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ARTICLE INFO ABSTRACT
Keywords: Power-to-Gas (PtG) is prognosticated to realize large capacity increases and create substantial revenues within
Solid oxide electrolysis cell (SOEC) the next decade. Due to their inherently high efficiencies, solid oxide electrolysis cells (SOECs) have the potential

Power-to-Methane
Multi-scale modelling
3D stack model
Optimization

to become one of the core technologies in PtG applications. While thermal integration of the high-temperature
SOEC module with downstream exothermic methanation is a very potent concept, the performance of SOECs
needs to be boosted to amplify the technologies impact for future large-scale plants. Here, we use a combined
experimental and modelling approach to benchmark commercial electrolyte- (ESC) and cathode-supported cell
(CSC) designs on industrial-scale planar SOEC stack performance. In a first step, comprehensive electrochemical
and microstructural analyses are carried out to parametrize, calibrate and validate a detailed multi-physics 2D
cell model, which is then used to study the cells’ behaviour in detail. The analysis reveals that there exists a cell-
specific threshold steam conversion of ~80% for the ESC and ~75% for the CSC design, which represents a
maximum of the total (heat plus electrical) electrolysis efficiency. Moreover, while the ESC-design suffers from
performance reductions under pressurized conditions, considerable performance increases of ~9% at 20 atm
(700 °C, 1.35 V) compared to atmospheric pressure are predicted for the CSC design, showcasing a unique
advantage of the CSC cell for process integration with the catalytic methanation. Subsequently, based on a 3D
stack model, a scale-up to the industrial stack size is conducted. To comparatively assess stack performances
under application-oriented conditions, optimization studies are carried out for 150-cell stack units based on the
two cell designs individually. When optimally selecting the stack operation points, the model predicts the CSC-
based stack to reach a high capacity up to 36.6 kW (~10.6 Nm® H, h™!) at 1.35 V and 700 °C, whilst ensuring
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reasonably low temperature gradients (<10 K cm™') and sweep gas cooling requirements (<30 sccm cm™2).
Thus, CSC-design stacks incorporating such a highly active cell design can be expected to further boost the
competitiveness of high-temperature electrolysis in PtG plant concepts.

Nomenclature

Latin

A area [m?] or pre-exponential factor

Cp specific heat capacity at constant pressure [J kg™* K]

d diameter [m]

E electric potential difference [V] or activation energy [J
mol 1]

i current density [A m?]

ior exchange current density of rth charge-transfer reaction [A
m2]

L length [m]

LHV lower heating value [J kg’l]

m mass flux [kg s

n pressure exponent or absolute number

n molar flux [mol s~ 1]

p pressure [atm]

p power [W]

Q heat flux [W m™2]

R universal gas constant [J mol 'K '] or specific resistance
[Q cm?]

SC steam conversion

t thickness [m]

T temperature [K]

v volume flux [m® s~ 1]

w specific energy demand [J m~3]

w width [m]

X molar fraction

X spatial coordinate [m]

y spatial coordinate [m]

4 spatial coordinate [m]

Greek

p charge transfer coefficient

3 extra oxygen vacancies in CGO

€ porosity

Erad thermal radiation emissivity

n efficiency

A thermal conductivity [W m~! K™!]

R specific active triple-phase boundary length [m~?]

vf solid phase volume fraction

o charge conductivity [S m™]

Tfac tortuosity factor

Wair excess air ratio

Subscripts

© reference conditions
a anodic

air air

an anode

avg average

bl barrier layer
BoP Balance of plant
c cathodic

cd cathode

cell cell

ch channel

contact contact

dl diffusion layer
ede electrode

el electronic phase
elec electrical

elyt electrolyte

F Faradaic

fl functional layer
g, gas gas phase

i due to current
ic interconnect

in inlet

io ionic phase

k kth species

LHV lower heating value
m phase index
max maximum

ohm ohmic

out outlet

p particle

pol polarization
pore pore

q stack component index
r reaction index
rib interconnect rib
s solid phase or surface
stack stack

sys system
Superscripts

eff effective

\Y% volumetric

1. Introduction

The ambitious energy policies emerging from climate protection
commitments request a significant reduction of green-house gas emis-
sions in all of the energy-consuming sectors and a renunciation of fossil
energy sources. However, the envisioned transition to a flexible and
sector-coupling energy network can only be accomplished via a com-
mercial roll-out of green energy production processes and an appro-
priate energy storage concept at a massive scale [1]. By converting the
intermittent electrical power supply from renewable energy sources
(RES) to persistent chemical energy, Power-to-Gas (PtG) presents an

attractive chemical storage concept enabling the coupling of RES with
the gas grid, and thus is the subject of extensive research efforts [2-4], as
well as exponential increases of installed capacities [5]. One of the core
components in such a concept is the electrolyzer splitting water into Hy
and O, via the supply of electrical power. Solid oxide electrolysis cells
(SOEC) operate at elevated temperatures, which accompanies several
challenges, such as thermo-mechanical stability of the cell components,
dynamic operation of the SOEC unit and its system integration. Never-
theless, high temperature (HT) operation gives rise to thermodynamic
and kinetic advantages over the more established low-temperature (LT)
electrolysis technologies, i.e. alkaline electrolysis (AE) and polymer
electrolyte membrane (PEM) cells, which enables the production of Hy
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at very high electrical efficiencies [1,6-8].

Still, to reach high net system efficiencies with HT-cells, industrial
waste heat sources must be available. This makes SOEC-based PtG
concepts involving a downstream exothermic reaction process potent in
terms of exploiting thermal integration synergies [9-11]. Storing the
renewable energy supply in the form of CHy has the essential benefits of
a versatile and high density energy carrier, which is easily transported
and distributed by injecting synthetic natural gas (SNG) into the already
existing gas grid infrastructure [12]. Moreover, CHy is frequently used
for stationary district- and domestic level heating or co-generation in
combined heat and power (CHP) plants, and could replace conventional
gasoline or diesel fuels in the mobility sector in the near-future [13].

While SOECs can also be operated in HyO/CO5 co-electrolysis mode
to directly produce syngas at different Hy/CO-ratios [14,15], and pres-
surized co-electrolysis operation promoting internal methanation within
the SOEC-unit has also been studied [16], this work specifically focuses
on SOEC stacks performing steam electrolysis for integration into a
Power-to-Methane (PtM) plant concept. Some of the studies concepts
and outcomes are, however, also applicable for integration of an SOEC-
unit into other PtG concepts up to a certain extent, cf. Section 3.3.2. In
an integrated PtM system, both the SOEC electrolyzer module, which is
electrically connected to a RES, and a CO; source are coupled to a cat-
alytic methanation unit. The liquid cooling system of the methanation
unit essentially represents the steam generation unit for the SOEC stack,
since the reactors operate exothermically based on the Sabatier reaction
[9,10]. The integrated SOEC-PtM system’s large technological potential
is evident from proposed system efficiencies (with respect to the higher
heating value (HHV) of the target product) in the range of 5, yyv ~
80-86% based on a proof-of-concept experimental study involving a
pilot demonstrator [9] and system modelling efforts [17-19] for SOEC
units coupled to catalytic methanation. Thereby, substantially higher
efficiencies can be reached than for plants using LT-electrolysis [20].

While the principle feasibility and the high efficiency of a SOEC-
based PtM-concept has been demonstrated [9], cell- and stack-level
performance improvements are highly desired to boost the Hy produc-
tion capacity, and to pave the way for achieving market-readiness. With
current commercially available SOEC systems being based on an
electrolyte-supported cell (ESC) configuration containing a relatively
thick central layer typically made of doped zirconia [11], operation
temperatures are restricted to > 800 °C to reach an appropriate current
density due to the cells’ relatively high ohmic resistance, i.e., area-
specific resistance (ASR). These cells are superior in terms of mechani-
cal and electrochemical long-term stability both at steady conditions, as
e.g. demonstrated at a high current density of —0.9 A cm™2 over 23,000
h with a voltage degradation of 7.4 mV per 1000 h [21], and under load
cycling conditions, e.g. 80,000 on/off cycles with losses of 5 mV per
1000 h [22].

Nevertheless, it was also demonstrated that cathode-supported cells
(CSC) designed for operation at a lower temperature range can also
achieve robustness for continuous steam electrolysis. By tailoring the Ni-
yttria-stabilized zirconia (YSZ) electrode microstructure in a CSC to
hinder Ni depletion, low degradation rates of 0.3-0.4% per 1000 h up to
a current density of ~-1 A cm 2 were proven [23], while more recently,
solution infiltration of CGO nanoparticles into the Ni-YSZ electrode was
shown to significantly reduce CSC degradation [24], demonstrated for
8750 h of operation at a high current density of —1.25 A cm™2 with a
voltage degradation of 39 mV per 1000 h. Thus, although SOEC plant
sizes are expected to markedly increase in the following years [1], given
that the maximum SOEC system capacity is currently (beginning of
2022) 720 kWejec (200 Nm® h™! Hy) [25], with single electrolyzer stacks
having capacities in the range of ~3-15 kWl [16], stack-level per-
formance improvements by incorporating such highly active cell designs
are essential, aside from the scale-up efforts by increasing the SOEC
stack tower or module dimensions, in order to cost-competitively meet
the demands of the catalytic methanation unit, e.g. ~108.400 Nm® h~!
H, for a 300 MW (based on CHy4 output) industrial-scale PtM-plant [3].
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Aside from the power capacity gains decreasing the SOEC module’s
installation costs, i.e., capital expenditure (CAPEX), potential benefits of
a lowered operation temperature also comprise various aspects,
including (i) faster thermal cycling, (ii) lower investment costs for stack,
insulation and balance of plant (BoP) materials, (iii) decreased heat
losses and (iv) lowered electrical heating costs, since electrical heaters to
overheat the steam will be at least temporarily required in a real-world
plant despite thermal integration.

From a modelling perspective, there exist several studies which
performed PtM-system level process modelling with particular focus on
reactor design [17], techno-economics [26,27], conceptual design
optimization [18,19,28], and thermal integration [10,19], while lab-
scale SOEC steam- or co-electrolysis cell-level modelling was conduct-
ed e.g. to study pressurized operation [29,30], outlet gas composition
[31], degradation mechanisms [32] and temperature distributions [33].
Moreover, when not limiting the literature scope to electrolysis opera-
tion only, there exist 3-D stack models mostly based on computational
fluid dynamics (CFD) or homogenization approaches, which were used
to investigate spatially-resolved temperature distributions, flow fields or
stresses [34-37].

