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Abstract Methane is a potent greenhouse gas with a global
warming potential ~23 times that of carbon dioxide. Here,
we describe the modeling of a biotrickling filtration system
composed of methane-consuming bacteria, i.e., methano-
trophs, to assess the utility of these systems in removing
methane from the atmosphere. Model results indicate that
assuming the global average atmospheric concentration of
methane, 1.7 ppmv, methane removal is ineffective using
these methanotrophic biofilters as the methane concentra-
tion is too low to enable cell survival. If the concentration is
increased to 500–6,000 ppmv, however, similar to that
found above landfills and in concentrated animal feeding
operations (factory farms), 4.98–35.7 tons of methane can
be removed per biofilter per year assuming biotrickling
filters of typical size (3.66 m in diameter and 11.5 m in
height). Using reported ranges of capital, operational, and
maintenance costs, the cost of the equivalent ton of CO2

removal using these systems is $90–$910 ($2,070–$20,900
per ton of methane), depending on the influent concentra-
tion of methane and if heating is required. The use of
methanotrophic biofilters for controlling methane emissions is
technically feasible and, provided that either the costs of
biofilter construction and operation are reduced or the value of
CO2 credits is increased, can also be economically attractive.
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Introduction

Methane is an important greenhouse gas contributing to global
climate change. Although present in relatively small concen-
trations in the atmosphere, ~1.7 ppmv, methane is approxi-
mately 23 times as efficient as carbon dioxide at absorbing
infrared radiation (Etheridge et al. 1998; Le Mer and Roger
2001), and the atmospheric methane concentration has risen
rapidly since the industrial revolution. The increase in
atmospheric methane concentration is attributed to increased
anthropogenic methane emissions, which have led to a
disruption of global methane cycling (Etheridge et al. 1998).

A significant portion of both natural and anthropogenic
methane generation occurs via biological methanogenesis.
Strictly anaerobic environments such as wetland and land-
fills promote microbial methanogenesis and thus, are major
sources of atmospheric methane. It is known, however, that
significant amounts of methane are also emitted from
upland forest soils, ruminant animals, and fossil fuel
combustion (Blaha et al. 1999).

Degradation of atmospheric methane occurs through two
general pathways: (1) photochemical elimination and (2)
microbial oxidation (Bousquet et al. 2006). In photochem-
ical elimination processes, atmospheric methane is primar-
ily degraded through reactions in the stratosphere with
either the hydroxyl radical (OH•) or electronically excited
singlet oxygen (O1D) (Le Texier et al. 1988). Microbial
oxidation of methane is carried out by methanotrophs, a
group of bacteria that utilize methane as their sole carbon
and energy source (Hanson and Hanson 1996; Le Mer and
Roger 2001; Lieberman and Rosenzweig 2004). It is
estimated that this biological methane sink accounts for
1–15% of the combined amount of biotic and abiotic
methane removal (Wahlen 1993). In natural environments,
e.g., wetlands, however, methanotrophs are known to
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oxidize a significant portion of methane generated in
anaerobic zones with reported methane oxidation potentials
of up to 0.29 µmol CH4/g wet peat-h (Sundh et al. 1995). It
is also known that methanotrophs in landfill cover soils
significantly reduce the amount of methane released from
landfills. Methane oxidation potentials up to 10.8 µmol
CH4/g dry weight of soil-h were reported in in vitro
experiments performed with landfill cover soils (Börjesson
et al. 1998). As a result, methanotrophs have been
examined as an alternative to prevent methane emissions
from landfills and manure storage tanks into the atmosphere
using biofiltration (Melse and van der Warf 2005; Nikiema
et al. 2005; Dever et al. 2007).

