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Abstract: - For a complete transition from fossil to CO2 neutral energy supply new energy storage concepts are
needed that allow energy supply in times of absence of regenerative power production as during dark doldrums.
A promising renewable energy storage approach is the power to gas (to power) technique based on the
production of synthetic natural gas (also called e-methane) by methanation of CO2 with H2. The latter is usually
produced by electrolysis. In any power to gas concept, electrolysis is a very critical part, due to its high costs,
stability issues, or limited power of required electrolysers.
As an alternative source of hydrogen, we investigate the methanation of coke oven gas (COG). COG is a
byproduct of the carbon rich coke production from coal for the steel industry, with a high amount of hydrogen
(~60vol%). Coke oven gas furthermore contains CH4 (~25vol%), CO (5-8vol%), and CO2 (1-3vol%), making it
an attractive feedstock for the production of synthetic energy carriers like methane. In the present study, the
authors investigate the direct conversion of CO and CO2 from COG into e-methane. Compared to
stoichiometric conversion, the COG hydrogen content is too high for catalytic methanation of CO 2. In order to
achieve a higher methane yield, the addition of CO2 from air, flue gas, or coal gasification can compensate the
surplus of hydrogen in the coke oven gas.
The process is evaluated by the conversion of CO and CO2, the catalyst selectivity towards higher hydrocarbons
for varying temperatures, and the CH4 yield.
Key-Words: - Coke Oven Gas, CO2 recycling, Power to Gas (PtG), Synthetic Natural Gas (SNG), e-methane,
Sabatier-Reaction
PtG approach does not require any investments in
storage infrastructure as the existing natural gas grid
can be used for the storage of SNG.
In order to ensure a CO2 neutral process, the H2 for
the hydrogenation of CO2 must be renewably
generated. For a hydrogen production at the required
industrial scale, alkaline-based or proton exchange
membrane (PEM) water electrolysis is necessary.
Alkaline-based electrolyzers are the most commonly
used electrolyzers and exhibit a power of up to
3.5MW with a corresponding hydrogen production
of 760Nm3/h [1]. For hydrogen production at a
lower scale, PEM electrolyzers are commercially
available. The maximal hydrogen production rate
for PEM electrolyzers is in the order of 30 Nm3/h
while the power consumption amounts to 174 kW
[2].

1 Introduction
Against the background of a global reduction of the
greenhouse gas CO2 a transition from fossil to
renewable energy sources is inevitable. New
concepts for energy supply and storage are needed
in order for this transition to become successful. A
promising approach for a CO2 neutral production
circle is the conversion of CO2 into e-methane,
commonly known as methanation. Methanation
opens an opportunity for a reintegration and reuse of
CO2 in a recycling process in the form of so-called
synthetic natural gas (SNG). In such a “power-togas” approach (PtG), hydrogen and methane store
energy that can be used in times of absence of
regenerative power production as during dark
doldrums. Compared to other renewable energy
storage concepts such as electric storage systems the
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conversion rate and a minimum of side reactions,
and thus a high selectivity towards methane 8.

Besides hydrogen from water electrolysis, coke
oven gas (COG) represents a promising alternative
hydrogen source. COG is a byproduct formed
during carbon rich coke production for the steel
industry. Cleaned COG contains a high amount of
hydrogen (~60vol%) and furthermore CH4
(~25vol%), CO (5-8vol%), and CO2 (1-2 vol%).
Basically, raw COG is purified prior to its further
use. During a first purification step most of the tar
components and NH3 are removed by cooling down
the raw COG. Thereafter the residual NH3 is
removed by water washing. During the last
purification step H2S is eliminated by
desulfurization with NH3 followed by a subsequent
Claus-reaction [3, and citations herein].
Cleaned COG has a heating value of 19.9MJ/m³ [4,
5]. Most of the cleaned COG is reused as fuel in the
coke ovens. The residual amount of COG is used in
further process steps in the steel mill or simply burnt
away [6].
The annual COG production in China in 2007 is
estimated at 70 billion Nm3 [3], which represents
approximately 60% of the total global COG
production. Compared to hydrogen production by
water electrolysis, coke oven gas has an enormous
potential as starting material for cheap mass
production of e-fuels like e-methane or e-methanol.
On the one hand, COG can be used for CH4
enrichment by a catalytic methanation of the
CO/CO2 fraction. By this, the COG heating value
increases and the CO fraction is reduced. This
process does not require any additional gases. The
CH4 enrichment is a promising opportunity for
industrial application. On the other hand, COG can
be regarded as a hydrogen source for instance in a
catalytic Sabatier process. In order to fully convert
the hydrogen to methane additional CO2 needs to be
provided. If exhaust CO2 emitted by a lignite power
plant, a refinery, or a cement production plant is
used as CO2 source, this makes the synthetic natural
gas (SNG) production a recycling process.
Given a pure and stoichiometric CO2 and H2
mixture, we have the total Sabatier reaction
CO2  4H 2  CH 4  2H 2O

