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Abstract. The prospects of using landfill gas (LFG) as a high-grade fuel in the immediate future, in view of
environmental regulations, the Kyoto Protocols, and energy prices, are discussed. Adsorption cycles suggested in
the late 1980s by Sircar and co-workers for treating LFG are reviewed: one produced CO,-free methane and the
other produced both CO,-free methane and methane-free CO,. Neither of those could be used to produce pipeline
quality gas from LFG, due to contaminants such as nitrogen. Two new three-stage flowsheets are discussed as a
means to separate pipeline-grade methane from LFG. One is a hybrid membrane—PSA system. The other is a
TSA—PSA system. The third stage of both of these systems is crucial to obtaining pipeline quality gas, i.e., a PSA
unit to extract the nitrogen and other light gases from methane. A novel PSA cycle is suggested and explained in

terms of: a model by which the recovery, power requirements, and adsorbent bed size can be estimated.
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Introduction

Municipal waste is delivered to landfills, then the waste
is generally spread out, compacted, and covered with
a fresh layer of soil each day. Waste deposited in land-
fills decomposes by microbial action to form methane,
carbon dioxide, and water. The gaseous product, called
landfill gas (LFG), contains dozens, if not hundreds, of
miscellaneous contaminants, such as volatile organic
compounds (VOCs), e.g., vinyl chloride and methy-
lene chloride, as well as hydrogen sulfide, siloxanes,
freons, etc. LFG is called a biofuel, since plant mate-
rial (biomass) is a significant component of municipal
solid waste. In that vein, it is viewed as a renewable
resource.

Methane is obviously the most valuable component
in LFG, but it is also potentially harmful, in that its so-
called greenhouse potential is about 21 x that of carbon
dioxide. Nitrogen, and oxygen to a much less extent,
may appear in LFG if the gas is collected at pressures
well below atmospheric. That mode of operation is
necessary to achieve high yield, but unavoidably mixes
air with LFG. The air is depleted in oxygen due to

microbial action, which is at least partly aerobic near
the surface.

The simplest disposal option, combustion without
prior enrichment, diminishes the potential greenhouse
gas effect of CH4 in LFG. To minimize capital invest-
ment, it may be burned in a flare. Alternatively, it may
be converted to a useful form of energy in a boiler to
generate steam, or in a motor. Depending on the anal-
ysis of the LFG, the latter options may be precluded or
may be much more expensive than envisioned. That is
because, if the LFG contains chlorinated VOCs (e.g.,
vinyl chloride) or silicon-bearing components (e.g.,
siloxanes), corrosion or silicon oxide deposits may re-
quire premature and costly overhauls. In such cases,
it is necessary to purify the gas, to remove destructive
compounds, prior to extracting the energy.

Besides combustion without prior enrichment, LFG
can be upgraded to produce high quality fuel. That re-
quires removing most if not all of the CO,, moisture,
and N,, in addition to the contaminants mentioned
above. Adsorption, membranes, or cryogenic distilla-
tion can be used to improve the heating content or fuel
value of LFG. Then it may be distributed in a pipeline or
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at filling stations for vehicles. Membranes may be use-
ful for splitting CO, and moisture from LFG, though
there are inherent losses of CH4 due to modest selec-
tivity. Cryogenic distillation would only be feasible in
very large applications, probably beyond the capacity
of most landfills at present. In contrast, pressure swing
adsorption (PSA) and temperature swing adsorption
(TSA) can also separate those components, as well as
Ny, and can operate with high recovery.

Previous studies were conducted by Sircar (1988)
and co-workers (1988). Those studies addressed many
of the major issues, and led to commercial endeavors
at several sites. The commercial product line of Air
Products was referred to as the Gemini 5 System. The
objective of that work was to split a mixture containing
CH, and 40 to 60% CO,, and to obtain high Btu gas for
combustion and, optionally, purified CO, for industrial
applications.

Sircar’s two embodiments are shown schematically
in Figs. 1 and 2. The first only produces CH4, and
the second produces both CH4 and CO,. Comparisons
were based on 13X zeolite adsorbent and a feed con-
taining 57% CHy, with a pressure swing of about 0.12
to 4.8 bar (or a pressure ratio of 40). The first used less
power (by 40%) for evacuation but consumes N, as a
purge gas. During blowdown and evacuation, the sec-
ond produced 99% CO,, and 99% CH, during the feed
step. The corresponding recoveries were about 98%
and 99%, respectively.