Biofiltration is an engineered biological treatment pro-
cess that utilizes the metabolic activity of microorganisms
attached onto a variety of packing materials to treat a wide
range of organic and inorganic contaminants (Cohen 2001).
In a biofilter, contaminants in the gas phase diffuse into
biofilms, a thin layer of a microbial consortium on the
packing material, to be consumed by microorganisms
therein. Biofilters are filled with a variety of packing
materials to provide the surface area for establishment of
biofilms. Appropriate packing materials have sufficient
porosity and a high moisture holding capacity to allow for
the establishment of biofilms (Nikiema et al. 2005). Inert
materials such as a variety of plastics (e.g., propylene and
polyurethane) and silicates (e.g., celite and perlite; Alonso
et al. 1997; Cox et al. 1997; Cox and Deshusses 1999;
Iranpour et al. 2005; Kennes et al. 1996; Okkerse et al.
1999; Song and Kinney 2001) have been used for this
purpose. These materials are known to be cost effective in
long-term biofiltration due to their durability, which allows
for lower operating cost in general (Kennes and Veiga
2002). Typical sizes of commercial biotrickling filters range
from ca. 1.5 to 4.0 m in diameter and 9 to 12 m in height
(Cox and Deshusses 2002; Gabriel and Deshusses 2003).

Studies to remove methane via biofiltration typically
have not considered removal of low concentrations of
methane (<7,000 ppmv), nor have they considered that
methanotrophic activity is strongly dependent on environ-
mental conditions, most notably the availability of copper
(Hanson and Hanson 1996; Lontoh and Semrau 1998). The
key, rate-limiting step in biotic methane removal is the
transformation of methane to methanol by the methane
monooxygenase or MMO (Dalton 1991). Two forms of the
MMO exist, the membrane-associated or particulate meth-
ane monooxygenase (pMMO) and the cytoplasmic or
soluble methane monooxygenase (sMMO). Most methano-
trophs are able to express pMMO, but sMMO is expressed
only in a limited number of strains. It is widely known that
pMMO is expressed in the presence of copper and that
sMMO is only expressed in the strict absence of copper,
and pMMO and sMMO are known to have greatly different

kinetics of methane oxidation (Prior and Dalton 1985;
Lontoh and Semrau 1998; Oldenhuis et al. 1989). pMMO-
expressing cells are known to exhibit significantly higher
affinities to methane than sMMO-expressing cells, as well as
have higher reaction rates at lower methane concentrations, as
implied by its lower half-saturation constant (Ks) and higher
pseudo-first order-rate constant values

�
Vmax
Ks

�
(Sipkema et al.

1998; Yoon and Semrau 2008). As the overall activity of
sMMO-expressing cells in low methane environments will
be restricted, it is likely to be advantageous to have pMMO-
expressing conditions present in either natural or engineered
systems to optimize atmospheric methane oxidation by
methanotrophs.

Here, we propose a design for the removal of methane
using biotrickling filtration. This design is based on
existing biotrickling filtration systems used for the removal
of gaseous organic and sulfuric compounds (Aizpuru et al.
2003; Iranpour et al. 2005). A general mathematical model
to estimate methane removal under both sMMO- and
pMMO-expressing conditions is presented as well as a
cost–benefit analysis to determine the economic feasibility
of using such a system to reduce global emissions of
methane.

Methods and model development

The performance of the methane biotrickling filter was
modeled using the methodology initially developed by
Alonso et al. (1997) for biotrickling filtration of volatile
organics. A typical biofilter design is shown in Fig. 1.
Several assumptions were made in the model development.
First, it was assumed that the biofilm develops uniformly
around identical spherical packing materials. Second, a
two-phase system was assumed with the gas phase in direct
contact with the biofilm or solid phase. A cylindrical
reactor was modeled as a one-dimensional system by
assuming no concentration gradients in the gas phase in
the radial direction. Since growth of the biofilm occurs over
much longer time periods than either mass transfer or
methane oxidation rates (Alonso et al. 1997), a quasi-steady
state was assumed in developing the equations characteriz-
ing biofilter performance. Furthermore, diffusion was
assumed to be the only means of mass transfer through
the biofilm and diffusion in axial direction was assumed to
be negligible. Utilization of methane was modeled with
Michaelis–Menten kinetics, and methane was considered to
be the sole growth limiting substrate. Despite its poor
solubility in water (Fry et al. 1995) and half-saturation
constant (van Bodegom et al. 2001) comparable to those of
methane, oxygen was not considered to be a growth
limiting factor in our model due to its abundance in the
atmospheric air.
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With these assumptions, a differential equation was
developed describing mass transfer across the biofilm
surrounding a spherical packing material. A spherical
coordinate system was used with the point of origin at the
center of the sphere. In this equation, methane diffusion
into the biofilm was balanced with methane consumption
by bacteria in the biofilm:

Df
d2Cf

dr
þ 2

r

dCf

dr

� �
¼ XfVmaxCf

Ks þ Cf
ð1Þ

dCf

dr

����
r¼R

¼ 0 ð2Þ

Cf jr¼RþLf
¼ Cg

H
ð3Þ

where Df is the diffusivity of methane in the biofilm, Cf is
the methane concentration in the biofilm, r is the radial
distance from the center of a spherical packing material, Ks is
the half-saturation constant, Xf is the bacterial density in the
biofilm, Vmax is the maximum rate of methane oxidation, R is
the radius of the packing material, Cg is the concentration of
methane in the gas phase, Lf is the biofilm thickness, and H
is the Henry's constant for methane. Boundary conditions
were defined from a no-flux condition at the surface of
packing material (r = R) and concentration at the surface of
biofilm equilibrated with methane concentration in gas phase
at the respective axial position of the packing material.

The biotrickling filter was assumed to behave as an ideal
plug flow reactor. The rate of methane removal from the
gas phase is the same as the volumetric transfer into

biofilm. Therefore, the mass balance equation in the
biofilter can be written as:

dCg

dz
¼ � Jaf

u0
¼ � JfRgTaf

PMvuo
ð4Þ

where z is the distance from the air inlet, J is the flux of
methane out of the gas phase, Jf is the flux of methane into
the biofilm, af is biofilm–gas interfacial surface area per
unit bed volume, uo is approach velocity of gas, Rg is the
universal gas constant, T is temperature, P is system
pressure, and Mv is molecular weight of methane.

The biofilm thickness, expressed as Lf in the above
equations, is not a constant value since the population of
methanotrophic bacteria in the biofilm changes over time
upon growth and decay of microorganisms dictated by local
methane concentrations. The biofilm thickness can be
expressed as:

dLf
dt

Xf ¼ Df
dCf

dr

����
r¼RþLf

 !
Y � LfXfb ð5Þ

where Y is the yield coefficient and b is the specific
combined shear/decay coefficient, which is a sum of the
specific decay (death) coefficient and the specific shear
rate. The specific decay coefficient is a constant property,
and the specific shear rate is a function of biofilm thickness
(Rittmann 1982). The specific combined shear/decay
coefficient can be written as:

b ¼ b0s
"0
"f

� �2

þbd ð6Þ

where b0s is the default shear rate coefficient, ε0 is the clean
packed-bed porosity, εf is the porosity of the bed with
biofilm, and bd is the specific decay coefficient.

af, the biofilm–gas interfacial surface area per unit bed
volume, can be calculated from geometrical relationships as
done by Alonso et al. (1997). If it is assumed that the
biofilm develops uniformly around packing materials, the
volume of the biofilm at the contact points must be
excluded from the biofilm–gas interfacial surface area.
Then, af can be expressed as:

af ¼ 3ð1� "0Þ
2R

1þ Lf
R

� �
ðð2� nÞ Lf

R
þ 2Þ ð7Þ

where n is the number of packing materials in contact with
a single packing material. Finally, the bed porosity with
biofilm, εf, can be calculated in the same way:

"f ¼ 1� ð1� "0Þ 1þ Lf
R

� �3

� n

4

Lf
R

� �2

2
Lf
R

þ 3

� �" #
ð8Þ

MATLAB was used to solve these equations to estimate
overall methane removal by biofilters under a range of
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Fig. 1 Schematics of the proposed methane biotrickling filter. R is the
radius of the packing material, Lf is the biofilm thickness, and z is the
depth along the long axis of the biofilter

Appl Microbiol Biotechnol (2009) 83:949–956 951



conditions, e.g., temperature, air flow rates, and methane
concentration. Using the input parameters shown in Table 1,
methane flux into the biofilm at each incremental depth
level was calculated by solving Eq. 1 with boundary
conditions Eqs. 2 and 3 with the numerical solver function
for boundary value problems in MATLAB. Then, with this
flux profile incremental changes in concentration of
methane along biofilter depth, dC

dz , were calculated. This
information is used to acquire the concentration profile
along the depth of the biofilter, which in turn is used in
determination of dLf

dt , the incremental change of biofilm
depth over time. The amount of methane removed in each
incremental time is calculated by multiplying the difference
between inlet and outlet concentration with the air
throughput. This process is repeated for a 30-day period,
and amounts of methane removed are added together to
give the total amount of methane removal.

Microbial kinetics parameters of Methylosinus tricho-
sporium OB3b (NCIMB 11131) expressing pMMO and
sMMO (Sipkema et al. 1998) were used as input parameters
for our study. We have also used the mathematical model to
evaluate the possibility of using high-affinity methano-
trophs with parameters obtained by Dunfield and Conrad
(2000). For the diffusivity constant of methane, we used the
value reported by Hilderbrand (1969). Characteristic
parameters for biofilm development were acquired from
Alonso et al. (1997). Since the optimal temperature for
growth and metabolism of M. trichosporium OB3b is 30°C
(Lee et al. 2006; Yoon and Semrau 2008) and preliminary
model results (data not shown) showed that performance
increased with temperature, an operating temperature of
30°C was selected for our analyses. To make cost-benefit

analysis more convenient and credible, sizing of our reactor
was based on an existing biofiltration system at Grupo
Cydsa in Mexico, 3.66 m in diameter and 11.5 m in height
(Cox and Deshusses 2002).

For our cost-benefit analysis, estimates for capital and
operating costs from Cox and Deshusses (2002) were used
in conjunction with the performance estimates from the
modeling results. Since the scale of the reactor in the model
was identical to the Grupo Cydsa biofilter, it was assumed
that the capital and operating cost of the reactor would be
approximately the same as the costs associated with this
system. The cost per metric ton of methane removed was
then calculated by dividing the annualized total cost by the
predicted biofilter performance. This was converted to cost
per CO2 equivalence, considering that methane has a global
warming potential 23 times that of CO2.

Results

With our mathematical model, we were able to estimate
methane removal under a wide range of conditions,
including different methane concentrations, pMMO- vs
sMMO-expressing cells, and temperature. First, however,
different inlet air velocities were tested with a fixed methane
concentration, 1,000 ppmv, for both sMMO- and pMMO-
expressing cells to determine the most appropriate inlet air
velocity to be used in further analysis. As can be seen in
Fig. 2, the methane removal rate for pMMO-expressing
cells was constant above an inlet air velocity of ~0.3 m/s,
while sMMO-expressing cells failed to reach steady state
under any assumed inlet velocities at this concentration of

Table 1 Microbial and biofilter design parameters used in this study

Symbol Parameter Value Reference

Vmax-pMMO Maximum rate of methane oxidation for pMMO-expressing cells
(nmol mg biomass−1 s−1)

4.83 Sipkema et al. 1998

Ks-pMMO Half-saturation constant of pMMO-expressing cells for methane (µM) 3.0 Sipkema et al. 1998

Vmax-sMMO Maximum rate of methane oxidation for sMMO-expressing cells
(nmol mg biomass−1 s−1)

4.83 Sipkema et al. 1998

Ks-sMMO Half-saturation constant of sMMO-expressing cells for methane (µM) 37 Sipkema et al. 1998