However, to the author’s best knowledge, an in-depth multi-scale
modelling study including a 3D-stack-level simulation tool to analyse
the impact of different cell designs on commercial-scale SOEC perfor-
mance for industrial PtM applications has not yet been conducted. While
there exist review papers [8,38-40] and experimental studies [41-43]
comparing membrane electrolyte assembly (MEA) materials, cell con-
figurations and stack designs with respect to SOEC performance,
detailed modelling studies targeting a benchmarking of different cell
concepts are scarce in the literature, but highly required to predictively
project the lab-scale findings to the industrially relevant stack and sys-
tem scale [15]. Additionally, simplified approaches to predict SOEC
stack performance on ~100 cell-level that do not resolve the 3D tem-
perature profile (including the insulation layer) and/or neglect the
impact of heat exchange with the surroundings might not be valid under
realistic conditions, since the large thermal mass of a large-capacity
stack complicates an accurate prediction of the local gas and solid
phase temperatures. However, this is of crucial importance to realisti-
cally predict the SOEC unit’s electrochemical performance due to the
strong interaction between the stack’s thermal behavior and the process
variables, such that e.g. operation conditions that are practically not
feasible due to the development of large temperature fluctuations across
the stack can be reliably accounted for.

Following this outline, this study aims to comparatively assess and
optimize industrial-scale SOEC stack performance under conditions
specific to industrial PtM plants based on commercial ESC and CSC
designs with a particular focus on the stack’s thermal behaviour. To
achieve this target, a combined modelling plus experimental approach is
followed, comprising of (i) a multi-scale computational framework, (ii)
polarization and impedance measurements to characterize the cells’
electrochemical performances and (iii) microstructural analyses to
accurately parametrize the model. This study is structured in the
following way: In a first step, the experimental cell characterizations
serve to calibrate and validate the cell model. Afterwards, parametric
performance analyses are conducted to study the cell behaviour in
detail, as well as to reasonably confine the parameter spaces for the stack
simulations. Finally, on the industrially-sized stack level, optimization
studies with the full 3D model are conducted for stack units based on the
two cell designs individually.

2. Methodology
2.1. Modelling
The SOEC modelling tool is based on a mathematical framework

previously published by our group [15,44]. Its continuum-level physico-
chemical representation of the coupled transport and electrochemical
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phenomena occurring within an SOEC single cell or stack are briefly
presented by the following bullet points, while a description of the nu-
merical solution procedure is provided afterwards. Additionally,
Table S1 and Table S2 give an overview of all the model equations used
throughout the study.

2.1.1. Modelling framework and assumptions

e The modelling framework is based on a macro-homogeneous
description of the heterogeneous microstructure of an electrode, i.
e. the sintered granular and porous nature is characterized statisti-
cally in terms of volume-averaged properties based on coordination
number and percolation theory.

The convective gas transport in axial direction along the cell length is
described by a one-dimensional plug-flow model. The plug-flow
assumption is justified for (i) the channel-type situation in single
cell setups and for (ii) the gas channels formed within the bipolar co-
flow interconnect structure in stacks due to the low mean velocities
typically encountered, i.e. a laminar and highly viscous flow field is
developed very near the channel entrance, and the rapid species
diffusion along the channel height in radial direction [45]. Axial
diffusion is neglected due the significantly higher convective than
axial diffusive velocities of the gas-phase species [45], and isobaric
conditions are assumed, since pressure losses due to wall shear-stress
within the rectangular channels are negligibly small [46,47].

The species transport within the porous electrodes perpendicular to
the bulk gas flow is one-dimensional along the cell thickness, and
represented by the Dusty-Gas model, accounting for coupled mo-
lecular and Knudsen diffusion, along with advective Darcy flow
driven by a pressure gradient due to non-equimolar reactions, i.e.
oxygen evolution reaction in the anode.

The axisymmetric radial co-flow configuration of the tested circular
cells in the custom-made test bench is represented in the single cell
model geometry by using a half diameter channel length [46].
Local electrochemistry is described by a global kinetic Butler-Volmer
(BV) approach coupled to the mass and charge balances based on
empirical power laws. A distributed charge transport model is solved
one-dimensionally along the electrode thickness. Mixed ionic and
electronic conduction (MIEC) behaviour of single-phase anodes is
modelled by establishing individual ionic and electronic charge
balances, which are solved for their reduced electrochemical phase
potential. This implies that the charge fluxes across the MIEC bulk
are proportional to the respective phase conductivity and to the
electrochemical potential gradient, though charge carrier profiles
are not explicitly resolved.

Due to the presence of a dense YSZ electron blocking layer with a
minimum of ~4 pm thickness in the cell configurations, an electronic
leakage current across the electrolyte is not considered.

For all simulations, the plug-flow model accounts for the gas phase
temperature solution in the channels. As apparent from Table S1, the
solid phase temperature solution is 2-D along the axial and radial
directions and solved for all solid components individually in case of
a single cell, whereas full 3-D heat transport is solved for stack
simulations. Still, in the latter case, all the solid (dense or porous)
constituents are lumped into a single phase with effective thermal
properties, whereby local temperature fluctuations across the solid
components of the single repeating units are neglected due to the
large thermal mass of the stack [48]. For both cases, the solid phase
temperature balance equation is decoupled from the rest of the dif-
ferential algebraic system of equations (DAE) due to the intrinsically
larger time scale of heat transport in solids compared to the physics
occurring within a single cell or repeating unit (RU) [15,49].
Current collection is perfect in single cell setups due to optimal
contacting with an Au grid and a Ni mesh. In a stack, the presence of
the ferritic interconnectors imposes an electrical contact resistance,
while the contact layers and protective coatings facilitating current
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collection are assumed to be dense and placed as stripes between the
ribs and electrodes. The interconnectors themselves are perfect
electronic conductors.

For stack simulations, the cell area underneath the interconnect rib is
assumed to be electrochemically inactive, i.e., in-plane species
diffusion underneath the ribs is not considered. While this assump-
tion is justified for the ESC design due to the interconnect rib width
being significantly larger than the Ni-CGO cathode thickness leading
to severe species depletion zones [50], it represents a limitation in
case of the CSC design with its thicker Ni-YSZ electrode. The impli-
cations of this assumption are briefly discussed in Section 3.3.1 with
the help of experimental data.

The inlet and outlet manifolds providing the stack reactant supply
are not part of the model.

2.1.2. Numerical solution procedure

The codes used for all simulations throughout the study are part of
the FORTRAN-based software package DETCHEM™ [51]. To solve the
coupled conservation laws of mass, momentum, charge, and energy, a
finite-volume approach was employed by discretizing the modelling
domain into a numerical grid. By approximating the spatial derivatives
as finite differences, the coupled partial differential equations are con-
verted to a DAE, which then can be solved semi-implicitly and tran-
siently by employing the time-adaptive solver LIMEX [52]. A damped
Newton-iteration solver is used to solve the charge balances, which
are non-linear algebraic constraints within the DAE setting [53]. For
both the single cell and stack simulations, the 2-D or 3-D heat balance
equation of the solid phase was decoupled from the rest of the DAE,
forming an outer integration loop [15,49].

For the single cell simulations, a 1D + 1D grid along the axial and
radial coordinates was defined. The axial flow direction was discretized
into 100 equidistant cells and the radial direction into 65 (ESC) or 80
(CSC) cells with varying heights, depending on the thickness of the MEA
components, yielding a total number of 6500 or 8000 grid points. Grid
independency was checked by doubling the number of grid points in
each dimension. A maximum deviation of < 3% was found in the model
results, which is considered to be reasonable.

For stack simulations, the number of grid points in axial direction
was raised to 140, due to the increased length of the single RU compared
to the single cell. Since an industrial-scale stack consists of a large
number of RUs (i.e., 3600 based on the applied geometry), the solution
of each RU would become the bottleneck in terms of computation time.
In order to make the solution procedure more computationally efficient,
an agglomeration algorithm is used, which groups several RUs into
clusters according to the local stack temperature field. After several
agglomeration steps, multiple clusters have been formed, and the solu-
tion algorithm chooses a representative RU from each of the clusters
which are then solved in detail. RUs being part of a local temperature
field are assumed to behave equivalently. In our work, RUs having a
mean temperature difference of AT < 5 K are grouped into a cluster,
since this value was considered to be a reasonable trade-off between
computational speed and accuracy. More details regarding the transient
solution method for stacks developed by our group can be found else-
where [49]. At the edges of the stack modelling domain, an insulation
layer was implemented accounting for heat flux continuity and indi-
vidual material properties.

Utilizing this numerical approach, the single cell simulations yielded
a steady-state solution typically within ~5 min, while a stack simula-
tion converged in < 8 h on a 3 GHz 6-core processor. The software tool
CaRMeN was used to automate the modelling workflow for the single
cell calibration procedure, as well as for the parametric single cell an-
alyses [54].

2.1.3. Optimization study
The problem definition for the stack-scale optimization study per-
formed in Section 3.3.2 by using the full 3D model was set up in the



L. Wehrle et al.

following way: To allow for a detailed elaboration of the stack perfor-
mance, the controllable variables inlet temperature T, cell voltage E..;
and pressure p were selected to span a parameter space, which defines
unique stack operation points. For each of these operation points in the
selected parameter space, the considered objective function was maxi-
mized by tuning the air and reactant inlet flow rates. While the stack’s
produced, RU-averaged Hy volume flux was set to be the main objective
function, the stack’s electrical efficiency (or rather specific electric en-
ergy demand per Nm® of produced Hy) was considered subsequently in
the derivation of ideal stack operation windows from the created per-
formance maps. The optimization procedure was conducted (i) by
satisfying operation specifications, i.e. a fixed steam conversion and
inlet composition, and (ii) by satisfying operation bounds, i.e. adhering
to lower and upper bounds for the reactant and air flow rates as well as
to a maximum tolerated 3D temperature gradient across the stack solid
phase. The selected values and bounds for all the optimization param-
eters and constraints are discussed in detail in Section 3.3.2. While the
inlet flow rates represent input parameters of the physical model, the
steam conversion and the temperature gradient are model outputs. Thus,
for each operation point within the parameter space spanned by the
controllable variables, the reactant and sweep gas inlet flow rates were
initially assumed, and then manually varied to maximize the objective
function and fulfil the optimization constraints at the same time.
Consequently, depending on the initial guess, multiple stack simulations
needed to be conducted per operation point. To limit the computational
requirements using the full 3D model for the two cell designs, in-
crements of ATyi, = 50 K, AE,; = 0.05 V and Ap = 5 atm were
considered reasonable to adequately screen the parameter space.