In the above cited patent, Sircar and co-workers men-
tioned that landfill gas contains many impurities, in-
cluding hydrocarbons (aliphatics and aromatics), and
chlorinated organic solvents. Many of those would
reduce the working capacity of the PSA adsorbent,
by adsorbing much more strongly than CO,. In fact,
they recommend a pretreatment section comprised of
a TSA unit, which employed activated carbon mostly
and some 13X zeolite, and a thermal swing of more
than 400°C.

Current Trends

The world today has changed significantly since the
late 1980s. Even in the U.S., there have been dramatic
changes. At that time energy prices were fairly stable,
while over the past year we have seen a 5-fold increase
and subsequent decline in the price of domestic natural
gas. In the 1980s destruction of the ozone layer was
viewed as a significant environmental problem, while
today we are more focused on global warming, viz.
the Kyoto Protocols on Global Climate Change. Taxes
were being cut in the 1980s, while today our govern-
ment is contemplating a tax of $50 per ton of carbon
consumed.

As a possible harbinger of what is to come, the State
of Massachusetts recently enacted legislation to: reduce
by 10% the allowable CO, emissions per MW-hr (i.e.,
to 818 kg/MW-hr). This means that a typical power
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Figure 1. Schematic diagram of Sircar’s six-step cycle for CHy4 production.



Light Product

TCH4

Landfill Gas 89

Feed Step Rinse

T

Feed Rinse Influent

CH4+CO2 CO2

Blowdown
PH PH—= PuM

Pressurization
PL— PH

Evacuation
PvM— PL

T 3

Heavy Product

CO2

\ 4

Figure 2. Schematic diagram of Sircar’s five-step cycle for CH4 and CO;, production.

plant must achieve an approximate efficiency of 39.5%,
which is close to the state-of-the-art. Compliance is re-
quired by 2008. Potential remedies are improved effi-
ciency, trading CO, credits, or sequestration. To com-
pensate for an older, less efficient power plant which
might emit 1,000 kg/MW:-hr, it would be necessary to
achieve a reduction to 641 kg/MW -hr in a new plant. To
accomplish that would require achieving an efficiency
of 50%, which is not economically practical. Thus,
Massachusetts has effectively legislated the closure of
older power plants.

Global warming is still controversial, but there are
some aspects that are based on good science. A Na-
tional Research Council panel recently concluded that
the last century brought a 0.6°C rise in surface temper-
ature, but the prospect for the current century is for a
rise of 3°C. One of the main suspected causes is accu-
mulation of certain gases in the atmosphere. The mag-
nitude of the effect is expressed as the global warming
potential (GWP) of various gases. The EPA web site
(epa.gov) explains that the GWP index translates the
emissions of various gases into a common measure,
in order to compare their likely effects. The basis is
relative radiative forcing, which is a change in the bal-
ance between incoming solar radiation and outgoing
infrared radiation. GWPs are calculated as the ratio of
the radiative forcing that would result from the emis-
sions of one kilogram of a greenhouse gas to that from

emission of one kilogram of CO, over a period of time
(usually 100 years). The most recent GWPs (assigned
in 1996) are: CO, = 1, CH4 = 21, and N,O = 310.
What do energy prices, severe limits on emissions,
and global warming potential mean for landfill gas
applications? The answer is complex but compelling.
Landfills obviously generate CHy4, which is a potential
fuel, but also is potentially harmful to the environment.
In a sense, CH4 produced this way is renewable, since
it is a byproduct of civilization. Hence, any CH,4 con-
sumed from a landfill reduces the drain on the natural
resource, and it is much better that it be burned in a
useful way than merely allowed to escape into the at-
mosphere. Thus, it is important not to allow CHy to
escape into the atmosphere, and it is foolish not to use
it as fuel. Consequently, there are strong reasons to
recover this CHy, based on environmental protection
and energy efficiency. Presumably, if those are strong
enough, there will also be an economic incentive, pos-
sibly on account of its inherent value or tax incentives.
As mentioned previously, both CH4 and CO, are
generated simultaneously. The mixture is not trivial to
separate. Membranes, cryogenic distillation, and pres-
sure swing adsorption (PSA) can be used, with the op-
timum determined by flow rate and composition. In ad-
dition, landfill gas is always saturated with water vapor,
and it contains various impurities introduced mostly via
permeation or leakage from discarded stuff.
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There are two ends of the spectrum regarding CHy
recovery. One is virtually passive, i.e., in which CHy
that percolates upwards encounters a clay cap and most
of it consequently flows into a manifold that lies just
below the cap. A disadvantage of that approach is that
a substantial amount CH4 may reach the atmosphere
via thin spots or cracks in the clay cap. The other end
is similar, but employs vacuum to draw substantially
all of the CH, into the manifold. In this case, a sub-
stantial amount of air penetrates the cap because the
pressure is below that of the atmosphere. It turns out
that the O, in air is consumed due to aerobic diges-
tion near the surface. Nitrogen is not consumed but is
delivered in the manifold along with CH4 and CO,,
and various impurities. This creates an additional sep-
aration problem that was not addressed by Sircar and
coworkers.

