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1. Abstract
There is a growing interest in the utilization of renewable resources to decarbonize industrial
sector mitigating the effects of climate change. Europe has ambitious plans to increase the
contribution of renewable net electricity generation by 2050. Under this scenario, it will be
essential to develop energy storage systems capable to overcome intermittency in electricity
production and to deal with huge storage capacities. One alternative is the use of Power to Fuels
technologies which uses excess energy to produce synthetic fuels. Power-to-Methane (PtM) is
one of the most versatile options and it converts surplus renewable electricity into synthetic
natural gas (SNG) by combining H2 from water electrolysis with CO2 through catalytic or
biological methanation. This technology has been proposed for carbon utilization converting the
captured CO2 into a ‘CO2 neutral’ natural gas. This work has two objectives. Firstly, it presents a
novel concept that is currently being developed at laboratory scale, the integration of oxyfuel
combustion that produces a pure CO2 stream with H2 coming from renewable sources to produce
SNG by methanation reaction. Secondly, it reports the results of another PtM application under
non-stoichiometric methanation conditions (H/C ratio>4) that could be an alternative to increase
the H2 injection in the gas network and facilitate the gas and electricity sector coupling.

2. Introduction
In recent years, several technological concepts to use CO2 as precursor in fuel synthetization
through electricity have been proposed [1][2][3]. These processes, known as power-to-X,
include power-to-gas (hydrogen, synthetic methane) and power-to-liquid (diesel, gasoline, jet
fuel…), and they are conceived to operate as energy storage technologies in future scenarios
when renewable energy sources are fully deployed [4]. These technologies overcome one of the
main disadvantages of the state-of-the-art energy storage technologies which is their low
capacity. Nevertheless, the main barriers for their feasibility are the high investment, the change
in infrastructures and the relatively low round-trip efficiency [5].
In power-to-hydrogen, excess grid electricity is converted to hydrogen through electrolysers. If
H2 is used together with CO2 in a methanation reactor, synthetic methane could be obtained.
Other chemical reactions, e.g. Fischer Tropsch, could be used to obtain liquid synthetic fuels
from H2 and CO2. In the latest years, the gas network infrastructure is considered as a possible
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storage reservoir of renewable energy with growth potential [6]. The hydrogen production
through power-to-fuel and its subsequent blending within the already existent gas infrastructure
is an example of electricity and gas sectors coupling [7], considered as an innovative and
effective decarbonisation option.
Actually, there are important project proposals for producing and using H2 after the European
Commission published the hydrogen strategy for a climate-neutral Europe [8]. A precise
roadmap towards 2030 and 2050 has been defined together with the creation of a complete
hydrogen ecosystem. Our work and proposal focuses on the combination of H2 with CO2
because there are a number of technical aspects still to be addressed given the significant
differences of hydrogen physical and chemical properties with respect to natural gas [9].
•

Detrimental effects on the infrastructure materials such as embrittlement [10]. It is
related to iron and steel pipes and causes the propagation of cracks in the pipework [11].

•

Gas leakages. Hydrogen has a propensity to leak from connections between fittings and
from sealants [12] and may represent an important energy loss.

•

Safety. Hydrogen has a wider flammability range due to the much higher flammability
limit than natural gas (75% versus 14%).

•

Quality management of the gas flows. Adding hydrogen to natural gas pipelines reduces
the energy delivery of the grid (on volumetric basis).

•

Final users’ appliances. Hydrogen presence impacts on the final users’ appliances, with
different degrees of severity according to the type of appliances themselves.

•

Gas meters and pressure regulators may also be impacted by hydrogen presence.

•

Underground gas storage. Hydrogen presence within the natural gas may have
potentially detrimental effects such as leakages, biochemical reactions and interferences
with minerals in the geological formations [13].

