
A High Efficiency Gas Phase Photoreactor for
Eradication of Methane from Low-Concentration
Sources

Morten Krogsbøll1, Hugo S. Russell1,2 and Matthew S.
Johnson1,3,∗

1 Ambient Carbon ApS, Forhaabningsholms Alle 19, 1.th, DK-1904
Frederiksberg C, Denmark.
2 Aarhus University, Department of Environmental Science, Frederiksborgvej
399, DK-4000 Roskilde, Denmark
3 University of Copenhagen, Department of Chemistry, Universitetsparken 5,
DK-2100 Copenhagen OE, Denmark
∗Corresponding Author

E-mail: msj@chem.ku.dk

Abstract.
Despite the urgent need, very few methods are able to efficiently remove

methane from waste air with low cost and energy per unit volume, especially
at the low concentrations found in emissions from e.g. wastewater treatment,
livestock production, biogas production and mine ventilation. We present the first
results of a novel method based on using chlorine atoms in the gas phase, thereby
achieving high efficiency. A laboratory prototype of the Methane Eradication
Photochemical System (MEPS) technology achieves 58% removal efficiency with
a flow capacity of 30 L/min; a reactor volume of 90 L; UV power input at 368 nm of
110W; chlorine concentration of 99 ppm; and a methane concentration of 55 ppm;
under these conditions the apparent quantum yield (AQY) ranged from 0.48 to
0.56% and the volumetric energy consumption ranged from 36 to 244 kJ/m3. The
maximum achieved AQY with this system was 0.83%. A series of steps that can
be taken to further improve performance are described. These metrics show that
MEPS has the potential to be a viable method for eliminating low-concentration
methane from waste air.
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Figure 1. The main processes in the gas phase oxidation
of methane at ambient temperature, based on radical chain
reactions, for nominal atmospheric and high chlorine conditions.

1. Introduction

Methane is a greenhouse gas and plays a key role in
atmospheric chemistry, the formation of air pollution
and the atmosphere’s oxidation capacity [1]. Between
1750 and 2022, the atmospheric methane concentration
has risen from 729±10 ppb to 1910 ppb [2, 3]. Methane
alone has increased anthropogenic radiative forcing by
1.19±0.39W/m2, which is responsible for a 0.6 [0.3-
1.0] ◦C increase in global mean surface air temperature
[4].

A significant amount of anthropogenic methane
emissions, ∼40%, are from the agricultural sector [4],
where animal production in particular makes a large
contribution [5]. Methane sinks include methanotrophs
in the soil (∼10%) and gas phase radical reactions,
mainly with the OH radical per reaction 1.

CH4 +OH• → •CH3 +H2O (1)

Where k(298 K) = 6.5±0.5×10−15 cm3 molecule−1 s−1

[6, 7]. Atomic chlorine, Cl•, removes a few percent by
reaction 2 [5, 8, 9, 10].

CH4 +Cl• → •CH3 +HCl (2)

Where k(298 K) = 1.05±0.05×10−13 cm3 molecule−1 s−1

[11, 12]. Both of these reactions lead to the formation
of CO2 through the oxidation path shown in figure 1,
where radicals play an important role in multiple steps
of the oxidation.

A limited number of technologies are available
for point source emissions control of methane. For
the oxidation of higher concentration methane streams
(1000 ppm to 44,000 ppm), there are commercialized
methods that can operate at scale, e.g., Regenerative

Thermal Oxidation (RTO), and Catalytic Thermal
Oxidation (CTO) [13]. They operate by oxidizing
pollution with heat, or by running the air stream
over a catalyst bed at elevated temperatures. Due
to the capital and operating costs, the RTO method
is suited to high levels of VOCs including methane
(above 0.1-0.2%) in large air flows such as might be
found in industrial settings [14]. Low-concentration
methane sources can be treated, but at prohibitively
high cost and energy input. RTO will also produce
NOx gases due to the high temperatures needed for
effective methane removal. For CTO methods, the
main costs are due to the increase in temperature and
the size required for large air flows to gain the needed
residence time over the catalyst [15]. For agricultural
and wastewater treatment conditions working with
flows at a scale of m3/s, these approaches would
require unreasonably large systems. The minimum
concentration for methane removal demonstrated in a
laboratory for CTO is 200 ppm as reported by Gélin
et al.[15]. Industrial thermal and catalytic oxidisers
typically have a high thermal efficiency, ca. 95%
[16]. At a typical operating temperature of 1000 ◦C
this implies a heat loss corresponding to a change
in temperature of the airstream of 50K. Taking the
specific heat capacity of air ∼1 J/(gK) and the density
of air ∼1.2 kg/m3, this means the specific power
requirement is ∼60 kJ/m3. Thermal and catalytic
oxidisers may not be suitable for some applications
due to the need for addition of natural gas to keep
the combustion bed hot, their cost, and the fact that
they work best for stable pollution loads whereas many
industrial processes are intermittent.

