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A B S T R A C T

Power-to-Methane (PtM), which converts renewable electricity into synthetic methane, provides a promising 
approach for long-term energy storage and industrial decarbonization. High temperature solid oxide electrolysis 
cell reactors (SOECs) are critical to PtM due to their high efficiency and synergy with the exothermic metha
nation process. Their ability to perform H2O/CO2 co-electrolysis further enhances their process integration po
tential. However, co-electrolysis remains understudied, especially compared to steam electrolysis in industrial 
applications. This study develops a modelling framework to assess the thermodynamic potential of two PtM 
process configurations, comparing steam and co-electrolysis pathways. For a system with idealized components, 
the maximum achievable exergetic efficiency for different SOEC operating temperatures (750–850 ◦C) and 
pressures (1–23 bar) was determined. Results indicate that both systems perform best at the lowest temperatures, 
however co-electrolysis achieves higher system exergy efficiencies (85.0 % vs. 76.7 % in steam electrolysis). 
While steam electrolysis is more efficient at low pressures, co-electrolysis outperforms at high pressures due to 
increased in-situ methanation, reaching up to 59.2 % yield at 23 bar. This reduced cell voltage and specific power 
demand but also current density, revealing a reactor size-efficiency tradeoff for fixed methane output. Methane 
formation in co-electrolysis alters the internal recycle ratio needed to maintain the reducing gas inlet compo
sition, which affects the isothermal operational voltage and reduces freshwater and specific power demand of 
compressors and evaporators. These findings demonstrate the potential of SOECs especially in co-electrolysis 
operation to achieve high efficiencies for PtM and its thermodynamic constraints at the system level.

1. Introduction

The increasing share of intermittently available renewable energy 
sources (RES) in the global energy mix requires both short-term and 
long-term energy storage technologies with large capacities. While 
efficient short-term storage technologies such as batteries and pumped 
hydro are available, they are not suitable for long-term storage. In this 
context, sector coupling between the electricity and gas sector, via 
power-to-X concepts has gained significant attention in recent years [1]. 
Storage of hydrogen in gas caverns is considered a promising solution 
due to its minimum self-discharge, offering potential for scalable energy 
storage [2]. However, hydrogen’s low volumetric energy density 
compared to natural gas, combined with challenges associated with high 
compression for transport and storage, present significant barriers. 
Methane, on the other hand, can be compressed, stored and transported 

at lower pressures, making it a more practical alternative. In addition, 
hydrogen contents in many technological applications such as gas tur
bines, gas tanks and pipelines are limited due to issues such as facile 
cross-diffusion and the danger of hydrogen embrittlement. To overcome 
hydrogen’s storage, transport, and material limitations, PtM concepts 
offer a viable pathway [3]. These processes use renewable electricity, 
and H2O and CO2 as reactants to produce sustainable methane. This 
methane could be integrated into the existing natural gas grid, providing 
a scalable solution for long-term energy storage. So far, the two core 
technologies for PtM are water electrolysis, Eq. (1), and CO2 methana
tion (or Sabatier reaction), Eq. (2). 

H2O⇌H2 +
1
2
O2,ΔH∘

25∘C = 285 kJ
/

mol (1) 

CO2 + 4H2⇌CH4 + 2H2O,ΔH∘
25∘C = − 165 kJ

/
mol (2) 
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The produced methane, depending on its purity, can be injected into the 
natural gas grid and subsequently be used in the existing infrastructure 
for transport and end-use. Most current PtM projects on the MW scale 
have focused on alkaline electrolysis (AEL) and proton exchange mem
brane electrolysis (PEMEL) [1], with the largest installation being the 
AEL-based Audi e-gas plant in Wertle, Germany, with an electrical 
power of 6 MW [3]. However, high-temperature SOEC achieve signifi
cantly higher energetic efficiency compared to AEL and PEMEL [4]. The 
efficiency advantage is particularly pronounced when sufficient excess 
heat is available to meet the heat demand for water evaporation, making 
SOECs an attractive option for integration with exothermic chemical 
downstream synthesis processes. In addition, SOECs enable the simul
taneous co-electrolysis of steam and carbon dioxide, permitting the one- 
step production of tailor-made CO-rich syngas [5]. This capability al
lows direct coupling with a methanation reactor, where the primary 
reaction is the more exothermic CO methanation (COM): 

CO + 3H2⇌CH4 + H2O,ΔH∘
25∘C = − 206 kJ

/
mol (3) 

COM is more exothermic than CO2 methanation, allowing for a higher 
level of heat integration and potentially higher system energy efficiency. 
While coupling of co-electrolysis and COM has not yet been demon
strated on an industrial scale, process simulation studies have suggested 
that PtM system efficiencies of up to 80–85 % are feasible [6–8].

Methanation reactors require operating pressures of up to 4–100 bar 
to achieve high methane formation rates leading to significant energy 
consumption of the feed gas compressors. Pressurized steam electrolysis 
operation could potentially increase system efficiency by 3–7 % since 
pressurizing incompressible liquid water upstream of the SOEC con
sumes less energy than compressing the hydrogen or syngas downstream 
[6,9]. Furthermore, pressurized SOEC operation could eliminate the 
need for the expensive first compression stage already at 2–3 bar [10]. 
However, co-electrolysis at elevated pressures as well as lower operating 
temperatures thermodynamically favors methane formation [11,12], 
which increases SOEC core temperatures and reduces the current den
sity at the preferred isothermal operating point [13]. These competing 
demands illustrate the need for a deeper thermodynamic understanding 
of SOEC and methanation processes integration.

In the present study, a thermodynamic modeling and simulation 
framework is introduced for the assessment of PtM process systems using 
exergy analysis. The study evaluates different PtM pathways, focusing 
on both co-electrolysis and steam electrolysis. The SOEC reactor was 
rigorously validated against experimental data for both operation 
modes, ensuring the reliability of the model as a basis for the subsequent 
analysis. Variations in SOEC operating temperature and pressure are 
examined to identify the most promising system configurations and 
highlight thermodynamic inefficiencies.

Nomenclature

Abbreviations
AD automatic differentiation
AEL alkaline electrolysis
ASR area specific resistance
CAPEX capital expenditure
Co-EL H2O/CO2 co-electrolysis
COM carbon monoxide methanation
EDR exergy destruction ratio
ESC electrolyte supported cells
HEN heat exchanger network
HI heat integration
H2O-EL steam electrolysis
LHV low heating value
MR methanation reactor
OCV open circuit voltage
OOP object-oriented programming
PEMEL proton exchange membrane electrolysis
PtM Power-to-Methane
RC reactant conversion
RES renewable energy sources
SM supplementary material
rWGS reverse water–gas shift
SG syngas ratio
SOEC solid oxide electrolysis cell

Symbols
α alpha coefficient in ASR [Ω cm2]
A area [cm2]
β beta coefficient in ASR [1/◦C]
b specific exergy [kJ/mol]
Ḃ exergy rate [kJ/s]
ε exergy efficiency [%]
F Faraday’s constant [C/mol]
g specific Gibbs free energy [kJ/mol]
Ġ Gibbs free energy [kJ/s]
Ḣ enthalpy rate [kJ/s]

ΔH enthalpy of reaction [kJ/mol]
I current [A]
j current density [A/cm2]
μ chemical potential [kJ/mol]
ṅ molar flow rate [mol/s]
N number
Δn mol flow rate difference [mol/s]
ξ extent of reaction [-]
p pressure [bar]
Q̇ heat transfer rate [kJ/s]
Ṡ entropy rate [kJ/s]
T temperature [◦C]
U voltage [V]
ν stoichiometric number [-]
Ẇ power [kJ/s]
x molar fraction [-]
Y yield [%]

Subscripts and Superscripts
air SOEC air side (anode)
cells reactor cells
chem chemical
dest destruction
fuel SOEC fuel side (cathode)
gen generation
ideal ideal conditions
In input
op operational
phys physical
st stream
Sys system
th thermal
◦ standard state
0 reference environment
ʹ inlet stream
ʹ́ outlet stream
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2. Modeling approach

2.1. Process units

The systems were modeled using an in-house framework written in 
Python, with further details provided in Section 2.3. All components 
were represented as 0D models operating under steady-state conditions, 
with no heat losses occurring in either the streams or in the components. 
Additionally, ideal gas and mixtures, as well as incompressible liquids, 
were assumed throughout this work.

