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A B S T R A C T

The traditional pathway of electrolysis based power-to-methane systems consists of water (liquid or vapor)
electrolysis followed by CO2 methanation. The use of solid-oxide electrolysers allows an alternative pathway,
i.e., steam and CO2 electrolysis followed by syngas methanation which can be more efficient than the
traditional pathway but requires additional considerations related to cost and operation. The operation
of an evaporating water-cooled CO2 methanation reactor in syngas methanation is first validated: (1) H2
concentrations between 10.3 and 21.0 % are measured with the lowest concentration occurring at higher
reactant pressure and cooling water pressure and lowest reactant flow rate. (2) Increasing the CO concentration
in the reactant, while supplying the stochiometric ratio of H2 and a ratio of H2O to CO of 1, increases the
measured hot spot temperature but it remains under 700 ◦C. However, the changes in H2 concentration at the
outlet are within the error of the injected reactant.

Furthermore, an idealized power-to-methane system is analyzed, using various system layouts, to identify
the impact of the steam production’s energy source, as well as the additional steam requirement for syngas
methanation, on the system’s heating value efficiency and on the key operating variables. Restricting the
internal steam production to the cooling system of the reactor causes a decrease in maximum efficiency from
94.1% to 91.1%. Directly compressing the humid mixture to be injected into the reactor as it exits the solid-
oxide electrolyzer partially alleviates the stress of restricting the evaporation process to reach a maximum
efficiency of 92.4%. When including heat losses in the reactor, avoiding the condensation offered a gain of up
to 1.2% compared to condensing the water before the compression step.
1. Introduction

Since the discovery of the Sabatier reaction in 1902, the work
related to methanation has been focused primarily on CO methanation
for the gas cleaning in ammonia and hydrogen production [1–3]. The
development of CO2 methanation was a by-product of the work on
CO methanation. The development of syngas methanation is motivated
by the solid-to-gas pathways such as biomass gasification followed by
syngas methanation [4]. However, as presented theoretically by Wang
et al. [5], a solid oxide electrolyzer (SOE) in co-electrolysis followed by
syngas methanation (Eqs. (1) & (2)) is an alternative Power-to-methane
(PtM) with higher peak theoretical efficiency compared to the steam
electrolysis-CO2 methanation pathway. Given the reversibility of the
SOE, the possibility of using CH4 directly in the same system but in
fuel cell mode, and the high theoretical electrical [6] and co-generation
two-way efficiencies, this technology is a valid alternative to batteries
for seasonal storage of renewable electricity. Mebrahtu et al. [7] tested
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the concept of coupling a SOE in steam and CO2 co-electrolysis oper-
ation by performing syngas methanation in a reactor using ratios of
CO2 and CO, which could be obtained using the SOE based on their
co-electrolysis experimental results. Their methanation experiment was
completed on Ni-Fe/(Mg,Al)Ox and commercial Ni/AlO3 catalysts.

CO2(g) + 4H2(g) → CH4(g) + 2H2O(g), 𝛥𝐻(298K) = −165 kJ∕mol (1)

CO(g) + 3H2(g) → CH4(g) + H2O(g), 𝛥𝐻(298K) = −206 kJ∕mol (2)

CO2(g) + H2(g) → CO(g) + H2O(g), 𝛥𝐻(298K) = 41 kJ∕mol (3)

According to Gao et al. [8], the methanation of CO2 would consist
of the Reverse-Water-Gas-Shift followed by the methanation of CO:
many authors support this theory [9–12]. Other researchers, however,
propose pathways through which, for example, carbonates and formate
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species are intermediary steps. Lately, the development of in-operando
DRIFT allowed further insight into reaction pathways; depending on
the catalyst, support and preparation method both paths were ob-
served [13,14]. Takano et al. [15], who presented a precursor version
of the catalyst used in this study, proposed the CO2 methanation to oc-
cur through a carbonate-formate pathway. This selection was based on
previous measurements (Fourier-transform infrared spectroscopy and
Temperature-programmed desorption), performed by others [16–19]
on various crystal formations of ZrO2 supported Ni. More measure-
ments have been performed since these publications that support the
formate pathway [14,20] for Ni/ZrO2 catalyst with both monoclinic
and tetragonal lattices manufactured by calcination. However, the
proposed pathway avoids the carbonate formation by making the CO2
bind to a hydroxide group on the support instead of a vacancy and
oxide pair. Conversely, the formate species could be spectators [21] or
even an intermediary step to the formation of CO [22].

In the case of syngas methanation, the presence of CO at the inlet
results in the three reactions occurring in the reactor independently
of the CO2 methanation pathway. The outlet reactor composition is
the summation of the kinetics of each reaction as a function of tem-
perature and pressure. The relative kinetic of CO methanation vs. CO2
methanation is dependent on the catalyst, the support, the promoters,
the preparation method and the operating conditions [9,16,22–24];
the CO2 methanation can be more reactive under certain conditions
[16,25]. According to the work by Le et al. [26], CO methanation is
more reactive than CO2 methanation on Ni/ZrO2 while the opposite
occurs with Ni/CeO2, the latter trend being caused by high levels of
CO2 adsorption even at low temperatures using CeO2. Furthermore,
CO2 methanation is not favored while there is still CO available [1,11,
22,25], even with 30 ppm CO at 227 ◦C on Ni/SiO2 [11], which was
simulated using microkinetic modeling by Schmider et al. [22]. Also,
the CO2 concentration increased through the WGS reaction until the
complete conversion of CO.

The methanation of CO presents a greater risk of catalyst deacti-
vation compared to CO2 methanation. The higher exothermicity of CO
methanation intensifies the risk of sintering due to higher hot spot. The
stochiometric feed of CO methanation has lower ratios of H/C and O/C
resulting in greater risk of carbon deposition at lower temperatures
(450–700 ◦C) through reactions such as the Boudouard reaction as
identified by the thermodynamic analysis by Gao et al. [8]. Gao et al.
analyzed CO and CO2 methanation by calculating the equilibrium con-
centrations as a function of temperature, pressure, stochiometric ratio
and added steam content. In the thermodynamic analysis, the carbon
formed was assumed as a condensed specie. A more detailed analysis
of C-H-O ratios to form carbon deposits for various temperatures and
pressures was presented by Jaworski and Pianko-Oprych [27]. The
authors identified that the effect of pressure was dependent on the com-
position. For that reason, Gao et al. [8] identified the opposite effect of
pressure when focusing on methanation compositions (4 H2:CO2 and
3H2:CO). In Fig. 1, the case of CO methanation with and without steam
shows the former outside the carbon deposition region for temperatures
between 450 to 700 ◦C. However, McCarty and Wise identified carbon
formation at lower temperatures even though it is thermodynamically
unfavored [28,29]. Regarding the kinetics of carbon deposition, Ni is
prone to carbon deposition, but the support being composed of ZrO2
can decrease the rate of carbon deposition [14,30,31]. In addition,
at low temperature and with high CO concentration, certain metal
catalysts, such as Ni, will produce carbonyl species causing the loss of
catalyst with the metal leaving in the gas phase or deactivation through
‘smoothing’ and sintering [28,32].

