpected to be reatively constant over the short term (days
to weeks), the only factor affecting gas pressures a fixed measuring pointswithin the refuse will be changes
in boundary pressures related to changes in barometric pressure, and changes in gas permesability. For
example, a reduction in average gas permesability of cover materids during a rainfal event would be
expected to result in an increase in gas pressure within the landfill. In addition, rainfal infiltration into the
refuse could increase LFG generation. Otherwise, the only factor expected to create short-term changes
in pressure within the landfill would be changes in boundary pressure resulting from barometric pressure
fluctuations.

Based onfluid flow principles and observation, changesin barometric pressure propagating through
porous materias undergo aphase shift (or lag) and an attenuation in amplitude (Weeks,1978). Thelagand
amplitude attenuation increase with depth. Thelag and attenuation depend on the vertical permeability and
porosity of the subsurface materias, with lower-permesbility, higher-porosity materias resulting in grester
lag and attenuation of the response.

If the variaion in barometric pressureis assumed to be a smple harmonic function and the water
table actsasan impermesble boundary to air flow, then thetempord variationsin pressurein the subsurface
isgiven by (Lu, 1999):

P2 = Asin(wt+e +q)+ P.2 ©)

where A is the amplitude of the pressure variation at depth z
q isthe phase lag at depth z
g istheinitid phaselag.

Both A and ¢ are related to functions of the pneumdtic diffusivity, k_ P, /qm, by transcendental
functions that are not reported here. Neverthdess, if the porosity can be independently estimated, (8)
provides abasis for esimating the verticad pneumatic diffusivity and vertical air permesbility based on an
andysis of barometric pressure signalsat depth. Equation (8) dso indicatesthat the excesslandfill pressure
can be determined by separating the barometric pressure response from the excess landfill pressure or by
long-term pressure averaging of the absolute pressure and the LFG generation rate determined from the
excess landfill pressure using (3).
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Unfortunatdly, this Smple approach is not feasible under most landfill conditions because:

a the verticd ar permesability is not uniform,
b. the barometric pressure sgnd is not asmple harmonic function, and
C. the ar flow isnot drictly verticd.

Theselimitations can be overcome, however, by andyzing the pressure reponse using anumerica
modd. Themeasured barometric pressureisimpaosed as aboundary condition, and the permesbilitiesand
porosities of thefill and surrounding materias adjusted until the smulated pressure a the fixed measurement
point has the same lag and amplitude atenuation as the measured pressure. Because the porosity of the
landfill and surrounding materias will vary less than the permegbility, reasonable vaues for porosity can
usualy be assumed and changesin thesgnd aitributed only to the permegbility distribution. Thecaculated
permesbility distribution and LFG generation rateswill, of course, depend on the accuracy of the porosity
esimate. If necessary, the uncertainty associated with the porosity estimate can be reduced by performing
extraction well tests to independently estimate the refuse and cover permeshilities.

Figures 6 and 7 illustrate the application of the method to a closed MSW landfill in southern
Arizona. Figure 6 showsthe pressure responsein avapor probe completed in refuse at adepth of 75 feet
to barometric pressure over a period of 1.6 days. The pressure response at 75 feet lags behind and is
attenuated with respect to the barometric pressure. Figure 7 shows the results of numerical smulation of
the pressureresponse.  The open circles represent the measured pressures, and the heavy line represents
the pressure smulated using a numerica mode that includes LFG generation. The light line shows the
amulated pressureif no LFG wasbeing generated. Thisline pardlelsthe measured dataquitewdll because
the moded was first cdibrated by adjusting the refuse and soil permeshiilities to match the time lag and
atenuationin the barometric pressure response. The off-set between the light line and the measured data
is due to the excess pressure generated intherefuse. Thelinewith LFG generation matches the measured
data because LFG generation was added to the smulation. Based on analysis of the pressure responsein
this probe and others at the dte, the totd LFG generation rate for the landfill was estimated to be
goproximately 100 scfm. This estimate compares to 600 scfm estimated previoudy based on extraction
wal testing. An LFG collection system was designed and constructed on the basis of the previous estimate,
but was never successfully operated dueto low LFG yield.

SUMMARY

Four methods for estimating L FG generation rates based on direct measurements were reviewed:
extraction well testing, surface flux chambers, Zison's pressure testing and permegbility measurement
method, and baro-pneumatic testing. Extraction wdll testing is the most common method used to directly
edimate LFG generation rates. This method was shown to lack a sound, physical basisand to yield LFG
generationrate estimatesthat areincorrect and depend only on the accuracy of the pressure measurements.
Surface flux chambers have the potentid to directly measure LFG emissonsthrough landfill covers, but only
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if the chemica compostion of the LFG is known apriori. The surface flux chamber cannot be used to
measure the tota LFG generation rate of unlined landfillswhere a substantid portion of the LFG may exit
through the soil surrounding and underlying the refuse.

Zison's method is based on sound gas flow principles, but, once again, is limited in gpplication to
landfills were the mgjority of the LFG is emitted through the cover. The accuracy of Zison's method
depends strongly on the ability to develop estimates of the cover gas permegbility that are representative
of in 9tu conditions. The ability of soil core samplesto yield such representative vaues is questionable.

As with Zison's method, the baro-pneumatic testing method is dso based on well-established
principles of gasflow. Although it requiresahigher levd of mathematicd andyss than Zison's method, it
has severa dgnificant advantages. Fird, the baro-pneumatic method bases the LFG generation rate
cdculaions on in Stu permeability estimates developed from andysis of the lag and attenuation of
barometric pressure sgnds in the subsurface. Second, it isaso capable of estimating the LFG generation
rate of unlined landfillswhereaggnificant fraction of the LFG may exit through the subsurface soils. Findly,
despite the mathematical sophistication required to interpret the baro-pneumatic test results, the tests
themsdlves are relatively smple to perform requiring only pressure measurement probes and accurate
pressure measurement eguipment.
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