2.1.1. SOEC stack
The SOEC reactor was represented as a simplified model divided into 

two sections, the fuel and the air electrode. On the fuel electrode 
(cathode), the half electrochemical reactions of H2O and CO2, shown in 
Eq. (4) and Eq. (5), respectively, takes place. Additionally, when CO2 is 
present, the model accounts for two chemical reactions: the COM re
action in Eq. (3), and the reverse water–gas shift (rWGS) reaction in Eq. 
(6). Together, these reactions sum to the Sabatier reaction in Eq. (2). 

H2O+2e− ⇌H2 +O2− (4) 

CO2 +2e− ⇌CO+O2− (5) 

H2 + CO2⇌H2O + CO,ΔH∘
25∘C = 41 kJ

/
mol (6) 

On the air electrode (anode), the electrochemical reaction in Eq. (7)
occurs. Air is passed through the reactor to stabilize the SOEC temper
ature and to accommodate the flow of oxygen generated during the 
electrochemical reaction. 

2O2− ⇌O2 +4e− (7) 

Heat losses and pressure drops depend strongly on stack and module 
design. Including these effects would require detailed reactor-specific 
modeling, which is beyond the scope of a thermodynamic limit study. 
Moreover, the relative impact on system performance is expected to be 
similar across the pathways considered. Hence, the SOEC was assumed 
to operate under isothermal and isobaric conditions and was modeled as 
a steady-state 0D reactor, following the approach proposed by Santha
nam et al. [14]. These assumptions allow focusing on the fundamental 
thermodynamic performance of SOEC-based power-to-methane 
systems.

Assuming that the SOEC reached thermodynamic equilibrium, the 
molar outlet flows were determined utilizing the equilibrium constants 
of both the rWGS and COM reactions, their relationship to the Gibbs free 
energy and the global atomic balances for hydrogen, oxygen, nitrogen, 
and carbon. In our recent work, we observed that experimentally 
measured outlet gas phase compositions agree closely with the corre
sponding equilibrium compositions up to 8 bar for the investigated stack 
technology [13], and it is assumed that this is also the case at higher 
pressures. The model from Santhanam et al. [14] has been updated in 
this study to refine the determination of the stack’s ideal electrical 
power (Ẇideal). Specifically, the chemical power (Ẇchem) performed by 
the thermochemical reactions is now accounted for and subtracted from 
the Gibbs energy difference, as shown in Eq. (8). This approach ensures 
that only the electrochemical contributions are considered, improving 
the model’s accuracy and preventing overestimation of the SOEC 
efficiency. 

Ẇideal =
(∑

Ġʹ́ ( T, p, xʹ́
i
)
−

∑
Ġʹ( T, p, xʹ

i
) )

− Ẇchem (8) 

here, 
∑

Ġʹ and 
∑

Ġʹ́  represent the total Gibbs free energy of the inlet and 
outlet streams, respectively, evaluated at the stack’s operating temper
ature, pressure, and corresponding molar compositions. In the current 
model, methane synthesis results solely from a combination of the COM 

and rWGS reactions, which can be represented by Sabatier reaction. The 
additional power introduced by this reaction was quantified using the 
thermodynamic concept of chemical potential. At constant temperature 
and pressure, the chemical power for a reaction k is directly related to 
the chemical potential of the outlet conditions and the extent of the 
reaction [15], ξk, defined as follows: 

Ẇchem,k =
∑

i
νi μ’’

i ξk (9) 

For each species i in the Sabatier reaction, μʹ́
i corresponds to the chem

ical potential, νi is the stoichiometric number. Specifically, the Sabatier 
extent of reaction equals − ΔnCH4 , and the chemical potential represents 
the specific Gibbs free energy of formation of each species. Since the 
species inside the SOEC are not pure components and exist outside of 
standard conditions when the SOEC is operated, the Gibbs free energy of 
formation at the operating conditions (temperature, pressure and 
composition) must be used. Consequently, the chemical power per
formed by the Sabatier reaction can be expressed as: 

Ẇchem,Sabatier =
(

2g’’
H2O + g’’

CH4
− 4g’’

H2
− g’’

CO2

)
×

(

ṅ’’
CH4

− ṅ’
CH4

)

(10) 

Consequently, the ideal power demand can be used to determine the 
stack’s ideal/reversible potential (Uideal) as follows: 

Uideal = −
Ẇideal

I Ncells
(11) 

where I (A) is the stack current, and Ncells is the number of cells in the 
stack. Once the ideal voltage is calculated, overpotentials must be 
accounted for. This model incorporates an experimentally derived total 
area specific resistance (ASR) correlation reported by Riedel et al. [12], 
obtained from steady-state measurements in steam and co-electrolysis 
mode over a wide temperature range and pressures for electrolyte sup
ported cells (ESC). These results showed that the ASR in Eq. (12) is 
strongly temperature-dependent but marginally influenced by pressure. 

ASR = α exp(β TSOEC) (12) 

where α = 728 (Ω cm2), β = − 8.29 (1/◦C), and TSOEC (◦C) represent the 
SOEC stack temperature. By using this empirical ASR correlation, no 
assumptions about the dominant electrochemical reaction mechanism 
were required. The operational SOEC voltage (Uop) and electrical power 
(ẆSOEC) can then be determined using Eq. (13) and Eq. (14) respectively. 

Uop = Uideal − j ASR (13) 

ẆSOEC = − Uop I Ncells (14) 

where j (A/cm2) is the current density and is defined as the ratio of the 
stack current to the cell area (Acell). Finally, by considering the enthalpy 
flows at the inlet (Ḣʹ

fuel/air) and outlet streams (Ḣʹ́
fuel/air) for air and fuel, 

the heat released or required (Q̇SOEC) depending on the SOEC operating 
mode, the stack electrical power demand, and assuming no heat losses to 
the environment, the energy balance of the SOEC is expressed as follows: 

0 = Ḣʹ
fuel(T)+ Ḣʹ

air(T) − Ḣʹ́
fuel(T) − Ḣʹ́

air(T)+ ẆSOEC + Q̇SOEC (15) 

Finally, the SOEC stack model was validated against experimental data 
for both steam electrolysis and H2O/CO2 co-electrolysis showing good 
agreement in the cell voltage against current density as well as in CH4 
production in the stack. Comprehensive details of the validation pro
cedure are provided in section S1 of the supplementary material (SM).

2.1.2. Methanation reactor
The methanation reactor (MR) was modeled as an isothermal, 

isobaric reactor, considering both the rWGS and the COM reactions. 
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Outlet molar compositions and flow rates were determined by assuming 
chemical equilibrium, using reaction equilibrium constants and atom 
balances, as detailed elsewhere [16,17]. The reactor’s released heat was 
calculated via an energy balance assuming no heat losses to the envi
ronment. These assumptions avoided specific reactor designs, enabling 
idealized analysis to determine process limits.