A recent paper by Abernethy et al. [17]
has assessed methane oxidation technologies using a
concentration based framework. This paper estimates,
for the first time, the amount of methane emitted
at a given concentration, showing that around 3/4
of methane emissions occur at a concentration below
1000 ppm.

Emerging methods for the oxidation of low-level
methane include biofilters [18], photocatalysts [19],
and catalysts combined with zeolites [20]. However,
thus far none of these have been proven at scale with
an acceptable volumetric (kJ/m3) or specific (kJ/kg)
energy input [20, 21].

Methane is chemically inert and many of its phys-
ical properties (molecular weight, critical temperature,
boiling point, ionization energy, proton affinity) fall in
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the range of those of the noble gases He, Ne, Ar, Kr
and Xe [22]; a table with the values can be found in the
supporting material. This means that methane inter-
acts weakly with surfaces, and has only a very weak ph-
ysisorption interaction. The low affinity of methane for
surfaces interferes with the efficiency of catalytic oxida-
tion of methane, and it also makes it difficult to capture
methane using an adsorbant such as activated charcoal,
zeolites or MOFs. One breakthrough could come in the
form of carbohydrates that form clathrate type adducts
with methane [23]. Finally, methane is weakly soluble
in water, making separation with scrubbers very in-
efficient, and also creating a mass transfer barrier for
biological treatment methods using methanogenic bac-
teria.

The introduction of gas phase advanced oxidation
(GPAO) [24, 25] provides a way of overcoming some of
the limitations of these existing technologies. GPAO
systems operate by producing reactive radical species
in-situ through the use of precursors photolyzed by
UV lights. These then react rapidly with the target
species in the gas phase. OH radicals can be produced
by photolysis of ozone from an ozone generator
using oxygen and humidity present in the air [25].
This approach improves upon other methods in the
following ways. First, since reactions occur in the
gas phase and not on a solid surface, there is a
significant reduction in pressure drop. Resistance to
air flow is often one of the largest terms in the energy
budget, especially for low pollutant concentrations.
Second, GPAO operates at ambient temperatures,
eliminating energy used to heat a catalyst bed or cycle
an adsorbent. Third, GPAO is a simple robust system
that doesn’t have the capital costs associated with a
catalyst bed and rare earth elements. Fourth, low
specific and volumetric energy input can be achieved
because treatment occurs at the temperature of the
airstream and with a low pressure drop.

Unfortunately, due to the low reaction rate
coefficient of reaction 1, OH is difficult to utilize
for methane control at scale, as there is an inherent
limitation of the space velocity; the long treatment
time of the method would require unreasonably large
systems [25]. In the case of methane the issue of long
treatment time (i.e. limited space velocity requiring
a large reactor) cannot be overcome using more UV
lamps or more radical precursor. The system operates
near the OH saturation concentration determined by
the reaction of OH with its precursor (OH + O3),
it’s self reaction (OH + OH) and reaction with other
radicals in the system (e.g. OH + HO2).

A chlorine based system [26, 27], as shown in
figure 2, would overcome these limitations in several
ways. First, reaction 2 is ∼15 times faster than
reaction 1. Second, it requires less energy to generate

Figure 2. In MEPS, hydrogen is pumped from methane to
molecular hydrogen with a chloride cycle interconverting chloride
(Cl−1) and chlorine (Cl0).

Cl radicals than OH radicals, due to the different
wavelengths needed to photolyze O3 and Cl2, as well as
the proportion of O3 photolyzed that does not generate
OH radicals [28]. Third, a higher concentration of Cl
can be maintained compared to OH. The saturation
point is much higher in a chlorine based system because
the three body recombination of two atoms, Cl + Cl +
M → Cl2 + M is very slow [29], and if it does form it
does not accumulate as it will quickly be photolysed by
the UV light. In a chlorine based system, it is necessary
to include a method for capturing the chloride product
and recycling it back to chlorine in order to lower
raw material costs and prevent the release of chlorine-
containing byproducts. This chlorine based technology
was first introduced as a method to remove interference
from ambient methane in spectroscopy of gases in ice
core samples, by Polat et al. (2021) [27].