The internal reforming capabilities of solid-oxide cells (SOC) in
fuel cell mode are exploited in commercial units. However, the re-
verse reaction, production of methane internally, is still limited to
a research level unit even though this capability has been known
for over a decade. While varying the methane concentration in their
internal reforming experiment, Timmermann et al. [33] identified a
2

Fig. 1. Ternary diagram for 30 bar A.
Source: Modified from Jaworski
et al. [27].

net production of methane at low methane inlet concentration and
low temperature (650 ◦C) rather than a net reforming. Furthermore,
the outlet concentration followed the thermodynamic equilibrium in-
dicating that the operating conditions (pressure and temperature) are
the limiting factor rather than the kinetics at the current operating
conditions and flow rates. Internal methanation occurs in the SOE in
the presence of hydrogen and carbon in the form of CO2 and CO, with
the highest rate of reaction occurring with CO. During co-electrolysis of
steam and CO2, internal methanation is promoted from the formation
of hydrogen though the electrochemical dissociation of H2O and the
formation of CO from both the electrochemical dissociation of CO2 and
the chemical transformation resulting from the reverse-water-gas-shift
reaction. Nevertheless, internal methanation increases the internal heat
generation, and thus, a new method to extract heat might be needed
such as the one presented by Zeng et al. [34] who implemented high
temperature heat pipes in a solid-oxide fuel cell (SOFC).

Increasing the pressure while decreasing the temperature improves
the methane equilibrium concentration. Consequently, lowering the
temperature and pressurizing the stack are required to reach sufficient
level of internal methanation for practical uses. Biswas et al. [35]
provided a detailed review on materials, geometry etc. of methane
production including through SOE based systems. The authors com-
pleted their review with a high level comparison of estimated system
efficiencies of five pathways and concluded that the case of high
temperature co-electrolysis with internal methanation had the highest
potential efficiency. Xiufu et al. performed a thermodynamic analysis of
the direct synthesis of methane and dimethyl ether inside a SOE [36].
The authors propose operating at higher temperature to avoid carbon
formation which is further promoted on Ni catalyst.

Steam electrolysis and co-electrolysis of steam and CO2 under pres-
surized operation has been investigated experimentally at high tem-
perature on single cells at 800 ◦C [37,38] and on stacks [39–41].
On the single cell level, Bernadet et al. tested Ni-YSZ/YSZ/CGO-LSCF
cells between 1 and 10 bar A. In both modes, the increase in pressure
resulted in an increase in the OCV, but a decrease in concentration over-
potential; increasing the limiting current. The authors hypothesized
that the relationship is due to the improvement in mass diffusion with
pressure. What is not mentioned is the increase in the current in co-
electrolysis due to internal methanation, making higher amounts of
O2− anion available for transport. The measurements were used to
develop two versions of a code that uses kinetic models to estimate
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the rate of various reactions. Yet, the co-electrolysis version of the
code underestimates the methane production. Furthermore, the code
was used to develop an operating map for a fixed cell voltage and a
constant pressure of 1.3 V and 10 bar A, respectively, while varying the
temperature between 700 ◦C and 800 ◦C. Their analysis was limited to
above 700 ◦C to avoid carbon deposition which is thermodynamically
favored under this limit, depending on the flow composition. During
the experiment in co-electrolysis mode, and in the related operating
map, the methane dry gas composition at the outlet was limited (< 8%)
due to such high temperatures. With higher over-voltage, their simula-
tion limited the methane formation at lower temperatures by the use
of constant voltage, leading to lower the current density.

On the stack level, Jensen et al. [39] performed a reversible oper-
ation of a pressurized solid-oxide 30 cells stack at 700 ◦C. An initial
characterization of the stack was performed in both steam electrolysis
and fuel cell modes with 50%/50%, the pressure was increased to
18.7 bar A in multiple steps, and for each, IV and EIS measure-
ments were taken. Similarly to Bernadet et al.’s observation, with
pressurization, the OCV voltage increases and the polarization resis-
tance decreases. However, the EIS spectrum shifts towards the lower
frequency indicating a worsening of the ohmic resistance, contradicting
the results from Wu and Shy [42], and the authors’ justification is a
possible loss in contact. A significant quantity of air was then found to
be leaking into the fuel side, and with post-test SEM imaging indicating
contact losses, cracks in the electrolyte and the oxygen electrode, de-
lamination and oxidation of the fuel electrode, the remainder of the test
is questionable. On the other hand, Riedel et al. also recorded pressur-
ized performance and durability tests [40,41] of a stack composed of 10
electrolyte supported cells and a stack of 10 electrode supported cells in
steam electrolysis, CO2 electrolysis, and steam and CO2 co-electrolysis.
In their durability test of 1000–2000 h, pressurized operation increased
the degradation due to the increase in Ni migration such that the fuel
electrodes became slightly insulating. The degradation was worst for
co-electrolysis compared to traditional steam electrolysis. The authors,
however, mention that the length of the tests are insufficient to state
the impact of pressure on long term operation. The CH4 composition
at the outlet of the stack in co-electrolysis mode followed closely the
thermodynamic equilibrium. However, as the stacks were operated
above 750 ◦C and with pressures under 8 bar A, the maximum methane
concentration of only approximately 7% could be reached. In terms
of performance, increasing the pressure improved the fuel electrode
supported stack’s performance while having a limited impact on the
electrolyte supported stack. The improvement of the performance of
the electrode supported cells could be due to a decrease in the mass
diffusion limitation as hypothesized by Bernadet et al. [37,38] while
electrolyte supported cells have lower mass diffusion limitation due
to the thinner electrodes. For both stacks, regardless of the pressure,
the performance was best for steam electrolysis and worse for CO2
electrolysis.

Providing the optimal conditions for internal methanation would
allow the majority of the methane to be produced inside the SOE.
However, the methanation process is not required to occur at the
TPB, and even in the electrode. As a consequence, the cell geometry
can be modified to maximize catalytic potential without affecting the
electrochemical performance. Baxter et al. [43] tested a YSZ electrolyte
button cell at 450 ◦C and improved the CO2 conversion by a catalyst
layer on top of the cathode and inside the outlet tube. However, a ratio
of H2 to H2O of 4 was fed to compensate for the very low electro-
chemical performance of the YSZ electrolyte at such low temperatures.
Furthermore, some of the CO2 conversions measured were also inflated
by the use of a H2 to CO2 feed ratio of up to 11.

Many researchers have simulated cells and stacks under pressurized
operation [5,37,38,44–48] as either stand alone units or as part of
different systems. A modification to the traditional stack geometry was
presented by Chen et al. [46] that simulated a solid-oxide electrolyzer-
3

Fischer–Tropsch (SOE-FT) reactor consisting of a single ceramic cell, o
but with a negative thermal gradient along the length of the cell.
At the inlet, where the temperature is high, an anode electrode is
used to perform electrochemical reaction while in the section closer
to the lower temperature outlet, no anode is located on the other
side of the electrolyte. In the second region, the negative temperature
gradient results in methane production being favored. The advantage
of this method is the decoupling between cell temperature and methane
production compared to internal methanation. The higher temperature
region improves the electrochemical performance through limiting the
over-voltage resulting in the increase in the methane production due
to larger quantity of syngas generated for the same applied voltage. In
addition, the required pressure of the system to reach the same level of
internal methanation is lowered as the equilibrium conversion increases
through the temperature gradient rather than by the pressure. On the
other hand, their simulation indicated a saturation of the methane yield
happening at roughly 2.7 bar A due to the fixed applied voltage which
limited the hydrogen production.

Kazempoor and Braun [48] used their SOEC model to analyze the
effect of the ratios of S/C and H2O/CO2, inlet temperature and current
density on the stack power consumption and outlet compositions. Some
of the important conclusions identified by the authors are: (1) the
RWGS reaction causes significant dependencies of both outcomes on
the operating conditions and (2) CO2 rich fuel and low S/C increase
the power requirement of the stack. The effect of the CO2 content in
the inlet gas is in accordance to the work by Riedel et al. [40].

In a previous work [49], an evaporating water cooled reactor using
approx. 1.1 L of packed cylindrical pellets of Ni/ZrO2 catalyst was
developed for CO2 methanation (Eq. (1)). This reactor is to be cou-
pled to a solid oxide electrolyzer in a power-to-methane (PtM) system
under steam electrolysis-CO2 methanation operation. The alternative
o-electrolysis operation of the SOE in the final coupling will be inves-
igated. Consequently, the safe and efficient operation of the reactor in
yngas methanation operation must also be validated.

