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A B S T R A C T

Power-to-X systems which convert electrical energy into stable chemical energy carriers are a promising
solution to the long-term energy storage challenge posed by the increasing market penetration of intermittent
renewable power sources. In this paper, a systematic and flexible method for optimizing the steady-state
operating conditions of Power-to-Methane (PtM) plant concepts is showcased and applied to perform a
comparative assessment of a multitude of PtM process chains. As opposed to existing studies, a large number
of comprehensive PtM system models integrating multiple carbon capture technologies and Solid Oxide
Electrolysis Cell (SOEC) stacks are optimized. Using detailed 3D SOEC stack simulations and interpolation-
based model reduction, the performance of electrolyte-supported (ESC) and cathode-supported cells (CSC)
integrated in a variety of PtM systems with air and pure oxygen sweep gas concepts is compared. A total of
20 plant concepts using different combinations of carbon capture (biomass gasification, amine gas treatment,
direct air capture) and methanation (fixed-bed, slurry bubble column) technologies are investigated using
the pinch method. The results demonstrate that thermal integration of the carbon capture process in PtM
systems can raise the total efficiency of the process chains by up to 10.9% for direct air capture and 10.4% for
amine gas treatment, with the plants reaching high heating value efficiencies of 70.2% and 84.6% respectively.
Endothermic, high temperature operation of SOECs is shown to consistently yield the highest PtM efficiencies
due to the minimization of cell overpotentials and power inverter losses. Conversely, exothermic operation
of SOECs thermally integrated with energy-intensive carbon capture processes is shown to significantly lower
capital expenditures (CAPEX) while incurring an efficiency loss lower than 1% compared to thermoneutral
operation.
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Nomenclature

Abbreviations

3PM Three-phase methanation
AGT Amine gas treatment
BG Biomass gasification
CAPEX Capital expenditure
CC Carbon capture
CNG Compressed natural gas
CSC Cathode-supported cell
DAC Direct air capture of CO2
ESC Electrolyte-supported cell
FBM Fixed bed methanation
HHV High heating value
OPEX Operating expense
PEM Polymer electrolyte membrane
PtM Power to methane
RU Repeating unit
SNG Synthetic natural gas
SOC Solid oxide cell
SOEC Solid oxide electrolysis cell

Sub- and superscripts

blow Blower
cool Methanation unit coolant
elec Electric
in Inlet
meth Methanation
out Outlet

Physical quantities

𝑚̇ Mass flow rate
𝑉̇ Volumetric flow rate
𝜂 Efficiency
𝜙 Sweep gas to fuel ratio
𝐸 Voltage
𝑖 Current density
𝑃 Power
𝑝 Pressure
𝑄 Heat
𝑆𝐶 Steam conversion
𝑇 Temperature

1. Introduction

In order to mitigate global emissions of greenhouse gasses, renew-
able energy production grows consistently, albeit slowly, across the
globe. On average, the proportion of renewable energies in the primary
energy supply of OECD countries has risen by 4 percentage points (pp)
between 2010 and 2020, reaching 7.9% in the USA, 9.68% in China
and 15.18% in the European Union [1].

Power-to-X systems which convert electrical energy into chemical
energy carriers address the lack of long-term energy storage posed
by the increasing market penetration of intermittent renewable power
sources and the decarbonization of hard-to-abate industrial sectors [2–
4].

While electrolytic hydrogen is the cornerstone of Power-to-Gas sys-
tems, further processing into products with higher volumetric energy

−1 −1
2

density, like methane (22.2 MJL ) [5], methanol (15.6 MJL ) [6],
ammonia (11.5 MJL−1) [7] or formic acid (6.4 MJL−1) [8–10], helps
to cover the needs of a broader range of end-users (energy densi-
ties referring to the liquid state). Hydrogen is also used in emergent
solid-state energy storage technologies through reduction of iron ox-
ides (40.7 MJL−1) [11,12] or direct storage in metal hydrides [13,14],
but these storage methods suffer from low gravimetric energy densities.

Due to the consistent demand for natural gas [15], the existing
infrastructure [16] and the emerging need for sustainable fuels in the
transportation sector [17], the Power-to-Methane (PtM) process, which
converts electricity into synthetic natural gas (SNG) via electrolysis,
carbon capture and methanation, is a promising technology for the
renewable production of a versatile compound [18]. Compared to
other hydrocarbons, methane has the highest hydrogen to carbon ratio,
resulting in a high volumetric energy density and low CO2 emissions.

Owing to the low maturity of the technology, only pilot-scale PtM
plants are operated, with the installed capacity totaling 47 MWel world-
wide as of 2019 [19]. Multiple projects demonstrating methane pro-
duction through biogas upgrading were launched since 2011 [20–23].
The HELMETH project [24], which ran from 2014 to 2017, was the
first to demonstrate thermal integration of pressurized Solid Oxide
Electrolysis Cell (SOEC) stacks (10 kW, 15 bar) with fixed bed catalytic
methanation reactors. Presupposing optimization of process conditions
and heat losses, system high heating value (HHV) efficiencies were
projected to reach 80%.

Lowering the cost of the produced SNG requires an improvement
of the dynamic operation capability of plants, increase of the pro-
cess efficiency and decrease of the electrolyzer capital expenditures
(CAPEX) [25,26]. Therefore, all technologies available for the electrol-
ysis, carbon capture and methanation processes that constitute a PtM
system are under active development.

Solid Oxide Electrolysis Cells (SOECs) are in the demonstration
stage (TRL7 according to the International Energy Agency in 2022)
[27]. The deployment of efficient high-temperature electrolyzers with
progressively higher capacities, e.g., the 720 kW unit operated by the
Salzgitter AG [28] and the more recent 2.6 MW SOEC by Sunfire [29],
demonstrate the growing interest in the technology. They offer an
excellent electrical efficiency [30–32], which reaches 84% (based on
the lower heating value (LHV) of H2) in commercial units, producing
hydrogen at 3.6 kWhNm−3 [33], compared to 4.5 kWhNm−3 [34] for
PEM and 3.8 kWhNm−3 [35,36] for alkaline electrolyzers. In addition,
high system efficiencies can be achieved by coupling SOECs with
the exothermic methanation process due to the advantageous thermal
integration [37] and possibility of CO2-electrolysis [38]. Apart from
process integration, current research on SOECs has a strong focus on
performance and durability improvements through the development of
new and improved electrode and electrolyte materials [39].

Carbon capture (CC) technologies, which allow the separation of
CO2 from gases, are crucial components in order to reach a low-
carbon economy [4,40], designed and implemented as parts of a large
variety of carbon capture, utilization and storage systems [41]. The
viability of the wide range of commercially available CC technologies
is mostly dependent on geographical factors [42,43], which include
the local presence of stationary CO2 emitters, availability of waste
heat and electricity costs. For the decarbonization of hard-to-abate
industries, CO2 can be captured from flue gases [4] with technologies
such as Amine Gas Treatment (AGT), in which organic solvents like
monoethanolamine (MEA) are used to absorb CO2 to form weakly
bonded chemical compounds that can be regenerated using heat [44].
For the CO2 removal from the atmosphere, CC through the sustainable
production of carbon-rich biomass is promising due to its ability to
provide energy [45] and valuable industrial feedstock [4] after pro-
cessing, e.g., synthesis gas obtained through biomass gasification (BG)
or biogas production through anaerobic digestion [46] and subsequent
pyrolysis [47]. However, the high land-use of biomass-based solutions,
which compete with food production [48], leaves room for more ex-

pensive technological alternatives like Direct Air Capture (DAC) [49],
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which enable the separation of CO2 from air using physical adsorption
on solid sorbent materials and later regeneration through heat and/or
vacuum [50,51].

Methanation, which is a key technology in carbon capture and
utilization processes [4], can be performed biologically and catalyti-
cally. Biological methanation reactors use microbial cultures to turn
biogas into methane at low temperatures and have the advantage of
being robust against feedstock impurities [52]. Catalytic methanation
in Fixed-Bed Methanation (FBM) reactors is a well-established tech-
nology [53,54] and is now considered for the production of SNG.
In order to improve the dynamic behavior of catalytic methanation
reactors, alternative reactor types have been developed to address the
heat management issues of FBM [55], e.g., Three-Phase Methanation
(3PM) reactors [56,57] and honeycomb reactors [58].

Due to the large variety of available PtM processes [59,60] and
the complex interactions between processes of thermally integrated
plants, the performance and optimal design-point of plant concepts
composed of selected electrolysis, methanation and CC technologies
is not easily determined. PtM plant models are useful to evaluate the
energetic efficiency and economic viability of plant concepts. There-
fore, modeling of such plants is a dynamic research field. Several
studies perform a detailed investigation of a specific plant design
using multi-scale models for most system components [25,37,61,62],
sometimes coupled to optimization algorithms in order to determine
optimal operating conditions [38,63–66]. On the other hand, simplified
modeling approaches are used by some researchers in order to perform
comparative assessments between different plant concepts [67] or more
complex optimization tasks, such as solving scheduling problems for
the dynamic operation of plants powered by intermittent renewable
energy sources [5,68–71]. In order to enable the use of multi-physics
component models for computationally intensive optimization studies,
Chi et al. [72,73] demonstrated the use of surrogate SOEC models
calibrated on detailed simulation data.

However, such SOEC surrogate models have not yet been leveraged
to include more accurate 3D stack models in PtM process optimizations.
PtM system optimization studies commonly assume fixed electrolyzer
operating conditions and therefore cannot study energetic trade-offs
and synergies between electrolyzer and methanation reactor operating
conditions [68,71,74,75]. At most, studies include simple 0D or 1D
electrolyzer models [69,76] which allow the optimization of a small
subset of the electrolyzer operating parameters.

Additionally, literature on integration of CC technologies into PtM
systems is scarce. While the integration of PtM systems with the BG
process has been studied [37,68,75,77], DAC and AGT integration has
only been studied in combination with PEM electrolysis [76,78,79].
The majority of PtM system studies, especially optimizations, assume
an upstream CO2 separation process which is independent of the PtM
plant and provides a stable supply of CO2 [69–71,74,80].

In this paper, a systematic and flexible method for optimizing the
steady-state operating conditions of PtM process chains is showcased.
The method is based on a combination of process simulation, pinch
analysis and derivative-free multivariate optimization. Process simu-
lation is used to determine the material and energetic interactions
between plant components by solving mass and energy conservation
equations. Pinch analysis is used to evaluate the highest achievable
efficiency of the plant concepts. Finally, multivariate optimization is
used to determine the optimal operating conditions that maximize the
energy efficiency of the process chains.