We present the first full description of a
Methane Eradication Photochemical System (MEPS)
for methane mitigation. We have demonstrated MEPS
at 50 ppm methane with a flow rate of 30 L/min, which
is ∼4000 times higher than that demonstrated by Polat
et al. (2021). Moreover, the specific energy demand
of this work is ∼3500 times lower than the specific
energy reported by Polat et al. (2021). The work
presented in this paper is described in patent filing
WO2022053603A1 (2022) and related documents [26].

2. Method

A laboratory scale prototype was constructed as shown
in figure 3. Dry, filtered air is added through a 6mm
Teflon tube and then into a 0.9 L mixing tube, from
which it enters the reaction chamber. The reaction
chamber consists of a 1m long galvanized steel duct
with a 30 x 34 cm cross-section. The duct is lined
with polished aluminium covered by a perfluoroalkoxy
(PFA) film from Holscot Europe; this combination was
found to combine UV reflectivity and resistance to cor-
rosion. The reactor is illuminated from both ends by
banks of light emitting diodes with maximum emission
at a wavelength of 368 nm (Luminus SST-10-UV-A130-
E365-00). Four printed circuit boards each containing
9 LEDs are mounted at each end of the chamber giv-
ing 72 LEDs in all. A variable DC power supply was
used to power each set of 4 PCBs. The methane is dis-
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Figure 3. Flow chart of the laboratory setup. The main flow is shown with the larger black arrows. The smaller grey arrows show
the measurement streams. The gas input is controlled with mass flow controllers (MFCs). The photolysis chamber has a volume of
90 L, and can be seen with the lights on in the photo on the right.

pensed into the mixing tube through a 6mm tube from
a 100% methane bottle, via a Mass Flow Controller
(MFC). The methane concentration is monitored by
an Tunable Diode Laser Spectrometer (TDLS) (Ax-
etris LGD Compact-A CH4), one each at the inlet and
outlet of the reaction chamber. The chlorine is added
to the mixing tube through a 6mm tube, from a 99.8%
chlorine bottle (Air Liquide) with a needle valve. The
chlorine concentration is monitored by electrochemical
sensors (Membrapor Chlorine Gas Sensor Cl2/C-200)
at the inlet and outlet of the reaction chamber. The
sensor and data logging system was built by Devlabs
ApS of Copenhagen.

At the outlet, the air is directed through a wet
scrubber to remove residual Cl2 and HCl product. The
scrubber is comprised of sodium hydroxide solution
(20 wt%) trickling over quartz glass Raschig rings.
The outlet air flows up through the column. The
chlorine concentration was measured at the outlet
of the scrubber, with the previously mentioned Cl2
sensor, to ensure the removal of chlorine (>99%).

The standard operating conditions for the labora-
tory tests were a total flow of 30L/min; chlorine con-
centration of ∼100 ppm; methane ∼50 ppm; and total
light power of 110W. An example time series, figure
4, shows how the relevant concentrations change when
the lights are activated.

The methane and chlorine sensors were calibrated
using 49.9 ppm and 102.1 ppm gas flasks (Air Liquide),
respectively. Calibration gas and dry air were intro-
duced to a 21L high-density polyethylene calibration
chamber via MFCs, with a total flow of ∼5L/min. The
chamber contained 3 mixing fans in X, Y , and Z di-
rections, and a 38mm PVC outlet tube where multi-
ple sensors could sample via 6mm Teflon lines. The
sensors were calibrated at four different concentrations
from 0 to the maximum concentration of the calibra-

Figure 4. Time series showing how methane and chlorine
concentrations at the outlet of the system fall compared to the
inlet concentrations when the LEDs are switched on (yellow
overlay). In this example, 54% of the methane is oxidized and
48% of the chlorine is photolyzed.

tion gas flask.

3. Results and Discussion

Under the standard conditions described above, the
removal efficiency (RE) for methane in the test reactor
was 58±4%; an example is shown in figure 4. The 58%
RE under standard conditions and up to 70-80% RE
under more favorable Cl2:CH4 ratios (shown in figure
5 and in the supporting material) demonstrate the
potential of this technology at lab-scale, with dramatic
improvements in RE during iterative lab testing.