Table 1:
Composition of cleaned COG 6, 9
Species
vol%
CH4
23-27
H2
55-60
CO2
1-2
CO
5-8
N2
3-6
HC other than CH4 ≈1.5
Regarding the composition of COG (Table 1) with
additional CO in the educt gas, we have to consider
the following main competitive reactions, depending
on the ratio H2:CO 10, 11:
(1)

H 298K  247.3kJ / mol

(2)

H 298K  165.0kJ / mol

(3)

CO  H 2O 

H 298K  41.2kJ / mol

( 4)

CO2  H 2
2CO  C  CO2

H 298K  172.54kJ / mol

( 5)

CH 4  H 2O

2CO  2 H 2 
CH 4  CO2
CO2  4 H 2 
CH 4  2 H 2O

nCO  (2n  1) H 2 

(6)

Cn H 2 n  2  nH 2 O

nCO  (2n) H 2 

(7)

Cn H 2 n  nH 2O

The production of stable surface carbon according
to equation (5) is associated with a deactivation of
the catalyst and has to be avoided. The last two
equations (6, 7) represent the general expressions
for the production of higher hydrocarbons such as
ethane (C2H6, (6)) or ethene (C2H4, (7)).
A challenge for the use of COG is a residual content
of <3.2x10-5vol% H2S after the conventional
cleaning process [6]. As known in literature, even
traces in the range of a few ppm can be poisonous
for Ni based catalysts [12]. In order to characterize
the actual catalytic process and its dependencies for
instance on the CO content, only inlet gases without
any H2S contamination are used in the present study.
Also, the influence of hydrocarbons other than
methane in the COG is not investigated.
The present investigation of COG as a precursor for
the Sabatier process has to be regarded in the
context of our earlier strategy of a “direct” CO2
methanation of industrial flue gas. Here, the CO2

H 298K  165kJ / mol

This reaction is thermodynamically favored for the
given educt gas composition, but is limited in
kinetics. Catalysts are required to achieve
acceptable conversion from CO2 into CH4. Common
catalysts for the Sabatier reaction are based on noble
metals, nickel and its oxide, or the combination of
them all on different substrates such as Al2O3, SiO2,
MgO, CaO 7. The typical temperature range for
the Sabatier process is 300-400°C, ensuring a high
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component of flue gas is directly converted into a
product, without any separation/enrichment of CO2.
We already show the proof of principle for oyxfuel
CO2 from a brown coal power plant [13], for
oxyfuel CO2 stored in a saline aquifer [14], and for
flue gas directly from a lignite power plant, in
laboratory and in an upscaled version [15, 16].
After condensation and desulfurisation, flue gas
from a power plant contains around 80% N2, 15%
CO2 and 5% O2 and traces of SO2 and NOx in the
ppm range. These experiments have been carried out
on supported nickel-based catalysts on a combined
silica/alumina substrate. Here, a selectivity of CO2
towards methane near 100% with a conversion rate
of around 85% has been observed. Furthermore, the
catalysts showed a long time stability of 40 days
without significant changes in performance [15, 16].
These catalysts are also used for the experiments
with COG.
In the present work, in a first step, methanation
experiments with a stoichiometric ratio of
H2:CO2=4:1 are performed without any further
components in the gas. As a second step, a
representative mixture of synthetic COG is used. In
a third step, additional CO2 is mixed to the COG to
receive a ratio of H2:CO2=4:1 for the stoichiometric
Sabatier reaction.