The selected methodology is used to conduct a comparative assess-
ment of PtM plant concepts using SOEC stacks for hydrogen produc-
tion via steam electrolysis [39]. Using multi-physics 3D SOEC stack
models [81,82] built upon electrolyte-supported (ESC) and cathode-
supported (CSC) cell designs, aided by interpolation-based model re-
duction, fully-integrated simulations of processes comprising different
CC technologies (BG, AGT, DAC) and catalytic methanation technolo-
3

gies (FBM, 3PM) are performed.
This study aims to elucidate synergies among process components
and identify energetically advantageous trade-offs by comparing opti-
mized process chains. These insights aspire to deepen our understand-
ing of how operating certain process components under sub-optimal
conditions can enhance the overall energy balance of PtM plants. By
uncovering these process interdependencies, this work can contribute
to the design of plants that are more commercially viable. By op-
timizing energy use throughout the plant, PtM facilities can reduce
their operational costs and become more competitive in the renewable
energy sector.

The novelties provided by this study include the (i) systematic
optimization and comparative energy assessment of a large number
of PtM process chains (ii) with material and thermal integration of
multiple CC technologies, notably the amine gas treatment and direct
air capture processes whose thermal integration with SOECs, according
to the author’s best knowledge, have not been reported yet in the
literature. (iii) The benefit of CC thermal integration in PtM process
chains is evaluated by comparison with isolated CC and PtM processes
simulated using the same methodology. (iv) Simultaneously, a detailed
stack model is used to compare the performance of CSCs and ESCs, both
standalone and integrated in PtM systems.

2. Methodology

The optimization of the PtM plant concepts is implemented in three
abstraction layers depicted in Fig. 1: the individual plant component
models, the fully integrated plant simulation and the optimization
algorithm. Hereafter, these layers and their interactions are explained.

2.1. System simulation

Power-to-methane plants are built around a methanation process,
which produces methane-rich SNG from CO, CO2 and H2. The product
SNG is then dried and conditioned for storage, transport or direct
use [83–85]. The structure of PtM process chains is schematically
depicted in Fig. 2.

Multiple PtM system concepts are investigated in this paper, which
are realized by combining the different methanation, electrolysis and
carbon capture technologies listed in Table 1. Fig. 3 illustrates the
process chain for a plant concept using CO2 from AGT, the 3PM unit
and using air as a sweep gas in the SOEC. Plant concepts containing
the remaining technologies considered in this study can be found in
Appendix A. Detailed descriptions, process diagrams and modeling
methodology of all considered technologies are in Section 2.2.

In order to simulate different power-to-SNG plant concepts under
various operating conditions, a flexible simulation tool was developed
in Matlab. From a given set of methanation, electrolysis and carbon
capture technologies, the tool produces a full plant model by selecting
the necessary intermediary conditioning processes: (i) The CO2, syn-
gas, H2, electrolyzer sweep gas (air or oxygen) and SNG are dried,
compressed and/or expanded according to the subsystem operating
conditions. (ii) The balance between steam produced through metha-
nation reactor cooling and utilized in the electrolyzer and BG unit
is computed and any deficit is compensated by an additional steam
source. (iii) Additionally the SNG output of every plant concept is dried
to 50 mgNm−3 H2O, which is the requirement for compressed H-gas in
Germany [86], and compressed to 200 bar, which corresponds to the
pressure of CNG used in vehicles [87].

In order to quantitatively compare the performance of the different
plant configurations (i.e., combinations of main process technologies
and specific operating conditions), an energetic assessment of each con-
cept is performed by means of thermal integration. The comparability
of the results is ensured through the use of the pinch method [88],
which enables the computation of the heating and cooling requirements
of a perfectly thermally integrated plant. In this study, the hot utility is

assumed to be provided by 100% efficient electrical heaters [37,65],
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Fig. 1. Diagram of the hierarchy and relationship between the three abstraction layers of the modeling and optimization methodology.
Fig. 2. Schematic representation of the main process components of thermally integrated power-to-methane plants.
Table 1
Summary of the different technologies assessed for the electrolysis, methanation and carbon capture with their respective
optimization variables.

Process Technologies Variables Range

Electrolysis Cathode supported Pressure 1–20 bar
Electrolyte supported Inlet temperature 1073–1173 K (ESC)

923–1023 K (CSC)
Current density 0.3–1.2 A cm−2 (ESC)

0.3–1.5 A cm−2 (CSC)
Steam conversion 70%–90%
Air-to-fuel ratio 1–6

Methanation Fixed catalyst bed Inlet temperature 523–623 K
Slurry bubble column Pressure 1–30 bar

Coolant pressure 1–30 bar

Carbon capture Biomass gasification Gasifier pressure 1 and 20 bar

Amine gas treatment No parameter with significant interactions with other
Direct air capture process components, state-of-the-art process is used.
while the cold utility is assumed to be available at 293 K. A mini-
mal temperature difference between heating and cooling medium of
𝛥𝑇min = 20 K was defined [37,89,90], which limits the size of the heat
exchanger used at the pinch point.

Anghilante et al. [37] comparatively assessed system efficiencies
of several Power-to-SNG bio-syngas-based plant concepts, which were
either computed via the pinch method, or via a full explicit thermal
integration using a functional, yet conservative heat exchanger layout.
Modeled discrepancies between the two approaches were found to be
below 2 pp for all cases, emphasizing that pinch analysis provides an
upper, yet representative Power-to-SNG efficiency computation. Due to
the congruent numerical approach, similar discrepancies are expected
for the simulations performed in this work.

Following the pinch analysis, the efficiency of a plant 𝜂HHV is
computed through Eq. (1), which includes the HHV of the produced
SNG (at least 95% CH4, up to 2% H2 and residual amounts of CO
and C2H4) HHVSNG, the heating requirement as computed by the pinch
analysis 𝑃heating, the electrical power consumption of all plant compo-
nents ∑𝑃elec and the HHV of the feedstock used in the gasification unit
HHVbiomass if present.

𝜂HHV =
HHVSNG

∑ (1)
4

𝑃heating + 𝑃elec + HHVbiomass
2.2. System component models

For the system model to be able to perform the thermal integration
and compute the PtM efficiency, each component model needs to
produce the following set of information: temperature and enthalpy
of the required heat stream 𝑇cold(𝑄), available heat stream 𝑇hot (𝑄),
electrical power consumption 𝑃elec and outlet properties (mole fractions
𝑋out , mass flow 𝑚̇out , pressure 𝑝out , temperature 𝑇out). These results are
functions of the inlet properties (mole fractions 𝑋in, mass flow 𝑚̇in,
pressure 𝑝SOECin , temperature 𝑇 SOEC

in ) and operating conditions found in
Table 1.

In this section, all subsystem models are introduced, accompa-
nied by process diagrams in which the cold streams and hot streams
considered in the pinch analysis are depicted as heaters and coolers
respectively.

2.2.1. Carbon capture
Contrary to the majority of PtM system models [25,65,71,91,92],

in the present approach, the CC technology is integrated in the plant.
The considered CC technologies, which supply carbon monoxide and
carbon dioxide to the methanation process, are BG, AGT and DAC.
This allows thermal and material integration with the other plant
components, which is beneficial for all selected CC technologies: DAC
and AGT require large amounts of low-temperature heat [93,94], while
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Fig. 3. Power-to-gas process chain with AGT, 3PM and without SOEC sweep gas recirculation.
Fig. 4. Direct air capture process diagram.

autothermal BG utilizes the high-temperature oxygen produced by the
electrolyzer to produce nitrogen-lean syngas [95].

Direct air capture (DAC) captures CO2 (and approximately 0.5% water
vapor [96]) from the ambient air. The chosen DAC technology, which is
commercially applied by Climeworks [93], is based on the temperature-
vacuum swing process using an amine-functionalized cellulose sorbent
to separate CO2 from the ambiant air. In this cyclic process, air is first
circulated through the adsorbent bed until the sorbent is saturated.
The sorbent bed is then evacuated. After heating up the sorbent to
373 K, the adsorbed CO2 is released and can be isolated. In our model,
the semi-batch process is implemented in a continuous form by the
equivalent stationary model depicted in Fig. 4, which was designed to
yield identical results to a cyclic model averaged over time.

Heat streams are computed using material properties of amine-
functionalized cellulose sorbent published by Wurzbacher et al. [96]
and provided in Table 2. The electricity consumption of the DAC
unit was assumed to be directly proportional to the amount of CO2
produced, at 1.8 MJkg−1CO2

, with data released by Climeworks [93] used

as reference. The same reference predicts a thermal power consumption
5

Table 2
Selected amine-functionalized cellulose sorbent properties [96].

Property Unit Value

Specific heat capacity kJ kg−1 K−1 𝑐𝑎𝑑𝑠𝑝 = 2.07
CO2 loading (48% humidity) mol kg−1 𝑞CO2

= 1.222
H2O loading (48% humidity) mol kg−1 𝑞H2O = 3.0
CO2 adsorption enthalpy kJmol−1 𝛥𝐻ads,CO2

= 60
H2O adsorption enthalpy kJmol−1 𝛥𝐻ads,H2O = 49

of 5.4 MJ kg−1CO2
for their optimized systems, matched closely by the

pinch analysis of the present model which yields 5.34 MJ kg−1CO2
.

Amine gas treatment (AGT) is a technology that is used to separate
CO2 (and approximately 10% water vapor [94]) from flue gases. A
piperazine activated methyldiethanolamine (45 wt.% MDEA/5 wt.%
PZ) solution was chosen as CO2 sorbent in this analysis because its
CO2 absorption reaction has a low enthalpy (≈70 kJmol−1CO2

) and fast
kinetics [94,97–99]. The component model, depicted in Fig. 5, is
adapted from the detailed numerical analysis by Zhao et al. [94], which
was used as reference for the process, the material properties of the
solvent and the eclectic power consumption of 13.5 kJ kg−1CO2

. The

study assumes a flue gas composition of 12 vol.% CO2, 78 vol.% N2
and 10 vol.% H2O which corresponds to the output of a coal-fired
power plant after treatment. The pinch analysis of the simplified model
with 𝛥𝑇min = 10 K yields a minimum thermal power consumption of
2.8 MJ kg−1CO2

compared to 3.3 MJ kg−1CO2
(captured CO2) in the refer-

enced explicit thermal integration. With the pinch temperature 𝛥𝑇min =
20 K used herein, the predicted heat requirement is 3.7 MJ kg−1CO2

.
Trace amounts of hydrogen sulfide (H2S) can be present in the AGT

output (depending on the flue gas composition), which acts as a catalyst
poison for the methanation reactor [100]. Therefore, the output is
cleaned in a ZnO column, for which the gas is heated to 593 K [101].