2.1.3. Ancillary equipment
Isothermal compressors were selected to minimize compression 

power under ideal efficiency. The assumptions and model details are 
provided in section S2 in SM. Additionally, assumptions for ancillary 
equipment, including the pump, heaters, and coolers, are also presented 
in the same section.

2.2. Exergy definition

The systems were evaluated using exergy analysis, which, by incor
porating the second law of thermodynamics, provides a more compre
hensive assessment by accounting not only for the quantity of energy but 
also for its quality. This approach enables the identification of in
efficiencies and facilitates the optimization of resource utilization.

The exergy rate of flowing streams (Ḃst) was determined by consid
ering the physical (bphys) and chemical (bchem) exergy of the components 
in the stream, as defined in Eq. (16), while neglecting potential and 
kinetic exergies. 

Ḃst = ṅ(bphys + bchem) (16) 

where ṅ represents the molar flow rate of the stream. Detailed calcula
tions for bphys and bchem are available elsewhere [18]. For exergy asso
ciated with electrical power, the exergy is equal to the power provided 
(Ẇ) in the respective component. In the case of heat transfer, thermal 
exergy (Ḃth) was computed using the Carnot efficiency (1 − T0/T) as 
follows: 

Ḃth = Q̇
(

1 −
T0

T

)

(17) 

where Q̇ is the heat transferred, T is the representative temperature of 
the control mass, and T0 is the reference temperature of the environ
ment. Lastly, the exergy destruction (Ḃdest) in each component was 
calculated by performing an exergy balance in the control mass, and is 
proportional to the entropy generated (Ṡgen), as follows: 

Ḃdest = T0 Ṡgen (18) 

All the exergy calculations assumed the environment temperature (T0) 
and pressure (p0) reference conditions as 25 ◦C and 1 bar respectively.

2.3. Modelling framework

All the component models and the system comparisons were con
ducted using an in-house computational framework CELESTE. The 
framework is currently not openly available however, the authors are 
open to sharing the framework for those interested. CELESTE is an open- 
source based tool developed in the Python programming language [19] 
and designed using an object-oriented programming (OOP) architecture. 
A key feature of OOP is the encapsulation of models as objects, each with 
unique attributes and behaviors, providing modularity and scalability in 
model design. Within the framework, each system component was 
implemented as a class, with attributes specific to the component type, 
such as sizing, efficiency and mass and energy balance equations 
including reaction considerations as illustrated in Fig. 1. This allowed 
repeatable use at the system scope for multiple instances of that unit 
type without code duplication.

System modelling was further simplified with the use of sequential 
connections between components. In this approach, each model is 
updated either via internal solvers which can be iterative nonlinear 
solvers or analytic relations where relevant. As illustrated in Fig. 1, these 
connections are carried through flange objects that store properties such 
as temperature, composition, molar flowrate and pressure. The flange 
serves as a boundary condition of the model at the inlet, allowing for 
variations to be imposed in the model for different upstream influences. 
Furthermore associated thermodynamic properties are calculated from 
the primary variables in the flange using the NASA polynomials [20] and 
used within the energy and exergy balances. This methodology enables 
accurate determination of thermodynamic properties under diverse 
operating conditions, thereby supporting robust and reliable process 
modeling and optimization. Recycle streams are typically the most 
cumbersome with a sequential approach, especially for larger recycles, 
however this was minimized through acceleration methods such as 
Wegstein’s method for fixed point iteration [21].

As CELESTE was written in Python, many open-source optimisation 
suites may be leveraged. In this work, scipy.optimize [22] was utilized 
for all of the nonlinear equation solving. Target process operating points 
such as a desired syngas ratio or flowrate in a given stream can be ob
tained through an iterative approach for which using a nonlinear solver 
modifies model input conditions until the error between the actual and 
target are zero. Here this was done on a multivariable basis, as the 
optimiser was able to handle systems of nonlinear equations. CELESTE 
was comprehensively benchmarked against several Aspen Plus® 
models, with detailed results provided in section S3 (in SM). The com
parison showed good agreement typically within 2 % deviation, thereby 
confirming the consistency of the framework.

The equation-oriented approach benefits from the ease of developing 
models and systems, as well as the possibility to integrate with advanced 

Fig. 1. Illustrative overview of modelling framework for an example process system. Presenting the idea of using repeatable unit models that contain model 
equations with internal solvers that can interact with external optimization tools and with other unit models sequentially through common interfaces that store 
stream data.
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tools such as automatic differentiation (AD). AD can generate the Ja
cobian matrix of the optimisation system with high accuracy and low 
computation effort which may improve convergence speeds. This has 
been discussed in the context of process engineering by Alves et al. [23] 
and may be considered in future development of this framework.

2.4. System description and model design

2.4.1. PtM system configurations
Two PtM system configurations were selected for this study, the 

steam electrolysis route and co-electrolysis route presented in Figs. 2(a) 
and (b). Both configurations used a MR, with the key distinction being 
the stage at which the CO2 feed is introduced.

In the steam electrolysis route, liquid water was pumped, heated 
(HT-W1 and HT-W2), and evaporated (EV-01) to meet the SOEC’s 
operational conditions before entering the fuel electrode. Simulta
neously, ambient air was compressed (COMP-A1), heated (HT-A1), and 
supplied to the oxygen electrode. The SOEC stack, composed of 1000 
cells with a cell’s area of 127.8 cm2, operated under constant pressure 
and temperature, producing oxygen-enriched air on the oxygen elec
trode side and a H2/H2O mixture on the fuel side. This stream was 
partially recycled to the SOEC, while the remainder was dried in the 
water knockout unit (SEP-01), conditioned for the MR, and mixed with 
pure carbon dioxide (CO2) to form syngas. The MR products were 
separated into three streams: methane (CH4), off-gases (CO2, CO, H2) 
and water H2O.

In the co-electrolysis route, H2O and CO2 were conditioned, mixed, 
and fed into the SOEC stack (1000 cells and cell area of 127.8 cm2), 
directly producing syngas (H2, CO and CO2) at the fuel electrode. Here, 
the recycled stream contained H2, H2O, CO, unconverted CO2 and CH4. 
In both configurations, all the inlet streams started at ambient condi
tions (25 ◦C and 1 bar) and the outlet streams were returned to the same 
conditions, ensuring consistent performance evaluations between both 
configurations, and providing a reliable basis for assessing system 

efficiency and thermal demands. Moreover, the MR operated at 300 ◦C 
and 23 bar. These system boundary conditions are summarised in 
Table 1.

2.4.2. Process parameters and conditions
To ensure comparability between both systems, consistent assump

tions and operating parameters were established. The SOEC was 
modeled under isothermal conditions, i.e. with Q̇SOEC = 0 in Eq. (15), 
neglecting heat losses to the environment, which is justified within the 
scope of the present 0D conceptual study. Under these conditions, the 
enthalpy balance across the SOEC stack equaled its electrical power 
demand. Heat generated by internal resistances and exothermic re
actions (in co-electrolysis mode) was balanced by the heat required for 
the endothermic electrochemical reactions, minimizing external heat 
demand and maximizing SOEC efficiency. Hence, the isothermal voltage 
equaled the thermoneutral voltage.

The reactant conversion (RC), defined in Eq. (19), was fixed at 70 %, 
consistent with the stack validation measurements described in section 
S1 in SM, which serves as the basis of the present SOEC stack model. 

Fig. 2. Schematic diagrams of the two PtM routes: (a) H2O electrolysis, and (b) H2O/CO2 co-electrolysis.

Table 1 
Boundary parameters of the system.