In the experiment by Mebrahtu et al. [7], the micro-reactor was
laced inside an oven to maintain a fixed temperature, and thus, the
ffect on the reactor temperature is limited. In this manuscript, the
eactor developed previously [49] is first tested for syngas methanation
ith varying ratio of CO/(CO+CO2) to verify the effect of the CO on the
ot spot and on the outlet concentrations. The operation included the
njection of steam with the reactant with a constant ratio of 1 mole of
team per mole of CO to avoid carbon deposition, and this decision can
ffect the system’s response. Therefore, the impact of the injected steam
n the system’s performance is investigated. As the PtM system in which
he methanation reactor will be used is under development, the effect of
he steam can only be assessed through a series of system simulations,
uilding upon the work by Wang et al. [5,6,50,51] that injected dry
as mixtures in their isothermal equilibrium reactor. The effect of the
team injection in the reactor, and of its source, on the performance and
peration of the system are examined. The theoretical system layout
as also changed to avoid the condensation at the outlet of the SOE,
nd thus, use the remaining steam to fulfill the requirement at the inlet
f the reactor. Further stress is also introduced to the final two system
ayouts by including the estimated reactor heat losses identified during
he experiment. The aim is to assess the impact of the added steam
eneration, limiting the evaporation process to the reactor’s cooling
ystem and heat losses on the overall efficiency and on the operating
trategies (optimal operating variables).

The descriptions of the experimental setup and operating conditions
f the reactor followed by the system simulation based on the previous
orks [5,6,49–53] are presented in Sec. 2. In the result section, (Sec. 3),

he temperature profile, outlet composition and steam generation are
iscussed in Section 3.1 while the comparison of the PtM layouts and

perating strategies is discussed in Section 3.2.
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Fig. 2. Simplified schematic of the methanation reactor with BoP, adapted from Aubin et al. [49] to include the evaporator, with permission from Elsevier, copyright 2023.
2. Methodology

2.1. Syngas methanation operation

The system shown in Fig. 2 designed for CO2 methanation, was
introduced by Aubin et al. [49] with a 5–8.5 kWHHV H2 (in CO2
methanation operation) reactor and an added evaporator at the inlet.
The reactor consists of a concentric shell and tube with the Ni/t-
ZrO2 catalyst pellets located in the central tube. The catalyst bed has
a diameter of 31.5 mm and comprises of two reactive sections (0.4
and 1.1 m in lengths) separated by an inert region of 10 cm for a
possible second injection of reactant. A 20-measurement multi-point
thermocouple is placed along the central axis of the reactor to measure
the temperature profile and capture the hot spot.

As the coupling between the SOE and the reactor is under develop-
ment, the characterization of the reactor is performed using pressurized
H2 and CO2 bottles with flow rates controlled using mass flow con-
trollers. In addition, the recovery of the heat available at the outlet of
the reactor to preheat the reactant has yet to be introduced, and thus,
the entirety of the preheating is completed using a helical tube placed
inside a radiating oven. At the outlet of the reactor, the product gases
are condensed and the water is separated using a pressurized separator
with an automatic floater-valve mechanism. The dry-gas concentrations
are measured using a microGC 490 from Agilent Technologies®. In the
cooling loop, two VGS040 pumps from Verder®are used as a make-up
pump and a recirculation pump. Heating the make-up water, the re-
circulation loop and the vapor line are completed using heating cords.
The three flow meters (2 liquid water and 1 vapor) in the water system
are Coriolis flow meters from the Promass series of Endress + Hauser®.

The analysis performed by Gao et al. [8] is repeated using the HSC
GEM software for CO methanation with three cases of steam content
and is presented in Fig. 3. Without steam, carbon formation can be
favored inside the reactor if the hot spot reaches above approximately
4

500 ◦C. The addition of steam can prevent carbon formation and
the H/C/O ratio to be injected should be optimized for the specific
reactor as the kinetics of carbon formation depends on the catalyst.
However, to ensure that the thermodynamic equilibrium does not favor
carbon formation, as presented, a ratio of H2O /CO of 0.5 should be
sufficient to ensure no carbon deposition. In addition, at the outlet of
an SOE in co-electrolysis mode, the outlet composition also consists
of a significant amount of CO2, and thus, the gas mixture (before
and after condensation) is further from the carbon formation region.
Nevertheless, a surplus of steam can be injected to ensure no local
carbon formation occurs if the mixture concentration varies spatially.

The manufacturer of the catalyst pellets used in the reactor advises
the injection of at least 1 mole of steam per CO, even though the
thermodynamic indicates that this solution is excessive. Consequently,
with this steam feed, the H/C/O ratio at the inlet of the reactor is the
same as CO2 methanation: thermodynamically, the final state should
be the same. However, the injection of CO2 moves the equilibrium
away from carbon formation. Gao et al. [8] also simulated a mixture
with a ratio of 1CO:1CO2 without steam, but with the stochiometric
quantity of H2, and found no carbon deposition at the thermodynamic
equilibrium. The steam requirement can vary depending on the mixture
generated by the SOE. Therefore, the possible mixtures at the outlet of
the SOE must first be identified.

Thermodynamic equilibrium calculations have been used to esti-
mate the outlet concentration of an SOE in co-electrolysis [36,54].
In the limited literature with concentration measurements [7,39,41,
55–57], the deviations from the equilibrium vary depending on the
operating conditions: current, reactant mixture, cells materials, cells
structure, pressure and temperature. However, the deviations are lim-
ited as the kinetics of each chemical reaction (WGS, primarily, but also
the methanation reactions) at the operating temperature of the SOE
are such that they will compensate for the relative level of reduction
of CO and H O, which also varies with the same parameters listed
2 2
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previously. As the concentration measurements are the summations of
the electrochemical and chemical reactions, attempts at quantifying the
relative contributions of the CO2 reduction and the RWGS reaction
in the production of the CO have been performed [56–59]. Some of
the conclusions are: (1) both pathways are present with the RWGS
potentially being the primary contributor, (2) the relative contributions
are dependent on the cell materials and cell structures, (3) using excess
H2 at the inlet will increase the contribution of the RWGS reaction, and
(4) increasing the utilization factor increases the contribution of the
direct reduction of the CO2. Lastly, a large variety of mixtures of CO,
CO2, H2 and CH4 can be obtained with a single system by varying the
operating conditions [7,36,54,60].

An example of thermodynamic equilibrium concentration as a func-
tion of the SOE utilization factor is presented in the supplementary
document. Regardless of the production of CO and CH4, the modular
number (H2-CO2)/(CO+CO2) at the outlet of the SOE should be equal to

to satisfy the stoichiometry of the methanation reactions. Therefore,
or a specific cell outlet temperature and reactant flow rate, there
s only a single utilization at which the modular number is ideal.
dditionally, in this example, the carbon deposition is not favored,
ut depending on the temperature, the pressure, the CO2 injected and

the utilization factor, carbon deposition is a possibility [60]. Also, for
the conditions simulated, the quantity of CH4 that can be produced is
limited until a high utilization factor is reached.

With respect to the reactor’s response, the carbon deposition at equi-
librium in the reactor is also presented in the supplementary document.
In this case, the water is separated from the SOE’s product before the
injection of the dry gases in the reactor, and the ratio of CO/(CO+CO2)
s varied from 0 to 100%. There is a risk of carbon deposition at the
ot spot due to local change in composition, and even the possibility
f carbon formation outside the range where it is thermodynamically
avored [28,29]. In addition, the operation of the reactor with dry gases
nd at low pressures has high risk of carbon deposition if the percentage
f CO is higher than approx. 50% and 85% at 1 bar A and 5 bar A,
espectively.