Colour online
Fig. 1. Schematic illustration of the reactor setup for
the experiments with COG.
Both, gas flow and gas mixture are adjusted by mass
flow controllers. The gas composition is measured
with two methods, by infrared-sensors and a mass
spectrometer. A more detailed description of our
setup is given in [8, 15].
The COG used in our experiments is a mixture (Air
Liquide, CRYSTAL) with a composition of 60% H2,
25% CH4, 7% CO, 4% CO2 and 4% N2. The total
gas flow during the experiments is 50ml/min COG
(respectively 30ml/min H2, 12.5ml/min CH4,
3.5ml/min CO, 2ml/min CO2, and 2ml/min N2).
For the experiments with CO2 compensation
2.9ml/min CO2 are added to 50ml/min synthetic
COG in order to obtain a stoichiometric H2/CO2
ratio. Here, it is assumed that hydrogen preferably
reacts according to equations (1) and (3) while
3*3.5ml/min CO+4*2.0ml/min CO2 = 18.5ml/min
H2 are consumed. For the Sabatier reaction (3) with
the residual hydrogen (11.5ml/min) an additive of
2.9ml/min CO2 is needed.
For simplicity, the educt gas composition with
synthetic COG and an additive of 2.9ml/min CO2 is
called “Sabatier-mixture” in the further text.

2 Experimental
The experiments are performed in a fixed bed
reactor at laboratory scale with a reactor dimension
of 8mm in diameter and 100mm in length. A
schematic illustration of the reactor setup is given in
figure 1. All experiments are performed at
atmospheric pressure inside the reactor chamber.
The flow rate amounts to 50 ml/min for the
experiments without additional CO2 and 53ml/min
for experiments with additional CO2. In order to
study the temperature dependency of the COG
conversion, the experiments are performed at
different temperatures. The temperature is increased
stepwise by 10K between 160 and 350°C and each
time kept constant during 1h. The temperature
inside the reactor is measured with a thermocouple.
The methanation reaction is performed with a
nickel-based catalyst supported on SiO2/Al2O3
substrate, delivered from Sigma Aldrich (BET:
190m²/g, 65wt% Ni). To prevent hot spots and
sintering effects due to elevated temperatures
resulting from the exothermic reaction, 0.4g of the
supported catalyst material are diluted in a quartz
sand bed with a mass of 7g. The catalyst and the bed
material have approximately the same grain size.
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3 Results
3.1 Pure H2/CO2
Figure 2 depicts the experimental results for pure
CO2 and pure H2 at a stoichiometric ratio of H2:CO2
of 4:1. This experiment is considered as reference
experiment. The catalytic performance is
characterized by the conversion X of CO2, the yield
Y of CH4 and the selectivity S for CH4 as defined in
equations 8-10 depending on the gas flows n Gas,in / out
according to standard definitions [17].
X CO2  (n CO2 ,in  n CO2 ,out ) / n CO2 ,in

(8)

YCH4  n CH4 ,out / n CO2 ,in

(9)

S CH  nCH 4 ,out /( nCO2 ,in  nCO2 ,out )

(10)

4
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As shown by the solid line in figure 2, the
equilibrium CO2 conversion of 90% is reached at
330°C. As the reactor typically shows a pressure
drop of around 1bar and simultaneously a minimum
reactor pressure of 1 bar is required, the results are
shown for an inlet pressure of 2bar. The selectivity
of the reaction reaches nearly 100% at 300°C. At
higher temperatures (>450°C) CO production due to
the reversed water gas shift (RWGS) reaction
is
CO2  H 2  CO  H 2O (H 298K  41.2kJ / mol)
measured. At temperatures above 450°C the
selectivity slightly drops. At temperatures lower
than 300°C, lower selectivity may be explained by a
suppressed kinetics.

be due to the precision of the temperature
measurement or reproducibility in preparation.
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Fig. 3. Temperature dependence of the CO2conversion XCO2 for COG, the Sabatier-mixture, in
relation to the reference performance from figure 2.
The main reason for the efficient CO2-conversion
when using pure COG is a shift of the
thermodynamic equilibrium towards higher CO2conversions at lower temperature due to the H2surplus in the inlet gas [16].
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In figure 4, we also show the conversion of the CO
component in the COG, in relation to the CO2conversion. The conversion of CO is expressed as
equation (8), but now with nCO,in/ out.

Reactor Temperature (°C)

Fig. 2. Pure H2 and CO2, without COG:
Temperature dependence of conversion X, yield Y
and selectivity S for an educt gas stream in a
stoichiometric ratio of H2:CO2=4:1, compared to the
chemical equilibrium at 2bar (solid line).

Concerning the CO-conversion, both experiments
with COG show a maximum conversion of nearly
100% at 235°C. This indicates a preferred reaction
of CO according to equations (1), and (2) at
temperatures below 235°C and a subsequent
Sabatier reaction according to (3) at temperatures
higher than 235°C. Regarding the pure COG at first,
we find the CO-component already consumed
before the CO2 conversion sets in. This insight is
used when determining the composition of the
“stoichiometric” COG, the Sabatier-mixture with
additional 2.9ml/min CO2, see experimental part.