2.2. Experimental

The ESC (supplier: Kerafol®, Germany) and CSC (supplier: Elcogen®
AS, Estonia) commercial cells have a total area of 19.63 cm? and an
active surface area of 10.18 cm? (equal to the size of the anode area).
Microstructural analyses of both cell types were performed using a
scanning electron microscope (SEM, Quanta 200 by FEI) outfitted with
an energy-dispersive x-ray spectroscopy (EDX) system. Micrographs of
the two cell architectures recorded using SEM are depicted in Fig. 1.

In both cell designs, a gadolinium-doped ceria (CGO) barrier layer is
applied between the mixed ion-electron conducting (MIEC) single-
phase doped perovskite anode (lanthanum strontium cobalt ferrite
(LSCF) for the ESC, lanthanum strontium cobaltite (LSC) for the CSC)
and the doped zirconia electrolyte to prevent the formation of an insu-
lating pyrochlore phase at the MIEC-electrolyte interface [55]. In case of
the CSC, the Ni-YSZ cathode structure is divided into a relatively thin
functional layer (fl) adhered to the central 8 mol % yttria-stabilized
zirconia (denoted as YSZ) electrolyte and a more porous and thicker
diffusion layer (dl). An additional CGO barrier layer separating the Ni-
CGO cermet composite from the 3 mol% yttria-stabilized zirconia

LSCF
CGO

3YSZ

CGO
Ni-CGO

TB4 C11 Mitte | Mag: 1000x
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electrolyte (denoted as 3YSZ) is clearly distinguishable in case of the ESC
to prevent secondary phase formation [39]. The elemental composition
of all layers was determined using EDX area scans.

The electrochemical behavior of the cells was characterized using a
custom-made open -flange setup manufactured by Fiaxell, which is
placed inside an oven. The cells were mounted on a Ni plate supported
by a Crofer casing. A Ni mesh was used for gas diffusion and current
collection, and a thermiculite sheet ring as well as thermiculite paste for
sealing between the cell’s cathode and the Ni plate. At the air side, an Au
grid is used as the current collector. The Crofer housing is equipped with
pipes for the gas flows to and from the cell. The cathode was provided
with a hydrogen/steam mixture through a tube leading to the center of
the cell. Steam was generated by feeding liquid, deionized water with
the flow rate being controlled by a Liquiflow-MFC directly into the hot
hydrogen flow. By moving through the heated oven, the water evapo-
rates before it reaches the cell surface. Two smaller pipes are placed
towards the outside of the circular cell for the evacuation of the product
gas. The anode compartment was connected to a gas inlet tube feeding
compressed air as a sweep gas. As there is no sealing on the anode side,
the sweep gas/product mixture escapes into the oven chamber. The Ni
plate on the cathode side and the Au grid on the anode side were con-
nected to an ADAM data acquisition system and electrical load for the
electrochemical characterizations. Additionally, multiple thermocou-
ples placed near the cell (~1 cm distance to the edge of the electrolyte)
were employed to monitor the temperature during the experiments.
Fig. 2a depicts a schematic of the test bench for the cell performance
characterization, whereas Fig. 2b illustrates the model geometry that
was applied for the single cell simulations.

To begin a test, the Ni-cermet anode was reduced by gradually
switching the inlet gas from 3 SL h™! Ny to 3 SL h™! Hy at 900 °C. While
an initial polarization curve in fuel cell mode was recorded at 800 °C, the
experiment was switched subsequently to electrolysis mode by
increasing the liquid water flow until an absolute humidity of 90% was
reached in the feed. The cell performance was then assessed by
recording polarization curves at various temperatures, 600-750 °C for
the CSC and 700-900 °C for the ESC. The current density was increased
with a rate of 0.01 Acm™2 s™! up to the highest polarization respec-
tively. Impedance data were obtained by running frequency domain
sweeps (frequency range from 0.1 to 10000 Hz) under open-circuit
conditions with an amplitude of 15 mV. The sweep was controlled by
a Solartron 1287A potentiostat and the response measured by a fre-
quency response analyzer (Solartron SI 1255).

3. Results and discussion
3.1. Model calibration and validation

3.1.1. Model parameters: Single cell level
As a first step, the multi-physics single cell model was parametrized

T ¥

+— 50 um — [j1. TBAG-17.}> Mag: 5000x

Fig. 1. Polished cross-sectional images of commercial SOC single cells with A.; = 10.18 cm? obtained via SEM illustrating the MEA, i.e. porous electrode and dense
electrolyte layers, of both cell designs. Ni-cermet electrodes were reduced in pure H, at 900 °C. a) ESC, Ni-CGO/CGO/3YSZ/CGO/LSCF, b) CSC, Ni-YSZ/YSZ/CGO/

LSC. fl, functional layer; dl, diffusion layer.
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Fig. 2. a) Schematic of the test bench for the electrochemical performance characterization of the single cells and b) model geometry considered as computational
domain with the true-to-scale numerical grid depicted as a zoom into the MEA. For the illustrated CSC design, the axial flow direction was discretized into 100
equidistant cells for the channel and MEA domains, and the radial direction across the thickness into 80 cells with varying heights.

comprehensively with respect to microstructural, thermal and conduc-
tance parameters. Table 1 compiles the acquired microstructural pa-
rameters including the layer thicknesses, mean particle diameters, solid
phase volume fractions and porosities, alongside the physical di-
mensions of the cells.

Based on the extracted microstructural information, the pore di-
ameters dpor, volumetric triple-phase boundary lengths (TPBs) A}’PB, as
well as specific surface areas (double-phase boundaries, DPBs) of the

electrode materials A;’as Jede ATE evaluated by applying extended perco-

lation theory [56-58], while the pore phase tortuosity factor s, pore is
evaluated analytically as a function of the experimentally assessed
porosity € [59].

Table 2 compiles the material properties of the bulk solid phases
entering the model, including the materials’ ionic 6, and electronic
conductivities o, along with their thermal properties.

For the MIEC materials, Oy-partial pressure dependent conductivity
expressions are used in case of CGO (Ce0.9Gd0.102 ), since the ceria-
based material exhibits considerable o, under low poy, conditions in
the cathode [63,64], while conductivity data for 6428-LSCF

Table 1
Model input parameters to reproduce the experimental single cell polarization
and impedance data.

Parameter Value Reference
CSC ESC
Active cell area,A.. 10.18 cm? Experiment
Cell length,Lcn 1.8 cm Experiment
Cell width,we; 5.65 cm Calculated
Channel height,t. 1.0 mm Estimate
Gas inlet temperature, T i, 600-750 °C 700-900 °C Experiment
Absolute pressure,p 1 atm Experiment
Gas inlet composition,Xy,o/m, in 90%,/10% H,0/H, Experiment
H,/H-0 inlet flow Tate,VH;o /My in 44,0-171.6 NmL min ! Experiment
Air inlet flow ratE,Vair,m 114.5 NmL min ! Experiment
Cathode thickness (fl/d]),t.q, figay 13 /373 pm 25/ - pm SEM
Anode thickness,t,, 15 pm 48 pm SEM
CGO(cd)/Electrolyte /CGO(an) -/4/3uym 7/81/7 SEM

thickness, tyi(ca)/tetyt/thi(an) pm

Cathode porosity (fl/dD),ecq fia) 0.22 / 0.36 0.30 / - SEM

CGO layer porosity (cd/an), ey cq(an) -/0.14 0.20 / 0.23 SEM

Cathode mean particle diameter (fl/ 0.9/0.9 ym 0.4 /-pm SEM
dD,d, ca1a)

Cathode Ni volume fraction (fl/ 0.35/0.5 0.62/ - EDX
dD, v ca nan)

Anode porosity,é,, 0.29 0.20 SEM

Anode mean particle diameter,d; ., 0.7 pm 0.4 pm SEM

|
.

z

Table 2
Material properties.

Value Reference

Electrical properties

Ni electronic 3.27 x 10%10.653 x T Scm™!

conductivity,oq (601
3YSZ ionic 37.8 x /T gem™?
conductivity,oi, [61]
YSZ ionic 3.34 x 10% x e1930%Tgem?
conductivity,o;, (621
CGO ionic (1.09 x 10°/T)x
conductivity,oi, e74269/Ty (1 + 6/0.05) S cm ™t [63,64]
CGO electronic (3.46 x 10°/T) x €277 Txpy, 025 g cm™? 63]
conductivity,oe
Extra oxygen vacancies 1.3 x 10% x e2°%3/Txp 0-25 [63]
in CGO, &
LSCF electronic 983.25-0.627 x TScem ™!, T > 923.15 K [65]
conductivity,o,
LSCF ionic 7.35 x 10* x e1*9%/Tgem !
.. [66]
conductivity,o;,
LSC electronic 4860.1-2.98 x TS cm’l, T > 923.15K
.. [67]
conductivity,oi,
LSC ionic 1.31 x 10* x e¥#T5em !
conductivity,oi, [68]
3YSZ-CGO contact 2.09 x 10711 x e!18224/RT g om? Fitted
resistance (ESC),
Rcumacl,e]yHbI
Thermal properties
Bulk solid Density Specific heat Thermal conductivity Reference
phase (kgm~>)  capacity Wm K
Ukg 'K
Ni 8850 549 66.2 [69-71]
YSZ or 5938 636 2.1 [72,73]
3YSz
CGO 7210 521 0.98 [74-76]
LSCF 6300 608 3.25 [77,78]
LSC 6310 799 3.94 [78,79]

(Lag eSrg.4Cog oFeg g03.5) from Stevenson et al. [65] and Fan et al. [66]
and for 64-LSC (Lag ¢Srg.4Co03_;) from Sggaard et al. [67] and Teraoka
et al. [68], all measured in air, were used at the anode side. For these
materials, there exists a po,-dependency of ¢, and 6;, due to oxygen
vacancy concentration variations (while thermodynamic factors and
chemical diffusion coefficients can often be reasonably assumed to be
independent of pressure [80]). Still, the conductivities are set po,-in-
dependent for LSCF and LSC here, due to the fact that high-pressure
conductivity data for these perovskites are scarce in the literature (a
—0.25 pressure exponent cannot be generally applied [67]). Instead, by
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evaluating the polarization resistance logR,, versus logpo, dependency
from published EIS data [80,81], the influence of pressure on the anode
performance is assumed to be lumped into the pressure-dependency of
the exchange current density iy o, solely (via the pressure exponent no, ),
which provides sufficient accuracy for the purpose of this study.