In the experiment, the range in the ratios of CO and CO2 are
iven by (1) the lower limit of the evaporator used for the injection
f steam with the reactant, and (2) setting the minimum flow higher
han 10% of the capacity of the mass flow meters in the installation.
herefore, the ratios of CO : CO2 were set at 0.2 : 0.8 and 0.7 :
.3. In the example of a cell at thermodynamic equilibrium presented
n the supplementary document, the second mixture coincides to an
tilization factor of approximately 80% where the modular number
5

s at the stochiometric value 3. However, at the outlet of the SOE,
igher percentage of CO could occur at high utilization factor (> 80 %),
here the PtM system would be at its highest efficiencies [5,6,50–53].
onsequently, the utilization factor of the SOE would be maximized
hich can result in CO percentages reaching above 80% where carbon

ormation is thermodynamically favored at the potential temperature
evel of the hot spot and within the operating pressure range of the
eactor. Even though the ratios are limited to the region of unfavorable
arbon deposition, for consistency with the operation of the SOE at
igh utilization factor and to avoid risk of carbon formation from local
hange in the composition, a ratio of H2O :CO of 1 is maintained
hroughout the experiment.

The experiment design consists of an orthogonal matrix with two
uplicates at the center and an extra point which differs from the
uplicates by a single factor. The tested operating ranges of the vari-
us variables are presented in Table 1 with the justifications of each
imit. In each case, the modular number of 3 was maintained; the
tochiometric feed of H2 to satisfy both overall reactions was injected.

The results are presented through the hydrogen dry concentra-
tion and methane yield. For direct-methane injection in the grid of
Switzerland, a H2 dry gas concentration under 5% is required, and
H2 is the limiting component when accounting for the stochiometric
ratio between reactants. There is no measurement of flow rate at the
outlet of the reactor, and the methane yields due to CO methanation
and CO2 methanation vary between points. Consequently, only the
carbon to methane yield can be calculated based on the outlet’s dry
concentration:

𝑌 𝑖𝑒𝑙𝑑(%) =
CH𝑜𝑢𝑡

4

CH𝑜𝑢𝑡
4 + CO𝑜𝑢𝑡

2 + CO𝑜𝑢𝑡 (4)

Where the various concentrations are the dry concentration mea-
sured. Also, the inlet H/C ratio can be estimated:

𝐻∕𝐶@𝑖𝑛𝑙𝑒𝑡 =
8CH𝑜𝑢𝑡

4 + 2H𝑜𝑢𝑡
2

CH𝑜𝑢𝑡
4 + CO𝑜𝑢𝑡

2 + CO𝑜𝑢𝑡 (5)

Where the values of 8 and 2 are the stochiometric ratios per H
atom for the CO2 methanation (and CO methanation with 1H2O/CO
injected).

2.2. System simulation

The system simulation is performed with an in-house energy system
integration platform, OSMOSE, using heat cascade calculations given
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Table 1
Operating range.

Variables Values Justification

C flow [NL/min] 6 Designed nominal load reactant flow (approx. 3.8
kW HHV H2 SOE): GHSV = 1650/h with steam

9 Higher load reactant flow (approx. 5.7 kW HHV
H2 SOE): GHSV = 2480/h with steam

Ratio[CO:CO2]
0.2: 0.8 Minimum CO for the stable and appropriate use of

the evaporator

0.7: 0.3 Minimum CO2 is required to limit the error in the
mass flow meter.

Water Pressure [bar A] 13 Minimize the risk of nickel tetracarbonyl formation
[32] and ensure a minimum amount of reaction.

15 Head limit of the make-up pump

Gas Pressure [barA] 4 Ensure a minimum kinetic for a hot spot to
generate.

6 Limited by the gas supply lines
Table 2
Operating variables for the system simulation.

Variables Lower Bound Upper Bound

SOE Inlet Temperature [◦ C] 680

SOE outlet Modular number [-] 3.03
SOE Pressure [bar A] 1.1 30
Oxygen Flow Rate [NmL/min/cm2] 0 50
SOE Utilization Factor [%] 50 90
SOE current density [A/cm2] 0.3 1.0
Evaporation Pressure [bar A ] 1.1 30
Reactor Temperature [ ◦ C] 230
Reactor Pressure [bar A] 1.1 30

minimum temperature difference of each heat stream. Thus, the sim-
ulation is the idealized case with no constraints on the number of
heat exchanges. A multi-objective optimization scheme is used to guide
the optimization towards the generation of Pareto Fronts: the optimal
trade-off profile between two or three objectives. The platform first
links the various Aspen plus models and runs them sequentially. The
results such as the flow rates, temperature, pressure and heat duties
are then extracted and the validity of the operating conditions are
verified against user-defined constraints; in this analysis, a maximum
temperature gradient in the stack of 120 ◦C is allowed. Finally, the
objective functions are calculated and used for generating the set of
operating variables.

The Aspen models are based on the work by Wang et al. [5,6,50–
52] but with some alterations. The simplified PtM system simulated is
presented in Fig. 4 with the various cases presented further. The re-
circulation of fuel is used to maintain a 10% H2 at the inlet of the
stack. An alternative operation of this unit is the possible pressurized
evaporation independently of the stack pressure. A quasi 2D dusty gas
model scheme was used to simulate the stack, and the calibration was
performed in Wang et al. [5]. The stack model was calibrated using
single cells and a short stack of 6 cells, all with the same composition.
The fuel electrode is composed of nickel on porous yttria-stabilized
zirconia (YSZ). The electrolyte is composed of 8 mol% (YSZ) and a
gadolinium-doped ceria (GDC) layer between the YSZ and lanthanum
strontium cobalt ferrite (LSCF) perovskite air electrode. The reactor
is assumed to be an equilibrium reactor with the outlet following the
equilibrium concentrations. All the compressors were multi-stage with
inter-coolers, unless specified. The system capacity is dictated by a SOE
stack of 80 cells of 80 cm2. More details related to the stack models
and solver can be found in the previous works [5,6,49–52]. The list
of operating variables for both models with the allowable range is
presented in Table 2.

CO methanation is more exothermal which helps satisfy the steam
requirement by the SOE without using an external evaporator. How-
ever, there are multiple aspects that counter partially this gain, e.g.,
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1. the SOE requires greater electrical power as CO2 electrolysis is
less efficient [41],

2. at ambient pressure, the CO2 electrolysis and the reverse water
gas shift (Eq. (3)) occurring in the presence of CO2 and H2 are
endothermal while internal methanation occurring under pres-
surized operation is exothermal, affecting the thermal behavior
of the stack and its integration in the system,

3. when performing CO methanation, it is recommended to inject
steam to limit the risk off carbon deposition.

The effect of the last point on the system depends on the system
layout. A list of system layout and how the steam requirement for CO
methanation can impact the system are given below:

• Ambient SOE operation with separation of the steam at the outlet
before compression: Steam would be injected before the metha-
nation reactor, and thus, the total amount of steam required for
the system would be similar to the steam electrolysis pathways
followed by CO2 methanation. This steam would require pressur-
ized evaporation with a second evaporator or a single pressurized
evaporation unit splitting of the generated steam.

• Ambient SOE operation without separation of the steam at the
outlet before compression: The system’s design becomes more
complex (ex: compressor for a H2, CO, CO2, H2O and CH4 mix-
ture) but the steam remaining at the outlet of the SOE can
decrease (or even nullify) the need for a second steam injection
in the system.