Vmax-LR1 Maximum rate of methane oxidation for Methylocystis LR1
(nmol mg biomass−1 s−1)

0.125 Dunfield and Conrad 2000

Ks-LR1 Half-saturation constant Methylocystis LR1 for methane(µM) 0.305 Dunfield and Conrad 2000

bd Cell decay rate coefficient (1/day) 0.24 Arcangeli and Arvin 1999

b0s Default shear rate coefficient (1/day) 0.005 Amaral et al. 1998

Xf Film bacterial density (mg/L) 17000 Alonso et al. 1997

Df CH4 diffusivity in Biofilm (cm2/s) 1.55E−05 Hildebrand 1969; Alonso et al. 1997

Lf,0 Initial biofilm depth (cm) 0.0042 Alonso et al. 1997

H Henry's constant for methane ((mg/L)/(mg/L)) 30 Hartman 1998

ε0 Empty bed porosity 0.34 Amaral et al. 1998

n Number of spheres in contact with single sphere 10 Amaral et al. 1998
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methane. An inlet velocity of 0.5 m/s (equal to a flow rate
of 5.26 m3/s) was thus used in further analyses.

As mentioned above, input methane concentration was
varied from average atmospheric concentration 1.7 to
6,000 ppmv to evaluate the feasibility of methane biofiltra-
tion for cells expressing either sMMO or pMMO in
locations with varying methane concentration. The highest
concentration, 6,000 ppmv, was based on the highest
atmospheric methane concentrations measured in the
vicinity of landfills by Carman and Vincent (1998). It was
found that methane removal using biotrickling filtration is
not feasible if the global average atmospheric methane
concentration, 1.7 ppmv, is assumed. This concentration is
too low to support cell growth for either sMMO- or
pMMO-expressing cells such that complete washout (i.e.,
death) of the biofilm occurs in less than a month (data not
shown). As shown in Fig. 3, however, above 500 ppmv
both biofilm thickness and methane removal by pMMO-
expressing cells achieved steady state within the first
2 months of operation, while sMMO-expressing cells
achieved steady state at methane concentrations above
3,000 ppmv. Furthermore, as seen in Fig. 3, sMMO-
expressing biofilters consumed less methane than pMMO-
expressing cells over the entire concentration range tested.
Given these findings, only pMMO-expressing cells will be
discussed in detail further.

From numerical simulations, if a methanotrophic biofilter
expressing pMMO is placed in an environment with a local
methane concentration of 500 ppmv, 498 kg of methane is
removed per month after steady state is reached. The methane
degradation rate increased to 3.57 tons of methane per month
when the local atmospheric concentration of methane was
raised to 6,000 ppmv (Fig. 3). If pMMO-expressing biofilters
are operated for 10 months of year with 2 months downtime
for maintenance, we estimate that up to 35.7 tons of methane
per year can be removed at 6,000 ppmv methane.

These estimates of biotrickling filter performance were
then used to determine the unit cost of methane removal.

As methanotrophic biotrickling filter proposed here has
the same dimensions and composition and will be
operated under similar conditions as a well-characterized
biofilter at the Grupo Cydsa facility (Cox and Deshusses
2002), we based our cost estimates on the financial data
provided in the literature for this system. The costs were
adjusted for inflation by using the cumulative inflation
rate between 2002 and 2008 of 19%. Collectively, the
capital cost of our proposed biofilter would be approxi-
mately $595,000.