Potential Separation Schemes

The separation problems for landfill gas are associated
with the significant components, of which there are five
significant categories:

e CH, and other hydrocarbons that typically comprise
about half of the stream,

e CO,, which frequently comprises nearly remaining
half of the stream and is more strongly adsorbed than
CHy4,

e N, and O,, which are generally less strongly ad-
sorbed than CH4 and which might comprise about
10% of the stream,

e H,0, which is almost always at its saturation limit,
and which potentially interferes with adsorption),
and

e Noxious impurities such as VOCs, sulfur-, chlorine-,
and silicon-bearing compounds, which might com-
prise 1% of the stream, but could pose operational
problems even below 100 ppm.

Cryogenic distillation would be suitable for split-
ting the first three components, but would require a
feed-dryer to prevent internal plugging due to frost. In
all likelihood, the noxious impurities would be con-
centrated in the CO, product, which would probably
make that product unusable, except for the crudest ap-
plications (e.g., oil recovery). A significant considera-
tion for cryogenic distillation is that it does not adapt
well to low flow rates (<20,000 Nm?/hr, i.e., about
10,000 to 12,000 scfm depending on whether based on

32°F, 60°F, or 70°F), such as would be expected at most
landfills.

Membranes could be used to remove moisture and
the bulk of the CO,, and might remove some impuri-
ties, depending on the type of membrane. There are no
known membranes, however, that exhibit much selec-
tivity between N, and CHy4. Furthermore, membranes
are not well suited for bulk separation such as CO, and
CHy, since only one relatively pure product is possi-
ble, and that only at moderate recovery. Consequently,
it would not be practical to use a membrane to split
CO; and CHy4. Besides, membranes do not scale-up
well to high flow rates. That is, the cost per unit of gas
processed tends to be rather flat.

Adsorption, on the other hand, can be used to split
all the components. For example, it would probably
be desirable to use thermal swing adsorption (TSA) to
remove moisture, e.g., with silica gel or activated alu-
mina. TSA could also be used to remove the impurities,
e.g., with activated carbon. In that case, it would be pru-
dent to remove moisture prior to the impurities, since
activated carbon does not perform well at high humid-
ity. Subsequently, PSA could be used to separate CO,
as the more strongly adsorbed component from N, and
CHy4, which are less strongly adsorbed, then the final
stage could separate CHy from N,. More will be said
about this in the section on Process Design.

Quantitative Assessment

Choosing process technology is very complex, fre-
quently involving experimental testing on various
scales, economic analysis, possibly computer simula-
tions, and so on. A complete discussion of all of those
considerations is beyond the scope of this paper. Rather,
the purpose here is to show, first, how major aspects af-
fect the economics, and second, some simple relation-
ships that may be employed to identify superior com-
binations of adsorbent and PSA operating conditions.

Economics

In the past, landfill applications have not been eco-
nomically attrative, due to the amount of processing
required and the low quantity of saleable gas. Some
simple rules-of-thumb can be used to estimate overall
economics, ignoring the removal of impurities such as
H,S and VOCs. They are based on historical data for
processes built according to the second and third stages
of either Fig. 3 or 4. As a specific example, consider:
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Figure 3. Schematic diagram of hybrid membrane/PSA system for splitting landfill gas.
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Figure 4. Schematic diagram of multistage adsorption process for splitting landfill gas.

50% CHy, 33% N», 17% CO,. Some approximate pro-
rata costs are shown in Table 1 below.