Parameter Value

Feed streams temperature 25 ◦C
Feed streams pressure 1 bar
Outlet streams temperature 25 ◦C
Outlet streams pressure 1 bar
MR temperature 300 ◦C
MR pressure 23 bar
SOEC number of cells 1000
SOEC cell area 127.8 cm2
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RC =
− I Ncells

2F
(

ṅ’
H2O + ṅ’

CO2

) (19) 

where F is the Faraday’s constant (C/mol), and ṅ́H2O and ṅ́CO2 
are the 

SOEC inlet molar flow rate of H2O and CO2, respectively. Additionally, 
the oxygen composition at the air electrode outlet (xʹ́

O2
) was fixed at 40 

% to match the operating conditions of the stack validation measure
ments, preventing material oxidation.

To further avoid catalyst oxidation within the SOEC, a reducing 
agent was introduced at the inlet. In the co-electrolysis configuration, a 
lumped H2, CH4 and CO molar composition of 10 % was assumed, while 
steam electrolysis used 10 % H2. To maintain these conditions without 
the need for external reducing agents, the fuel electrode product recycle 
ratio was adjusted. This high-temperature recycling approach avoids 
cooling and reheating of outlet gases within the loop. For such an 
approach, ejectors without any moving parts are a cost-effective solution 
and are for instance, used in the 250 kW SOEC system from Convion Ltd. 
(Finland) [24].

At the MR inlet, the syngas ratio (SG), defined in Eq. (20), was fixed 
to slightly above the stochiometric requirement to optimize methana
tion performance. 

SG =
xʹ

H2
− xʹ

CO2

xʹ
CO2

+ xʹ
CO

(20) 

The SOEC operating temperature was varied from 750 to 850 ◦C in 10 ◦C 
increments, and at each temperature, the stack pressure was varied from 
1 to 23 bar in 1 bar increments. For each operating point, five param
eters remained fixed (Q̇SOEC, RC, xʹ́

O2
, reducing agent composition and 

SG). The current density, recycle ratio, and inlet molar flowrates of air, 
steam and CO2 (five unknowns in total) were determined through 
nonlinear iterative root solvers. A summary of the fixed parameters and 
those obtained as a function of temperature and pressure is provided in 
Table 2.

2.4.3. Key performance indicators
Key performance indicators were defined to evaluate both the SOEC 

subsystem and the entire system performance. For the SOEC, the pri
mary metric used is the overall exergy efficiency (εSOEC). This was 
determined by first calculating the exergy destruction (ḂSOEC,dest) 
through an exergy balance across the SOEC, as described in Eq. (21). 
This balance accounts for the SOEC power (ẆSOEC) and the exergy rates 
of the inlet and outlet streams on the fuel side (Ḃʹ

st,fuel, Ḃ
ʹ́
st,fuel) and air side 

(Ḃʹ
st,air, Ḃ

ʹ́
st,air). The SOEC exergy efficiency was then computed using Eq. 

(22), where the denominator represents the total exergy input, defined 
as the sum of the supplied power and the exergy rates of the fuel and air 
streams. 

ḂSOEC,dest = Ḃ’
st,fuel + Ḃ’

st,air − Ḃ’’
st,fuel − Ḃ’’

st,air + ẆSOEC (21) 

εSOEC =

⎛

⎜
⎝1 −

ḂSOEC,dest

ẆSOEC + Ḃ’
st,fuel + Ḃ’

st,air

⎞

⎟
⎠× 100 (22) 

Additionally, the methane yield in the SOEC (YSOEC,CH4 ) was evaluated 
for the co-electrolysis route. It was determined based on the CO2 molar 
flow rate entering the compressor COMP-C1 (ṅʹ

COMP-C1,CO2
), the CH4 

molar flow rate in the outlet stream of the heater HT-W2 (ṅʹ́
HT-W2,CH4

) 
and the CH4 molar flow rate in the inlet stream of the cooler CO-F1 
(ṅʹ

CO-F1,CH4
), expressed as follows: 

YSOEC,CH4 =
ṅʹ

CO-F1,CH4
− ṅʹ́

HT-W2,CH4

ṅʹ
COMP-C1,CO2

× 100 (23) 

System-level methane exergy efficiency (εCH4 ) was evaluated using Eq. 
(24). Here the total power demand (

∑
ẆSys,In) includes the power 

required for the SOEC, compressors and pump. The total heat demand 
(
∑

Q̇Sys,In), supplied by electrical heaters and the evaporator, was 
calculated without applying the Carnot efficiency, assuming it is fully 
provided by electrical power. Additionally, the total inlet exergy flow 
rate (

∑
iḂ

ʹ
st,i) was calculated as the sum of the exergy rates of the inlet 

streams i in the system, i.e. liquid H2O, air and CO2. This efficiency 
represents the theoretical maximum achievable without heat integra
tion, as no losses are considered in the components. 

εCH4 =
Ḃ’’

flow,CH4
∑

ẆSys,In +
∑

Q̇Sys,In +
∑

iḂ
’
st,i

× 100 (24) 

Moreover, the exergy destruction ratio (EDR) is defined in Eq. (25), 
where the numerator represents the sum of the exergy destruction 
associated with each system component j. 

EDR =

∑
jḂj,dest

∑
ẆSys,In +

∑
Q̇Sys,In +

∑
iḂ

’
st,i

× 100 (25) 

Finally, the global methane yield for each system was computed as 
follows: 

YSys,CH4 =
ṅʹ́

Sys,CH4

ṅʹ
Sys,CO2

× 100 (26) 

where ṅʹ́
Sys,CH4 

is the molar flow rate of methane in the system’s outlet 
stream, and ṅʹ

Sys,CO2 
is the molar flow rate of carbon dioxide in the sys

tem’s inlet stream.

2.4.4. Assumptions and Simplifications
To establish the thermodynamic performance limits of SOEC-based 

PtM systems, several simplifying assumptions were adopted: 

• Isothermal SOEC operation, with no heat transfer to the environment
• 100 % heat recovery within the system, with no pinch analysis and 

heat exchanger network (HEN) design
• Ideal gas behavior
• Negligible pressure drops within SOEC, piping and additional 

components

These assumptions reflect idealized conditions and allow for a 
transparent evaluation of the fundamental exergy efficiency. In practice, 
deviations from these assumptions would reduce performance: incom
plete heat recovery lowers overall efficiency, non-isothermal operation 
and pressure drops increase auxiliary demands. Changing these as
sumptions would require additional modeling assumptions and design- 
specific constraints, which are beyond the intended scope of this study.

Table 2 
Process parameters for both PtM routes.

Fixed parameter Value Parameter changing

SOEC ​ ​
Q̇SOEC 0 ṅʹ

H2O
RC 70 % I
xʹ́

O2
40 % ṅʹ

air
Reducing gases molar 

composition
10 % recycle ratio

MR ​ ​
SG 3.1 ṅʹ

CO2
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3. Results and discussion

3.1. SOEC stack results

The stack current densities reached at isothermal operation and 
SOEC exergy efficiencies for steam and co-electrolysis are illustrated in 
Fig. 3(a). Current densities at a RC of 70 % in steam electrolysis ranged 
from 0.19 to 0.59 A/cm2 and in co-electrolysis from 0.10 to 0.64 A/cm2. 
In both operating modes, the current densities increased with 

temperature. In our framework this behavior arises from the empirical 
ASR correlation, which reflects the experimentally observed thermal 
activation of the electrochemical processes in the stack. Increasing 
pressure led to decreasing current densities for both operating modes 
due to an increased open circuit voltage (OCV), which in turn led to a 
lower voltage difference between OCV and isothermal voltage, causing a 
reduction in current density. At atmospheric pressure, higher current 
densities were reached in co-electrolysis compared to steam electrolysis 
operation. For instance, at 830 ◦C the isothermal current densities were 