The electrochemical model is calibrated by comparison with exper-
imental data, as discussed in Section 3.1.2. To reduce the amount of
tuneable kinetic fit parameters and to facilitate a physical soundness of
the electrochemical parametrization, all the activation energies E, (with
r representing the charge transfer (CT)-reaction index) and the pressure
exponents n (k denoting the species index) of the exchange current
density iy, were acquired from EIS data from literature for all the
different cell materials. Therefore, comprehensive symmetrical cell
measurements conducted on thin electrodes to minimize mass transport
limitations reported by Riegraf et al. [82] were used to set the kinetic
parameters for Ni-CGO, who found a low reaction order dependency
with respect to both Hy and H50, while full cell data from the work of
Leonide et al. [83], who determined the B-V parameters and the con-
tributions from anode and cathode independently from each other, were
used for Ni-YSZ and to define Eo, 1scr. Still, no, 1sck = 0.11 was set ac-
cording to the value found by Railsback et al. [80] due to high-pressure
measurements (po, = 0.1-10 atm). Lastly, for LSC, impedance data from
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Lu et al. [81] (T = 650-750 °C, po, = 0.1-1 atm) were evaluated to
define the kinetic parameters of the CSC anode material, yielding Eo, 1.sc
= 150 kJ mol~! and no,sck = 0.22. On this basis, only the pre-
exponential factors A, and the anodic CT coefficients fg,, (f, were
taken as 1 — f3,) of the half-cell reactions were treated as fit parameters.
With respect to the different CT pathways to establish the B-V frame-
work for the individual electrode materials, it is assumed that the H,O
reduction occurs via the TPB pathway in case of Ni-YSZ [84], so that 1}
is used to evaluate the Faradaic current density i]‘.-’ (see Table S1).
However, since there is strong evidence from experimental and
modeling studies that in the case of typical Ni-CGO cermet microstruc-
tures, the DPB-mechanism is prevailing over the TPB-pathway due to the

MIEC properties of CGO [85], A;’as /cGo is used in charge balance for this

material. The volumetric surface area AY Jede 18 used to calculate iy in
case of the single-phase MIEC anode materials, in line with the model

assumptions (see Section 2.1).

3.1.2. Comparison of experimental data with simulations

In Fig. 3a-b depicts the modelled polarization curves reproducing the
experimental data for both cell designs, which were recorded at atmo-
spheric pressure, T = 600-900 °C, supplying a mixture of 90%,/10%
H50/H; and air to the gas channels.

a) ESC: Ni-CGO/CGO/3YSZ/CGO/LSCF,
p = 1atm, 90%/10% H,0/H,, air
15 15 , . ‘
144----- U do--- Loeees Looooo decedo. Loooee i
1.34-----
I
LUE LIE I S L
O vy ISR S SRR, S\,
0.9 4 M 825 °C _________________________
—850 °C| ! ! 3
0.844——900 °Cl--t-----bommemfemmmndemaenn o
0.8 +— : : ; : : : ; : r . r . . N
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I'/ACTT'I'2 I'/Acm-Z
b) CSC: Ni-YSZ/YSZ/CGOILSC, c) ESC + CSC:
p = 1atm, 90%/10% H,0/H,, air p =1 atm, 90%/10% H,0/H,, air
15 . . . : .
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Zg | Qcm? : : : 1
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Fig. 3. (a-b) Comparison between 2D adiabatically simulated (continuous) and experimentally recorded (dotted) steady-state polarization curves of commercial SOC
single cells (Acen = 10.18 cm?) for a) the ESC design and b) the CSC design. Operation conditions: T,;, = 600-900 °C, p = 1 atm, 90%,/10% H,O/Hs, VHZO/HZJ,, =
76.6 NmL min ! (ESQ), VHZQ/HZ_;,, = 44.0-171.6 NmL min ™’ (CSC), 114.5 NmL min~! air. ¢) Comparison between simulated (dash-dotted) and measured (colored)
ohmic resistances R,y for both cell designs at different temperatures. As indicated in the figure, experimental R, were extracted from EIS measurements as HF

intercepts at OCV.
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The measurement conditions during the electrochemical character-
ization procedure are listed in Table 1. After having calibrated the fit
parameters, the simulated polarization curves agree with the experi-
mental data nearly quantitatively for both cell types over the entire
temperature range, aside from an offset at E.; > 1.25 V for the ESC
polarization curve at 750 °C in Fig. 3a. The origin of this offset couldn’t
be pinpointed unambiguously from the experiments; however, since it
only appeared for this specific measurement, it didn’t impact the cali-
bration procedure, and with that, all the further calculations performed
in the following sections. Interestingly, the shape of the polarization
curves of the ESC and the CSC do not differ very much, with a more
pronounced concave shape of the curves pertaining to the ESC, and a
nearly linear course of the CSC polarization curves. A convex-shaped
diffusion arc in the high current density region related to mass trans-
port losses across the Ni-YSZ support layer starts to appear for the
simulated curve at 750 °C at ~1.35 A cm ™2 (SC ~ 80%), but cannot be
clearly identified from the experimental data, indicating a well-
percolated pore phase network providing sufficient gas supply
(eni—ysz. a1 ~ 0.36) to the electrochemically active sites. Notably, due to
the small cell active areas, the 2D thermal model predicts a rather
limited temperature development due to electrochemistry and irre-
versible Joule heating, with a maximum temperature increase of ~3 K
for the ESC at 1.37 V, 750 °C. Near-isothermal conditions (AT < 5 °C
during all measurements) were also verified by continuously monitoring
the temperature via thermocouples.

Additionally, the ohmic resistances of the single cells Ry, have been
extracted via electrochemical impedance spectroscopy (EIS) as high
frequency (HF) intercepts at open circuit voltage (OCV). A comparison
of the experimental values with the simulated R, is depicted in Fig. 3c.
In case of the ESC, the experimental Ry, values were always higher than
the calculated sum of the individual cell layers without interfacial
contributions, such that an additional contact resistance Rcontactclyt—bl
was implemented into the model for this cell configuration (Table 2).
Solid-state reactions and diffusion processes during co-firing of YSZ and
CGO are well-known [55,83], so that this resistance contribution can be
reasonably attributed to an O, transfer resistance across the two YSZ-
CGO interfaces. Indeed, the resistance was found to follow an
Arrhenius-type temperature dependency (cf. Fig. 3c), with a fitted
activation energy of ~118 kJ mol™}, which is in the range of values
obtained from conductivity measurements of YSZ-CGO interdiffusion
layers (~111 kJ mol~! [86]). For the CSC, the model slightly un-
derestimates R.y, at the highest temperature considered, 750 °C,
possibly due to additional ohmic loss contributions not accounted for in
the model (e.g. interdiffusion zones, grain boundary resistances or low-
conductance impurities), but other than that, quantitatively reproduces
the measured values. As can be verified from Fig. 3c, Rony is notably
higher for the ESC compared to the CSC as expected (~0.3 Q cm? at
900 °C for the ESC and at 650 °C for the CSC), dominated by the large
resistance of the ~81 pm 3YSZ electrolyte.

In total, the agreement between model and the experiments is
considered to be satisfactory, particularly with respect to the low
number of tunable fit parameters. Table 3 compiles the kinetic param-
eters acquired for each electrode material from the electrochemical
characterization, which are used as a basis for the further simulations
performed in Section 3.2 and 3.3.

3.1.3. Pressurized operation

For PtM plant concepts, pressurized operation of system-integrated
SOEC stacks is of high interest, since the catalytic methanation unit
operates at elevated pressures, and in turn, steam at a pressure level of
~10-50 bar is produced in its liquid cooling system, which in coupled
operation represents the steam fed to the electrolyzers [9]. Thus, a cost-
effective system integration can be promoted if drastic expansion steps
of the steam produced in the cooling system are avoided, thereby saving
at least parts of the compression costs of the electrolytic Hy entering the
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Table 3
Kinetic fit parameters acquired from the model calibration and validation
procedure.

Parameter Value
Anode materials Ni-CGO Ni-YSZ
Exchange current density,io i,0 59 x 10% x e 0.68 x e 105000/R/ T
111900/R/T, Pra " g0
Py “Olxpy0 008 Acm?
Acm™2
Anodic charge transfer 0.75 0.6
coefficient,f,
Cathodic charge transfer 0.25 0.4
coefficient,f,
Cathode materials LSCF LSC
Exchange current density, iy o, 85x10% x & 7.6 x 10° x &
139000/R/T . 150000/R/T
Po, “11 Acm 2 Po, “2 Acm 2
Anodic charge transfer 0.5 0.65
coefficient,f,
Cathodic charge transfer 0.5 0.35
coefficient,f.

Units of partial pressures are given in atm.

methanation unit. In order to validate the model under pressurized
operation conditions, experimental single cell data from the work of
Bernadet et al. [29] conducted on CSCs were considered. These cell tests
were chosen due to the following reasons: (i) Both Ni-YSZ and LSCF
electrode materials are contained in the cell design, so that aside from
the pre-exponential factors A,, the kinetic parameters as extracted
before can be rationally used without refitting, which significantly re-
duces the amount of unknown fit parameters, and (ii) microstructural
information are reported, which further minimizes the amount of pa-
rameters that need to be estimated, such that the risk of overfitting the
data is reduced. Table 4 lists the model input parameters reproducing
the cell measurements at p = 1-10 bar and T = 800 °C, feeding 35/58.5/
6.6 N2/H20/H; (corresponding to a fraction of 90/10 H,O/H) and air,
while the comparison of simulated against experimental polarization
curves is shown in Fig. 4.