• Pressurization of the SOE with injection of the outlet gases into
the reactor after cooling to the reactor’s temperature: Pressuriza-
tion of planar SOE have been performed only by a few [37–39,61]
with multiple complications (leakages etc.). However, being able
to inject directly without condensation allows the use of the steam
at the outlet of the stack without the need of an adiabatic com-
pressor. In addition, depending on the pressure level, as measured
by Jensen et al. [39] and simulated by Wang et al. [5], even at
high temperatures (700 ◦C and above), none negligible internal
methanation can occur inside the stack. The methanation pro-
cess releases steam that can then be re-electrolyzed, decreasing
the steam required to be injected in the SOE. Wang et al. [5]
identified an increase in efficiency at high utilization factor and
lower current density due to pressurized operation with internal
methanation.

The injection of steam at the inlet of the reactor requires a re-design of
the system presented in Wang et al. [5] to either include a second steam
generation unit (could be the same as the SOE’s steam generation unit
but with a second outlet) or the removal of the condensation process
at the outlet of the SOE for the direct injection of the SOE product
into the reactor (still requires a compressor as the reactor’s pressure is
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Fig. 4. SOE unit.
Source: Adapted from Aubin et al. [49] with permission from Elsevier, copyright 2023.
Table 3
Description of the four cases to be compared.

Cases H2O:CO ratio Water at the SOE’s
outlet

Methanation unit’s
steam requirement
details

Evaporation process

Ref. 0 Condensed and
separated

None No restriction in the
number of
evaporation process

1 1 Condensed and
separated

Different SG than
the SOE’s SG with
different allowed
pressures

No restriction in the
number of
evaporation process

2 1 Condensed and
separated

Same SG than the
SOE’s SG

No restriction in the
number of
evaporation process

3 1 Condensed and
separated

Same SG than the
SOE’s SG

The reactor’s
cooling system only

4 1 Compressed with
the syngas in a
single-stage
adiabatic
compressor

Same SG than the
SOE’s SG

The reactor’s
cooling system only
higher than the stack pressure). In Fig. 4, the use of a different steam
generation unit is shown by the extra evaporation process connected
to the mixer located before the reactor. Conversely, the use of a same
steam generation unit as the SOE is represented by the other connection
onto the same mixer that originate before the SOE. In addition, as the
simulation is idealized and only the heat cascade is assessed with no
heat exchanger network included, the effect of the additional steam for
the reactor can be different from the reality where the steam generation
would come from a limited heat source: primarily the methanation
heat generation process. This would result in the use of an electrical
evaporator for compensation for any insufficient steam generation.
Limiting the evaporation process to a single internal evaporator is
shown in Fig. 4 by the red line that represents the heat supplied for
the first evaporation coming from the reactor’s heat production. The
electrical evaporator is also presented in the figure when applicable
(see Table 3). Therefore, the analysis presented below consists of the
four different cases presented in Table 3.

In cases 3 & 4, when restricting the evaporation process to the
reactor’s cooling system, if the heat generated (minus the heat losses if
included) is lower than the heat required to evaporated the steam, an
external electrical evaporator is used to compensate as shown in Fig. 4.
The last two cases are also simulated while considering a fix heat loss
of 153 W estimated from the experimental results.
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The comparison of the cases is based on the Pareto solutions (and
front) generated from the multi-objectives optimization of both the
methane flow rate leaving the system and the higher heating value
(HHV) efficiency, the latter defined as:

𝜂sys = �̇�𝑜𝑢𝑡CH4
𝐻𝐻𝑉CH4

∕�̇�in, (6)

where �̇�CH4
, HHVCH4

, and �̇�in are the flow rate of methane produced,
the higher heating values of methane, and the system’s electrical input.
Therefore, the optimization attempts at solving the overall objective
function: Eq. (7).

𝑂𝑝 = min
𝑥𝜖𝑋

[−�̇�𝑜𝑢𝑡CH4
(𝑥),−𝜂𝑠𝑦𝑠(𝑥)] (7)

where x is a solution and X is the complete set of feasible solutions.

3. Results & discussion

3.1. Syngas methanation operation

3.1.1. Temperature profile
The temperature profiles measured along the reactor are grouped

according to the percentage of CO and are presented in Fig. 5. Two
pairs of points differing by only the CO/(CO+CO2) ratio injected are
compared in Fig. 6: (a) a typical pair already at the inlet, and (b)
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Fig. 5. Temperature profiles along the central axis of the reactor.
the pair of points with the largest change in the hot spot profile.
The increase in the CO/(CO+CO2) ratio of the injected gas causes the
profiles for all the cases with higher CO percentage to move closer to
the inlet while their hot spots are higher. Within each group, higher
reactant pressure, higher cooling water pressure and lower flow rates
cause the hot spot to be closer to the inlet.

For all the pairs of points differing by only the CO/(CO+CO2)
ratio, the measured hot spot temperature increase is between 18.8 and
49 ◦C, from approx. 627–661 ◦C to 655–688 ◦C. However, the largest
increase in the measured hot spot is caused by the finite number of
measurement locations. The shift in the location of the hot spot varies
significantly between the pairs. For one group of pairs, mostly the
low reactant flow rates, the hot spot is already rigidly located at the
inlet, as presented by the case with the smallest change, and thus,
increasing the CO percentage did not shift the hot spot. Conversely,
for the higher reactant flow rate and low pressures, the hot spot at
20% CO is further up the reactor. This is the result of the inlet being
relatively low in temperature; the rate of reaction does not excessively
surpass the cooling. Examining the case with the largest change, over
the first 75–100 mm, the temperature at the center of the reactor is
slightly decreasing, however, the overall rate of reaction accounts for
the entirety of the radial profile. Therefore, it is proposed that once
the radial temperature profile is high enough, the reaction overcomes
the cooling and the temperature rapidly increases. The higher exother-
micity of the CO methanation could be adding the required heat to
overcome the cooling from the start of the reactor which results in
the hot spot of the lowest pressures and highest reactant flow rate to
shift by 7–10 cm to reach the entrance of the reactor when 70% of the
carbon is injected as CO. Conversely, as mentioned in the introduction,
CO can hinder CO2 methanation, and thus, with higher concentration
of CO, the activation of the CO2 methanation could occur further from
the start of the reactive zone.

The addition of steam at the inlet decreases the magnitude of the hot
spot through two mechanisms: (1) an increase in convection and (2) a
decrease in kinetics through the increase in the partial pressure of one
of the products. As the outlet temperature is dictated by the cooling
water pressure in addition to having similar gas composition at the
outlet, all the outlet temperatures are similar regardless of their inlet
composition. However, the interaction of the steam with the injected
CO could affect the local temperature profile. Even though the amount
8

of H2 required for the reaction decreases as the CO is increased, the
space velocity is maintained constant as steam is injected. In their
experiment, Mebrahtu et al. [7] measured a decrease in CH4 selectivity
(increase in CO2 selectivity) with the increased percentage of CO in the
presence of steam that resulted in a net WGS reaction. Consequently,
at the inlet of the reactor, the injected steam could react with the CO,
which is in relatively high concentration, to form H2 and CO2 which
is favored at the inlet’s temperature. The WGS is exothermal and thus
could further ensure sufficient heat at the inlet to bring the hot spot
closer to the inlet. However, the hot spot is higher than the temperature
at which a net RWGS should be observed. Further investigation would
be required to measure the extent of the WGS reaction between the
inlet and the hot spot. However, depending on the extent, it would help
explain the trend in the magnitude of the hot spot.

Operating a reactor designed for CO2 methanation with syngas (or
CO) emphasized the concern related to hot spot control. A reactor
with a slightly smaller diameter would be favored for such operation.
The increase in flow velocity would push the hot spot towards the
outlet while decreasing its magnitude by reducing the bed’s thermal
resistance. The decrease in the hot spot decreases risk of degradation
of the pellets thermally in addition to moving away from the operating
region where carbon deposition occurs. This would allow a decrease
in the steam injected with the reactant. If less or no steam is injected
with the reactant; the steam requirement of the complete system (SOE +
methanation) can be decreased. However, the increase in the reaction’s
kinetic and a decrease in convection from the removal of the steam
would lead to a higher spot located closer to the inlet, and thus, the
diameter would have to be further decreased.