Fig. 3. Isothermal SOEC results for both steam electrolysis (H2O-EL) and co-electrolysis (Co-EL) PtM systems changing the SOEC operational pressure, from 1 to 23 
bar, and temperature, from 750 to 850 ◦C. (a) SOEC current density, (b) SOEC operational voltage, and (c) SOEC exergy efficiency.
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0.49 A/cm2 and 0.53 A/cm2 in steam and co-electrolysis, respectively. 
The underlying mechanistic reason is the occurrence of the endothermic 
rWGS reaction in co-electrolysis that leads to stack cooling. Hence, an 
increase in current density is required to keep the reactor isothermal 
[25]. At atmospheric pressure, methanation only occurred in small 
quantities in the investigated temperature range above 750 ◦C (Fig. 4(a)) 
and consequently, had little influence on the SOEC behavior. By 
contrast, higher pressures shift the thermodynamic equilibrium of the 
exothermic methanation reaction towards the products and significant 
amounts of methane were formed with a maximum methane yield of 
59.2 % at 23 bar and 750 ◦C. According to Eq. (11), methanation leads to 
a decrease in the thermodynamic driving force across the cell by 
consuming hydrogen and carbon monoxide while producing methane 
and steam. However, at the same time the increased total pressures 
enhanced the thermodynamic driving force to an even greater extent. In 
addition, increasing methane formation also led to a considerable in
crease of the stack temperature due to its strong exothermicity. As a 
consequence, as pressure increased, current densities and voltages at 
isothermal operation decreased as well, as also shown by Sedeqi et al. 
[13], and were generally lower than the ones in steam electrolysis as 
presented in Fig. 3(b). The operating current densities in both modes 
were inversely proportional to the number of cells required to generate a 
normalized amount of methane (Fig. S3 in SM). Hence, the capital 
expenditure (CAPEX) of the co-electrolysis system can generally be 
assumed to increase with its extent of methanation.

In terms of SOEC exergy efficiency, presented in Fig. 3(c), in steam 
electrolysis it ranged between 94.4 to 95.9 %, while in co-electrolysis it 
varied between 94.1 to 97.7 %. Temperature had a negligible effect on 
exergy efficiency in steam electrolysis. For example, at 1 bar the exergy 
efficiency was 94.4 % at 750 ◦C and 94.5 % at 850 ◦C. This was due to a 
proportional increase in both the total exergy input and the exergy 
destruction terms in Eq. (22) (Fig. S4 in SM). Under the fixed system 
parameters (Table 2), the voltage remained stable (Fig. 3(b)), while 
increasing temperature led to higher current density and SOEC power 
due to steam electrolysis’ endothermic nature. Meanwhile, the input 
exergy flow adjusted to maintain the enthalpy balance under isothermal 
operation. Consequently, the entropy generation, and thus the exergy 
destruction in Eq. (18), varied accordingly (Fig. S4 in SM). In co- 
electrolysis, the temperature effect varied with pressure. At 1 bar, 
exergy efficiency changed marginally with temperature (Fig. S4 in SM), 
similar to steam electrolysis, ranging from 94.1 to 94.2 % at 750 ◦C and 
850 ◦C, respectively. However, beyond 1 bar, the exergy efficiency 

decreased with increasing temperature, with a stronger dependency at 
higher pressure. For example, at 23 bar the exergy efficiency dropped 
from 97.7 to 96.5 % over the same temperature range, correlating with a 
decline in CH4 production (Fig. 4(a)). As CH4 formation became less 
favorable with increasing temperature, increased voltage (Fig. 3(b)), 
and power, were required to maintain SOEC isothermal operation.

Pressurization led to a significant increase in exergy efficiencies in 
both systems. In steam electrolysis, exergy efficiency improved from 
94.5 to 95.9 % as pressure increased from 1 to 23 bar at 850 ◦C. This can 
be attributed to the reduction in current density, which decreased the 
SOEC power required to maintain isothermal operation. In co- 
electrolysis, the lowest exergy efficiencies were correlated with the 
lowest methane yields and occurred at lower pressures, even dropping 
below the levels observed in steam electrolysis at atmospheric pressures. 
By contrast, at atmospheric pressures higher current densities and 
voltages were observed, resulting in greater power demand. Moreover, 
at higher pressures, exergy efficiencies and methane yield improved due 
to the favorable conditions for the COM reaction.

Above atmospheric pressures, steam electrolysis was generally less 
efficient than co-electrolysis. The absence of the methanation reaction in 
steam electrolysis fixed its performance to that of the H2O electro
chemical reaction. In co-electrolysis, the regions of high pressure and 
low temperature exhibited the highest exergy efficiencies and methane 
yields. This behavior underscores the critical role of the exothermic 
COM reaction, which reduces the SOEC power demand under favorable 
conditions by offsetting the power required for isothermal SOEC oper
ation. Furthermore, conditions that promote methane formation also 
tend to increase the likelihood of carbon deposition, particularly at the 
fuel electrode outlet. However, thermodynamic calculations performed 
using the Cantera Python library [26] to determine whether carbon, as 
graphite, is synthesized indicate that carbon formation is not thermo
dynamically favored under any of the operating conditions investigated 
in this study.

Methane synthesis was observed to a certain extent under all oper
ating conditions and showed a minimum of 0.1 % at 850 ◦C and 1 bar, 
and a maximum yield of 59.2 % at 750 ◦C and 23 bar. Methane pro
duction within the SOEC decreased downstream requirements in the 
MR, allowing for a smaller size and reduced costs.

The operating voltages at isothermal conditions were closely linked 
to the recycle ratio and gas compositions in the SOEC. In steam elec
trolysis, maintaining a H2 concentration of 10 mol% translated into a 
constant recycle ratio of 13.7 % across all temperatures and pressures 

Fig. 4. Co-electrolysis isothermal SOEC (a) methane yield, and (b) recycling ratio changing with temperature and pressure.
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due to the fixed SOEC parameters, which constrained the inlet and outlet 
H2O/H2 molar fractions to 0.9/0.1 and 0.27/0.73, respectively (Fig. S5
in SM). In contrast, co-electrolysis variations in voltage with tempera
ture and pressure affected outlet compositions, necessitating adjust
ments to the recycle ratio to achieve the desired 10 % reducing gas 
composition consisting of H2, CH4 and CO at the SOEC inlet (Fig. 4(b)). 
The maximum recycle ratio of 19.5 % was obtained at 750 ◦C and 23 bar 
with a maximum methane concentration at the outlet of 17.1 mol%, 
consuming the most H2, CO2 and CO, while producing the most H2O 
(28.9 mol%) (Fig. 5(b)). Since the methanation reaction reduced the 
number of reducing gas molecules in the outlet gas, maximum CH4 and 
CO2 concentration as well as a minimum H2O concentration (2.6, 19.1 
and 70.9 mol%, respectively) were also observed in the SOEC inlet after 
recycling (Fig. 5(a)). Conversely, the minimum recycle ratio of 13.7 % 
was obtained at 850 ◦C and 1 bar, where methane outlet concentration 
was negligible (0.02 mol%) and the unreacted H2 was significantly more 
prevalent (59.7 mol%) (Fig. 5(b)). In this case, the negligible methane 
formation led to a relatively large concentration of the reducing gases. 
At this point, the CO inlet concentration was at its maximum (1.8 mol%) 
due to the lack of the COM reaction (Fig. 5(a)). Although methane 
recycling reduces water input, methane in the fuel electrode could lead 
to localized endothermic steam reforming at the inlet and exothermic 
methanation at the outlet, resulting in severe temperature gradients 

along the channel, affecting the long-term stability. Further experi
mental investigation is needed to assess this effect and its implications 
on system durability under pressurized conditions.