For additional simplicity, the unreported particle diameters d, were
set to the experimentally assessed dyor, while a channel height of 1 mm
is assumed to calculate the inlet velocity from the volumetric flow rates.
As apparent from the plots, the model reproduces the experimental data
with good accordance. Clearly, the increase of the OCV with pressure,
alongside the shift of the limiting current density during pressurized
operation at 10 bar are both reproduced correctly, leading to a crossing
of the two curves at a steam conversion ofSC ~ 50%. Crucially, the
fitting of the pre-factors, which is mandatorily required due to the
unique cell microstructure, the sintering conditions, the polarization
prehistory, etc., cannot be responsible for predicting the features asso-
ciated with operation at elevated pressures, since A, is pressure-
independent. This verifies that the influence of pressure on porous me-
dium gas transport [29,30] and the charge transfer kinetics in the model
(see Table S1) in the model are in line with the experimental data, and
thus, leads to a high degree of confidence in the model’s soundness and
applicability for the further simulations including pressurized operation
conditions.

3.2. Single cell performance analysis

Having calibrated the model, the next step is to comprehensively
analyze single cell performance by varying key controllable variables in
a parametric study. The reactant mixture supplied to the cathode is not
considered to be controllable, and fixed at 90%,/10% H,0/H», consid-
ering a minimum of 5-10% Hj, is required in the inlet stream to prevent
the Ni particles in the cermet electrode from re-oxidation [9,19]. Simi-
larly, while V.., is a key operating parameter on stack-scale due to the
temperature development, the influence on single cell level is limited, so
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Table 4
Model input parameters for reproducing pressurized single cell tests from Ber-
nadet et al. [29].

Parameter Value Reference
Active cell area,A.. 3.14 cm?
[29]
Cell length,Lc.; 1.0 cm
[29]
Cell width,wy 3.14 cm
[29]
Channel height,t., 1.0 mm Estimate
Gas inlet temperature, Ty, 800 °C
[29]
Absolute pressure,p 1-10 bar
[29]
Gas inlet composition,X;, 35%/58.5%/6.5 % No/H;0/ [29]
Hy
Cathode / Anode inlet flow rate, Vi, 58.0 / 115.9 NmL min ! (29]
Contact resistance,R ontact 0.159 Q cm? [29]
Cathode thickness,t.q 260 pm
[29]
Anode thickness (LSCF/LSC), tu, 30 /20 pm [29]
YSZ/CGO(an) thickness, teiyi/tyl an 5/ 4 pum (29]
Cathod ity, e 0.25
athode porosity,écq (29]
Cathode mean particle diameter, d; cq 0.8 pm Estimate
Cathode Ni volume fraction, vfeq 0.5 Estimate
Cathode tortuosity factor,y, 15
1ty Tfac,cd [29]
Cathode mean pore diameter, dpore 0.8 pm (29]
Anode porosity,é,, 0.34
p Y€ [29]
Anode mean particle diameter,d, ., 1.0 pm Estimate
Anode tortuosity factor, 7gcan 10
ty Thac,a [29]
Anode mean pore diameter,dyore.an 1.0 pm 2]
Cathode pre-exponential 1.42 Acm™! atm =02 Fit
factor,Ay, /1,0
Anode pre-exponential factor,Ao, 5.3 x 10° A cm ™2 atm~*!! Fit

Bernadet et al.: Ni-YSZ/YSZ/CGO/LSCF/LSC,
T =800 °C, 35%/58.5%/6.5% N,/H,O/H,, air
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that a constant Vai,,m =1.5x VHZO /H,inWas fixed here to reach an excess
air ratio Wy, of ~1, with ¥,; being defined according to.

Nno, in

lpair = (2)

10, out = M0, in

where rip, is the molar flux of oxygen. The controllable variables
comprise the inlet gas temperature T, ;,, the absolute pressure p, the cell
voltage E.., and inlet flow rate VHZ(,/HZ,in, with their lower and upper
bounds listed in Table 5 respectively.

To assess the performance of the single cells, the metrics under
consideration are (i) the produced Hy volume flux, VH2 and (ii) the
electrolysis efficiency based on the lower heating value (LHV), which
can either be calculated with respect to the total (heat + electrical)
energy input (Eq. (3)) or with respect to the electrical energy input only
(Eq. (4)).

(n;ng out mH2 ,in) LHVHZ

Leenl + . Ten
Weell Ecell fO “Vidz + Zchmch,in fT; " p.g,cth

3)

Muv =

M, ot — mm,m) LHVy,

C)

Heee a1v Weet Ecell fOI“" idz

Here, m is the mass flux, w..; and L. are the cell’s width and length, i
the local current density, z the axial coordinate, and C,, ., the specific
heat capacity of the gas phase in channel ch. The reference temperature
is set to ambient conditions (T,, = 25 °C). Obviously, the SOEC operation
is not intended for stand-alone operation without thermal integration, so
that efficiencies higher than 7, will be reached in practice, with
Nueernv Deing the theoretical maximum that can be achieved. Still,
during the intended coupled plant operation, electrical heaters will most
likely be required at least temporarily to heat the SOEC inlet streams, in
particular when the stack is not operated exothermally producing a
significant amount of excess heat [9,19], which is due to unavoidable
heat losses of all plant components and pipes, non-ideal and finite-area
heat exchangers etc. Thus, it is expected that an efficiency definition that
contains the information that a certain amount of energy proportional to
my;, is required to heat the inlet streams will be relevant on system scale
despite thermal integration.

0
SC/ % Fig. 5 depicts 3D contour maps illustrating the performance of the
15 100 ESC design, which were obtained by conducting parametric 2D adia-
’ ' batic simulations.
1.4 . In this representation, the electrolysis efficiency is given by the
A T vertical axis, the produced Hy volume flux VH2 is included via the colour
gradients, whereas the isolines correspond to the steam conversion.
1.3 F--mmdmmeees From Fig. 5a, it can be clearly extracted that Vy, is maximized at high
> 12 E.n and VHZO /Hain» though for the efficiency, the trend analysis is more
\% ol R intricate: While 7. | yy is linearly decreasing with E and not a func-
ion o at constant E (cf. Fig. 5b), is increasin, enhancin,
LL(l) 11 ti f SC at tant E. (cf. Fig. 5b), nyy is i ing by enhancing
S R e the steam conversion up to SC ~ 80%, which represents a threshold
value in the proportionality. Surpassing the threshold SC leads to
1.04-----demmomcbomeondonnaans
094 f——1 bar Table 5
' Lower and upper Bounds of controllable variables for single ce! arametric
10 bar d upp ds of llabl bles for single cell p
0.8 studies.
’ 16 Controllable variable Bounds
il Acm?2 ESC csc
Gas inlet temperature, Ty i 750-850 °C 650-750 °C
Fig. 4. 2D adiabatically simulated (continuous) polarization curves reproduc- Absolute pressure,p 1-20 atm
ing experimental data (dotted) from the work of Bernadet et al. [29] recorded at Cell voltage,Ec 1.2-1.45V
H,/H,O0 inlet flow rate® Vi, o/, in 0.7-7.9 NLh! 2.4-21.5NLh™*

T =800 °C, p = 1-10 bar, supplying 35%/,/58.5%/6.5 % N2/H20/H, and air to a
cathode-supported Ni-YSZ/YSZ/CGO/LSCF/LSC cell (A, = 3.14 cm?).

? Set to reach SC ~25% at minimum and ~100% at peak operation points.
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ESC: Ni-CGO/CGO/3YSZ/CGO/LSCF,
90%/10% H,0/H, air

a) Tg.in =750 °C,
p=1atm

b) T,,=750°C,
p=1atm

4.05
1.00
=
s Ly
3 (AY
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c) Tyin =850 °C,
p=1atm
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p =20 atm
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Fig. 5. (a-d) 3D contour maps of the ESC design illustrating cell performance in selected parameter spaces. A single map was created by performing 2D adiabatic
single cell simulations by varying VHZO /Hy.in and Ece;. Operation conditions: 90%,/10% H,0/Ha, Vairin = 1.5 VHZO /Ha,ins Ecen = 1.2-1.45 V (a-b) 750 °C, p = 1 atm, c)

850 °C, p = 1 atm, d) 850 °C, p = 20 atm.

efficiency losses due to the creation of reactant starvation zones across
the electrodes, i.e. concentration gradients, which make the electrical
work input and inlet stream heating requirement overcompensate the
useful chemical Hy output [15]. Clearly, by comparing Fig. 5a, c and d, it
can be deduced that the threshold SC is not a function of the tempera-
ture, cell voltage or pressure, and thus can be used to estimate when
reactant shortage could practically worsen the overall PtM system effi-
ciency [19]. Moreover, for the ESC design, a pressure increase to 20 atm
leads to cell-level performance decreases, which is apparent by
comparing Fig. 5¢ and d. The increase of the OCV under pressurized
conditions (~73 mV at 850 °C) cannot be compensated by decreased
activation and concentration losses, since R, represents an over-
whelming fraction of the total resistance (Fig. 3c), which is not influ-
enced by the absolute pressure. This is directly in line with the
experimental results from Riedel et al. [41,87], who determined the
electrochemical performance of an ESC-based 10-cell stack (with an
equivalent layer composition as considered in this study) under pres-
surized conditions. For example, at a selected operation point at 850 °C,
1.35V, SC = 80% and 20 atm, the ESC produces a volumetric Hj flux of
~2.27 Lh™!, which corresponds to a decrease of ~9% compared to at-
mospheric pressure.

Fig. 6 presents the performance maps of the CSC-design in an
equivalent depiction as in case of the ESC, with the controllable vari-
ables compiled in Table 5.