However, the effective recycling of this CCU (Carbon Capture and Utilization) method has been
called into in literature [14][15]. Some researchers have demonstrated the limited mitigation
potential of producing synthetic fuels due to the significant amounts of primary energy needed.
The main concern is the eventual emission of the captured CO2 into the atmosphere when the
synthetic fuel is used. The only way to avoid this CO2 release is through a cyclic use of CO2
[16]. That means the utilization of the fuel produced in the same installation that captures the
CO2.
Figure 1 shows that there is a net carbon emission to the atmosphere when CO2 originally comes
from a fossil source, and SNG is used in decentralized applications. The advantage of this
scheme is that renewable electricity (that would otherwise have been curtailed) can be used. If
biomass is used as primary energy input instead fossil fuels, then the synthetic fuel is CO2
neutral. If SNG is also used in the same or other centralised emitting source from which CO2 is
captured, then CO2 is really recycled [17]. It acts, thanks to the combination with hydrogen, as
an “energy carrier” of the system. This is called multiple reuses. In this case, power-to-gas could
be considered a valid technology for CCU. Several positive aspects can be highlighted in the
latter case: (i) the use of primary fossil fuel is reduced close to zero, so there is an important
CO2 emissions reduction (avoided emissions); (ii) CO2 is constantly recirculated and it is not
released to the atmosphere; (iii) the whole system mainly works with renewable energy [17].
This work aims (i) to present a novel concept for carbon reutilization in energy systems that
combines oxyfuel combustion (that produces a pure CO2 stream and used the O2 from the
electrolyser) with H2 coming from renewable sources to produce SNG by methanation reaction;
and (ii) to report the experimental results of SNG production under non-stoichiometric
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methanation conditions (H/C ratio>4) that could be a strategy to increase the H2 injection in the
gas network and facilitate the gas and electricity sector coupling.

Figure 1. Power to Gas and carbon net emissions relationship.

3. Process simulation. Methods
As presented, the remaining option for carbon reduction is the utilization of power-to-X
applications with CO2 reutilization in centralized power plants/industries. Under this hypothesis
there are additional boundaries that limit and highlight their practical application:
1.
Size. Considering specific emissions of 330 kgCO2/MWhth in a coal-fired boiler
(equivalent to 900 kgCO2/MWh in a power plant), a CO2 removal efficiency of 90% and 5.5
kgCO2/kgH2 needed for methanation, the necessity of hydrogen would be 54 kgH2/MWhth of
fossil fuel. The energy to produce this hydrogen is 2.57 MWhe/MWhth of fossil fuel. This
number shows the unfeasibility of using H2 as a strategy for CCU and synthetic fuel production
at large scale. If both systems run simultaneously, the electricity consumption of the PtG system
should be in the range of 2.5 MWhe/MWhth or 1.5 MWhe/MWhth depending on the fuel used for
carbon emissions (coal or natural gas) [17]. This conclusion has already been stated in previous
detailed studies [18], which proposed industrial applications as the upper-limit case for PtF.
2.
Operational hours. Evidently, power-to-gas installation could have smaller power
capacities, but operational hours would be larger than the operating hours of the CO2 emitter
installation. This idea, to find a balance between size and full load hours, has been previously
reported [19]. It is also important to notice that the hours with low electricity prices during the
year are also limited.
3.
From an energetic point of view, 171.4 MJ/kgH2 are necessary to produce 1 kgH2 in an
electrolyser with an efficiency of 70%. This energy should be covered with renewable energy to
feed green-H2 to the PtG system. Additionally, the energy required for carbon capture needs to
be included since CO2 is consumed in methanation. Considering amine scrubbing with heat
necessities of 3 - 4 GJ/tCO2 in the regenerator [20], and assuming that 5.5 kgCO2 are consumed
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per kgH2, the energy requirement for carbon capture is about 16.5 - 22.0 MJ/kgH2. It represents
a 13% of the electrolyser consumption and it is required in the form of heat instead of
electricity, so its impact in the overall efficiency is small [17]. Moreover, the heat released in
the methanation exothermic reaction can be used to provide this heat requirement to the carbon
capture process, thus minimizing or avoiding the energy penalisation.
4.
Regarding water demand, it is necessary (at least) 4 moles H2O to obtain 4 moles H2
through electrolysis, which are required to produce 1 mole CH4 through methanation.
Optimistically assuming that water from methanation is completely recovered, the water
necessities are reduced to 2 mol H2O per mol CH4. So, 36 kgH2O are required to produce 16
kgCH4. The energy content (LHV) of this SNG produced is around 800 MJ (16*50 MJ/kg). So,
between 0.05 and 0.08 kgH2O are needed per MJ of energy produced. [17].
The proposed PtM solution has been simulated to determine main mass and energy streams
needed in the system. The concept proposes the conversion of surplus electricity into SNG by
combining H2, from water electrolysis, with CO2, from oxyfuel combustion, through
methanation reaction. Electrolyser produces H2, the O2 (by-product) is used to meet the needs of
the oxyfuel combustion process avoiding the necessity and the energy requirement of an air
separation unit (ASU). The produced SNG may be stored and used to produce thermal energy in
the same installation under oxyfuel conditions to “close” the carbon cycle. This integration of
catalytic PtM and oxyfuel boilers represents an interesting option if thermal demands are
required.
3.1. Process simulation
The use of other options for CO2 capture and its integration in PtG systems is lack in literature.
Oxyfuel technology has only been considered in a limited number of works [21][22][23][24].
Figure 2 illustrates the schematic diagram of the hybrid concept. A source of renewable energy
supplies power to electrolysers which store a fixed amount of renewable energy as hydrogen
also producing oxygen as a by-product. If the power-to-gas system is properly designed this
oxygen could completely cover the fuel demand in the oxyfuel boiler, increasing efficiency of
this process since the ASU power consumption is eliminated. Additionally, methanation takes
place between the flue gas and the hydrogen from electrolysis to produce synthetic natural gas.
Besides the heat recovered from the oxyfuel boiler, a significant amount of thermal energy is
generated from the exothermic reaction in methanation reactors. This extra available heat could
be integrated in other thermal processes.