3.2 Coke oven gas (COG)
Figure 3 compares the conversion of CO2 for all
three setups: the synthetic COG and for the
Sabatier-mixture, compared to the experiments with
CO2 and H2 as sole input (Figure 2). During
conversion of synthetic COG, the highest CO2conversion of nearly 100% is already reached at a
temperature of 260°C. Thus, regarding CO2conversion, the direct conversion of COG represents
the most efficient of the three presented
experimental setups. Figure 3 further illustrates that
the temperature dependence of CO2-conversion is
nearly identical for the Sabatier-mixture and for the
reference educt gas composition of H2:CO2=4:1.
Thus nearly the same maximum conversion of
nearly 90% is reached at around 300°C in both
cases. A small shift in the maximum of
approximately 10°C (but same value for X) should
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This behavior is confirmed by investigations of [18,
19] for Ru, Rh, Pt and Pd catalysts. For CO/CO2, it
was shown, that hydrogenation of CO is the
preferred reaction until a certain temperature is
reached, depending on the catalyst.
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Fig. 4. Conversion of CO (circles) and of CO2
(squares) versus the temperature of the reactor. The
full lines represent the direct conversion of COG,
the dashed lines are representative for the
conversion of the Sabatier-mixture. The arrows at
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A significant selectivity for higher hydrocarbons as
ethylene (C2H4), ethane (C2H6), propene (C3H6) or
propane (C3H8) is known for noble metal catalysts,
at temperatures below 350°C [18, 19]. In order to
determine the yield of CH4, we perform an analysis
of the product gas composition with mass
spectrometry.
These mass spectra for COG are shown in figure 5A
and for the Sabatier-mixture in figure 5B. We show
the spectra at three different reactor temperatures, at
200°C, at 250°C and 300°C.
The formation of higher hydrocarbons is confirmed
by those measurements. At a temperature of 200°C,
the signature of higher hydrocarbons is clearly
visible for both measurements (A, B) as a sequence
of peaks at around 57, 71 and 85amu, split by
14amu. This sequence can be assigned to the
presence of hydrocarbons like buthene (56amu,
C4H8), buthane (58amu, C4H10), pentene (70amu,
C5H10), pentane (72amu, C5H12), or even hexene (84
amu, C6H12) and hexane (86 amu, C6H14).
At a temperature of 250°C, only a signature of
buthene/buthane at 56 and 58amu is present. At
300°C, also those peaks are vanished.
In the temperature interval between 200°C, 250°C
and 300°C, the signals of different species of lower
masses are superposed: at around 44amu, we have
are propane (44amu, C3H8) and/or propene (42amu,
C3H6), and residuals of CO2 (44amu). The signal of
around 28amu may be assigned to CO (28amu) and
to ethane (30amu, C2H6) and ethene (28amu, C2H4).
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Fig. 5. Mass spectra recorded at 200°C, 250°C and
300°C see figure 4: A: for synthetic COG. B: for the
Sabatier-mixture.
A further superposition at 44amu and lower is
caused by fragments of higher hydrocarbons. For
instance, buthane with 58amu has a main peak at
43amu, and only 12% of this main peak is located at
58amu [20].
If we compare the order of magnitude of the main
peak around 16amu (CH4) with the group at around
56/58amu, which is attributed to higher
hydrocarbons, we find a high selectivity towards
methane for all temperatures. Even for a low reactor
temperature of 200°C, we find a ratio of
p16amu/p56/58amu=104.
Thus, the selectivity for the formation of
hydrocarbons such as buthane is very low for both,
the pure COG and for the Sabatier-mixture. Or, in a
reverse way, the selectivity towards methane is near
100%, in both cases.
We have only one significant difference for pure
COG and for the Sabatier-mixture. A comparison of
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figure 5A and 5B reveals that the residual peaks
around 44amu at 300°C are lower for pure COG
than for the Sabatier-mixture. This results from the
lower CO2-conversion for the Sabatier-mixture
compared to pure COG as depicted in figure 4. The
remaining CO2 in the educt gas causes residual
peaks at around 44amu as shown in figure 5B.
The main result of the mass spectroscopic analysis
is a selectivity near 100% towards methane over the
temperature range from 200°C up to 300°C, only
with residuals of higher hydrocarbons.
In such a case, the calculation of the yield of
methane is simplified into YCH4  X CH4 , Because