Biomass gasification (BG) with subsequent gas cleaning and impurity
separation (see Fig. 6) is a process that converts carbon-based organic
materials (e.g., wood chips or straw) into a mixture consisting of H2,
CO, CO , CH and steam (syngas).
2 4
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Fig. 5. Amine gas treatment process diagram.

Fig. 6. Gasification process diagram.

The biomass gasification model herein is based on literature data
from wood (the most widespread source of biomass on the market [102,
103]) gasification experiments under autothermal conditions leading
to low tar concentrations [95,104], achieved through the addition of
steam (steam/carbon ratio = 1) and oxygen (equivalence ratio = 0.25).
The resulting syngas composition and temperature is provided for
gasification at 1 bar and 20 bar, which were treated as fixed setpoints
in this study due to a lack of experimental data at intermediate pressure
levels.

In the present model, the required oxygen is provided by the SOEC
and a gas expander is placed between the SOEC and BG unit if the
electrolysis module is operated under elevated pressure. Unless spec-
ified otherwise, the presented results were obtained with gasification
at 1 bar.

For the production of syngas in a plant producing 20 MW of
methane, approximately 10.5 MW (HHV) of wood is required with a
power consumption of 208 kW for drying, which is congruent with
the study of Anghilante et al. [37] with 10.8 MW (HHV) and 210 kW
respectively.

The gasifier output contains a significant amount of contaminants,
including H2S (0.01%), tar (0.2%) and Ashes (0.04%) [105]. Therefore,
the gas is treated in multiple steps. First, the ashes are removed using a
filter. Then, a dibenzyltoluene (DBT) cleaning unit and rapeseed methyl
ester (RME) cleaning unit remove Tar and the majority of H2S [104].
The remaining H2S is then removed in a ZnO column [101].

2.2.2. Catalytic methanation reactor
Catalytic methanation reactors convert CO, CO2 and H2 into

methane and steam through the Sabatier, CO-methanation and water
gas shift reactions (Eqs. (2)–(4)) in presence of a catalyst, usually
Nickel [106].

CO + 4H ←←←←←←←←←←→ CH + 2H O 𝛥𝐻 = −165 kJmol−1 (2)
6

2 2 4 2 𝑅
Fig. 7. Fixed-bed methanation process diagram.

CO + 3H2 ←←←←←←←←←←→ CH4 + H2O 𝛥𝐻𝑅 = −206 kJmol−1 (3)

CO + H2O ←←←←←←←←←←→ CO2 + H2 𝛥𝐻𝑅 = −41 kJmol−1 (4)

Methanation reactors perform best below 823 K to favor methane for-
mation and avoid deactivation of the catalyst by sintering and carbon
formation temperatures above 673 K reduce the ethane selectivity and
prevent the formation of nickel carbonyl. Further, elevated pressures
improve CO and CO2 conversion [56]. Since the methanation process
is highly exothermic, reaction heat removal is crucial to the stability
of the catalyst and improves the thermodynamic equilibrium of the
reaction [56]. Heat can be removed effectively by cooling pipes using
pressurized water as working fluid, taking advantage of two-phase heat
transfer while also producing steam [104].

In order to reasonably limit the computational requirements of
the system analysis, every methanation reactor is assumed to yield
chemical equilibrium at its output, computed through Gibbs free energy
minimization. The gas input into the methanation unit consists of a
stoichiometric mixture of dried CO2 or syngas and electrolytic H2. For
both reactor designs, the reaction heat is recovered by a steam circuit,
which produces the superheated steam needed for the SOEC.

Two types of catalytic methanation reactors, and corresponding
processes, are considered in this study: FBM reactors and 3PM slurry
bubble column reactors.

Fixed-bed methanation (FBM) reactors, which are an established tech-
nology for carbon oxide removal in process gases [53,55], operate
adiabatically and the reaction heat is removed from the product gas.
The process chosen for the FBM unit, shown in Fig. 7, is analogous
to the Haldor Topsoe TREMP process, consisting of four reactors with
intermediate cooling and recirculation of the first reactor output [107].
Adiabatic reactor operation is assumed, whilst imposing an equivalent
inlet gas temperature 𝑇meth

in and operating pressure 𝑝meth
in for all reactors,

which are both set as optimization variables. Compared to experimental
results of Schaaf et al. [56] on a single FBM reactor with an inlet
temperature of 523 K, 20 bar and 27.7 vol.% CH4, 33.8 vol.% H2,
8.5 vol.% CO2, 30.0 vol.% H2O gas composition, which attained a
CO2 conversion of 64%, the adiabatic equilibrium model predicts a
conversion of 66%.

The cooling between the first three reactors is performed by the
steam circuit and returns the gas to the appropriate inlet temperature
𝑇meth
in with only small amounts of condensation. Before entering the last

reactor, the process gas is dried by cooling to 319 K, which further
increases the final methane yield. The dried gas is then reheated to
𝑇meth
in before entering the fourth reactor.

Three-phase methanation (3PM) reactors are filled with an inert cooling
fluid, e.g., dibenzyltoluene, which allows heat removal from within the
reactor and isothermal operation [55,57,108]. Both the thermodynam-
ics and the dynamic operation capability benefit from the improved
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Fig. 8. Three-phase methanation process diagram.

thermal management across the reactor [109,110], which is crucial for
PtM plants designed to adapt to the intermittent renewable electricity
supply. The selected process, shown in Fig. 8 is composed of two
reactors, with a single condensation and reheating step in between [37,
104]. In this reactor concept, the steam circuit directly recovers the
reaction heat while maintaining a constant temperature 𝑇meth

in in the
reactors. Although the isothermal equilibrium model overestimates the
conversion of 3PM reactors, predicting close to full CO2 conversion at
593 K and 20 bar for a stoichiometric mixture as opposed to 82% [111],
the two-step process is anticipated to achieve near-complete conver-
sion. Due to isothermal operation, the integration of heat streams from
both reactors in the pinch analysis implies minimal disparity in plant
efficiency whether conversion is attained through one or two reactors.

2.2.3. Solid oxide electrolysis cell (SOEC) stacks
The SOECs used for H2 production in the analyzed plant con-

cepts utilize the steam produced from the methanation process, which
significantly reduces the amount of heating required to operate the
electrolyzer. Herein, the performance of two SOEC architectures is com-
pared: electrolyte-supported cells (ESC) and cathode-supported cells
(CSC).

In ESCs, the mechanical stability of the cell is provided by a thick
electrolyte layer, which simplifies the manufacturing of the cells and
provides a durable seal against gas leakage. However, the thick elec-
trolyte increases the ohmic resistance of the cell, which is why ESCs
need to operate at temperatures above 1073 K to reach acceptable area
specific resistances (ASR) [112]. This cell type is nonetheless attractive
for commercial applications, e.g., Sunfire and BloomEnergy electrolyzer
product portfolion, due to their excellent long-term and thermal cycling
stability [113,114], reducing the maintenance cost of the electrolyzers.
For instance, a 30-cell ESC stack operated at −0.5 Acm−2 and 1103 K
for 4000 h shows a low degradation of 0.8%kh−1 [115].

CSCs, whose mechanical stability is provided by a thicker cathode,
show better electrochemical performance at the cost of long-term sta-
bility [116]. They reach higher current densities at significantly lower
temperatures: Riedel et al. [112] were able to operate a 10 CSC stack at
up to −1.2 Acm−2 at 1023 K, while a similar 10 ESC stack only reached
−0.7 Acm−2 at 1073 K. With higher current densities, fewer cells are
required to produce a given amount of hydrogen, leading to reduced
CAPEX.

In order to capture the influence of all five SOEC operating parame-
ters selected for the present optimization, the electrochemical behavior
of the stack needs to be modeled with sufficient detail. To ensure
that all relevant physical processes are taken into consideration, the
multi-scale SOC stack simulation tool [81,82] which is part of the
DETCHEM [117] software package was used.

The simulation software is built around a 1D+1D cell model that
comprises a plug flow model for the gas channels, a dusty gas model for
7

Fig. 9. Validation of the cell model via the measurement and simulation of steady-
state polarization curves of 10.18 cm2 cells for 𝑝 = 1 atm, 9 ∶ 1 H2O to
H2 volume ratio, 𝑉̇air,in = 114.5 NmLmin−1 and 𝑉̇fuel,in = 76.6 NmLmin−1

(ESC)/𝑉̇fuel,in = 44.0−171.6 NmLmin−1 (CSC). Adapted from Wehrle et al. [82].
Copyright 2022, with permission from Elsevier.

mass transport in the electrodes, a distributed charge transport model
across the electrodes and electrolyte, global Butler-Volmer kinetics for
the electrochemical reactions and a 2D heat transport model for the
solid phase. This cell model is then used by a stack model to simulate
single repeating units (RU) in the SOEC stack [81,82].

Microstructural analysis and electrochemical characterization of the
CSC (provided by the commercial supplier Elcogen) and the ESC (pro-
vided by the commercial supplier Kerafol) have been performed in a
previous study by Wehrle et al. [82] in order to calibrate and validate
the cell models. A comparison between planar cell experimental data
and simulation results is provided in Fig. 9 and shows good agreement.
Based on the experimentally validated single cell models, two (CSC-
and ESC-) stack models were built, comprising 150 cells each with an
active area of 128 cm2 (9 cm × 14.2 cm). The stack was assumed to be
insulated with a 5 cm layer of Promalight-1000X [118] and heat loss
through free convection in ambient air at 298 K was considered.

In order to perform the PtM system simulations, the required stack
model outputs are the average cell voltage 𝐸cell, average gas tempera-
ture at the outlet 𝑇 SOEC

out and maximum temperature gradient inside the
stack ∇𝑇max as a function of the five optimization variables defined in
Table 1. Thus, the in- and output interrelation can be summarized as
Eqs. (5)–(7).

𝐸cell = 𝑓1(𝑖stack , 𝑇 SOEC
in , 𝑝SOECin , 𝑆𝐶, 𝜙) (5)

𝑇 SOEC
out = 𝑓2(𝑖stack , 𝑇 SOEC

in , 𝑝SOECin , 𝑆𝐶, 𝜙) (6)

∇𝑇max = 𝑓3(𝑖stack , 𝑇 SOEC
in , 𝑝SOECin , 𝑆𝐶, 𝜙) (7)

The output of the SOEC stack model is used to calculate the electrical
consumption of the stack and the heat demand or heat availability
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Table 3
Varied parameters used to establish the performance maps of the SOEC stacks with a full factorial numerical experiment on
the 3D stack models.