The key parameters that alter methane RE are
the inlet methane and chlorine concentrations, which
define the Cl2:CH4 ratio, and the light power, which
alters the percentage of chlorine that is photolyzed
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and available for reaction with methane, thereby
altering the Cl:CH4 ratio. The impact of altering
these parameters compared to the standard conditions
was investigated in the photoreactor setup by varying
the methane concentration between 25 − 55 ppm;
chlorine 43 − 127 ppm; and light power 18 − 119W.
In total, 18 tests were conducted (some of which were
duplicates using the same conditions). A summary
of the individual test conditions can be found in the
supporting material.

The impact of all three of these parameters
can be summarized by plotting the Cl:CH4 ratio
against RE, while other parameters not mentioned
are kept constant. This takes into account the inlet
concentrations as well as the amount of Cl2 that is
photolyzed to Cl and is available for reaction with CH4.
This is shown in figure 5. The amount of chlorine
radicals produced is calculated by measuring Cl2 at
the inlet and outlet, from which we can see how much
chlorine is removed in the process, as some radicals
recombine, this is a lower limit for the amount of
chlorine radicals produced. As can be seen from the
figure, the methane RE increases with the [Cl]:[CH4]
ratio, and under the conditions tested, there is a linear
relation between them, with an R2 value of 0.91, as
shown in figure 5. Under the conditions tested, the
amount of chlorine radicals created and the amount of
methane removed is directly correlated; the relation is
linear in the region shown in the figure. We expect
however that the system will approach the 100% RE
limit asymptotically at Cl:CH4 ratios greater than 3.

Figure 5. Scatter-plot showing the methane removal efficiency
as a function of ratio of the flows (mole/s) of chlorine to methane,
’Cl:CH4 ratio’. The line is a linear regression fit to the data
points.

The energy cost of removing methane (specific
energy, J/g) is calculated from the mass of methane
removed per minute (using concentration, flow, and

RE%), compared with the electrical power. The key
terms in the energy budget are chlorine generation
(in larger-scale systems, electrolysis will be used to
generate chlorine instead of a chlorine bottle); light
power; scrubber power; and total flow generation. For
the energy calculations in our experiments, scrubber
power and total flow generation was found to be low
and therefore not included. The light power input
was measured, and the chlorine electrolysis power was
assumed to be 4 kWh/kg as per the electrolysis device
manufacturer, Prominent[30].

The correlation of specific energy with RE shows
two important effects. When examining the two low
cost quadrants of figure 6, we see that as the light
power is increased (red to blue), the RE increases, but
so does the energy per mass of methane removed. The
RE also depends on the ratio of Cl2 to CH4 (small
to large circle diameter). Better returns on energy
input were found by increasing the Cl2 concentration
relative to light power, as the electrolysis process for
producing chlorine is more effective than the photolysis
process, at the chlorine concentration and light power
we have investigated so far. The relation can be seen as
when the light power is kept at 110 W (blue) and the
Cl2:CH4 ratio (size) is increased, the RE increases and
the electricity cost decreases. This is because at higher
Cl2 concentrations, the incident light is absorbed more
efficiently, and less is lost to absorption by the reactor
walls. This relation is shown by the data-point size
and color relative to its position in figure 6. Increasing
the volume of the reactor will increase the absorption
path length and reduce light and radical loss to the
walls. Similarly, increasing the reflectivity of the wall
materials will decrease light loss. These changes will
be incorporated in future reactor models.

Changes to the reactor volume and total flow will
also affect the residence time and thereby the single-
pass RE, however, these variables were not investigated
in this study.

The specific energy use of the lab-scale system is
2.1-7.7 kWh/g of methane which is a volumetric energy
consumption of 36-244 kJ/m3. We expect the volumet-
ric and specific energy input to further decrease, along
with increased RE, due to expected improvements in-
cluding increasing the reactor volume, using more re-
flective side wall materials, and removing non-reflective
equipment from the reactor. Other potential improve-
ments include the anticipated development of low cost,
robust, powerful, high plug efficiency light sources at
shorter wavelengths, optimization of heat management
(mainly from LEDs) and recycling, changes to the
Cl2:CH4 ratio, and utilizing the hydrogen produced in
electrolysis to generate energy.