Figure 2. Power to Gas and carbon net emissions relationship. [23]
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3.2. Simulation results
A feasible PtM-oxyfuel process can be designed to satisfy industrial thermal requirements from
renewable energy. It uses the O2 from the electrolyser in an oxyfuel boiler. Taking as a
reference a boiler that uses 1 kg of natural gas in a boiler with 94% efficiency (thermal demand
47 MJ), results show that thermal energy from methanation can be used in the boiler to reduce
the primary CH4 consumption.
In Fig. 3, the oxy-fuel power to gas system is presented. In this example [17], the use of CH4
input is reduced to 0.092 kgCH4, which is mixed with the recycled SNG (0.827 kgCH4) to
deliver the 47 MJ in a 94% efficiency oxy-fuel boiler. The CO2 produced is 2.528 kgCO2, which
is lower than in previous cases as the fuel consumption has diminished. With the assumption of
90% capture efficiency, 0.253 kgCO2 are emitted and 2.275 kgCO2 are used in the methanation
stage. 0.414 kgH2 is required from renewable sources, so these necessities are 71.0 MJ.
Summarizing, the energy input amounts 75.6 MJ and the energy output 47 MJ, leading to an
overall efficiency of 62.2%, including the boiler. Specific CO2 emissions are 5.38 g CO2 per MJ
produced in the boiler. There is a small additional requirement for O2 of about 0.165 kg of total
necessities of 3.474 kg. Assuming an ASU specific consumption of 200 kWh/tO2 [25], its
energy requirement is 119 kJ.

Figure 3. CO2 recycling PtG with oxy-fuel combustion used in industrial processes [17].

With CO2 recycling PtG and oxy-fuel combustion, the system is smaller and presents better
energy efficiencies, curtailed renewable energy necessities for the H2 production and CO2
emissions. This CO2 recycling configuration is able to satisfy thermal demands of industrial
process without CO2 emissions and reducing dependency of external fossil fuels. It will allow
[17]:
•

Deployment of renewable energy utilization and storage.

•

Deployment of H2 as energy vector and energy storage vector.

•

Deployment of carbon capture technologies to have a feasible carbon source.

•

Use of excess renewable energy with high efficiency.