Parameter Symbol Unit Values

CSC ESC

Average current density 𝑖stack Acm−2 −0.3,−0.6,−0.9,−1.2,−1.5 −0.3,−0.6,−0.9,−1.2
Inlet gas temperature 𝑇in K 923, 973, 1023 1073, 1123, 1173
Operating pressure 𝑝 bar 1, 10, 20 1, 10, 20
Steam conversion 𝑆𝐶 % 70, 80, 90 70, 80, 90
Air-to-fuel ratio 𝜙 – 1, 3, 6 1, 3, 6
Fig. 10. Process diagram of the electrolysis units using oxygen as sweep gas.

generated by the gas flow at the output. Moreover, it is ensured that
the temperature gradients inside the stack do not exceed 10 K cm−1 in
order to limit degradation through thermal stress [119].

Since a large number of plant simulations have to be performed
during an optimization, the long computation times of detailed stack
simulations were circumvented by using simplified stack models im-
plemented through multi-dimensional linear interpolation of detailed
simulation results. The interpolation is performed on the results of a
full factorial numerical experiment using the possible discrete variable
values listed in Table 3, resulting in 1458 simulations and 3 multi-
dimensional performance maps per combination of cell type and sweep
gas.

The outputs of this reduced model are still functions of all the
selected operating parameters, while the computation times are greatly
reduced. The loss in accuracy depends on the amount of points com-
puted, the interpolation method used and the behavior of the exact
solutions to 𝑓1, 𝑓2 and 𝑓3 in the region of interest. Since 𝐸cell and
𝑇 SOEC
out are expected to be monotonous functions of the optimization

variables inside the chosen domain [120–122], the linear interpolation
method is expected to yield good approximations. However, ∇𝑇max
is not a monotonous function of 𝑖stack due to the transition between
endothermic and exothermic operation, therefore the corresponding
loss in accuracy is alleviated by the increased number of samples for
the current density 𝑖stack .

Ultimately, a very fast reduced stack model is obtained which
accuracy is shown to be satisfactory in Section 3.1.

In the PtM plant, the electrolysis units includes multiple recircula-
tion loops. The fuel (cathode) off-gas recycle loop regulates the inlet gas
composition to 90% H2O and 10% H2, which is required to prevent re-
oxidation of the nickel particles in the fuel electrode [123]. Thermal
management of SOEC stack can be accomplished in multiple ways,
including operation with air and pure oxygen as sweep gases. Feeding
the stack with pure O2 is achieved by implementing an anode off-gas
recycle loop driven by a recycle blower, as depicted in Fig. 10. Full
sweep gas recirculation (i) eliminates the need for sweep gas com-
pression during pressurized operation, (ii) reduces the energy required
to heat the sweep gas up to 𝑇 SOEC

in and (iii) produces pure O2 as a
byproduct, which is used in the BG unit for efficient N2-lean syngas
production [37].
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For all other plant concepts, operation with air (without recircu-
lation) is also simulated, since this simpler design better reflects the
state-of-the-art.

The steam, sweep gas and recirculation blower work is computed
using Eq. (8), which comprises the fan and electric motor efficiencies
𝜂fan = 0.8 [124] and 𝜂el = 0.95 [62], the required volumetric flow rate
𝑉̇blow and the pressure drop 𝛥𝑝stack .

𝑃el,blow = 𝜂fan ⋅ 𝜂el ⋅ 𝛥𝑝stack ⋅ 𝑉̇blow (8)

The latter was obtained by implementing the manifold and stack flow
model proposed by Koh et al. [125], which was further improved to
take into account (i) the thermal volume expansion/contraction of the
gases caused by temperature fluctuations across the stack and (ii) the
density variation in the gas channels due to mass transport through the
electrolyte.

Since a continuous current needs to be supplied to the SOEC stack,
losses from a power inverter (𝜂AC∕DC = 96%) are also accounted for. The
heat dissipated by the electric inverter is expected to be of low quality
and is therefore not included in the pinch analysis.

2.2.4. Condensers and compressors
Because the operating pressure between system components can

vary significantly, mechanical gas compression is needed at varying
points in the plant. In order to reduce compression work, gases are
cooled to 319 K (with condensation of excess steam) before each
compression step. A maximal compression ratio of 6 was chosen, above
which compression is performed in multiple steps with identical com-
pression ratios and intermediate cooling. An isentropic compression
efficiency of 75% and a mechanical efficiency of 90% was assumed
in the adiabatic compressors [65]. All hot gas cooling duties resulting
from compression processes are considered in the pinch analysis.

When condensation is required, e.g., downstream the methanation
for product separation, the gases are cooled down to 319 K for water
knock-out with a minimum allowed steam partial pressure of 0.1 bar.
The cooling duties are also included in the pinch analysis.

In the SNG conditioning unit, the CH4-rich product gas is con-
densed and then further dried to 50 mgNm−3 H2O in a zeolite-based
molecular sieve [126] (see SNG conditioning unit in Fig. 3) to comply
with the DIN EN 16726 European standard for H-gas [86,104]. A
minimal methane content of 95% and maximum hydrogen content
of 2% is achieved through suitable selection of methanation process
operating conditions. Finally, the SNG is compressed to 200 bar, which
corresponds to the pressure used in European vehicles [87].

2.3. Optimization algorithm

The use of optimization algorithms enables a systematic, target-
oriented and automatized determination of optimal operation condi-
tions for all plant components. Specifically, setting up a systematic
procedure largely facilitates the execution of a robust comparative en-
ergy assessment of different plant concepts without relying on guesses
or intuition. Because some subsystems are simulated using complex
external models, derivative-free constrained optimization algorithms
are required.

Eight operation parameters were selected for optimization, five for
the electrolyzer and three for the methanation unit (see Table 1). The
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optimization was performed with the aim of maximizing the net PtM
system efficiency with respect to the output HHV, as defined in Sec-
tion 2.1. Additionally, the optimum was constrained by the maximum
temperature gradient in the electrolyzer (10 K cm−1 [119]) and an SNG
output suitable for use as an automotive fuel.

It was found that the solution space of the present optimization
problem contains a large number of local optima, which makes the
determination of the global optimum difficult. Although it is not pos-
sible to ensure that the global optimum of the optimization problem
is found, the reliability of the results of the optimization methods was
assessed by performing the optimizations multiple times (starting from
random initial points for the deterministic optimization algorithms)
while ensuring that the results are identical. A tolerance of 0.1% for
the optima and 1% for the optimization variables is allowed in order
to account for the convergence criterion of the optimization algorithm.

The PDFO optimizer suite [127–129] was first tested for the opti-
mizations in this study, as it contains specialized tools for derivative-
free constrained optimization. Unfortunately, the presence of local
optima proved to be a hurdle for this method, as multiple optimizations
started from random initial points of the parameter space yielded differ-
ent optima. Therefore, the simulated annealing routine from the Matlab
optimization toolbox was tested, as the algorithm is designed with the
express purpose of global optimization in the presence of local optima.
However, the optimizer settings required to reach reliable results led
to very high computation times, with the number of computed data
points approaching the millions. Recognizing that the local optima were
reasonably distant from each other inspired the combination of Monte-
Carlo and Nelder–Mead [130] algorithms ultimately used in this study,
which allowed to reach reliable results with reasonable computation
times.

The implemented method starts with a Monte Carlo optimization
that samples random points in the parameter space. Such a stochastic
optimization method converges toward the global optimum for an
infinite number of samples, but sampling only 10 000 points was found
to already provide good enough coverage of the parameter space to
serve as a basis for a method that converges toward the closest local
optimum. The Nelder–Mead algorithm is the gradient-free simplex opti-
mization method chosen for this local optimization task. It was selected
because it is a well-documented method that is easy to implement, and
therefore to customize. The custom implementation made for this study
uses the nine best (highest efficiency) sample points of the Monte-Carlo
algorithm as starting points, and comprises an added penalty system
that constrains the parameter space by rejecting invalid plant operating
conditions. As the algorithm struggled to converge toward optima
located directly at the limits of the parameter space, the Nelder–Mead
algorithm was also modified to specifically consider points directly at
the boundaries of the parameter space whenever the method converged
toward them. The resulting algorithm converges in approximately 200
steps, resulting in a method that is much faster and, for this specific
application, just as reliable as simulated annealing. The approximately
10 200 simulations required for an optimization resulted in single-core
computation times of about 4 h for cases with 3PM reactors and 8 h
for cases with FBM reactors. Simulations of FBM reactors are more
computationally intensive because the gas composition at the inlet
of the first reactor is computed iteratively due to the recirculation
of the output of the first reactor. The memory requirement for these
computations is minimal.

The final results reported in this study were obtained by performing
each of the optimizations at least twice and never observing any signif-
icant change in the results. Although these results cannot be proven
to be the global optima of the optimization problems, the flawless
replication of over 50 optimizations, which always start from random
samples, lends credibility to the assumption that the results represent
the global optima.
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Table 4
ASR of the CSC and ESC stacks for 𝑖stack = −0.3 A cm−2, 𝑆𝐶 = 80%, 𝜙 = 1 and fuel
composition of 90% H2O/10% H2.

Case CSC stack at 973 K ESC stack at 1123 K

1 bar, O2 0.283 Ω cm2 0.408 Ω cm2

1 bar, air 0.290 Ω cm2 0.427 Ω cm2

20 bar, O2 0.220 Ω cm2 0.381 Ω cm2

20 bar, air 0.229 Ω cm2 0.390 Ω cm2

3. Results and discussion

3.1. SOEC stack performance maps

Exemplary slices from the interpolated performance maps of the ESC
and CSC, operated with air and oxygen as sweep gases, are depicted
in Fig. 11. The contour plots represent the average cell potential 𝐸cell
in the stack, which is inversely proportional to its electrical efficiency,
as a function of the average current density 𝑖stack and the gas inlet
temperature 𝑇 SOEC

in . The depicted slices correspond to operation at
constant inlet pressure 𝑝SOECin = 1 bar, conversion rate 𝑆𝐶 = 80% and
air-to-fuel ratio 𝜙 = 1. Moreover, Fig. 12 shows simulated polarization
curves for the two stack designs for 𝑇 SOEC

in = 1023 K (CSC)/𝑇 SOEC
in =

1173 K (ESC) at 𝑝SOECin = 1 bar and 𝑝SOECin = 20 bar. Area-specific
resistances (ASR) of both stack designs calculated at 𝑖stack = −0.3 A cm−2

for varying sweep gases and absolute pressures are provided in Table 4.
As can be seen in Fig. 11, the electrical efficiency of the stack im-

proves as the thermal energy input increases, whilst increasing current
density at a fixed gas inlet temperature requires to supply a higher cell
voltage due to the overpotential losses.