To calculate the apparent quantum yield,
(methane molecule oxidized per photon), the amount of
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Figure 6. Scatter-plot comparing specific energy to methane
RE, with point color varying according to light power and point
size with inlet Cl2:CH4 ratio.

photons generated have been estimated, using the plug
efficiency given by the manufacturer, 35%[31]. That is
done using equation 3, where nCH4

is the amount of
CH4 molecules oxidized, e is the plug efficiency of the
light source and Pinput is the power input to the light
source.

Qyield =
nCH4

e · Pinput · λ
hc

(3)

The apparent quantum yield ranges from 0.21 to 0.83%
depending on conditions.

Further testing will determine performance for
specific abatement scenarios. Enclosed cow barns and
pig barns are of interest, with methane concentrations
of ∼50 ppm, and wastewater treatment plant ventila-
tion systems at ∼300 ppm [32]. The efficiency will also
depend on total airflow and potential contaminants in
the air stream. Subsequent to the lab-scale prototype
tests, a larger field prototype will be tested in these en-
vironments before the design is scaled up to a full-size
pilot.

A chemical kinetics model has been built; a
flowchart of the carbon-containing reactions can be
found in the supporting material. The concentrations
and global warming potentials of selected species are
shown in table 1, species that might raise concern when
oxidizing methane using chlorine has been selected and
displayed. The ozone depletion potentials (ODPs) of
CH3Cl, CH2Cl2 and CHCl3 are all between 0.01 and
0.03 [33], whereas CCl4 has an ODP of 1.1 [34].

The kinetics model confirms the extremely low
yields of the chlorinated products determined by
multipass infrared spectroscopy.

In an air stream of ∼30L/min, with a methane
concentration of 53±2 ppm, we have removed 58±4%

Table 1. Modelled concentrations of chlorocarbons.

Substance
Concentration
[molecules/cm3]

Product Yield
[∆X/∆CH4]

GWP20

CH4 5.1 (± 0.3) × 1014 0 79.7±25.8 [35]

CO 4.1 (± 0.1) × 1014 0.58 N/A

CO2 1.0 (± 0.02) × 1016 0.37 1

CH3Cl 7.2 (± 0.8) × 1010 1.0 ×10−4 45[36]

CH2Cl2 2.9 (± 0.4) × 106 4.1 ×10−9 33[36]

CHCl3 2.1 (± 0.3) × 101 3.0 ×10−14 60[36]

CCl4 1.9 (± 0.4) × 10−5 2.6 ×10−20 3480[36]

of the methane, by activating chlorine gas into
chlorine radicals using 368 nm LEDs at a power of
110W. The apparent quantum yield of MEPS was
found to be 0.21-0.83%, with a specific energy input
of 2.1-7.6 kWh/gCH4 and volumetric energy input
of 36-244 kJ/m3 of air. Multiplying the carbon
intensity of electricity of Norway, 29 gCO2e/kWh [37],
by the lowest specific energy input we achieved,
2.1 kWh/gCH4, this implies a ratio of 61 gCO2e/gCH4

which is in the range of the 20 and 100 year GWP of
CH4, 82.5±25.8 and 29.8±11 respectively on a mass
unit basis [35]. Clearly, electricity in most countries
has a higher carbon intensity than in Norway and the
calculation would need to be adjusted accordingly.

Abernathy et al.[17] found that light-based
reactors must have a quantum yield for methane
removal of at least 9±8%, in order for the economic
benefit of removing methane to exceed the energy cost.
Given the demonstrated performance of MEPS with
an AQY of 0.83% and anticipated improvements, the
possibility that MEPS will meet the target set by
Abernathy et al. cannot be excluded.

4. Conclusion

MEPS, as described in this article, has been shown
to effectively oxidize low-concentration methane in
laboratory-scale experiments. Moreover, the process
is easily controlled as the chlorine concentration and
UV lights can be rapidly adjusted to match changes
in pollution load. This technology is still under
development and power efficiency is continually being
improved, as described above. The technology is
scalable and could eventually be deployed in a number
of real-world scenarios. Further improvement in the
chloride recycling system is also envisaged.

In the near future, the photoreactor will undergo
field-testing at scale and once optimized, MEPS could
be the first viable technology for direct oxidation
of low-concentration point-source methane at scale.
Perhaps with further improvements, MEPS would
eventually be able to treat ambient concentrations of
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methane when used in combination with a CO2 DAC
system.
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