The formation of carbonyl with the higher CO concentration and
low temperature is assumed negligible because the minimum temper-
ature is 10 s of degrees above the onset of thermal decomposition of
the molecule. However, some formation could still take place which
would accelerate the deactivation of the catalyst at the inlet where the
temperature is still low and the concentration is high. On the other side
of the hot spot, the RWGS and CO methanation should have caused the
concentration to decrease significantly.

No consensus exists on the exact phase the temperature measure-
ment using the thermocouple represents: solid [62] or gas [63]. How-
ever, as mentioned by Aubin et al. [49], there can also be some axial
conduction in the thermocouple that generates a discrepancy between
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Fig. 6. Two pairs of operating points: the smallest and largest changes in the profiles as the CO percentage increases.
the measured value and the bed or gas phase temperature. Therefore,
at the hot spot, the temperature at the catalyst might differ from the
measured value, and a long term test would have to be performed to
verify the degradation of the hot spot by identifying: (1) any drift in
the hot spot location, and (2) any drop in outlet conversion.

3.1.2. H2 concentration and methane yield
With the ratio of C/H/O injected, it can be assumed that carbon

formation is negligible. In Figs. 7, the results of the analysis are pre-
sented as the mean values with the measurement error represented as a
standard deviation range. In addition, the arrows link the pairs of points
differing by only the focused variable of each graph. For direct injection
into the gas grid, the limit of H2 concentration varies significantly
between the countries [64]. The PtM system under development is to be
operated in Switzerland with a 5% limit, and thus, within the current
operating range of the reactor, the dry gas concentrations are still above
the limit.

In Fig. 7, as it was observed in the case of CO2 methanation,
increases in both the gas pressure and cooling water pressure decrease
the H2 dry gas concentration. The improvement of the H2 concentration
with the increase in gas pressure and cooling water pressure would be
the result of the same effects that caused the higher hot spot: the raise
in the reactions kinetics. For the reaction pressure, it is the consequence
of the volume reduction of the methanation process. As for the cooling
water pressure, the resulting rise in the minimum temperature in the
reactor improves the overall kinetics since the overall reaction has yet
to reach equilibrium. Similarly, the decrease in carbon flow rate (and
the related decrease in total flowrate) lowers the H2 concentration at
the outlet of the reactor due to the higher residence time. Consequently,
while maintaining the modular number at 3, to reach the limit for
direct injection into the gas grid, the gas pressure and/or water pressure
would have to be increased further, and/or the reactant flow rate
would have to be reduced. Alternatively, as it was done in the previous
publication [49] with CO2 methanation, an small excess of CO2 (or CO)
could be injected which could help the H2 conversion while still being
under the 4% limit in CO2 required. However, with any modification,
the hot spot would have to be further investigated to ensure the stability
of pellets at an even higher hot spot.

At the outlet, the CO concentration for all of the operating points
was below 1%, which could be explained by: (1) CO methanation
can have higher kinetics [28], and/or (2) the reverse-water-gas-shift
favors the formation of CO2 through the excess steam, and/or (3) as
it was described in the previous section, the suppression of the CO2
methanation. Even if at the hot spot, the temperature is high enough for
the equilibrium to favor significant CO production, as the temperature
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decreases, the conversion of CO would be prioritized. Nevertheless, on a
macro level, when focusing on the effect of the percentage of C injected
as CO, the effect depends on the total quantity of reactant. The extra
mole of H2 required for the methanation of CO2 can result in a larger
quantity of H2 at the outlet depending on the reaction rate difference
between the two methanation reactions.

However, the observation indicates an opposite response in H2
concentration when increasing the CO percentage between lower and
higher total carbon flow rate. At higher flow rates, increasing the
CO percentage brings the temperature closer to the inlet, and thus,
decreases the potential quench effect of the second injection’s inert
region. However, Fig. 8 presents both the hydrogen concentration and
methane yield with color mapping based on the estimated H/C ratio at
the inlet. The H2 concentration is still primarily dictated by the total
flow rate of reactant. However, the relative change in H2 concentration
for each pair of points whose only difference is the total flow rate of
reactant is affected by the H/C ratio. The increase in H2 concentration
between group 1, and group 2 is different than the difference between
group 3 and group 4 while the change in H/C is opposite between the
groups.

In the case of the methane yield, the mapping suggests that the H/C
ratio is the primary cause for the trend. At lower CO percentage, an in-
crease in total flow rate caused an increase in H/C ratio and an increase
in methane yield. The opposite trend in the methane yield occurs at
higher CO percentage. The effect of the CO percentage could be hidden
by this more significant effect. Even the equilibrium concentration is
affected by the actual H/C/O ratios injected as shown in Fig. 9. The
cases with the addition or subtraction of 1% of the injected CO differs
in equilibrium H2 concentration by more than a percent. Therefore,
if the ratio H/C/O is not 8/1/2, the outlet concentration can differ
significantly.

3.1.3. Steam generation
During the experiment, the steam generation was estimated us-

ing the make-up pump flow meter with a correction from the water
level in the separator. However, some points might still have some
transient behavior and some variables, affecting the quantity of heat
available, not linked to the reaction might also differ slightly between
points. These can cause variations and uncertainties in the gain in
steam generation from CO2 methanation to CO methanation. If we
omit the outliers (points 1 and 2) of Fig. 10, there is an increase in
steam generation between 7 and 11% between the pairs of points with
only the percentage of CO changing from 20 to 70%. Based on the
enthalpy changes at 200 ◦C (the outlet of the reactor) and the change
in CO percentage, the potential gain in heat produced is approximately
11%. In Aubin et al. [49], the authors identified a heat exchanger

efficiency between 80 and 89% for the equivalent CH4 production
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Fig. 7. H2 concentration at the outlet of the reactor for all the operating points, and with the four main control variables.
Fig. 8. H2 concentration (a) and methane yield (b) for all the operating points as a function of the estimated C/H ratio.
during pure CO2 methanation. Therefore, the results gathered during
syngas methanation are in accordance with the results in pure CO2
methanation.

On the other hand, the injection of steam with a ratio of 1 H2O/CO
causes an increase in the steam requirement of the system. Depending
on the layout of the system (avoiding the separation of the steam
after the SOE, and the introduction of a second evaporation process
using hot flows of the system) and the system’s operating conditions
(steam utilization in the SOE, pressurized evaporation etc.), the addi-
tion of the injected steam can outweigh the potential gain in the steam
generated in the reactor during syngas methanation. Consequently,
a system analysis is needed to verify the impact of CO methanation
while avoiding the risks of carbon deposition through steam injection.
Increasing the CO injection from 20% to 70% implies an increase in
10
steam requirement of 0.15 and 0.22 kg/h for 6 NL/min and 9 NL/min of
carbon injected, respectively. Depending on the evaporation pressure,
the heat required to evaporate the steam injected in the reactor as a
percentage of the additional heat generated varies; at 15 bar A, 86.8%
of the theoretical increase in heat generated is used. Furthermore,
when accounting for conversion and heat losses, the percentage can
reach above 100%. Nevertheless, according to the thermodynamic
equilibrium, the ratio of 1 H2O/CO is highly conservative, and thus
removing part of the injected steam could ensure that the gain in
steam generation will be lower than the steam injected. In addition, the
improved kinetic with the reduction of the quantity of steam injected
would improve the conversion and yield through the removal of a
product, and thus, the steam generation would increase.
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Fig. 9. Equilibrium concentration at 200 ◦C as a function of pressure for CO
methanation and CO2 methanation (or CO with 1 H2O/CO) in addition to H2/CO/H2O
+/- 1% CO.