In the low current density regime (𝑖stack = −0.3 A cm−2), a similar
cell potential 𝐸cell ≈ 1.23 V results from the ESC stack at 𝑇 SOEC

in =
1173 K and the CSC stack at 𝑇 SOEC

in = 1023 K. Since the CSC stack
is characterized by a lower ASR (ASRCSC,1023 K = 0.290 Ω cm2 and
ASRESC,1173 K = 0.427 Ω cm2 at 1 bar, see also Fig. 12), the performance
of the ESC stack decreases further at higher current densities compared
to the CSC stack. Accordingly, a higher cell potential 𝐸cell = 1.42 V and
higher inlet temperature 𝑇 SOEC

in = 1173 K have to be supplied to the
ESC stack to match the current density 𝑖stack = 1.2 A cm−2 of the CSC
(𝐸cell = 1.32 V, 𝑇 SOEC

in = 1023 K).
Comparing air with oxygen as sweep gases for the stack, a slight

reduction of the cell potential can be distinguished in case of air supply
to the anode-side channels. The largest benefit can be observed for the
ESC at high current density and low temperature, with a reduction of
the cell potential of up to 20 mV.

For the selected set of operating conditions depicted in Fig. 12,
the CSC achieves a lower electricity consumption than the ESC in a
large part of the polarization regime. Only at very low current density
and under atmospheric pressure, the ESC shows partially superior
electrical efficiency than the CSC, which is due to the increased open
circuit voltage (OCV) at higher temperatures. The ASR of the CSC
is lower in all cases, despite a 150 K lower operating temperature.
As numerically investigated by Wehrle et al. [82] and in congruence
with the experimental results from Riedel et al. [112], the two cell
types show an opposing behavior under pressurized operation: the
efficiency of the ESC decreases under pressure, while the CSC is more
efficient under pressure at higher current densities (𝑖stack > 0.7 A cm−2)
and less efficient at low current densities (𝑖stack < 0.5 A cm−2). For
oth cell types, the OCV increases at higher pressures due to the
ressure dependence of the Gibbs free energy of reaction [112,131].
owever, the ASR generally decreases under increasing pressure, as
an be observed in Table 4, which is due to the faster electrochemical
inetics and reactant density in the electrodes [82]. In the case of the
SC, in which the impact of activation and concentration overpotentials

s more severe, the ASR improves significantly. For the cases listed in
able 4, pressurized operation reduces the ASR by approximately 21%

or the CSC and only 8% for the ESC.



Applied Energy 375 (2024) 123972O. Furst et al.
Fig. 11. Stack average cell potential as a function of gas inlet temperature and average current density for 𝑝 = 1 bar, 𝑆𝐶 = 80%, 𝜙 = 1 and fuel composition of 90% H2O/10% H2.
Fig. 12. Polarization curves of the CSC and ESC stacks for 𝑆𝐶 = 80%, 𝜙 = 1,
𝑇 SOEC
in = 1023 K (CSC)/𝑇 SOEC

in = 1173 K (ESC) and fuel composition of 90% H2O/10%
H2.

Table 5
Comparison of simulated and interpolated values for the air-fed CSC stack for 𝑖stack =
−0.45 A cm−2, 𝑝 = 5 bar, 𝑇 SOEC

in = 998 K, 𝑆𝐶 = 75% and 𝜙 = 2.

Output Unit Simulated Interpolated Deviation

𝐸cell V 1.267 1.248 1.5%
𝑇out K 956.2 956.5 −0.031%
∇𝑇max K cm−1 5.31 4.89 7.9%

In order to estimate the accuracy of the interpolated values, an
additional computation has been performed that does not correspond
to a simulated point of the performance map (see Section 2.2.3). All
the parameters for this simulation lie between discrete values listed
in Table 3, which represents a worst-case scenario. The comparison
between simulated and interpolated values is shown in Table 5 and the
temperature profile of the simulated stack is depicted in Fig. 13.
10
While 𝐸cell and 𝑇out show excellent agreement, the highest deviation
between simulated and interpolated values is found for ∇𝑇max with a
relative deviation of 8%. Fortunately, the identified optimal process
conditions (see Section 3.2) correspond to SOEC operation regimes with
low temperature gradients, such that the limited accuracy in this value
is not critical here.

3.2. Comparative assessment of PtM plant concepts

3.2.1. Plant concepts with oxygen-operated stacks
Table 6 lists the highest achievable PtM system efficiencies that can

be reached for all plant concepts considering SOEC stacks operated
with pure oxygen, alongside the respective operation parameters that
minimize the system energy consumption. Fig. 14 depicts a cumulative
bar chart representing the electricity consumers in the plants and their
contribution to the total power requirement of the plant configurations
for the production of 1 MW of SNG. A summary of the plant mass
balances can be found in Appendix B, Table 12.

The CC process has the highest impact on the efficiency of the plant,
with plants utilizing AGT and BG yielding higher efficiencies than DAC
by approximately 10 pp.

Despite the selected BG process being autothermal, its thermal
integration with the remaining plant is beneficial. In plants with BG,
over 40% of the energy is provided by biomass, which significantly
reduces the amount of electrolytic H2 required. In optimized plants
with both BG and CSC stacks, no electrical heating is required. Due to
the lower number of SOECs required, the methanation heat is sufficient
to evaporate and superheat the steam necessary for the gasification
process and to operate the electrolyzer at lower steam conversion
rates of 𝑆𝐶 = 70%. In addition, the high temperature of the syngas
stream exiting the gasification reactor (𝑇 BG

out = 1123 K) can be used
to heat up the SOEC inlet streams (𝑇 SOEC

in = 1023 K), while the heat
requirements of biomass drying and syngas cleaning can be fulfilled by
lower temperature heat. When ESCs are used instead, a small amount
of electrical heating is required between 1103 K and 1173 K due to
their higher operating temperatures.
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Fig. 13. Slices of the 3D solid phase temperature and current density distribution in the air-fed CSC stack active region for 𝑖stack = −0.45 A cm−2, 𝑝 = 5 bar, 𝑇 SOEC
in = 998 K, 𝑆𝐶 = 75%

and 𝜙 = 2. The fuel gas flow, through the 5 inlet channels, 24 repeating units (RU) and 4 outlet channels is schematically depicted. Sweep gas flows in the same direction in a
mirrored pattern (4 inlet channels, 5 outlet channels).
Table 6
Highest achievable efficiency and optimized operating conditions for every plant
concept considered with oxygen-operated stacks.

Plant concept Eff. Stack Methanation

CO2 Meth. SOEC 𝜂HHV 𝑝 𝑇in |𝑖stack | 𝑆𝐶 𝜙 𝑝 𝑇in 𝑝cool
% bar K A cm−2 % – bar K bar

BG FBM ESC 80.9 17.9 1173 0.300 70 6.0 19.9 523 21.8
CSC 82.9 19.9 1023 0.300 70 6.0 19.9 523 21.1

3PM ESC 81.6 7.9 1173 0.300 70 6.0 10.0 525 20.4
CSC 83.3 10.0 1023 0.300 70 6.0 10.0 526 17.4

AGT FBM ESC 81.2 4.4 1173 0.300 90 6.0 26.0 537 29.9
CSC 81.5 5.1 1023 0.300 90 6.0 29.2 526 30.0

3PM ESC 84.3 2.6 1173 0.300 90 6.0 15.5 532 28.7
CSC 84.6 19.2 1023 0.300 70 6.0 19.2 537 29.9

DAC FBM ESC 71.9 1.2 1173 0.300 90 6.0 27.7 535 29.9
CSC 72.3 20.0 1023 0.300 70 6.0 21.0 523 29.9

3PM ESC 74.3 2.1 1173 0.300 90 6.0 12.4 531 29.4
CSC 74.8 16.2 1023 0.300 70 6.0 16.4 549 29.7

G: biomass gasification, AGT: amine gas treatment, DAC: direct air capture
BM: fixed-bed methanation, 3PM: three-phase methanation
SC: electrolyte-supported, cell CSC: cathode-supported cell.

able 7
ighest achievable efficiency and optimized operating conditions for plant concepts
ith BG at 20 bar.
Plant concept Eff. Stack Methanation

CO2 Meth. SOEC 𝜂HHV 𝑝 𝑇in |𝑖stack | 𝑆𝐶 𝜙 𝑝 𝑇in 𝑝cool
% bar K A cm−2 % – bar K bar

BG FBM ESC 84.9 20.0 1173 0.300 70 6.0 20.0 524 23.7
CSC 86.8 20.0 1023 0.300 74 6.0 20.0 529 29.1

3PM ESC 84.9 20.0 1173 0.300 71 6.0 20.0 576 25.1
CSC 87.0 20.0 1023 0.300 70 6.0 20.0 578 23.2

G: biomass gasification, AGT: amine gas treatment, DAC: direct air capture
BM: fixed-bed methanation, 3PM: three-phase methanation
SC: electrolyte-supported, cell CSC: cathode-supported cell.

In order to investigate the system integration opportunities with
ressurized BG, a set of optimizations was performed with the assump-
ion that the BG process and the SOECs are both operated at 20 bar.
herefore, no O2 compression is required. The results are depicted in
able 7. The corresponding mass balances can be found in Appendix B,
able 13.

Pressurized BG is highly beneficial, as the efficiencies achieved are
uperior by approximately 4 pp for all plant concepts. At 20 bar,
11
Fig. 14. Breakdown of the power consumption of all sub-processes with oxygen-
operated stacks for the production of 1 MW of SNG. BG: biomass gasification, AGT:
amine gas treatment, DAC: direct air capture, FBM: fixed-bed methanation, 3PM: three-
phase methanation, ESC: electrolyte-supported, cell CSC: cathode-supported cell.

the BG yields a much higher amount of CH4 (16.7 vol% at 20 bar,
6.0 vol% at 1 bar) while the H2, CO2, CO yield drop from 35.4%,
25.5%, 21.9% at 1 bar to 28.7%, 34.0%, 18.6% at 20 bar respectively.
As long as the electrolysis process is performed under pressure and with
recirculated O2 as sweep gas, pressurized BG is a net improvement,
which is congruent with the observation of Anghilante et al. [37].

Plants using AGT as CC technology reach the highest efficiency.
The heating duties of the CC process and H2O evaporation are fully
covered by the methanation reaction heat, while a moderate amount
of electrical heating is required to heat up O2 and steam to the SOEC
inlet temperature. The power consumption of the sorbent pumps is also
negligible.