•

Decarbonisation of industry sector based on thermal energy (as power sector will be
decarbonised in a medium term due to high renewables penetration).
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4. Experimental activities.
4.1. Methanation test facility description.
The lab-scale methanation facility, Fig. 4, to experimentally determine carbon conversion in
methanation reaction is composed of a fixed bed reactor (with electrical heating and air
cooling), a ceramic heater to preheat the mixture of reactants up to 300-400 ºC at atmospheric
pressure, CO2 and H2 mass controllers, a condenser coil to remove the produced water and a
burner to oxidize the resultant fuel mixture (H2 and CH4) [26]. The reactor has an air cooling
system to control the reaction temperature. It consists of a concentric pipe with parallel flows,
being 100 mm the outer diameter of the shell. For cleaning and heating purposes, the facility
also includes a N2 inlet. Pressure, temperature and mass flows are measured with standard
instrumentation at different points of the installation, while the gas composition is measured
with a gas analyser before and after the methanation stage. The operation parameters, in
particular mass flows of reactants, are controlled by an advanced Labview system, which also
records the on-line measurements.

Figure 4. Methanation test facility.

The reactor is a “double pipe” design with parallel flows (air as cooling fluid in the outer side)
and equipped with two CaF2 crystal viewports. The reaction takes place in the inner duct (590
mm height, 33.4 mm inner diameter, 4.45 mm thickness) where the catalyst is located. A
commercial Ru-based catalyst (Sigma-Aldrich 206199) has been used in the form of pellets of
alumina impregnated with Ruthenium (0.5 wt% Ru/Al2O3), supported by quartz wool. H2 and
CO2 are supplied from bottles to avoid undesired impurities inside the reactor. Hydrogen flow
ranges from 335 to 1796 l/h, equivalent to 1-5 kWH2 input, while CO2 flow varies from 84 to
446 l/h.
4.2. Experimental results
The objective of the experimental campaign was to find stationary operation points which lead
to steady carbon conversions in the reactor and approximately constant temperatures at the
thermocouples located in the fixed bed reactor. Carbon conversion was calculated with the
information provided by the gas analyser located after methanation, while the reaction
temperatures were on-line registered and graphically shown by the Labview system.
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The reactor was heated up to near 200°C by means of electric resistances and a preheated
nitrogen flow was used to heat up and homogenize reactor temperatures. The catalyst activation
with hydrogen was carried out during 35-50 minutes. After that, the electric resistances were
turned off and stationary states were searched under different operation conditions.
For this test 100 grams of Ru-based catalyst (Sigma-Aldrich 206199) were used in the reactor.
Ten steady operation states of methanation were established without requirements of external
cooling. The main operation parameters are showed in Table 1 [9]. In all cases the CO fraction
is lower than 0.15%. In the reactor, there is temperature profile caused by the exothermic
methanation reaction. The average temperature (Ta) of the methanation zone is shown in the
Table 1. No important temperature differences are observed in the reaction zone.
For stoichiometric methanation (molar H2/CO2 of 4.0) and ideal operation conditions, the
maximum CO2 conversion is expected to be 87.5% with outlet CH4 concentration of 58.3%vol
dry basis. The base case with stoichiometric molar ratio was established for 1 kWLHV: mole flow
of H2 and CO2 set approximately at 30.4 g/h (15.2 mol/h) and 167.2 g/h (3.8 mol/h),
respectively. From that case, the molar ratio is increased while keeping constant GHSV (Gas
Hourly Space Velocity) until full conversion to methane is achieved.
As it can be observed in Table 1, for a ratio H/C= 4.04 an experimental conversion of 81.9%
was achieved which is quite close to the equilibrium. It is necessary to emphasize that the
methanation was carried out with a single reactor in a single stage and without gas recirculation.
In this test the outlet flow has 50.3%vol of methane but there is a fraction 11.1% of CO2 in the
produced synthetic gas, what makes it inappropriate to be injected into the natural gas network.

1

4.04

Table 1. Summary of experimental conditions and results [9].
OUTPUT MOLE
INPUT MASS
FRACTION (dry basis)
CO2
GHSV H2
CO2
H2
CO2
Ta
CH4
Conv
(l/h/g)
(g/h)
(g/h)
(ºC)
(%vol)
(%vol)
(%vol)
(%)
4.21
30.1
164.1 358
81.89
50.9
11.3
37.9