Unambiguously, the threshold SC for this cell design shifts to a lower
value of ~75% (compared to ~80% of the ESC), which is a direct
consequence of the mass transport resistance across the ~370 pm thick
Ni-YSZ support and the relatively dense (¢ ~ 0.22) functional layer,

10

compared to the thinner and more porous (¢ ~ 0.3) single Ni-CGO layer
in case of the ESC, so that the impact of high reactant conversion on the
performance is more severe for the CSC. However, a quantitative
confrontation between the two cell designs with respect to the perfor-
mance metrics showcases the merits of the CSC, which reaches a
significantly better performance even when operating at distinctly lower
temperatures. For example, at operation points of high Vy, atp = 1 atm
in the parameter spaces of Figs. 5 and 6, i.e., Eey = 1.45 V and at a
constant SC of ~55%, the CSC reaches VH2 ~ 3.27NLh! at 650 °C,
which is nearly equivalent to the produced H, output of 3.34 NL h ™ for
the ESC at AT, ;, = 850 °C. Yet, due to the lower inlet temperature, the
CSC operates at 7,y ~ 58% while the ESC only reaches ~51% effi-
ciency. In turn, at a given Ty;, of 750 °C, the CSC produces up to
~10.6 NL h™! Hy, whereas the ESC only reaches approximately a tenth
of this production rate, ~1.24 NL h™!, with both operating at E. =
1.45 V and SC ~ 55%. Moreover, by comparing Fig. 6¢c and d, it is
evident that pressurized operation conditions increases cell-level per-
formance in case of the CSC. At 20 atm, the CSC reaches up to VHZ ~
11.7 NL h~! Hy, i.e., an enhancement of ~8% compared to operation at
atmospheric pressure. This is related to (i) the faster charge transfer
kinetics under pressure for both electrode materials, Ni-YSZ and LSC
(see reaction orders in Table 3), and (ii) to the densified gas phase,
which decreases concentration losses across the electrodes [29]. Not
only the performance increase of the CSC design itself, but also its
magnitude as predicted by the model agree very well with the pressur-
ized CSC-design short-stack measurements from Riedel et al. [41], who
e.g. found a current density increase of ~8% at 8 bar compared to 1.4
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CSC: Ni-YSZ/YSZ/CGO/LSC,
90%/10% H,0/H,, air

a) Tqin =650 °C,
p=1atm

c) 7-g.in
p=1atm

=750 °C,

b) Tg,in = 650 OC'
p=1atm

d) T7,,=750°C,
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Fig. 6. (a-d) 3D contour maps of the CSC design illustrating cell performance in selected parameter spaces. Maps were created by performing 2D adiabatic single cell
simulations by varying VHZO/HZ,i" and E,. Operation conditions: 90%,/10% H,0/Ha,, Vair,in =1.5x% VH20/H2,im Eeen = 1.2-1.45V (a-b) 650 °C, p = 1 atm, ¢) 750 °C,p =

1 atm, d) 750 °C, p = 20 atm.

bar under similar operation conditions (80%,/20% H20/H,, 750 °C, 1.4
V). Thus, due to the opposing trends of the cell performance versus
pressure, it can be concluded that there exists a specific advantage of the
CSC over the ESC design, which could be practically impactful for PtM
applications when pressurized operation conditions of the SOEC module
are considered to facilitate heat integration with the catalytic metha-
nation unit [10,16,19]. This advantage is a direct consequence of the
two cell types’ largely different resistance contributions to their indi-
vidual ASR values.

3.3. Stack-scale performance optimization

3.3.1. Model parameters: Stack level

There exist large physical differences between a single cell for lab-
scale testing purposes and a commercial-scale stack, which requires
the adjustment and extension of the simulation parameter configuration
when performing a scale up to the 3D stack level. While the kinetic and
microstructural parameters of the MEA for both cell designs were kept as
extracted on single cell basis, additional simulation parameters on stack-
scale involve the geometrical data and bulk material properties of the
stack’s peripheral insulation layer alongside the metallic interconnects
forming the bipolar channel structure, aside from the enlarged cell di-
mensions. All the additional or adjusted model parameters with respect
to the stack simulations are compiled in Table 6.

To perform application-oriented simulations, the Sunfire/Staxera®
Mk200 design is used as a reference in this study [88], which represents
a 30-cell stack unit that can be flexibly scaled to realize larger stack
tower sizes for enhancing power capacities. For this design, the active
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cell area is 128 cm?, subdivided into 24 channels [88], while the number
of cells is set to 150 for the modeling purposes in this study, in order to
simulate a commercially relevant industrial-scale stack concept in the >
10 kW-class [14]. Fig. 7 depicts front-views of the ESC and CSC RUs, as
well as the corresponding stack layouts illustrating all the geometrical
details and the stack components’ arrangement.

A high-performance microporous silica-based insulation board is
uniformly implemented at the stack’s edges with 5 cm thickness
(Table 6) [93]. Details regarding the stack’s heat loss model involving
natural convective and radiative heat exchange with the surroundings
are provided in Table S2. A Ni mesh is used for contacting the cathode
with the interconnects in both cell configurations, while at the anode
side LSCF (ESC) and LSC (CSC) contact layers with individual protective
coatings and resistance data are considered (Table 6) [89,90].

Comparing RU and single cell performances, it should be noted that
aside from the performance losses in the RU due to the non-optimal
contacting with the interconnects (cf. Table 6), the model assumptions
(Section 2.1) imply an additional performance reduction of 25% due to
applied channel/interconnect rib geometry, since in-plane diffusion
underneath the interconnect ribs is not considered (cf. Section 2.1.1).
Given that wic i,/2 = 750 pm, this assumption should largely hold true in
case of the ESC design (t.q = 25 pm), while it represents a limitation for
the CSC design, due to its relatively thick support layer (t.qp+a = 386
pum). However, also considering additional factors that can affect stack
level performance which are not being explicitly resolved with the
present modelling approach, i.e., sealing effectiveness or uneven flow
distributions caused by the manifolds/headers, the performance
discrepancy accounted for in the model when moving from the single
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Table 6
Additional or adjusted model input parameters for stack simulations.
Parameter Value Reference
Active cell area,A 128 cm? .
Active cell length,L . 9 cm (s8]
Active cell width,wcey 14.2 cm
[88]
Number of channels per 24
[88]
layer,ne,
Channel height,t., 1.0 mm [88]
Cell width,we 5.9 mm
[88]
Interconnect rib width w;e 1.5 mm Estimate
Interconnect thickness, t;. 0.5 mm
[88]
Number of cells in stack, ng 150 Simulation
Porous Promalight®-1000X 5cm Simulation
insulation layer
thickness, ;s
Crofer® 22 APU- 5.44 x 10 x 349287 g cm?
MnCo; gFep 04 coating- (891
LSCF contact
resistance,Rcontact,ic—an
Crofer® 22 APU-Ce/Co 0.0125 Q cm? (90]
coating-LSC contact
resistance,Reontact ic—~an
Crofer® 22 APU-Ni mesh 0.01 Q cm?
contact o
resistance,Reontact ic—cd
Crofer® 22 APU emissivity 0.6 [92]
Electrode emissivity,érad cae 0.8 [92]
Porous Promalight®-1000X 0.5 Estimate
emissivity,&rd ins
Thermal properties
Solid phase Density Specific heat Thermal
(kgm™>)  capacity conductivity
kg 'K WmKh
Crofer® 22 APU 7700 660.0 24.0 [91]
Porous 280.0 1070 0.0295 [93]
Promalight®-
1000X
Acer = 128 cm?

----- stac [ ESC|

2

g—
N
=
3

I Estackns= S CM

Ni mesh
3t = 25 pm

foytysz = 81 um

Itan= 48 pm

Mn, gFe,, ‘OJ

coating

Wgry = 5.92 mm

‘fch 1mm CelCo
coating
4t,=0.25mm
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cell to the planar RU/stack geometry generally compares well against
experimental measurements: For example, considering the comparative
polarization data of state-of-the-art CSC single cells and short-stacks
performing steam electrolysis under similar conditions as in this study,
compiled in the work of Wang et al. [16], a ~25-35% lowered current
density in case of the RU (i.e., with interconnects) compared to the
single cell can be identified (90%/10% H20/Hj, 700-800 °C, E. from
OCV to ~1.3 V, 12 sccm cm ™2 reactant flow rate). This compares very
well against the ~30-35% performance reduction (depending on the
temperature) accounted for in the model here due to the combined effect
of (i) concentration losses underneath the ribs and (ii) the additional
electrode-interconnect contact resistances.

The effective thermal properties of the lumped stack solid phase [49]
are calculated based on the procedure previously published by Banerjee
et al. [15] (see also Table S1). Most notably, individual thermal resis-
tance networks for axial and radial conduction pathways are evaluated
to calculate A% | accounting for (i) heat conduction through the solid
components and (ii) radiative heat exchange between interconnects and
electrodes [94].

3.3.2. Optimization study

The stack-scale optimization study was conducted with the full 3D-
model and with the problem definition and numerical solution proced-
ure described in Section 2.1. All the considered simulation parameters
with their bounds are listed in Table 7.

A fixed SC of 80% was considered as a compromise between (i)

Table 7
Simulation parameters with their specifications and bounds for stack optimi-
zation study.

Parameter Bounds or Specification
ESC CSC

Steam conversion,SC 80%

Gas inlet composition, Xy, o/, .in 90%/10% H>0/Hy

Maximum temperature gradient,|VT|, . <10Kem™

H,/H,0 inlet flow rate,Vi,o/u, in < 25 scem cm 2

Air inlet flow rate, Vyn 1% Vityo /g in <Vairin < 6% Vit0/t1.in

Gas inlet temperature, Ty iy 800-900 °C 650-750 °C
Absolute pressure,p 1-20 atm
Cell voltage,E..; 1.2-1.45V

A =128cm? A
icells Lco=9cm

$t.=0.25mm

—
4

i
—

Estackjns™ 5 CM

foqa = 373 um

tgq =13 um

toytysz =4 um
t:m,ceo =3um
tan= 15 um

tn=1mm

Fig. 7. Front-views of the ESC and CSC RUs and corresponding stack layouts as they are represented in the model. Note that the front axial insulation layer of the
stack is not depicted due to illustrational purposes, and that the figure is not a true-to-scale representation.
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concentration losses across the porous electrodes due to the formation of
reactant starvation zones (cf. Section 3.2) and the associated risk of
accelerated cell degradation due to high local overpotentials, and (ii) the
heat integration with the catalytic methanation reactor on PtM system
scale. Therein, to enable a high level of heat integration and impor-
tantly, to prevent electrical steam evaporation at the SOEC inlets, a high
steam conversion at this level is required to produce sufficient heat via
the exothermic methanation reaction [9,19]. This parameter selection is
also in line with assumptions in other modelling studies [10] and thus, is
used to reasonably limit the parameter space for the stack optimization
study. The inlet composition has been fixed at 90%,/10% H0/H, for the
same reasons as stated in Section 3.2, i.e., redox stability of the cathode
by ensuring a sufficiently reducing atmosphere. The maximum 3D-tem-
perature gradient across the stack solid phase |VT| . is an important
control parameter with respect to the thermal management of the stack,
and set to a maximum of 10 K cm ™! as proposed by Aguiar et al. [95], to
avoid the occurrence of detrimental steep temperature gradients across
the cell components, and is defined according to Eq. (5),

aTslack S : aTslack S ? aTslack S ?
T = : : :
[VT) 0 = max \/ ( o ) + P + o

where x, y and z are the spatial coordinates, and Ty, s the stack solid
phase temperature (not including insulation). The upper bound for the

(5)
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inlet flow rate VHZO/HZJ,, was set as in Refs. [16,19], while the lower
bound of V,;, is set in accordance with Cai et al. [96], avoiding a highly
oxidizing atmosphere in the air channel and anode compartment by
ensuring the molar fraction Xy, to be > 50% (i.e., ¥, > 0.4) locally at
each position.