Conversely, process integration of DAC increases the power con-
sumption of the plant by up to 12% compared to the process using
AGT (see Fig. 14). The majority of the power requirement of the DAC
process is thermal [93,96,132], although approximately 10% of the
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total plant power consumption is the electricity needed to operate the
large amount of fans and vacuum pumps required for the process due
to the low concentration of CO2 in air (approximately 420 ppm [133]).

3PM yields the highest plant efficiencies in all presented cases. The
easons are twofold: (i) The product gas of the FBM is hotter, leading to
shift of the thermodynamic equilibrium toward the reactants which
ust be compensated with higher methanation pressures in order to

each the desired methane yield. Hence, the methanation pressure is
igher in all plants including FBM reactors, leading to the increase
n compression work most noticeable for the AGT plant concepts in
ig. 14. Conversely, operating the methanation units at the higher
emperatures and pressures close to the SOEC leads to maximum system
fficiency. (ii) Due to the higher reactant conversion, 3PM reactors pro-
uce larger amounts of heat at a lower temperature. In plant concepts
ith AGT or DAC, where a significant quantity of low temperature heat

s needed, 3PM presents a significant advantage.
The discrepancy between both methanation processes is much

maller in plant concepts with BG because the gasification process
ncreases the methane yield and reduces the heat requirement of the
lant.

Under optimized conditions, the PtM system efficiency increases by
p to 2.5% when using CSCs instead of ESCs due to the reduction of
he electric power consumption of the stack. CSCs also perform well
t elevated pressures, which is an advantageous mode of operation
n plants using O2 as sweep gas: pressurized operation of the SOEC
educes the total compression work required in the plant, since the
utput pressure of the produced H2 matches the methanation reactor
ressure more closely, and the O2 does not need to be compressed due
o the recirculation. While the maximum system efficiencies do not
iffer much between both cell types, the optimal operating pressure
f the stack does depend on the cell design. While CSCs benefit from
etter performance at high pressures, ESCs should rather be operated
t slightly lower pressures (see Table 6), which is a trade-off between
2 compression work and stack performance.

The optimal steam conversion rate for a given plant configuration
epends on the availability of surplus heat. For plants in which suf-
icient heat is available for water evaporation, operating the SOECs
ith a steam conversion of 70% decreases concentration overpotential

osses and increases the plant efficiency (see Table 6). However, in
lants with DAC and AGT units, the interactions are more complex,
ince the CSC are operated at lower steam conversion rates despite
he need for additional heating. In these plants, the model indicates
hat the methanation heat is better utilized to reduce the concentration
verpotential across the cells rather than minimizing electrical heating.

For every case, the optimal current density with respect to plant
fficiency is at the lower boundary, 𝑖stack = −0.3 A cm−2. Those con-
itions correspond to the endothermic operation regime at the upper
oundary temperatures of 1173 K for the ESC and 1023 K for the
SC. The elevated oxygen-to-fuel ratio 𝜙 = 6 maintains practical stack
emperatures, which also keeps temperature gradients well below the
efined limit of 10 K cm−1. High gas temperatures improve the electro-
hemical performance of the SOECs by reducing the ASR. Endothermic,
ow current density operation maximizes the efficiency due to the
eduction of overpotential losses and the utilization of thermal energy.
ow current densities and high operating pressures also lead to lower
olume flow through the stack, which minimizes blower work.

Although low current densities and high gas temperatures yield
he highest plant efficiencies, these operating conditions raise CAPEX
ue to the higher number of SOEC stacks required to produce a given
mount of SNG [134]. Further, operation at high temperatures leads to
cost enhancement of SOEC module and heating apparatus materials

interconnects, sealing, insulation, etc.) [135]. The preferred point of
peration of SOEC stacks is the thermoneutral voltage because it sim-
lifies the thermal management and system design [136]. Therefore, a
imilar set of optimizations was performed with electrolyzers operated
12

nder thermoneutral conditions, presented in Table 8.
able 8
ighest achievable efficiency and optimized operating conditions for every plant
oncept considered with oxygen-operated stacks under thermoneutral conditions.
Plant concept Eff. Stack Methanation

CO2 Meth. SOEC 𝜂HHV 𝑝 𝑇in |𝑖stack | 𝑆𝐶 𝜙 𝑝 𝑇in 𝑝cool
% bar K A cm−2 % – bar K bar

BG FBM ESC 77.9 19.9 1172 0.559 83 6.0 20.1 523 22.6
CSC 78.4 20.0 1022 0.999 73 6.0 20.0 523 26.9

3PM ESC 78.1 10.0 1157 0.521 85 6.0 10.0 526 22.2
CSC 78.6 10.0 1022 1.012 70 3.0 10.0 526 16.8

AGT FBM ESC 76.2 20.0 1169 0.525 90 6.0 23.7 532 30.0
CSC 76.6 19.8 1018 0.838 90 4.4 22.7 528 29.7

3PM ESC 78.9 19.0 1173 0.545 90 6.0 19.0 555 30.0
CSC 79.3 19.9 1019 0.852 90 3.9 19.9 552 29.7

DAC FBM ESC 68.0 19.8 1170 0.530 90 6.0 21.9 525 29.7
CSC 68.3 20.0 1015 0.811 90 6.0 20.5 523 29.6

3PM ESC 70.1 19.4 1171 0.538 90 6.0 19.4 568 29.8
CSC 70.4 18.6 1017 0.834 90 5.3 18.8 560 29.5

BG: biomass gasification, AGT: amine gas treatment, DAC: direct air capture
FBM: fixed-bed methanation, 3PM: three-phase methanation
ESC: electrolyte-supported, cell CSC: cathode-supported cell.

The average current density in the stack was selected such that
the temperature 𝑇 SOEC

out of the gas output of the stack matches the
temperature 𝑇 SOEC

in of the gas input, which yields average cell voltages
𝐸cell,TNV between 1.29 V and 1.3 V depending on the heat loss to the
environment and the electric potential distribution along the height of
the stack.

Enforcing thermoneutral operation causes a large reduction in
achievable plant efficiency between 3 and 5 pp, which would lead to
a significant increase in operating costs. In particular, plant concepts
with AGT experience the largest efficiency loss since the additional
heat production by the SOECs cannot be utilized as effectively as the
plant concepts with DAC. The efficiency of plant concepts with BG does
not change as much because of the lower amount of electrolytic H2
produced.

As can be extracted from Table 8, under optimized conditions,
CSCs reach distinctly higher current densities (𝛥𝑖stack ≈ 50%–90%) at
thermoneutral conditions compared to ESCs whilst operating at lower
temperatures (𝛥𝑇stack ≈ 130–150 K). In the present cases, the superior
electrochemical performance of the CSC is amplified by the pressurized
operating conditions leading to highest system efficiencies, similarly to
the previous results.

Additionally, thermoneutral SOEC operations allows for lower air-
to-fuel ratios, which enables the operation of the SOECs at slightly
higher pressures in the AGT plant concepts due to the reduction of the
sweep gas compression work.

3.2.2. Plant concepts with air-operated stacks
Table 9 and Fig. 15 deliver a similar overview of the results as in the

previous section, but for process chains in which air is used as SOEC
sweep gas instead of pure oxygen. Since oxygen is required to operate
the selected biomass gasification technology, the plant concepts in this
section are limited to AGT and DAC as CC technologies. A summary of
the plant mass balances can be found in Appendix B, Table 14.

Despite the slight improvement in stack performance when air is
used as sweep gas, as noted in Section 3.1, the absence of a sweep
gas recirculation loop causes a major system performance reduction,
as seen in Table 9 and shown by Wang et al. [38]. PtM efficiencies are
approximately 5 pp lower for plants with AGT and approximately 4 pp
lower for plants with DAC. This represents an increase of the energy
consumption of up to 6.8% in the AGT 3PM ESC process chain.

Contrary to the first case, the highest efficiencies are achieved with
stacks operated at atmospheric pressure, as the sweep gas compression
work performed during pressurized operation with air outweighs the
savings of H compression work. This is congruent with the finding of
2
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Table 9
Highest achievable efficiency and optimized operating conditions for every plant
concept considered with air-operated stacks.

Plant concept Eff. Stack Methanation

CO2 Meth. SOEC 𝜂HHV 𝑝 𝑇in |𝑖stack | 𝑆𝐶 𝜙 𝑝 𝑇in 𝑝cool
% bar K A cm−2 % – bar K bar

AGT FBM ESC 76.6 1.0 1172 0.300 90 3.0 29.9 533 29.4
CSC 76.5 1.0 1023 0.300 90 3.0 29.9 531 29.6

3PM ESC 79.0 1.0 1173 0.300 90 3.0 29.2 590 29.8
CSC 79.0 1.0 1023 0.302 90 3.0 28.8 581 29.8

DAC FBM ESC 68.2 1.0 1173 0.300 90 2.8 30.0 534 29.9
CSC 68.2 1.0 1023 0.300 90 3.0 29.8 531 29.3

3PM ESC 70.2 1.0 1173 0.302 90 3.0 23.1 582 29.4
CSC 70.2 1.0 1023 0.300 90 3.0 24.9 588 29.8

BG: biomass gasification, AGT: amine gas treatment, DAC: direct air capture
FBM: fixed-bed methanation, 3PM: three-phase methanation
ESC: electrolyte-supported, cell CSC: cathode-supported cell.

Fig. 15. Breakdown of the power consumption of all sub-processes with air-operated
stacks for the production of 1 MW of SNG. BG: biomass gasification, AGT: amine
gas treatment, DAC: direct air capture, FBM: fixed-bed methanation, 3PM: three-phase
methanation, ESC: electrolyte-supported, cell CSC: cathode-supported cell.

Wehrle et al. [82]. With the reduced operating pressure, no difference
between the efficiencies reached with CSCs and ESCs is observed.
Although the electrical power consumption of ESCs is marginally lower
than CSCs at −0.3 Acm−2, their higher operating temperatures lead to
a slight increase in heating requirements.

Due to the absence of sweep gas recirculation, additional heat is
required to heat up air from the ambient temperature to 𝑇 SOEC

in , which
cannot be fully covered by heat exchangers at the electrolyzer output.
Therefore, lower air-to-fuel ratios of 𝜙 ≈ 3 are optimal in most cases,
lthough the operating conditions are still endothermic. This additional
eat requirement is also the reason why higher steam conversions of
𝐶 ≈ 90 percent are required.

Compared to the previous section, the optimal methanation pressure
s lower for all plant concepts. While reducing the compression work at
he cost of a less favorable thermodynamic equilibrium is a worthwhile
esign choice in the first case, these plant concepts can utilize the
ow temperature heat generated during the compression, making higher
ethanation pressures more attractive.