The proposed biofiltration system requires electricity for
three purposes: (1) to operate blowers, (2) to recycle
nutrient medium, and (3) to maintain optimal temperature
in the reactor. The electrical demand for blower operation is
estimated to be 216 MWh per year based on the data
presented by Gabriel and Deshusses (2003). The air inflow
rate in our biotrickling filter is 10% larger but it was
reported that blowers with capacity ranging from 17,000 to
68,000 m3/h do not have more than 10% variation in their
electrical demand (Gabriel et al. 2004). Reported electricity
requirements for nutrient recycling in specific biofilters are
0.64 MWh per year for a flow rate of 1 m3/h (Gabriel and
Deshusses 2003). Thus, it is estimated that electrical
demand for nutrient recycling will be 11 MWh per year
for our proposed system. Finally, in some situations, both
the influent air and nutrient medium may require heating to
provide optimal conditions of methanotrophic growth. If it
is assumed that heating from 20°C to 30°C is required and
that the heat capacities of water and air are 4.18 and
1.003 kJ/kg/K, respectively, it is estimated that an addi-
tional 485 MWh per year is required per biofilter for
heating. Collectively, it is estimated that total energy
requirements vary from 227 to 712 MWh per year,
dependent on heating requirements. Using an average cost
of electricity of 6.16¢/kWh for industrial use (EIA 2007),
total electricity costs due to heating will range from
$14,000 to $44,000 per year per biofilter.
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Fig. 2 Optimization of input air flowrate for removal of atmospheric
methane using methanotrophic biofilters composed of M. trichosporium
OB3b by pMMO-expressing cells
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Assuming that our biofilter has a lifetime of 20 years,
and the discount factor is 3% (the average inflation rate for
the past 5 years), the annualized capital cost of a
methanotrophic biofilter is calculated to be ~ $40,000 per
biofilter per year, with the total annualized cost varying
between $74,000 and $104,000 per biofilter per year,
depending on heating costs. When compared to the amount
of methane removed as a function of influent methane
concentration, the costs vary from $2,070 to $20,900 per
ton of methane removed or $90 to $910 per equivalent ton
of CO2 (Fig. 4), depending on the methane concentration
and if heating is required.

As of October 8, 2008, 1 ton of CO2 for year 2014 was
traded at ~ €28 or $36 (www.Co2prices.eu). Our estimated
costs of removal of an equivalent amount of CO2 as
methane are approximately 2.5- to 25-fold higher. CO2 cost
allowances, however, have shown a general upward trend
since the inception of the carbon market in January, 2005.
At some point in the future, the price of CO2 may exceed
the cost of methane removal using the biofiltration systems
described here, but it is unknown when this might occur.

Carbon dioxide emitted during generation of the power
required for operating the biofilter must be considered in
conjunction with methane removal rates and costs when
considering the feasibility of these biofilters for removal of
greenhouse gases from the atmosphere. Carbon footprints
of electricity generation range from 5 to 1,000 g/kWh
depending on the methods of generation (POST 2006).
Therefore, the carbon footprint of electricity used in
removal of methane by our proposed biofilters will be
3.56–712 tons of CO2 per year if heating is necessary and
1.13–227 tons of CO2 per year if it is not.

Discussion

From the model analysis, removal of methane at a
significant rate is feasible by pMMO-expressing biofilters

at concentrations greater than 500 ppmv and that these
systems significantly outperform sMMO-expressing sys-
tems. The economic feasibility of methane removal with
this biotrickling filtration, however, is less as the estimated
cost of removal exceeds the current market price of CO2

emissions in the European carbon market. The price of CO2

emission, however, is subject to change as the carbon
trading market is growing, and it may be possible to reduce
the cost of building and operating these biotrickling filters
if they are mass-produced.

Another issue that will determine success of greenhouse gas
removal with these trickling biofilters is the carbon footprint
associated with electricity generation. Considering that the
expected removal rate is 4.98–35.7 tons of methane per year
per biofilter, equivalent to 115–821 tons of CO2 per year
(assuming influent methane concentrations ranging from 500
to 6,000 ppmv), it will be difficult to have net carbon removal
if electricity is supplied by conventional fossil fuel power
plants (>500 g CO2 emitted/kWh). If energy can be supplied
from a low carbon energy source, e.g., wind power (<10 g
CO2 emitted/kWh), however, net removal of carbon using
these biofilters will be feasible by a wide margin regardless of
the electricity requirement for heating.