Fig. 10. Steam generation.

3.2. System analysis

The Pareto solutions for the reference case are presented in the sup-
plementary document as it is a re-assessment of the analysis presented
in previous work [5,6,50,52] but with an emphasis of certain aspects
relevant to the comparison with the alternatives cases.

The alternative cases consider the required steam injection in the
reactor with a steam to CO ratio of at least 1: the minimum ratio
recommended by the manufacturer. The comparison of the cases are
based on the effect on the Pareto front (Fig. 11) and (2) the modifica-
tion of the operating conditions along the front (Fig. 12). For reason
of clarity and conciseness, the Grand Composite Curve at 4 yields
along the Pareto Front for each case are presented and analyzed in the
supplementary document. Similarly, the operating maps for some of the
operating variables for the 4 sets of Pareto solutions are also provided
in the supplementary document. Nevertheless, numerical instabilities
in multi-variable systems limit the generation of general claims during
the analysis of sets of Pareto solutions as multiple combinations of
variables can provide the same response. The comparison of the Pareto
fronts indicate primarily a shift of the best efficiency at the lowest
loads and at the highest loads towards lower efficiencies for the last
two cases. However, the profile of the operating variables along the
Pareto fronts varies between each cases; also indicating the multitude
of combinations that can result in efficiencies close to the front.

Comparing case 1 (original layout with the added reactor steam
requirement provided by a second steam generation process) with the
original (without steam requirement) shows limited impact of adding a
second steam requirement since the system is idealized and the pressure
of the steam injected in the reactor is allowed to be different from
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the primary steam generation. Consequently, the system operated the
second evaporator at a lower temperature level such that the flows
requiring to be cooled (outlet of SOE and outlet of reactor) can be
used to evaporate the reactor’s required steam input. The operating
conditions of this case versus the original case do not differ significantly
as there is sufficient heat at the various levels to generate the additional
steam; the profiles of the operating variables displayed on Fig. 12 are
almost identical.

When enforcing the reactor’s steam generation to the same evap-
oration process than the SOE’s steam generation unit (Case 2), with
the same evaporating pressure for both the SOE’s and methanator’s
steam generation process, the response exhibits almost the same Pareto
front as Case 1. Nevertheless, the front at higher yield is composed
of operating conditions that should be found slightly under the Pareto
front of case 1: at a higher utilization factor and observed in Fig. 12.
This can be seen on the complete operating map comparison presented
in the supplementary document. On the Pareto solutions of case 1,
at higher yield, points with slightly higher utilization than the points
on the front have marginally lower HHV efficiency. The evaporating
plateau on the GCC getting longer for the same set of operation con-
ditions (RU etc.), results in the RU being maintained slightly higher to
avoid the formation of a pinch. At higher current density, the cell is
highly exothermal, and thus, there is sufficient heat to evaporate the
entirety of the steam required, and thus, the RU can be minimized to
improve the stack performance. The idealization of the system and the
limited stress Case 2’s conditions add to the system results in a small
increase in the RU at higher yield. However, as shown on the operating
conditions at the Pareto front (Fig. 12), and on the GCC presented in the
supplementary document, the set of solutions indicate an upward shift
in the water pressures, just under the formation of a pinch. Increasing
the pressure decreases the latent heat which limits the need to increase
the utilization factor.

When enforcing that the reactor’s cooling system is the only internal
evaporator (Case 3), the system response indicates more significant
changes in the operating conditions. First, the Pareto front is shifted to
the left at a location where the operation allows the internal thermal
integration to satisfy completely the steam generation without requir-
ing an external evaporation process, as shown by the minimization of
the evaporation power required on Fig. 12 (C). On Fig. 12, as internal
methanation removes potential heat generation in the reactor, lower
stack pressure operation is favored even at lower yield compared to pre-
vious cases. The evaporation pressure, however, is maintained higher
to ensure lower latent heat. For the entire set of Pareto solutions, the
utilization factor is also increased. At high yield, the constant utilization
factor line at the higher yield portion of the front is no longer close to
the lower limit but is now slightly higher in amplitude and is no longer
constant; bringing the front slightly lower in efficiency. The increase
in utilization factor is to avoid the use of the external evaporator that
induces even greater losses in the system’s efficiency. Consequently, the
selection of the stack pressure, evaporation pressure and the utilization
factor is based on minimizing the need for an external evaporator
without causing additional losses. Furthermore, this trade-off is not
only identified for the Pareto front but for the entire set of Pareto
solutions presented in the supplementary document.

When avoiding the condensation at the outlet of the SOE (Case
4), the impacts of the increase in steam demand and the limitation
to a single internal evaporator are reduced. The Pareto front partially
shifts back towards values similar to the original case. At lower yield,
pressurized operation and internal methanation is again maximized,
while the utilization factor at higher yield is decreased to improve the
stack performance. The GCC of this case is not presented as it does
not differ significantly from the GCC of Case 3. The removal of the
condensation stage, separation stage and the modification from a multi-
stage inter-cooled compressor to a compressor suited for compressing
humid mixtures can change the system’s response regardless of the
steam requirement in the reactor. Therefore, the referenced Pareto front
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Fig. 11. Pareto front comparison of the original case and the cases 1 to 4.

would thus be slightly different for the two layouts, either in location
or in operating conditions. In the location of the inflation point, the
significant decrease coincides with the decreases in utilization factor
and reactor pressure At higher yield, the reactor pressure differs be-
tween the two cases, but due to the limited change, the comparison is
provided in the supplementary document.

The results of stressing the system further by including heat losses
in the reactor is presented in Fig. 13 by comparing cases 3 and 4, the
only internal steam generation process is the reactor’s cooling system,
and with or without condensing and separating the water at the outlet
of the SOE, respectively. The use of excess steam at the inlet of the
reactor, compared to the requirement from thermodynamics, caused
the removal of the condensation and separation steps to be favored as
it is less affected by the heat losses in the system. This is represented
by the lower increase in utilization factor in the SOE when including
heat loss in the reactor as shown in Fig. 14 (c).

3.2.1. Discussion
The selections of the final layout and of the operating strategy

is a multifaceted process that need to consider: (1) the cost, (2) the
technological challenges, (3) the degradation, and (4) the performance.
As the quantitative assessment of the first 3 points are beyond the
scope of this study, here are some brief qualitative remarks that were
identified:

1. The selection of the layout and operating strategy would have
to account for degradation as the degradation rate could vary
between operating points.

2. The cost gain or loss of restricting the amount of evaporation
process would depend on the relative saving of the extra heat
exchanger design for two-phase heat transfer and the possible
cost of the extra evaporator. The design of the realized reactor
presented in this manuscript allows the use of external heating,
installed for the start-up of the reactor, for compensation if
needed, avoiding the need of an external evaporator.

3. The compression unit for humid mixtures would require sig-
nificant heating to avoid condensation in the compressor and
in any buffer tanks used to avoid instantaneous vacuum in the
SOE when the compressor is started. Consequently, this layout
is more technologically challenging and might be costlier.

Concentrating on the instant performance, the idealization of the sys-
tem through omitting the losses in the SOE and in the BoP, and only
considering the heat cascade, limits the impact the cases have on the
location of the Pareto front. However, some portions of the Pareto
front did experience noticeable shift. In addition, the modifications
of the operating variables to maintain the highest efficiency possible
provides important conclusions to be drawn for the system layout and
the operating strategy:
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1. Operating variables, mainly the SOE pressure, and responses,
such as the SOE outlet temperature, affect the available heat
for steam production. In this example, the SOE pressure and
outlet temperature dictate the amount of internal methanation
which shifts a portion of the heat generation from the reactor
to the stack. This results in a larger amount of heat unavailable
for the steam generation if the SOE’s outlets are not included
in the steam generation process. Consequently, in addition to
cost and technological challenges that were mentioned above,
the selection of the layout should also depend on the purpose
of the system: maximizing methane formation in the SOE fol-
lowed by methane upgrading would require the use of the SOE’s
outlet enthalpy to complete the steam production, or operate at
lower internal methanation with higher load for the methanation
process.