A similar set of optimizations was performed with electrolyzers
perated under thermoneutral conditions, presented in Table 10.
13
Table 10
Highest achievable efficiency and optimized operating conditions for every plant
concept considered with air-operated stacks under thermoneutral conditions.

Plant concept Eff. Stack Methanation

CO2 Meth. SOEC 𝜂HHV 𝑝 𝑇in |𝑖stack | 𝑆𝐶 𝜙 𝑝 𝑇in 𝑝cool
% bar K A cm−2 % – bar K bar

AGT FBM ESC 75.3 1.0 1173 0.715 90 1.0 29.2 533 29.7
CSC 75.4 1.0 1023 0.868 90 1.0 29.5 531 29.7

3PM ESC 77.7 1.0 1173 0.716 90 1.1 26.1 570 30.0
CSC 77.8 1.0 1021 0.857 90 1.0 26.0 572 29.4

DAC FBM ESC 67.2 1.0 1172 0.711 90 1.0 29.1 537 29.8
CSC 67.3 1.0 1023 0.867 90 1.0 26.8 540 29.6

3PM ESC 69.1 1.0 1173 0.714 90 1.0 21.0 546 29.7
CSC 69.3 1.0 1020 0.851 90 1.0 21.7 571 29.6

BG: biomass gasification, AGT: amine gas treatment, DAC: direct air capture
FBM: fixed-bed methanation, 3PM: three-phase methanation
ESC: electrolyte-supported, cell CSC: cathode-supported cell.

Table 11
Highest achievable efficiency for every plant concept considered with and without
thermal integration of the CC process into the PtM plant.

Plant concept CC integration

CO2 Meth. SOEC Yes No

𝜂HHV 𝜂HHV
% %

Sw
ee

p
ga

s:
O

xy
ge

n
BG FBM ESC 80.9 80.7

CSC 82.9 81.6
3PM ESC 81.6 81.3

CSC 83.6 82.0

AGT FBM ESC 81.2 75.9
CSC 81.5 76.9

3PM ESC 84.3 76.9
CSC 84.6 78.1

DAC FBM ESC 71.9 67.3
CSC 72.3 67.8

3PM ESC 74.3 68.2
CSC 74.8 69.0

Sw
ee

p
ga

s:
Ai

r

AGT FBM ESC 76.6 70.3
CSC 76.5 70.0

3PM ESC 79.0 70.8
CSC 79.0 70.9

DAC FBM ESC 68.2 62.4
CSC 68.2 62.4

3PM ESC 70.2 63.3
CSC 70.2 63.3

BG: biomass gasification, AGT: amine gas treatment, DAC: direct air capture, FBM:
fixed-bed methanation, 3PM: three-phase methanation, ESC: electrolyte-supported, cell
CSC: cathode-supported cell, CC: carbon capture.

As opposed to the process chains compared in Section 3.2.1, the
efficiency of the present plant concepts with thermoneutral SOEC op-
eration (Table 9) is close to the efficiency of the same plant concepts
with endothermic operation (Table 10), with a difference of up to
1 pp. This can be attributed to the higher heat requirement of these
plant concepts, as illustrated in Fig. 15, in which the additional heat
produced by the SOECs reduces the amount of additional electric
heating required in the plant.

3.3. Comparison with PtM plants without CC integration

To evaluate the efficiency gain provided by thermal integration of
CC technologies into the PtM process chains, the optimizations of the
plant concepts presented in Sections 3.2.1 and 3.2.2 were repeated
while thermally integrating the CC process and the remaining PtM
process separately, thereby computing the efficiency of a system com-
prising a standalone CC plant delivering syngas or CO2 to a PtM plant.
In process chains with BG, the SOEC is still assumed to deliver O2 to
the process. The results are listed in Table 11.
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Fig. 16. Tornado diagram of the impact of a variation of the optimization variables on
he efficiency of plant concepts using oxygen-operated stacks. BG: biomass gasification,
GT: amine gas treatment, DAC: direct air capture, FBM: fixed-bed methanation, 3PM:

hree-phase methanation, ESC: electrolyte-supported, cell CSC: cathode-supported cell.

Separating the two processes has a small impact on the efficiency
f the BG process chains, with the largest efficiency loss being 1.6 pp
n the BG 3PM CSC plant concept. This is easily explained by the
act that the BG process is autothermal, so that thermal integration of
his process into the PtM plant mainly serves to recuperate moderate
mounts of high-temperature heat in order to superheat steam above
he temperature provided by the methanation process. However, the
ain advantage of the integration of the BG process into PtM plants is

hat the oxygen produced as a byproduct of the electrolysis process is
tilized.

Conversely, the DAC and AGT processes benefit greatly from their
hermal integration into PtM plants, which raises their respective total
fficiencies by as much as 10.9% and 10.4%. Since these CC processes
equire large amounts of heat for the desorption of CO2, they utilize
he surplus of heat produced by the methanation process effectively.

.4. Sensitivity analysis

In order to quantitatively assess the influence of the optimization
ariables on the plant efficiency, a sensitivity analysis was performed
n every plant concept examined in Section 3.2.1. The optimized plant
onfigurations were used as baseline while each optimization variable
as increased and reduced by 1% to compute a sensitivity index SI
ccording to Eq. (9).

I = −
𝛥𝜂HHV∕𝜂HHV

𝛥𝑃𝑖∕𝑃𝑖
(9)

𝜂HHV is the efficiency of the optimized plant, while 𝛥𝜂HHV is the change
n efficiency when the parameter 𝑖 of value 𝑃 is varied by 𝛥𝑃 . Since
𝜂HHV is always negative, SI is defined so that it is positive for an
ncrease of 𝑃 and negative for a decrease of 𝑃 . The results of this
nalysis are depicted in Fig. 16.

Because some variables have their optimal values at the edge of the
14

ange defined in Table 1, variations that would exceed this range or e
Fig. 17. Pareto front of plant efficiency and number of SOEC stacks in 20 MWSNG
BG 3PM, AGT 3PM and DAC 3PM plant concepts for ESCs and CSCs with O2 sweep.
BG: biomass gasification, AGT: amine gas treatment, DAC: direct air capture, 3PM:
three-phase methanation, ESC: electrolyte-supported, cell CSC: cathode-supported cell.

invalidate the constraints of the optimization (CH4 and H2 content,
∇𝑇max) were not performed. In cases where the SOEC pressure 𝑝SOECin

ould exceed the methanation pressure 𝑝meth
in , both variables are varied

imultaneously.
For every plant concept, lowering the stack inlet temperature 𝑇 SOEC

in
as the largest impact on the plant efficiency. This is related to the
ssumption that high temperature heat can be produced electrically at
00% efficiency [37,65], making it advantageous to supply the SOEC
ith higher amounts of thermal energy instead of electrical energy,
hich would lead to higher electric inverter losses. However, the plant
fficiency has a much lower sensitivity to the current density 𝑖stack ,
hich correlates directly with the electrical energy supplied to the

tack. In other words, the stack efficiency is more sensible to changes
n temperature than to changes in current density. Therefore, it can be
educed that the observed sensitivity is rather a result of the increased
lectrochemical performance of the SOEC at elevated temperatures,
here the ASR is reduced.

The sensitivity of the plant efficiency relative to the remaining opti-
ization variables is approximately equal. In agreement with the liter-

ture [24,64], the efficiency loss observed when increasing the steam
onversion 𝑆𝐶 (which leads to slight reductions in the performance
f the SOECs), is of similar magnitude than the loss observed when
educing the steam conversion 𝑆𝐶 (which increases the amount of
uperheated steam required). This trend showcases that the efficiency
f SOEC systems can be improved using residual low-temperature heat
o evaporate water.

.5. Bi-objective optimization of the plant efficiency and number of SOEC
tacks

The previous sections focused entirely on maximizing the system
fficiency, i.e. minimizing the electrical energy requirement (an there-
ore reducing OPEX) of the selected plant concepts. However, CAPEX
re still a relevant part of the SNG production costs, and the capital
nvestment is dominated by the SOEC stacks [104,134] and the CC sys-
em [137,138]. Therefore, a bi-objective optimization of the achievable
fficiency and the minimal number of installed SOEC stacks for the
roduction of 20 MW of SNG is performed and the resulting Pareto
ronts are depicted in Fig. 17.

In all of the depicted plant concepts, CSCs permit to reach higher

fficiencies than ESCs and can attain equivalent plant efficiencies while
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reducing the amount of SOEC stacks required by up to 35% in low
current density regions and 50% in high current density regions.

The use of CSCs increasingly benefits the plant efficiency when the
number of stacks is reduced toward the thermoneutral point of CSCs
(1000 stacks in plants with AGT and DAC, 500 stacks in the plant with
BG), which corresponds to current densities of approximately 𝑖stack ≈
−0.6 A cm−2. Beyond this current density, endothermic operation of the
CSC is not possible within the given constraints which leads to a change
in slope. For ESCs, similar behavior is observed at current densities of
approximately 𝑖stack ≈ −0.9 A cm−2.

In plants with DAC the excess heat generated by the exothermic
electrolysis can be utilized effectively, leading to a plateau of 𝜂HHV ≈
70% between thermoneutral and highly exothermic operation where
the efficiency decreases by less than 0.5%. The same phenomenon is
observed in the plants with AGT, with the plant efficiency dropping by
no more than 1 pp while reducing the number of stacks by 33%. In
plants with BG, exothermic operation leads to more significant losses
due to the production of excess heat which cannot be utilized. Since
the BG 3PM ESC process chain does not require a significant amount
of electrical heating, the plant efficiency drops further as the SOEC
performance degrades under inefficient operating conditions.

The observed trend demonstrates that in systems that can utilize
heat effectively, exothermic operation of the SOECs can allow a sig-
nificant reduction of the required number of stacks without significant
increase of energy consumption compared to thermoneutral operation.
The reduced number of stacks is expected to result in a reduction in
plant CAPEX, as the only plant components that need to be adapted to
the modified operating conditions are the heat exchangers at the SOEC
gas outlets.

3.6. Comparison of results with existing literature

In order to validate the results of this study, the PtM efficiencies
computed herein are compared to results of similar system simulation
studies.