Having established the parameter setting, Fig. 8 exemplarily displays
steady-state solutions of the 3D temperature profiles of the ESC and CSC
stack solid phases (Fig. 8c and Fig. 8d also include the peripheral insu-
lation layer) at selected operation points of 1.4 V, 1 atm and 850 °C
(ESC) or 700 °C (CSQ).

Per cell design, these solutions correspond to a single optimized
operation point in the (Tyin, Eci, p)-parameter space. As can be
extracted from Fig. 8, within the stack solid phase, temperature gradi-
ents mainly emerge along the axial flow direction with minimal cross-
sectional variations and with no internal hot spot (under the present
exothermic conditions) occurring.

Fig. 9 depicts bar diagrams, which illustrate the optimized perfor-
mance data of the ESC-based Mk200-design 150-cell stack at the chosen
temperature bounds of Ty;, = 800-900 °C, while Fig. 10 displays the
optimized performance data of the CSC-design stack at Ty =
650-750 °C in an equivalent representation.

From Fig. 9b and Fig. 10b, it can be seen that (in direct congruency to
the computed single cells’ electrical efficiencies plotted in Fig. 5b and

a) ESC: 150-cell stack, T, = 850 °C,

E. =14V, SC=80% E
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insulation

—__ layer
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b) CSC: 150-cell stack, T, = 700 °C,
oo = 1.4V, SC = 80%

y
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Fig. 8. (a-b) Stack solid phase 3D tempera-
ture profiles of Mk200-design 150-cell stacks
. Tur=298.15K (peripheral insulation .layers indicated with
~— grey contours) operating at E.; = 1.4 V,

) > j139W 90%/10% H,0/H,, air, SC = 80%, p = 1

atm, and (c-d) the corresponding axial cut-

away views of the 3D temperature profiles

’ including the peripheral insulation layer.

Note the two different temperature scales,

which are applied for illustrational purposes.
/ The numerical grid is also included in the
plots and comprises of triangles discretizing

the stack domain, as well as brick elements
| defining the insulation layer [49]. Heat los-
} ses from the insulation boundaries to the

surroundings are indicated via curved ar-
/ rows. (a and c) ESC-based stack, T, =

850 °C, (b and d) CSC-based stack, Tyin =
700 °C.
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ESC: 150-cell stack
90%/10% H,0O/H,, air, SC = 80%

b) p=1atm

Fig. 9. (a-d) 3D bar diagram depicting the optimized performance of the of the ESC Mk200-design stack in the parameter space spanned by the controllable var-
iables. As described in Section 2.1.3, VHZO /Hp,in @and Vaini“ were tuned to maximize VHZ,avg and fulfil the optimization constraints defined in Table 7 at each operation
point (i.e., colored bar). Operation points marked with a yellow star cannot satisfy at least one of the imposed constraints. Bars correspond to the stack’s RU-averaged
performance data respectively. Operation conditions: 90%/10% H;0/H,, SC = 80%, Ecqi = 1.2-1.45 V (a-c) Ty, = 800-900 °C, p = 1 atm, d) Ty;, = 850 °C, p =
1-20 atm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6b), the stack’s electrical efficiency .1y, (Or rather We, its
specific direct current (DC) electric energy demand per Nm® of produced
H,, with LHVy, corresponding to 3.00 kWh Nm 2 Hy) is independent of
Tyin and a linear function of E.. spanning from ~2.87 kWh Nm 3 H>
(Negeerry ~ 104%) to ~3.47 kWh Nm > Hy (e 1y ~ 86%) for Eeey =
1.2-1.45 V. This is a direct consequence of the current being propor-
tional to the Hy production rate, Eq. (4). As depicted in Fig. 9a and
Fig. 10a, however, the maximum RU-averaged Hy-production rate
Vi, ave that can be reached at each operation point is a strong non-linear
function of both E.; and Tg;,. Aside from the non-linear B-V kinetics,
this effect is crucially governed by the stack-internal temperature
development (simulated average stack solid-phase temperatures
Tgack save are provided in Table S4 and Table S5 for both cell-stacks,
respectively). As can be extracted from Fig. 9a and Fig. 10a for both
stacks, large VHZ,an increases are possible when enhancing E. from
nearly thermoneutral conditions at 1.3 V to exothermal conditions at
1.35 V (up to a factor of ~2.7 at Ty, = 650 °C for the CSC stack). The
benefits of further voltage increments are clearly less pronounced or
even vanish entirely, since at the highest E. of 1.4-1.45 V, large air
flow rates are required to limit the rise of the stack solid-phase tem-
perature T,k due to the |VT| . constraint that needs to be satisfied. As
indicated in Fig. 9a for the ESC stack, with |VT| .. approaching the
upper limit of 10 K em ! at 800-850 °C and 1.45 V, the control target is
overshot for operation at T,;, = 900 °C, |[VT|,,, = 10.6 K em™), even

max
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when operating at the upper bound of Vair,in =6x Vnzo /H in- As depicted
in Fig. 10a for the CSC-design, operation of the stack at 1.45 V at either
point within the temperature bounds necessarily exceeds the thermal
control target, indicating that a large air flow rate of > 6 x
VH20 /H,.inwould be required to practically operate the stack under these
strongly exothermic conditions.

In contrast to the exothermic regime, operation at or close to the
lower bound of E., i.e. at 1.2 V and 1.25 V, would have the essential
benefits of (i) a decreased electricity consumption W of the stack
(Fig. 9b and 10b) and (ii) reduced electrode overpotentials. Crucially,
the cathode overpotential has been identified to play a key role with
respect to the long-term stability of the susceptible Ni-based cermet
cathodes, initiating irreversible microstructural changes of the perco-
lating Ni network [1,21,23]. Hence, operation at low E is a very im-
pactful measure to prevent an onset of cell degradation during
continuous steam electrolysis operation. However, the model predicts
significant temperature drops during both ESC and CSC stack operation
in endothermic mode. Most notably, for the ESC stack in Fig. 9a,
considering the lower bounds of E. at 1.2 V and of T,;, at 800 °C, a
significant temperature decline of AT ~ -95-100 °C along the axial flow
direction with no internal cold spot occurring (comparing Tgucksave O
T, in, see Table S4) is predicted by the model even after counterbalancing
the cooling effect by feeding excess air up to the upper limit, which is
now at a higher temperature compared to the gas flow cooling off within
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CSC: 150-cell stack
90%/10% H,0O/H,, air, SC = 80%

a) p=1atm

b) p=1atm

49

Fig. 10. (a-d) 3D bar diagram depicting the optimized performance of the of the CSC Mk200-design stack in the parameter space spanned by the controllable
variables. As described in Section 2.1.3, VHZO/HZJ,, and Vair,in were tuned to maximize VHz,avg and fulfil the optimization constraints defined in Table 7 at each
operation point (i.e., colored bar). Operation points marked with a yellow star cannot satisfy at least one of the imposed constraints. Bars correspond to the stack’s
RU-averaged performance data respectively. Operation conditions: 90%,/10% H0/Hz, SC = 80%, Ecei = 1.2-1.45 V (a-c) Ty, = 650-750 °C, p = 1 atm, d) Ty =
700 °C, p = 1-20 atm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the stack. For the same reasons, at 1.2 V, the ESC stack can only reach a
maximum SC of ~72% at T, ;, = 800 °C, and the CSC stack only reaches
SC ~ 71% at T, 3, = 650 °C, which does not satisfy the operation spec-
ification of 80%. Under these conditions, the applied cathode/anode
flow ratio and the flow-dependent temperature decrease simply cause
the stack to be unable to convert the required amount of steam. These
results emphasize that at 150-cell stack level due to the large thermal
mass of the stack, operation below the TNV to decrease Wy.. and limit
electrode overpotentials is hindered by the fact that operation at large
excess air ratios ¥,; would be required to keep the stack at temperature,
thereby augmenting the air blower/compressor costs.

The imposed auxiliary costs due to the air compression requirements
might be particularly severe under pressurized conditions in the PtM-
system. To quantitatively assess the effect of air compression, the BoP
compressor power Pg.p ,i; Was calculated at each operation point for
both stacks considering multi-stage adiabatic compression with inter-
stage cooling as in Wang et al. [97] by tolerating a maximum pressure
ratio of 5 [97], whilst assuming an isentropic compressor efficiency of
85% [98], an adiabatic index of 1.4 [97], and an inter-stage cooling
temperature of 40 °C [16]. Lower Pgop, ,;; could be possible when adding
an air-side recirculation loop to the system layout [28]. However, the
implementation of such a loop necessarily enhances system complexity
and costs, due to the additional high-pressure high-temperature equip-
ment required (such as pipes, valves, and controllers). It is therefore not
considered in this evaluation. The resultant Pgop . with respect to the
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stack’s electric DC input P, are listed in Tables S4 and S5 respectively.
It can be distinguished that at atmospheric pressure, Pgop. air/Petec iS
generally < 1%, while the required compressor power strongly increases
during pressurized operation, so that Pg.p ,i; can be expected to become
a significant contributor to the net system’s energy demand. For the ESC-
design stack, only the operation points at 1.3-1.35 V and 850-900 °C
would enable Pgop, sir/Peiec to be < 10% (provided that considerable
performance losses at 1.3 V are tolerated, since for this E., the oper-
ating conditions minimizing Pg,p, ;i are lower than the VHL.‘Wg -optimized
performance data, note values in square brackets and the footnote in
Table S4). Notably, in contrast to the ESC-design stack, the operation
points at E.; = 1.3 V maximizing VHZ,an also correspond to the condi-
tions minimizing Ppep, air/Peiec for the CSC stack, i.e., they represent
operation at the lower bound of Viir.in. This is because for the CSC-design
stack, the heat development due to the increased cell activity (Q; term in
Table S1) is sufficient to overcompensate the heat losses. This leads to a
net temperature increase, which gets augmented at lower air inlet flow
rates. Thus, the CSC-design stack can be operated over the entire tem-
perature range of T,;, = 650-750 °C satisfying Pgop, air/Peiec < 10% at
1.3-1.35 V for p = 10 atm, and at 1.3 V for p = 20 atm. These consid-
erations clearly suggest that to cost-effectively operate the SOEC stacks
under pressurized conditions, feasible operation points only range from
thermoneutral to moderately exothermic (1.3-1.35 V) conditions in
order to limit the required sweep gas flow rates, since from Tables S4
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and S5, it can be distinguished that the efficiency gains at lower E.
would be thoroughly consumed by the sweep gas compression, along-
side the additional electrical heating requirements of the inlet streams
during endothermic operation further decreasing the system efficiency
[19]. A closer heat integration of the PtM plant’s SOEC unit with an
additional industrial waste heat source at an appropriate temperature
level when available [99] could in principle counteract the input elec-
trical power requirements for the heat exchangers under endothermic
conditions (but not the higher Pgp_,;;). Still, in any case, considerably
higher stack and system CAPEX would be resultant, since as this analysis
reveals, significantly lower stack power outputs compared to thermo-
neutral or exothermic conditions are produced even at high V.