2. The RU at the front is selected to satisfy the heat integration by
avoiding the formation of a pinch while maximizing the stack
performance provided by lower RU. The locations at the front
that experienced a pinch were affected by the increase in steam
requirement but most significantly by restricting the evaporation
process. Therefore, the effect of the RU on the stack performance
becomes less important than its effect on the steam requirement.
Conversely, the effect of the water pressure is very volatile due
to the limited cost of pressurizing water. Two instants were
observed where the water pressure was restricted: (1) at low
yield, the water pressure needs to increase as the SOE pressure
also increases, and (2) the water pressure can be maximized
if the decrease in the latent heat of evaporation benefits the
thermal management. A consequence of the design of the reactor
is the requirement for pressurized evaporation in the cooling
system. According to the system simulation, the water pressure
used in the reactor should have limited impact on the system’s
performance as the reactor temperature is always higher than its
cooling system’s temperature; no cross over can occur.

3. Regardless of the level of idealization of the simulation, while
still omitting losses, the results showed a decrease in HHV
efficiency between cases 2 and 3 of approx. 3.0%, 0%, and 0.8%
points at 0.03, 0.075, and 0.15 NL/s of CH4 produced, respec-
tively, compared to only 1.7%, 0% and 0.4% point between cases
2 and 4. Interestingly, around where the nominal production
would be located, the effect of the layout is negligible and has
similar operating variables.

4. The effect of accounting for the heat losses can spread the Pareto
fronts of cases 3 and 4 around the nominal operating conditions
and at higher yield. The largest difference between case 3 (with
condensation) and case 4 (without condensation) occurs around
the nominal production (about 0.063NL/s CH4) with case 4
having the higher efficiency by approx. 1.2% point.

As such a system can be used at a fixed load or with varying load (ex:
storing excess production of variable sources of renewable electricity),
the system’s operating strategy and optimal layout could vary with the
intended load profile. An example of the effect of the load profile on the
selection of the layout and operating strategy is the distribution of the
risk of carbon deposition in the reactor with the operation of the SOE.
As it was discussed in the methodology, carbon formation can occur
in the dry gas leaving the SOE once injected in the reactor if the C:O
and C:H ratios exceed a threshold depending on the pressure and hot
spot temperature. However, with the CO2 injected, the risk of carbon
deposition decreased significantly. Pressurizing the reactor to 5 bar A
would already avoid carbon formation for mixtures with CO/(CO+CO2)
ratios of less than approx. 85%, which can, depending on the stack
operating conditions, be above a reactant utilization factor of 90%.
Consequently, the steam requirement to avoid carbon deposition would
also depend on the load at which the system is operated at. If at part
load and under pressurized SOE, the methanation reactor can be itself
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Fig. 12. Comparison of the variables at the Pareto front for the 4 different cases.
pressurized without requiring a compressor between the units, then the
additional steam generation could be avoided. Similarly, at high load,
according to the simulation, the RU drops drastically such that a very
light compression of the dry gas for the methanation reactor would
be enough to avoid the formation of carbon deposition. Conversely, in
partial load and nominal load while operating the SOE in the state-
of-the-art conditions, at ambient pressure, the high utilization factor
and potentially low reactor pressure could thermodynamically favor
carbon formation at the temperature of the reactor’s hot spot. As a
result, the selection between condensing and not condensing the outlet
of the SOE before the compressor would depend on the load profile.
Furthermore, the analysis of the idealized system already indicates a
drop in the maximum efficiency of the system when the evaporation
process is limited to a single evaporator. This deficiency is exacerbated
by including heat losses inside the reactor. However, these losses should
not scale linearly with the system’s capacity, and thus, the results
should shift towards the ideal case with system size.

The operation in co-electrolysis followed by syngas methanation is a
valid operating mode that ideally allows for better thermal integration
occurring under pressurized operation. However, the performance of
13
the simulation is affected by the layout as presented, but also through
the selection of operating variables and idealized components. The in-
jection of steam should also affect the conversion inside the reactor. The
use of an equilibrium reactor does not capture this behavior. In the final
system, the Pareto front at higher yield would be negatively affected
by not removing the steam after the reactor as the ratio of steam to CO
reaches values far above 1, potentially decreasing the conversion. To
compensate, a larger reactor would have to be used to ensure sufficient
conversion over the entire range of operating conditions.

Furthermore, restricting the number of evaporators limits the sys-
tem’s capacity to be pressurized and perform internal methanation.
Consequently, a system with the majority of the methane being gen-
erated in the SOE, that would coincide thermodynamically with high
pressure (above 30 bar A) and low temperatures (below 600 ◦C), would
require the SOE to be included in the steam generation process. Such
integration could be completed either through using the sweep air
to evaporate steam which would increase the flow rate required and
decrease the overall efficiency or through novel heat extraction process,
such as high temperature heat pipes.
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Fig. 13. Pareto front for cases 3 and 4 with and without 153 W of heat losses in the
reactor.

Fig. 14. Reactant utilization factor along the Pareto fronts presented in Fig. 13.

Nevertheless, the simulated cases represent extreme cases in which
the steam injected is over twice the quantity needed to avoid car-
bon formation according to thermodynamic calculation minimizing
the Gibbs free energy. Consequently, once a typical load profile has
been selected, and the performance of the methanation reactor over its
operating range has been mapped, the assessment could be expanded to
include a heat exchanger network design and the methanation reactor’s
conversion measurement.

4. Conclusions

Syngas (or CO) methanation causes an increase in the magnitude
of the measured hot spot by 19–49 ◦C by increasing the CO:CO2 ratio
from 0.2:0.8 to 0.7:0.3. As was the case for CO2 methanation, increas-
ing both the gas pressure and the cooling water pressure improves the
yield and conversion of the reactor. Yet, the H2 concentration ranges
between 10.5 and 20.1% which is still above the current 5 % limit
for direct injection in the grid of Switzerland. Potentially due to the
errors in the reactant injected in the reactor, the effect of total reactant
flow rate and the effect of the carbon injected in the form of CO
vs. CO2 cannot be fully captured. Injecting steam to avoid deposition
is an effective method which has limited impact on the theoretical
efficiency of an idealized system. Even when the system is strained
by forcing a single internal evaporation process, the increase in steam
requirement alters the Pareto front negligibly at around the nominal
14
load while a drop of up to 3% points was observed at partial load. The
modifications are dictated by the thermal integration: (1) the stack no
longer reaches the same maximum pressure as internal methanation
removes heat generation in the reactor (the only source of heat for the
steam generation), and (2) the front located at higher yield is composed
of higher utilization factor as the gain in stack performance is less
than the cost of evaporating a greater excess. The conclusion of the
system analysis is limited by assuming an idealized system with an
infinite number of heat exchangers and no heat loss. When simulating
a system without the condensation and separation of the steam at the
outlet of the SOE, the Pareto front is improved partially towards the
case with unlimited evaporators (+1.3% point at maximum efficiency
compared to case 3) as the excess steam ensures the minimum ratio
of steam to CO to be injected in the reactor. In addition, this layout is
less affected by heat losses in the reactor compared to the case with
condensation and separation. The inclusion of a fixed heat exchanger
network would provide additional insight in the impact of additional
steam requirement to avoid carbon deposition. Lastly, the selection
between condensation or the omission thereof at the outlet of the SOE
is also dependent on the load profile, cost and technical limitations,
which will be considered when designing the final realized system.
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