3.2. System performance

System performance was evaluated based on specific power demand 
and system exergy efficiency under varying pressure and temperature. 
Regarding CH4 global yield, both systems achieved values close to 100 
%. In steam electrolysis, a constant yield of 99.90 % was observed, while 
in co-electrolysis, it ranged from a minimum of 99.92 % at 750 ◦C and 
23 bar to a maximum of 99.97 % at 850 ◦C and 1 bar. At 850 ◦C and 1 
bar, co-electrolysis exhibits the highest SOEC outlet CO content (Fig. 5 
(b)), slightly increasing the yield by 0.05 % due to the thermodynami
cally favored CH4 production in the MR via the COM reaction (Eq. (2)), 
compared to CO2 methanation (Eq. (3)).

3.2.1. Specific power demand
The specific power demand, expressed as the power required per 

total methane produced (kWh/kgCH4), was computed for both the steam 
and the co-electrolysis system. To provide a detailed distribution, two 
SOEC operating temperatures, 750 ◦C and 850 ◦C, were selected with 
pressures varying from 1 to 23 bar. Additionally, the power demand of 

Fig. 5. Co-electrolysis SOEC (a) inlet and (b) outlet molar fraction changing with pressure at 750 ◦C and 850 ◦C.
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all electrical heaters, was consolidated into the term “Heaters”, while 
the combined power requirements of compressors and pumps, were 
represented as “Comp + Pump”. The distributions are depicted in Fig. 6
for steam and co-electrolysis. In both system routes, the total specific 
power demand increased with temperature. Increasing pressure had 
negligible effect on the steam electrolysis route specific power demand, 
but decreased it in the co-electrolysis system. Moreover, the total spe
cific power demand is higher for steam electrolysis in the entire oper
ating regime. While the relative difference with respect to steam 
electrolysis was small under atmospheric pressure and 750 ◦C, 
amounting to 2.0 % (0.6 kWh/kgCH4), it increased with pressure 
reaching 15.0 % (4.3 kWh/kgCH4) at 23 bar. At 850 ◦C the differences 
reduced to 1.6 % and 7.9 % at 1 and 23 bar respectively. In both systems, 
the SOEC consumed the most power, followed by Heaters, Evaporator 
(EV-01) and Comp + Pump, consistent with previous findings [27].

In steam electrolysis, the specific SOEC power remained constant 
across the entire pressure range, with only a slight temperature effect, 
reaching 17.6 kWh/kgCH4 at 750 ◦C and 17.7 kWh/kgCH4 at 850 ◦C. This 
behavior aligns with the voltage behavior and SOEC power consumption 
discussed previously. Conversely, in co-electrolysis, the specific SOEC 
power was higher at 850 ◦C than at 750 ◦C for all pressure levels, ranging 
from 18.1 to 16.8 kWh/kgCH4 at 850 ◦C and 18.0 to 15.5 kWh/kgCH4 at 
750 ◦C, and it decreased with increasing pressure. This decrease can be 
attributed to the reduction in operating voltage observed for increasing 

pressure and decreasing temperature as discussed above.
The evaporator’s specific power demand decreased with pressuri

zation in both steam and co-electrolysis. In steam electrolysis ranged 
from 4.0–3.4 kWh/kgCH4 at 750 ◦C, while in co-electrolysis, it varied 
between 3.3–2.2 kWh/kgCH4 at 750 ◦C, within the pressure range from 1 
to 23 bar. This was predominantly due to the reduction in the enthalpy 
of vaporization, that is, from 40.7 kJ/mol at 1 bar to 33.7 kJ/mol at 23 
bar. In steam electrolysis, the decrease in current density reduced pro
portionally the inlet steam flow and the produced methane in the MR, 
making the specific H2O flow though the evaporator constant (Fig. 7(a)). 
By contrast, in co-electrolysis, the demand was even further decreased 
by the increase in CH4 yield with pressure and the associated effects on 
the recycle ratio as discussed above which decreased the molar flow rate 
through the evaporator (Fig. 7(a)). Regarding the temperature effect, 
the steam electrolysis system exhibited no change in evaporator specific 
power demand since increasing water feed rates were accompanied by 
proportional increases in methane formation leading to a constant spe
cific water feed flow (Fig. 7(b)). Conversely, in co-electrolysis, both 
water feed and methane production increased, but at different rates 
(Fig. 7). This behavior was related to the decrease in SOEC CH4 synthesis 
at higher temperatures, leading to an increase in the specific power 
demand. Finally, the evaporator specific power demand was lower in co- 
electrolysis than in steam electrolysis due to lower specific input water. 
Since the CO2 methanation reactor requires one more H2 molecule to 

Fig. 6. Specific power demand at: (a) T = 750 ◦C, and (b) T = 850 ◦C changing with pressure for steam electrolysis (H2O-EL) and co-electrolysis (Co-EL).
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generate CH4 (Eq. (2)) than in COM (Eq. (3)), and for each H2 molecule 
one H2O molecule needs to be evaporated, the specific water flow rate 
was increased for the steam electrolysis route. Nevertheless, since CO2 
methanation also produces one more water molecule than COM, the net 
specific water consumption, that is, the difference between inlet and 
outlet specific water flow rate, was essentially the same in both routes.

In steam electrolysis, heaters’ specific power demand varied from 6.2 
to 6.8 kWh/kgCH4 at 750 ◦C and from 7.0 to 7.6 kWh/kgCH4 at 850 ◦C 
across 1–23 bar. In co-electrolysis, it varied from 6.1 to 5.7 kWh/kgCH4 
at 750 ◦C and 6.9 to 7.0 kWh/kgCH4 at 850 ◦C. Higher temperature 
increased the demand in both routes due to the higher energy required 
for the temperature increment. However, pressurization effect differed 
between the two routes. In steam electrolysis, higher pressure raised the 
boiling temperature, increasing liquid water heating demand in HT-W1 
up to the boiling point, while reducing steam heating demand in HT-W2 
to the operating SOEC temperature (Fig. 8). Since liquid water has a 
higher specific heat capacity than steam, the total specific power de
mand increased with pressure. Similarly, in co-electrolysis the liquid 
water heat demand increased with pressure, while steam heat demand 
decreased (Fig. 8). However, the specific H2O water inlet flow rate 
decreased with increasing CH4 formation in the SOEC. Consequently, 
the increase in HT-W1 demand was less pressure-dependent than in 
steam electrolysis, while the decrease in HT-W2 demand was more 

pronounced (Fig. 8). Additionally, methanation in the SOEC generated 
water, that condensed before the MR, reducing the gas stream flow and 
therefore the specific heat demand in HT-F1. In steam electrolysis, HT- 
F1 and in HT-C1 demands remained unaffected by temperature or 
pressure due to the consequences of its fixed operating parameters. 
Conversely, in co-electrolysis, heating demand (HT-C1) increased with 
higher temperatures in the CO2 stream, but it remained nearly constant 
with pressure, as CO2 conversion to CH4 followed a roughly constant 
ratio. Overall, co-electrolysis had lower total specific heaters demand 
than steam electrolysis under identical conditions. In real SOEC systems, 
heat recovery from SOEC outlet gases via recuperators can significantly 
reduce electric heating demand, with reductions of ~ 4 % reported for 
similar systems [27].