Clearly, according to the values in the table, when the
price of natural gas was about $2.00 per 1,000 SCF, or
(at a heating value of 1,000 Btu/SCF) $2.00 per million

Table 1. Comparison of costs associated with LFG enrichment to
pipeline quality.

Cost component $/10° SCF $/10° Btu $/10° Nm? $/10°J

Collection & drying? $0.60 $1.20 $21.19  $1.14
Feed compression” $0.15 $0.30 $530  $0.28
CO; rejection® $0.15 $0.30 $5.30 $0.28
N, rejection® $0.75 $1.25 $26.49 $1.19
Product compression®  $0.10 $0.10 $3.53  $0.09
Transportation® $0.20 $0.20 $7.06  $0.19
Total $3.35 $3.18

2US EPA Doc. 430-B-96-0004, 1996.
YProprietary field cost.
D’ Amico et al. (1993).

Btu, or $1.90 per GJ, there was no way to split gas such
as this and break-even.

In order for landfill gas to be viable economically,
some of the following conditions must exist:

1. The price of pipeline quality “natural gas” must be
higher than $3.50/1000 SCF or $3.50/million Btu,

2. There must be a nearby consumer of crude CO,, and
finally (3) Tax incentives must exist for (a) disposal
of landfill gas, and/or (b) consumption of ‘renew-
able’ fuel rather than fossil fuel.

Process Design

Two plausible potential flowsheets are shown in Figs. 3
and 4. The former would be promising for a single prod-
uct, CHy, and is functionally similar to Sircar’s first
process. It is a hybrid process: three stages consisting
of a membrane stage to separate water vapor and or-
ganic impurities from the feed, followed by two PSA
stages, i.e., a CO,-rejection unit and a N,-rejection unit.
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All three stages consume power, though that for the
membrane stage is small since water vapor, the organic
impurities and even CO, are more permeable than are
CH,4 and N,. The main disadvantage for this approach
is that the CO, product is not sufficiently pure to be
salable.

Another three-stage flowsheet, shown in Fig. 4,
would be promising to extract two products, CHy and
CO,, and is similar to Sircar’s second process. It is a
sequence of a TSA stage (to separate water vapor and
organic impurities from the feed), followed by two PSA
stages (a CO,-rejection unit and a Nj-rejection unit).
Though all three stages consume power, the frequency
of the TSA system should be low, because the concen-
trations of water vapor and organic impurities are low,
and the adsorption capacities are high. This process can
produce CHy, as well as CO,, at high recovery. It also
produces N virtually free of CHy, though that stream
has no value.

In these flowsheets, CO, is removed first since it
is generally more prominent and is more strongly ad-
sorbed than CH4. Consequently, it is more important
to eliminate early, and is easier to remove than N,
since it typically requires no power. Once CO; is re-
moved, the remaining CH4 mole fraction is 0.6024,
assuming that essentially the same amounts of both
components are lost by rejecting the CO,. The final
stage, the CH4s—N, split, does require power, and the
cost of N rejection is about 5 x that of CO, rejection, as
shown in Table 1. Hence, it is the focus of the following
discussion.

The two most important factors in designing a
PSA system for a particular application, including the
CH4—N; split, are the required power and the ad-
sorber volume, or equivalently, the mass of adsor-
bent. These dominate the operating expense and cap-
ital cost, respectively, are intimately related to other
common scales of performance, and can be optimized
with respect to various operating conditions and design
choices. Secondary considerations include the type of
adsorbent, the number and type of valves, maintenance,
materials of construction, and so on. Though these
are important, there is practically no way to present a
systematic discussion of them. Consequently, this sec-
tion will address the interplay between required power,
adsorber volume and common scales of performance.

As a basis for quick, order-of-magnitude analysis,
we will consider linear isotherms of a binary mixture,
viz., A = CHy and B = N, (see Ch. 4 of Ruthven
et al.,, 1994). That is, we will take the equilibrium

relationship to be:
q; = kipi (1

where ¢ is the equilibrium capacity and p; is
the partial pressure of component i. Actual Henry’s
law slopes, k;, for CHy and N, at 50°C are:
0.4204 mmol/g-bar and 0.1713 mmol/g-bar, respec-
tively. Expressed in concentration terms, again for
CH4 and N; are 22.52 mol/mgohd/mol/méas and 9.18
mol/m};,/mol/m} ., respectively. Admittedly, the lin-
ear isotherm fits, especially for methane, are not very
good, but they are probably adequate for process selec-
tion purposes.
The relevant scales of performance are:

‘P: = Productivity of Component i = product flow
rate X y;/amount of adsorbent;

R4 = Recovery of A = average low pressure product
flow rate x y4 rp/average feed flow rate X ysr;

Rp = Recovery of B = average high pressure product
flow rate x yp gp/ average feed flow rate x ygp.