Biofilters and synthetic packing materials, in general, are
known to have very long lifetime of at least 10 years (van
Groenestijn and Kraakman 2005). However, clogging due
to uncontrolled accumulation of biomass is a recurring
problem in the operation of biofiltration that deteriorates
biofilter function over time (Alonso et al. 1997; Cox and
Deshusses 2002). For the removal of methane, however,
clogging is not a significant issue due to the low concen-
trations of the growth substrate, methane, even at the elevated
concentrations assumed here. In our modeling studies, even at
the highest atmospheric methane concentrations used in the
study, e.g., 6,000 ppmv, steady-state biofilm thickness did not
exceed 1.3×10−2 cm. Therefore, it is expected that the use of
biofilters for atmospheric methane removal will require less
maintenance due to clogging.

The major difficulty in removal of atmospheric methane,
as mentioned earlier, is the extremely low atmospheric
concentration of methane. This restricts use of these
biofilters, even those expressing pMMO to local “hot
spots” of methane such as that found above landfills and
in concentrated animal feeding operations (factory farms).
This is due to the relatively low affinity for methane
assumed here as compared to the global average atmo-
spheric concentration. Here, the Ks value by the type strain
M. trichosporium OB3b expressing pMMO used was
3 µM, equivalent to an atmospheric concentration of
2,170 ppmv.

It should be noted that much of the work on methano-
trophs has focused on bacteria isolated from high-methane
environments, including M. trichosporium OB3b, and as
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such, it is not surprising that these cells have relatively low
affinities for methane. More recently, high-affinity meth-
anotrophs with very low half-saturation constants (40.5 to
134.5 ppmv) have been found to exist in some environ-
ments, e.g., organic agricultural soils, with such cells able
to consume methane at concentrations as low as 1.7 ppmv
(Bull et al. 2000; Knief et al. 2005; Dunfield et al. 1999;
Dunfield and Conrad 2000). Their maximum capacity to
degrade methane, however, was found to be very limited
(Dunfield and Conrad 2000). Using the average Vmax and
Ks values (0.125 nmol mg biomass−1 s−1 and 0.305 μM,
respectively) obtained by Dunfield and Conrad (2000) for
Methylocystis strain LR1, less than 6 kg per month was
estimated to be removed under optimal conditions (i.e., an
influent methane concentration of 6,000 ppmv, negligible
cell death rates and an initial biofilm thickness of 42 µm). It
should be noted that even under these conditions, the
system failed to achieve steady state, i.e., the biofilm was
continuously degraded as cell loss through shearing was
greater than cell growth. Therefore, their direct application
in engineering practices for removal of atmospheric methane
seems infeasible at this time, although their existence
suggests the possibility of engineering other methanotrophic
strains to have higher affinities toward methane while
maintaining high turnover rates, i.e., reduce Ks while
maintaining a high Vmax value. If the pMMO of a strain
such as M. trichosporium OB3b could be modified to
reduce the half-saturation constant to 100 nM (equivalent to
70 ppmv in air assuming equilibrium) and Vmax is assumed
to remain at 4.83 nmol mg biomass−1 s−1, our model
predicts that it is possible remove 0.385 ton of methane per
month per biofilter at a methane concentration of 100 ppmv
without the cells being washed out (as was the case with
M. trichosporium OB3b expressing pMMO at the same
methane concentration). Such a scenario, although poten-
tially feasible, would require more extensive consideration
on whole-cell metabolic fluxes of carbon and energy to
ensure that relatively simple modifications of the pMMO
would be stably maintained.

In summary, the use of pMMO-expressing methanotro-
phic biotrickling filters for controlling methane emissions is
technically feasible and an attractive option for control of
methane emission, provided that a low-carbon energy
source is used for power supply. The costs associated with
such removal must be reduced, however, to enhance the
economic attractiveness of this solution. It is possible that
these systems may become economically attractive in the
near future with improved biofilter designs coupled with
cost reduction via mass production and increased value of
future CO2 credits.
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