Wang et al. [64] report achieving energy efficiencies of up to 85.2%
HHV in a PtM system comprising an isothermal methanation reactor
(𝑝meth

in = 26 bar, 𝑇meth
in = 563 K) and CSC stack (𝑖cell = 0.34 A cm−2,

𝑝SOECin = 26 bar, 𝑇 SOEC
in = 973 K, 𝑆𝐶 = 80%). The similar AGT 3PM CSC

(air sweep) process, which was treated in Section 3.2.2, was shown to
be 79.0% HHV efficient. Although this plant concept includes an AGT
process, which reduces the plant efficiency significantly, the difference
in efficiency of 7.3% (6.2 pp) is expected to be caused in equal measure
by the power inverter losses of 4% which are accounted for in this
study.

Anghilante et al. [37] compute efficiencies for three PtM plants
with integrated BG. The most similar plant concept to this study is
comprised of CSC stacks under thermoneutral conditions, a pressurized
BG process and a methanation process comprising a 3PM reactor and
a honeycomb reactor. A HHV efficiency of 81% is reported. For the
comparison of results, a system simulation was performed using the
BG 3PM CSC process chain with thermoneutral operation of the SOEC
and the following operating conditions, which match the ones used
in the Ref. [37]: 𝑇 SOEC

in = 1023 K, 𝑝SOECin = 20 bar, 𝑆𝐶 = 80%,
𝜙 = 1, 𝑇meth

in = 563 K, 𝑝meth
in = 20 bar, 𝑝cool = 20 bar. An efficiency

of 82.2% is obtained. The difference can be attributed to the higher
performance of the CSC in this study, which achieves a current density
of −0.958 Acm−2 as compared to the −0.8 Acm−2 of the Ref. [37]
at lower gas inlet temperatures (1023 K compared to 1073 K) under
thermoneutral conditions. The pinch diagram produced by Anghilante
et al. is compared to the process chain simulated herein in Fig. 18.

The differences in the hot stream and cold stream composite curves
are due to (i) the lower temperature of the first 3PM reactor considered
in this study, which results in a higher carbon utilization of 99.6%
(as opposed to 97.8%) and hence a higher heat production, (ii) the
15

honeycomb methanation process, which is not isothermal and hence
Fig. 18. Pinch diagram with the composite curves reported by Anghilante et al.
compared to the similar system computed herein. Adapted from Anghilante et al. [37].
Copyright 2019, with permission from Elsevier.

results in a different slope of the hot stream composite curve before
the isothermal methanation threshold and (iii) the difference in SOEC
inlet temperature.

The only published data on energy efficiency of PtM plants with
integrated DAC process stems from Coppitters et al. [78,139], which
report a HHV energy efficiency of up to 59.5% for a system including
PEM electrolyzers and a series of four adiabatic methanation reactors.
Process chains with DAC units and adiabatic methanation reactors
simulated herein reached HHV efficiencies ranging between 67.2% and
72.3%. The difference in efficiency is mostly due to the superior per-
formance of SOEC, as the PEM electrolyzers are reported to constitute
93% of the power consumption of the PtM system, as opposed to
approximately 77% in the similar plants considered in this study.

Even though a study considering a PtM system with integrated
AGT process can be found in the literature [79], it is specific to the
integration in steelmaking plants. Therefore, no direct quantitative
comparison can be made to the results produced herein.

4. Conclusion

A methodology for optimizing the operating conditions of PtM
plants was presented and used to comparatively assess 20 different PtM
plant concepts producing SNG suitable for use as a fuel.

A multi-scale SOEC stack model was used to compare the perfor-
mance of an ESC stack and a CSC stack integrated into PtM plants.
Operation with two sweep gas concepts, air and pure oxygen, was
considered for both stack types. Fast SOEC stack models were build
from simulated performance maps of detailed 3D models (provided in
the Supplementary Information). The reduced models were integrated
in the system simulations and shown to lead to a small loss in accu-
racy compared to the full models. Furthermore, the computed system
efficiencies represent an upper limit, as the thermal integration through
pinch analysis does not account for heat exchanger layout and heat loss
through pipes.

The system simulation results indicate that with proper thermal
integration, plants using BG and AGT as CO2 sources can reach excel-
lent HHV efficiencies of up to 87.0% and 84.6%, respectively, while
plants with DAC units achieved up to 74.8% HHV efficiency. Sweep
gas recirculation was shown to increase plant efficiency by up to 6.8%,
both by reducing the amount of heating required and by allowing
the advantageous pressurized operation of CSCs without the need for
sweep gas compression. Thermal integration of the DAC and AGT
processes into PtM plants was demonstrated to increase the efficiency
of the complete system by a large margin of up to 10.9% and 10.4%
respectively.

Endothermic SOEC stack operation leads to the highest PtM effi-
ciencies due to reduced overpotential losses at low current densities,
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Fig. 19. PtM plant concept with BG, 3PM and sweep gas recirculation.
increased electrochemical performance at high gas temperatures, and
reduced power inverter losses. Achievable system efficiencies with CSC
and ESC stacks do not differ significantly, despite large differences in
operating temperature ranges.

However, a Pareto optimization revealed that PtM plants with CSCs
can achieve the same efficiency as plants with ESCs with half the
number of SOEC stacks. Systems that effectively utilize heat were
shown to benefit from a reduction in CAPEX with exothermic SOEC
operation, while incurring an efficiency loss of less than 1% compared
to thermoneutral operation. Considering the delicate balance between
power density and degradation rate required for the commercially vi-
able operation of SOECs, this observation warrants further investigation
by means of techno-economic analysis.

The presented methodology provides valuable insights into syner-
gistic process interactions that can be exploited to improve the system
efficiency of PtM plant concepts. In particular, pressurized operation of
ESC stacks resulted in higher PtM efficiencies, which is suboptimal for
stand-alone operation, but advantageous at plant scale.

These results underline the significance of the present modeling
and optimization approach for the design of thermally integrated PtM
processes. Clearly, the methodological combination of optimization,
pinch analysis and process modeling is a very powerful tool that can
be easily adapted to other Power-to-X concepts.
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Fig. 20. PtM plant concept with DAC, FBM and sweep gas recirculation.
Table 12
Main mass streams at the inlet and outlet of the CC, SOEC and methanation units for every optimized plant concept considered with oxygen-operated stacks.

Plant concept Carbon capture SOEC Methanation

CO2 Meth. SOEC 𝑚̇Bio.
in 𝑚̇CO2

out 𝑚̇H2O
out 𝑚̇H2O

in 𝑚̇H2
out 𝑚̇H2O

out 𝑚̇O2
out 𝑚̇CH4

out 𝑚̇H2O
out 𝑚̇CO2

out 𝑚̇H2
out 𝑚̇C2H4

out

BG FBM ESC 0.569 0.454 0.073 1.346 0.110 0.363 0.702 0.360 0.252 0.006 0.001 0.000
CSC 0.569 0.454 0.073 1.346 0.110 0.363 0.702 0.360 0.252 0.006 0.001 0.000

3PM ESC 0.568 0.453 0.073 1.344 0.110 0.363 0.701 0.360 0.241 0.005 0.001 0.000
CSC 0.568 0.453 0.073 1.344 0.110 0.363 0.701 0.360 0.241 0.005 0.001 0.000

AGT FBM ESC – 0.994 0.045 1.792 0.182 0.163 1.446 0.360 0.175 0.006 0.001 0.000
CSC – 0.993 0.045 1.789 0.182 0.164 1.444 0.360 0.146 0.004 0.001 0.000

3PM ESC – 0.992 0.045 1.790 0.182 0.165 1.443 0.360 0.134 0.003 0.001 0.000
CSC – 0.991 0.045 2.224 0.182 0.601 1.442 0.360 0.104 0.003 0.001 0.000

DAC FBM ESC – 0.994 0.002 1.790 0.182 0.163 1.446 0.360 0.160 0.005 0.001 0.000
CSC – 0.994 0.002 2.226 0.182 0.598 1.446 0.360 0.232 0.006 0.001 0.000

3PM ESC – 0.993 0.002 1.788 0.182 0.162 1.444 0.360 0.180 0.004 0.001 0.000
CSC – 0.993 0.002 2.226 0.182 0.600 1.444 0.360 0.128 0.004 0.001 0.000
Table 13
Main mass streams at the inlet and outlet of the CC, SOEC and methanation units for every optimized plant concept considered with oxygen-operated stacks and 20 bar
gasification.

Plant concept Carbon capture SOEC Methanation

CO2 Meth. SOEC 𝑚̇Bio.
in 𝑚̇CO2

out 𝑚̇H2O
out 𝑚̇H2O

in 𝑚̇H2
out 𝑚̇H2O

out 𝑚̇O2
out 𝑚̇CH4

out 𝑚̇H2O
out 𝑚̇CO2

out 𝑚̇H2
out 𝑚̇C2H4

out

BG FBM ESC 0.569 0.468 0.003 1.281 0.105 0.346 0.701 0.360 0.242 0.005 0.001 0.000
CSC 0.569 0.468 0.003 1.226 0.105 0.290 0.702 0.360 0.244 0.006 0.001 0.000

3PM ESC 0.568 0.467 0.003 1.270 0.105 0.335 0.701 0.360 0.099 0.005 0.001 0.000
CSC 0.568 0.468 0.003 1.281 0.105 0.346 0.701 0.360 0.100 0.005 0.001 0.000
Table 14
Main mass streams at the inlet and outlet of the CC, SOEC and methanation units for every optimized plant concept considered with air-operated stacks.

Plant concept Carbon capture SOEC Methanation

CO2 Meth. SOEC 𝑚̇CO2
out 𝑚̇H2O

out 𝑚̇H2O
in 𝑚̇H2

out 𝑚̇H2O
out 𝑚̇O2

out 𝑚̇CH4
out 𝑚̇H2O

out 𝑚̇CO2
out 𝑚̇H2

out 𝑚̇C2H4
out

AGT FBM ESC 0.993 0.045 1.788 0.182 0.161 3.686 0.360 0.144 0.005 0.001 0.000
CSC 0.993 0.045 1.788 0.182 0.162 3.676 0.360 0.144 0.004 0.001 0.000

3PM ESC 0.993 0.045 1.789 0.182 0.163 3.689 0.360 0.072 0.004 0.001 0.000
CSC 0.992 0.045 1.788 0.182 0.162 3.690 0.360 0.071 0.004 0.001 0.000

DAC FBM ESC 0.993 0.002 1.788 0.182 0.161 3.542 0.360 0.144 0.005 0.001 0.000
CSC 0.993 0.002 1.787 0.182 0.161 3.691 0.360 0.144 0.005 0.001 0.000

3PM ESC 0.993 0.002 1.788 0.182 0.161 3.692 0.360 0.090 0.005 0.001 0.000
CSC 0.993 0.002 1.788 0.182 0.161 3.692 0.360 0.084 0.005 0.001 0.000
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