For the cycle showninFig. 5, y4 p = 1 and the intrinsic
recoveries are:

Ra=1—(p(—Byar)" 2)
Rp =1 3)

where g = Py/Pp, the ratio of absolute pressures,
B = Ba/Bs, where the terms 84 and Bp can be de-
termined via: 8; = ¢/[e 4+ (1 — e)k;], and where ¢ =
overall void fraction = 0.747 for this particular acti-
vated carbon. Combining the isotherm slopes, we find
Ba = 0.1159 and B = 0.2434, so B = 0.4763. One
limit of performance is immediately evident: the min-
imum “break-even” pressure ratio at which R4y = 0,
i.e., omin = 1/(1 — B)yar = 3.17. Above that pressure
ratio, a net positive product is obtained, while below
that value operation is infeasible.

Using the above definitions, the Productivity of CHy,
Pa, is given by:

(I = Byar —1/p

P—K @)
ngeps VBED PB

The power requirement for adiabatic compression of
an ideal gas, P, is:
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Figure 5. Schematic diagram of 3rd-stage: PSA process for splitting N, from CHy.

where y is the ratio of specific heats at constant pressure
and constant volume, Q is the molar flow rate, 7 is
the mechanical efficiency, and gp¢ is the compression
ratio, Pcy / Pcr. For LFG with the 4-step cycle shown in
Fig. 5, it would be expected to span above and below
atmospheric pressure so that both a feed compressor
and vacuum pump are needed, for example, with Py =
Pcy = 5 atm and P, = P = 0.1 atm. Neglecting
efficiency differences between the vacuum pump and
compressor, ® may still be estimated from the above
equation, with pc = 9 = Py /Pr.

Design decisions can be simplified by some rather
simple observations. First, ® and P, both increase as
the pressure ratio, g, increases. Hence, there will be
an optimum pressure ratio to minimize total cost. Se-
lection of the adsorbent is simplified by noticing that
‘P4 increases as the feed mole fraction, y,r increases,
and as the selectivity, 8, and amount of adsorbent,
ngeps Veep pp, decrease. The amount of adsorbent
will decrease as the Reynolds number increases, but
that will result in higher pressure drop, and will also
lead to a loss of selectivity. Hence, the amount of ad-
sorbent cannot be reduced at will.

Summary

The previous work by Sircar and co-workers has stood
the test of time: landfill gas (LFG) is growing in impor-
tance as a resource, particularly as a fuel. That work
focused on two processes, one that removed carbon
dioxide from methane, and another that produced two
relatively pure streams. That is, the first one produced

CO,-free methane and the other produced both CO,-
free methane and methane-free CO,. In both cases, the
methane stream contained other light gases, such as
nitrogen.

Two societal forces have boosted the incentives for
exploiting it since the 1980s, the push to use renew-
able resources as fuel, and the Kyoro Protocols, which
restrict production of greenhouse gases, e.g., encour-
aging conversion of methane in LFG to carbon dioxide.
Consequently, new process technology has been devel-
oped to enable pipeline quality methane to be extracted
from LFG. Two three-stage flowsheets are discussed as
a means to accomplish the separtion of pipeline-grade
methane from LFG. One is a hybrid membrane—PSA
system. The other is a TSA—PSA system. The third
stage of both of these systems is crucial to obtaining
pipeline quality gas, i.e., to extract the nitrogen and
other light gases from methane. It consists of a novel
PSA cycle that is explained in terms of: a model by
which the recovery, power requirements, and adsor-
bent bed size can be estimated. Based on the equations
presented, it is possible to estimate the economic re-
turn, based on the recovery, productivity, and power
requirement.

Though there have been temporary periods of high
natural gas prices in the recent past, the average price
has remained too low to justify recovering methane
from LFG without artificial incentives. Those artificial
incentives could be in the form of taxes levied on natural
gas derived from wells (non-renewable), or tax credits
given to those who produce pipeline-grade methane
from LFG.
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