The specific Comp + Pump power demand increased with pressure in 
both systems, as shown in Fig. S6 in SM, primarily driven by the inlet air 
specific compression power (COMP-A1), which rose due to constant 
specific air mass flow and increasing pressure differentials in the 
isothermal compressor. This effect counteracted the decreasing specific 
compression power of the H2/syngas streams (COMP-F1) with 
increasing SOEC pressurization. Steam electrolysis route consistently 
exhibited higher specific Comp + Pump demand than co-electrolysis 
across all pressures, mainly due to higher specific inlet water flow 
required for the additional hydrogen molecule for CO2 conversion 

Fig. 7. Specific input and output mass flows at (a) T = 750 ◦C, and (b) T = 850 ◦C changing with pressure for steam electrolysis (H2O-EL) and co-electrolysis (Co-EL).
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(Fig. 7). In contrast, methanation within the SOEC in co-electrolysis 
reduced COMP-F1 specific power, while generated water was removed 
via condensation, eliminating further compression needs. Extensive 
water removal before the MR can increase the risk of carbon deposition 
on the Ni catalysts. To mitigate this, MRs are typically operated with 
hydrogen excess [28], as assumed in this study. Consequently, no 
thermodynamic risk of coking was observed under the investigated 
conditions.

Temperature had no impact on specific Comp + Pump demand in 
steam electrolysis due to the linear relationship between power and CH4 
production. However, in co-electrolysis, the demand increased margin
ally with temperature above 2 bar. For example, at 2 bar, it rose from 
0.69 to 0.7 kWh/kgCH4 at 750 ◦C and 850 ◦C, respectively, while at 23 
bar, it increased from 1.0 to 1.003 kWh/kgCH4 at 750 ◦C and 850 ◦C. This 
was due to higher specific water flow and additional CH4 formation in 
the SOEC. However, at 1 bar, the demand was slightly higher at 750 ◦C 
(0.62 kWh/kgCH4) than at 850 ◦C (0.61 kWh/kgCH4), as COMP-F1 
handled a slightly higher specific syngas flow, 2.5 and 2.4 g/gCH4 
respectively, influenced by rWGS favoring reactant formation at lower 
temperatures, increasing H2 and CO2 flows. Specific pump power was 
negligible compared to compression power, reaching a maximum of 
0.003 kWh/kgCH4 at 850 ◦C and 23 bar.

This study confirms that liquid water pressurization via a pump is 

thermodynamically favorable over downstream hydrogen compression. 
However, this advantage is over-compensated by energy losses from 
compressing large air flows to keep 40 % oxygen content in the SOEC 
outlet gas. Potential thermodynamic improvements in pressurized SOEC 
systems include using an expander to recover air compression energy or 
increasing the oxygen threshold if safety permits [27]. Additionally, 
industrial manufacturers are already increasingly developing pressur
ized systems that eliminate the need for air compression. For instance, 
Sunfire GmbH (Germany) offers a 10 MW SOEC modules producing pure 
oxygen without sweeping air [29], while Topsoe A/S (Denmark) is 
developing SOEC stacks that allow differential pressure between oxygen 
and fuel sides, removing the need for air compression [30]. In this study, 
eliminating the 0.9 kWh/kgCH4 (Fig. S6(b) in SM) required for air 
compression (COMP-A1) by operating without sweep air would reduce 
the total specific power demand by 3.2 % in co-electrolysis and 2.9 % in 
steam electrolysis at 23 bar and 850 ◦C. Further energy savings could be 
achieved by removing the air-side electric heater (HT-A1), which con
tributes up to 2.9 kWh/kgCH4 (Fig. 8(b)), corresponding to a reduction of 
10.5 % in co-electrolysis and 9.8 % in steam electrolysis (in a system 
without recuperator).

3.2.2. Exergy efficiency analysis
The product exergy efficiency was analyzed across 750–850 ◦C and 

Fig. 8. Heaters specific heat demand distribution at (a) T = 750 ◦C, and (b) T = 850 ◦C changing with pressure for steam (H2O-EL) and co-electrolysis (Co-EL).
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1–23 bar for both steam and co-electrolysis system. First, the CH4 exergy 
efficiency presented in Fig. 9(a), was determined using Eq. (24), repre
senting the maximum exergy efficiency without heat integration (HI). 
Second, the CH4 electrical exergy efficiency presented in Fig. 9(b), was 
evaluated by setting the total heat demand (

∑
Q̇in) to zero in the Eq. 

(24), representing the theoretical maximum exergy efficiency if all 
heating demand is met by available waste heat. This scenario was 
inferred considering that the heat available from the MR and coolers 
(Fig. S7 in SM) exceed the electrical heating duty of the evaporator and 
heaters across all conditions. For instance, at 750 ◦C and 1 bar, the 
specific heat available from the MR and coolers was 12.6 kWh/kgCH4 in 
steam electrolysis and 12 kWh/kgCH4 in co-electrolysis, while the spe
cific heating duty from the heaters and evaporator in steam electrolysis 
is 10.2 kWh/kgCH4 and 9.4 kWh/kgCH4 in co-electrolysis. In practice, 
this scenario is rarely the achieved due to the absence of high- 
temperature heat required to bring the reactant gases to the desired 
SOEC operating temperature. A precise HI assessment would require a 
pinch analysis and heat exchanger network (HEN) design, which is 
beyond the scope of this thermodynamic study. Optimization studies of 
similar SOEC-based systems including a HEN have been published [7]. 
Promising integration options include the use of a recuperator before the 
SOEC, reducing electric heater demand, as well the use of reaction heat 
from the methanation reactor that can be used for thermal SOEC steam 
evaporation either directly or via a cooling oil.

In steam electrolysis, the CH4 exergy efficiencies ranged between 
47.9–49.7 % and the CH4 electrical exergy efficiencies between 
75.3–76.7 %. A previous PtM system study based on fuel-electrode 

supported cell in steam electrolysis with slightly different parameters 
obtained similar exergy efficiency values of 66.9–79.4 % [7]. In co- 
electrolysis, the CH4 and electrical exergy efficiencies varied between 
49–57.9 % and 74.9–85.0 %, respectively. Highest exergy efficiencies 
were achieved in the co-electrolysis route at 23 bar and 750 ◦C, asso
ciated with the lowest current density and voltage, highest SOEC CH4 
yield, and highest SOEC exergy efficiency. Conversely, at 850 ◦C and 23 
bar, the steam electrolysis route reached the lowest CH4 exergy effi
ciency among all systems scenarios. The CH4 lower heating value (LHV) 
efficiency was also computed, ranging from 46.9 % to 48.2 % in steam 
electrolysis and from 48.0 % to 56.8 % in co-electrolysis. The CH4 
electrical LHV efficiency varied between 74.3–75.8 % in steam elec
trolysis and 74.0–84.0 % in co-electrolysis. These results align with 
literature values of similar systems, where energy efficiencies of 
44.07–60.87 % and electrical efficiencies of 63.0–83.0 % have been 
reported [7,17,31].

The co-electrolysis route generally achieved higher CH4 and elec
trical exergy efficiencies at elevated pressures. At ambient pressure, CH4 
exergy efficiency was higher for the co-electrolysis route, whereas the 
electrical exergy efficiency was higher for the steam electrolysis route. 
The underlying reason for this difference was higher SOEC specific 
power demand in steam electrolysis but lower specific heating demand 
in co-electrolysis (Fig. 6). The results showcase the necessity of 
designing SOEC systems to minimize electrical steam generation as in 
agreement with literature [7]. A previous HI study suggested that 
isothermal co-electrolysis required no electric heaters for steam gener
ation in a PtM system [8], whereas isothermal steam electrolysis coupled 

Fig. 9. (a) CH4 exergy efficiency, and (b) CH4 electrical exergy efficiency changing with temperature and pressure for steam electrolysis (H2O-EL) and co-electrolysis 
(Co-EL).