2

4.21

4.33

31.1

161.1

351

84.45

48.9

9.0

41.4

3

4.39

4.36

31.7

159.0

349

89.14

49.8

6.1

44.1

4

4.46

4.26

31.1

153.3

351

89.98

49.2

5.5

45.3

5

4.76

4.23

31.2

144.3

354

93.05

49.3

3.7

47.0

6

5.00

4.47

33.3

146.4

359

95.45

44.5

2.1

53.4

7

5.28

4.48

33.6

140.0

359

97.52

41.9

1.1

57.0

8

5.65

4.35

33.0

128.6

348

99.92

36.1

0.0

63.9

9

5.73

4.51

35.6

121.3

358

100.00

30.3

0.0

69.7

10

6.38

4.47

34.5

119.0

351

100.00

30.4

0.0

69.5

Test
molar
H2/CO2

As the H/C ratio increases, so does the conversion of carbon dioxide. In these experimental
tests, the amount of hydrogen supplied was maintained approximately constant, increasing the
H/C ratio through the proper reduction of the CO2 injected into the mixture. In these
experiments, the molar fraction of CH4 in the produced synthetic gas decreases as expected
because of the scarcity of CO2. However, the objective of these tests is not to reach the
maximum conversion rate, but to reduce the CO2 concentration in synthetic what in fact is
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observed. Under all of these conditions the temperature of the reactor remained relatively
constant around 350 °C.
For a ratio H/C of 5.0 the carbon conversion increases up to 95.5%. The content of CO2 in
syngas has already dropped to 2.1%, and CH4 and H2 volume fractions are 44.1% and 53%,
respectively. Finally, for a ratio H/C of 6.4, a total conversion of carbon is achieved and any
trace of CO and CO2 in the synthetic gas produced is removed. In such case, the concentrations
of CH4 and H2 are 30.4% and 69.5%, respectively. This operating point is the objective pursued
in this work. The injection of the synthetic gas in the natural gas network will have fewer
limitations than the injection of the same flow of pure H2.
From H/C ratio of 5.0 to 6.4 there are intermediate points with impurities (mainly CO2
concentration) in the synthesis gas between 0 and 2%. The case of H/C ratio of 5.65 is
interesting as the CO is completely eliminated and the CO2 content is less than 0.1% while there
is a significant concentration of CH4 close to 36%. The results show that with a technically
simple and economically feasible methanation stage, CO2 can be used to reduce the limitations
to the injection of renewable energy via H2 in the natural gas network.

Figure 5. Comparison between ASPEN simulation and experimental results [9].

5. Conclusions
PtM with CO2 recycling is able to satisfy thermal demands of industrial processes without CO2
emissions. It will allow the deployment of renewable energy utilization and storage, the
utilization of H2 as energy vector and the decarbonisation of industry sector.
In order to prevent local H2 concentration and maintain values below the limits of European
regulations when injecting H2 to the gas grid (between 0.1 and 10% in volume depending on the
country, Germany 10%, France 6%, Spain and Italy 5%, Austria 4% and Switzerland 2%), it is
proposed a PtM with non-stoichiometric methanation (H2/CO2 ratio > 4). This work has
included experimental characterization of this idea to select the optimal H2/CO2 ratio, and
results have shown that could be an alternative to increase the H2 injection in the gas network
and facilitates the gas and electricity sector coupling.
The experimental tests were carried out in a fixed bed reactor containing 100 g catalyst (0.5
wt.% Ru/Al2O3) at 350 ºC and 4.35 l/h/g gas hourly space velocity. The H2/CO2 molar ratio was
varied between 4 and 6.4 (i.e., 1.00 to 1.15 kW of H2), obtaining CO2 conversions from 81.9%
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to 100%. Experimental conversion was also validated through simulation in Aspen Plus,
obtaining less than 2.2% relative error. The unreacted CO2 becomes negligible in the final
mixture when the H2/CO2 reactants ratio is above 5.5, what is advisable due to the strict
limitations on CO2 blending (<2.5%) of European regulation. At this operating point (5.5
H2/CO2 ratio), 4 kg of CO2 per kg of H2 are required (i.e., 84 kg/h CO2 per MW of electrolyzer,
assuming 70% electrolysis efficiency). The higher the H2/CO2 ratio, the lower the CO2 mass
flow requirement. It should be noted that complete conversion is achieved in a single reactor,
therefore the complexity of the process is reduced (design, control and operation), facilitating
the economic viability of the concept.
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