Operation points up to 1.4 V, which also cause higher Pg.p ,;; de-
mands compared to less exothermic conditions but stay within the
operation constraints specified in Table 7 could be tolerated to maxi-
mize Vi, av, €.g. when there temporarily exists surplus electricity or
system-specific higher load demands; preferentially when the stack
operates at or close to atmospheric pressure. At cell voltages higher than
1.4V though, there exists a pronounced risk that significant temperature
gradients in the axial flow direction (cf. Fig. 8) are occurring during
stack operation that might lead to severe thermal stresses in the ceramic
components.

Thus, under optimized conditions, the ESC-design stack reaches a
maximum of 8.8 kWeee (283Nm® h™!) at 1.3 V and 17.7 kWelec
(5.51 Nm® h™!) at 1.35 V at 850 °C and 1 atm, with slight performance
decreases under pressurized conditions, as in case of the single cell
studies in Section 3.2. For the CSC-design, it can be deduced from
Fig. 10d that the cell-level performance enhancements under pressure
(Section 3.2) translate to the stack-scale in such a way that VHz_yavg in-
creases of ~5-15% for T, ;j, = 650-750 °C at p = 5-20 atm compared to
operation at atmospheric pressure can be achieved. A direct comparison
of the optimized stack performances between both cell designs is pro-
vided in Table 8.

At 700 °C and 20 atm, the 150-cell Mk200-design CSC-based stack
reaches 17.6 kW under thermoneutral (1.3 V) and 36.6 kWeje. under
moderately exothermic (1.35 V) conditions, whilst ensuring reasonably
low air cooling requirements of < 30 sccm cm ™2 and temperature gra-
dients of < 10 K em ™. Thus, the simulations predict an approximately
doubled power capacity of the CSC stack compared to the ESC design,
while operating at a 150 °C reduced temperature. These factors provide
a very promising perspective to boost the competitiveness of future
SOEC-based PtM-systems for energy storage applications.

It should be clearly emphasized, however, that the electrochemical
performance is only one of several important factors for SOEC cell and
stack design considerations in PtM-systems. Other aspects like me-
chanical robustness, flexibility, redox stability and degradation/long-
term stability of the selected cell design are also essential factors for
successful implementation in PtM-systems, and to realize competitive
techno-economic scenarios [1,41]. Still, considering the mechanical
stability of the CSC design, state-of-the-art electrode supported cells
incorporated in stacks have experimentally demonstrated to successfully
withstand severely transient thermal conditions [100] and pressurized
operation up to 25 bar [101], thus proving a high level of robustness [1].
While stable performance under dynamic operation has also been suc-
cessfully demonstrated on stack level with both ESC and CSC types
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[102,103], the degradation of the Ni-cermet electrode in the CSC design
under continuous electrolysis operation remains the critical factor [1].
Here, microstructural optimization is the key to fundamentally improve
the electrode’s long-term-stability [23,24], and recently, encouraging
durability results on stack level with a CSC as considered in this study
were published with an observed low voltage degradation of 0.2%/
1000 h at 700 °C, 1 atm, and ~1.32 V during the final ~700 h for 1000 h
of testing [104]. Though the initial deactivation period [104] should be
decreased in future via structural optimization, these results support the
fact that such high-performance cell designs could indeed be success-
fully integrated in upcoming PtM-systems.

Moreover, it should be noted that while this study specifically fo-
cuses on performance benchmarking SOEC stacks for PtM-systems via
the selected optimization bounds, operation specifications and con-
straints, these are also applicable up to a certain level to other Power-to-
X concepts thermally integrating an SOEC unit performing steam elec-
trolysis (i.e., not co-electrolysis as another possible concept [105]) with
downstream chemical synthesis reactors, such as Power-to-Ammonia
[106] and Power-to-Methanol [105]. However, most notably, different
pressure levels of the electrolyzer might be favorable and different re-
quirements of the steam conversion level in the SOEC cathode stream
might exist as a result of varying chemical reactor systems and indi-
vidual plant concepts.

4. Conclusions

A combined experimental and detailed modelling methodology was
used to benchmark the SOEC steam electrolysis performance of com-
mercial Ni-CGO/LSCF electrolyte-supported and Ni-YSZ/LSC cathode-
supported cell designs for Power-to-Methane applications. While the
primary purpose of the work was to optimize the cells’ operating con-
ditions on 150-cell industrial-scale stack level, and to evaluate the
impact of different cell configurations on the stack performance by using
a detailed multi-scale model, the study also details the model’s param-
etrization, validation and scale-up procedure.

In a first step, the microstructure of each cell type was analyzed to
parametrize a 2D adiabatic single cell model, which then in turn was
comprehensively calibrated and validated based on the recorded po-
larization and impedance data (700-900 °C for ESC, 600-750 °C for
CSC, both at 90%/10% H30O/Hy, air). For both cell types, the model
showed a very good accordance with the experimental data across a
broad temperature and polarization range. Additionally, literature data
was considered for validating the model under pressurized conditions,
and particular care was taken for all datasets in order not to over-fit the
experiments with respect to the kinetic or microstructural parameters.

Subsequently, the as-calibrated model was used to map the perfor-
mances of both cell types at E.o; = 1.2-1.45V, SC = 25-100%, p = 1-20
atm and temperature ranges of 750-850 °C (ESC) or 650-750 °C (CSC).
It was found that in contrast to the cell’s electrical efficiency 7e. gy,
which is not a function of the steam conversion SC at constant cell
voltage, the efficiency based on the total (heat plus electrical) energy
input 7,4y is, however, dependent on SC. The singe-cell simulations
revealed that there exists a cell-specific threshold steam conversion of
~80% for the ESC and ~75% for the CSC design, which, individually,
represent maximum 7, ;;, due to the impact of reactant starvation zones
on the cell performance. Since the threshold SC was found to be

Table 8
Stack performance data of Mk200-design ESC- and CSC-based 150-cell stacks at optimized, system-oriented operation points.
Performance metric @Cell voltage ESC: 850 °C CSC: 700 °C
1 atm 10 atm 20 atm 1 atm 10 atm 20 atm
VHz_avg/ Nm3h! 1.3V 2.83 2.63 2.58 5.26 5.65 5.64
1.35V 5.51 5.27 5.14 10.4 11.3 11.5
Pejec/ KW 1.3V 8.8 8.2 8.0 16.4 17.6 17.6
1.35V 17.8 17.0 16.6 33.4 36.6 36.6

16



L. Wehrle et al.

independent of the cell voltage, temperature and pressure, it can be used
to appraise when reactant shortage within the cell could cause net ef-
ficiency losses at the PtM system scale. Moreover, in line with experi-
mental results [41], the model predicts reduced cell-level performance
in case of the ESC at elevated pressures as compared to atmospheric
pressure (~-9% at 1.35 V,SC = 80%, 20 atm, 850 °C) due to the large
Ronm, While predicting performance gains for the CSC (~+9% at 1.35V,
SC = 80%, 20 atm, 700 °C). This showcases specific advantages of the
CSC design for PtM-applications when pressurized operation conditions
are considered to facilitate plant integration [9,10]. Afterwards, the
hierarchical modeling approach was used to move up in scale reaching
the industrial-sized stack level. For the two stack designs individually,
optimization studies with the full 3D-model were conducted in broad
parameter spaces. Accounting for practical stack operation constraints
and operation specifications, which are a result of the PtM-system de-
mands, stack performances under application-oriented conditions were
assessed. From these studies, the following conclusions can be drawn:

e At the commercial-scale stack level for both stack designs, operation
below the TNV at < 1.25 V is severely limited (i) by the temperature
drop (up to 74 °C at 1.2 V even at Vai,_in =6 X VH20 /H,.in) irTespective
of the absolute pressure due to the large thermal mass of the stack
and (ii) by the parasitic sweep gas compression costs during pres-
surized operation conditions due to the high flow rate required to
limit the temperature drop.

Operation under high load conditions, i.e., at cell voltages > 1.4V, is
also limited for both stack designs (i) due to the required sweep gas
flow rate under pressurized operation conditions to limit the tem-
perature rise and (ii) due to the steady-state temperature gradient
itself. When permitting a higher |VT|_,,, i.e., using very thermo-
mechanically robust stack designs as e.g. tested by Hagen et al.
[100], operation at these voltages might be tolerated at the expense
of the SOEC unit’s efficiency to temporarily maximize the Hy pro-
duction rate when there exist system-specific higher load demands or
surplus energy.

These outcomes are largely influenced by the stack’s large thermal
mass, so that the importance of detailed stack-modeling approaches to
predict the temperature development in kW-class stacks can be plainly
seen.

Under optimized and application-oriented conditions (1.3-1.35 V,
SC = 80%, 1-20 atm) the model results suggest the Mk200-design CSC-
based stack to reach a ~2 times higher Hj output rate at Ty, = 700 °C
compared to the ESC-based stack operating at Ty, = 850 °C. Thus, for
the CSC-design at 1.35 V, a remarkable stack capacity Pe.. of up to 36.6
kW at 1.35 V is predicted whilst ensuring safe temperature gradients.

As part of future work, the as-developed stack simulation tool will be
incorporated into fully integrated SOEC-based PtM process models to
optimize the conceptual design of various PtM-layouts involving
different catalytic methanation concepts and CO5 sources.
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