D. Miric-Fuentes et al.                                                                                                                                                                                                                         Energy Conversion and Management: X 28 (2025) 101394 

13 



with CO2 methanation required additional electrical heating. Moreover, 
in most SOEC systems electric heaters are required after the recuperators 
to heat up the reactant gases to the desired SOEC operating temperature 
unless an external high-temperature heat source is available or the SOEC 
operates exothermally [8].

Regarding the pressure effect, SOEC pressurization in steam elec
trolysis caused a small decrease in the CH4 exergy efficiency, and a 
slightly more pronounced reduction in CH4 electrical exergy efficiency. 
The weak pressure-dependency aligns with the minor variations in total 
specific power demand as discussed earlier, and is primarily attributed 
to the increased specific heat demand under pressurization. Conversely, 
in co-electrolysis pressurization significantly enhanced both the exergy 
efficiency and electrical exergy efficiency due to the more favorable CH4 
production in the SOEC.

Increasing temperature resulted in a decline in both exergy effi
ciencies for steam and co-electrolysis due to a higher total specific power 
demand. In the steam electrolysis route, the reduction in CH4 electrical 
exergy efficiency was particularly small as it was primarily influenced 
by the weakly temperature-dependent specific SOEC and Comp + Pump 
power demand. In co-electrolysis, the temperature effect was more 
pronounced due to the exothermic nature of CH4 formation in the SOEC.

The exergy destruction ratio (EDR) in Eq. (25) quantifies the fraction 
of inlet exergy destroyed due to irreversibilities in each component. The 
total EDR and its distribution within the system’s components are pre
sented in details in Fig. S8 and Fig. S9 (in SM), respectively. As expected 
from the exergy efficiency results, the steam electrolysis route exhibited 
the highest EDR. In both routes, EDR was highest in the heaters, fol
lowed by the coolers and the evaporator. A key strategy to reduce exergy 
destruction and improve system efficiency is to conduct a detailed HI 
analysis which can identify heat recovery opportunities and enable the 
development of an optimized HEN. Additional efficiency improvements 
can be achieved by incorporating components such as steam turbines to 
harness steam at high pressure for power generation, or by imple
menting stream recycling. For instance, recycling the outlet water 
stream at a pressurized point not only reduces exergy destruction in the 
valves but also decreases the required input water. At 750 ◦C and 1 bar, 
the specific water inlet mass flow is 6.3 g/gCH4 in steam electrolysis and 
5.2 g/gCH4 in co-electrolysis, while the specific outlet water flow is 4.0 
g/gCH4 and 2.8 g/gCH4, respectively. Consequently, if all water is recy
cled back into the process, potential water consumption reductions of 
63.5 % in the steam electrolysis route and 53.8 % in the co-electrolysis 
route can be achieved.

4. Conclusions

This study provided a comprehensive thermodynamic evaluation of 
two PtM systems utilizing SOEC to assess the impact of operating con
ditions on exergy efficiency and methane yield. The analysis covered 
SOEC operating temperatures between 750 ◦C–850 ◦C and pressures 
between 1–23 bar, and compared the performance of isothermal steam 
electrolysis and co-electrolysis pathways using a validated SOEC reactor 
model based on state-of-the-art ESC technology.

The results indicate that methanation via co-electrolysis can signif
icantly outperform steam electrolysis in terms of exergy efficiency. 
When assessing the CH4 exergy efficiency, defined as the maximum 
exergy efficiency achievable in open systems with idealized compo
nents, co-electrolysis reaches values between 49–57.9 %, while steam 
electrolysis ranges from 47.9–49.7 %. Furthermore, the co-electrolysis 
route achieves a maximum electrical exergy efficiency of 85 % at 
750 ◦C and 23 bar, compared to 76.7 % for steam electrolysis at 750 ◦C 
and 1 bar. The co-electrolysis gains are attributed to the synergistic ef
fects of methanation within the SOEC, which reduces the specific power 
demand and enhance system performance. Additionally, optimizing the 
internal recycle ratio in co-electrolysis based on inlet reducing gas 
concentration can decrease the specific water fed flow, thereby reducing 
the specific power demand of compressors, heaters and the evaporator.

In co-electrolysis, methane yield of up to 59.2 % within the SOEC can 
be achieved, highlighting its potential for high-efficiency PtM applica
tions. However, this advantage comes with trade-offs, including the 
lower operating current density at isothermal conditions which trans
lates into the need for a greater number of SOEC cells (larger reactor 
size). Furthermore, extensive exothermic methanation inside the SOEC 
may induce thermal stresses, representing a challenge for the long-term 
stability of the SOEC. In contrast, pressurization in steam electrolysis 
results in a slight decrease in exergy efficiency, primarily due to the 
slight increase in specific heaters demand at higher pressures. Although 
pressurized electrolysis shows even more promise for co-electrolysis- 
based PtM system, it is still in the early stages of development, and its 
feasibility must be demonstrated through experimental validation at 
scale.

In both systems, the SOEC accounts for the highest specific power 
demand, followed by the electrical heaters, the evaporator, the com
pressors and pump. Potential improvements could be achieved by 
integrating heat exchangers to replace some electrical heaters and by 
incorporating steam turbines for high-pressure steam utilization. Addi
tionally, the sweeping air on the SOEC used to maintain a 40 % oxygen 
content to avoid oxidation of materials, could be eliminated translating 
in less compression and heat demand. In this study, removing the 
compression power requirement led to a reduction of 10.5 % and 9.8 % 
in total specific power demand for co-electrolysis and steam electrolysis, 
respectively. This strategy is increasingly targeted by industrial manu
facturers to facilitate pressurized SOEC operation.

This study assumed pressurized operation up to 23 bar. While 
operating pressures of up to 25 bar have been demonstrated in the past 
[32], stack operation under such conditions remains challenging win 
terms of mechanical robustness and may accelerate pressure-dependent 
degradation processes. Long-term stability under elevated pressures 
beyond 10,000 h has yet to be demonstrated.

The present study outlined the thermodynamic fundamentals of 
SOEC-based PtM systems and provides benchmark exergy efficiency and 
specific power demand values. However, before practical implementa
tion, further process simulations including pinch analysis and the design 
of an optimized heat exchanger network are required to enhance the 
thermodynamic performance of specific PtM systems. Results of the first 
experimentally integrated systems with SOEC and methanation reactors 
will be helpful to validate and refine existing PtM models and to assist 
scaling of systems up to the GW scale with optimized heat integration.

In addition, it is important to consider scalability aspects of steam 
and co-electrolysis systems. Co-electrolysis-based PtM systems offer the 
potential for higher efficiency but co-SOEC involves greater system 
complexity, particularly in thermal management, which may affect 
scalability. Steam electrolysis, on the other hand, has already been 
demonstrated on MW scale. These factors should be considered in future 
techno-economic assessments to evaluate the practical feasibility of 
these technologies. Economic indicators based on a techno-economical 
assessment were not considered here but represent essential next steps 
for future work.
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[3] Götz M, Lefebvre J, Mörs F, McDaniel Koch A, Graf F, Bajohr S, et al. Renewable 
power-to-gas: A technological and economic reviwe. Renew Energy 2016;85: 
1371–90. https://doi.org/10.1016/j.renene.2015.07.066.

[4] Hauch, A.; Kungas, R.; Blennow, P.; Hansen, A. B.; Hansen, J. B.; Mathiesen, B. V.; 
Mogensen, M. B. Recent advances in solid oxide cell technology for electrolysis. 
Science 2020, 370 (6513). DOI: https://doi.org/10.1126/science.aba6118 From 
NLM PubMed-not-MEDLINE.
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