In synthetic COG, first the CO-component is
converted into CH4, according to equations (1) and
(2). In a second step, the residual CO2 reacts into
CH4 in a the Sabatier-process. The maximum in
yield is reached already at 260°C, due to a shift in
the equilibrium for a surplus of H2.
Also for the Sabatier-mixture, the yield of CH4 is
higher at low temperatures than 260°C than for
clean CO2 and H2 (Reference, figure 2). For
instance, the reference yield for 250° (figure 2) is
only 25% and for the Sabatier-mixture, we find a
value near 90%. Of course, this is due to the
consumption of H2 and CO into CH4 for lower
temperatures as 260°C. The CH4 production is
assigned to equations (1, 2) of the chemical reaction
scheme. Thus in the case of a certain CO amount in
the inlet gas, the expected methane yield is higher
than for CO2 as sole carbon source.
To summarize: Our Ni-based catalyst shows very
high selectivities towards methane for synthetic
COG and COG with an additional CO2 input
(“Sabatier-Mixture). The CO/CO2 component of
synthetic COG is completely converted into CH4 at
a temperature of 260° for this catalyst. Also an
additional CO2 component is converted into
methane, but according to the Sabatier-reaction (3)
with lower equilibrium conversion and yield.
If we refer the catalytic performance of our Nibased catalyst to literature data for different catalyst
systems, based on noble metals, we have
comparable values for selectivity or maximum
conversion temperatures.
A study of the catalytic performance of Ru, Rb, Pt
and Pd based catalysts on Al2O3 substrates for the
methanation of CO, CO2 in their mixture has been
published by [18, 19]. It has been shown, that Ru is
the most active catalyst for the hydrogenation of
CO/CO2, but even for this catalyst, a significant
selectivity from 20 to 5% for ethylene (C2H4),
ethane (C2H6), propene (C3H6) or propane (C3H8) is
measured in the temperature range from 225°C to
300°C. In contrast to COG, the feed composition
was 1% CO, 15% CO2 and 50% H2 in He here [18].

we have a combined reaction of CO and CO2 into
CH4, we have to use the modified gas flows
nCO,CO2 in  nCO2 ,in  nCO,in and nCO,CO out  nCO ,out  nCO,out
With
a
selectivity
of
,
the




SCH 4  (nCH ,out  nCH 4,in ) /( nCO,CO ,out  nCO,CO ,in )  1
2

4

2

2

2

methane yield YCH4 is given by
YCH 4 

n CO,CO2,in  n CO,CO2,out
n CO,CO2,in

 X CO,CO2 (11)

only from the CO, CO2 flows. This is an advantage,
because if the CH4 content is measured in our
infrared sensing system for the yield, the signal
could be distorted. The infrared-filter used for the
identification of CH4 selects a range of 2900-3050
cm-1 in wavenumbers. This is also the typical
absorption range of hydrocarbons like ethylene
(C2H4), ethane (C2H4), propene (C3H6), propane
(C3H6) and higher [20]. As the IR sensor is not
calibrated for those hydrocarbons, the returned
signal could be flawed.
The yield for Y=X as a function of the reactor
temperature is shown in figure 6.
100

Yield CH4 (%)
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4 Summary, Conclusion
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COG may be used as an alternative source of
hydrogen for the production of methane via
conversion in a catalytic Sabatier process. Various
inlet gas compositions have been compared with
regard to their suitability for the Sabatier reaction
under the given boundary conditions. As reference
measurement, the conversion of a stoichiometric
CO2/H2 mixture has been investigated followed by
experiments with pure synthetic COG and COG
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Fig. 6. Yield of CH4 according to equation (11), for
pure COG and for the Sabatier-mixture.
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with added CO2 in order to achieve a stoichiometric
ratio of H2/CO2=4:1 for the Sabatier reaction
(“Sabatier-mixture”).
As catalyst for methanation, we use nickel catalysts
supported on SiO2/Al2O3 ceramics. The CO2
conversion reaches nearly 100% at 260° in nickelbased catalysts. The selectivity towards methane is
near 100% for synthetic COG and remains at this
high level for COG with additional CO2. When the
inlet gas composition is adjusted to get a Sabatierratio of H2/CO2=4:1, the CO2 conversion reaches
90% at 300°C. This opens opportunities for the
application of cheap catalysts for either COG
refinement or a reuse of CO2 from combustion
processes in power plants, steel production, or
cement industry.
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