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ABSTRACT: A sustainable, interconnected, and smart energy
network in which hydrogen plays a major role cannot be dismissed
as a utopia anymore. There are vast international and industrial
ambitions to reach the envisioned system transformation, and the
decarbonization of the mobility sector is a central pillar comprising
a huge economic share. Solid oxide fuel cells (SOFCs) are one of
the most promising technologies in the brigade of clean energy
devices and have potentially wide applicability for transportation,
due to their high efficiencies and impurity tolerance. To uncover
future pathways to boost the cell’s performance, we propose a
detailed multiscale modeling methodology to evaluate the direct
impact of cell materials and morphologies on commercial-scale
system performance. After acquiring intrinsic electrokinetics
decoupled from mass and charge transport of different anode and cathode materials via a half-cell model, a full cell model is
employed to identify the most promising electrode combination. Subsequently, a scale-up to the system level is performed by
coupling a 3-D kW-stack model to the balance of plant components while focusing on morphological optimization of the membrane
electrode assembly (MEA). On optimally tailoring the MEA, model results demonstrate that an advanced cell design comprising a
Ni fiber-CGO matrix structured anode and a LSCF-infiltrated CGO cathode could reach a stack power density of 1.85 kW L−1 and a
net system efficiency of 52.2% for operation at <700 °C, with manageable stack temperature gradients of <14 K cm−1. The model-
optimized power density is substantially higher than those of commercial stacks and surpasses industrial targets for SOFC-based
range extenders. Thus, with further cell and stack development targeting the performance limiting processes elucidated in the paper,
commercial SOFCs could, alongside range extenders, also act as prime movers in larger scale transport applications such as trucks,
trains, and ships.
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1. INTRODUCTION

National and global energy policies require a significant
reduction of greenhouse gas emissions in order to mitigate
global warming particularly in the transport sector, where a
clean alternative to internal combustion engines has driven the
interest in electric vehicles based on batteries and fuel cells. A
battery-only electric vehicle suffers from slower charging times,
range limitations, and lower energy densities compared to a
fuel cell electric vehicle and is not the sole disrupting
technology to achieve all of the long-term emission goals.
Battery usage is particularly challenging for long-haul carriage,
e.g., heavy-duty trucks, where the energy requirements and
thus large battery mass limit its applicability,1 or in applications
where the lengthy charging times are problematic such as
buses. Traditionally, due to their elevated operation temper-
ature and ceramic cell components, solid oxide fuel cells
(SOFCs) were generally not considered for automotive or
transportation applications. The highly strenuous demands on
a power generation system deployed in this sector did not

seem, at least cumulatively, to be feasible in a reasonable time
frame. However, continuous progress has been made in the
design, fabrication, and processing of SOFCs as well as in
interconnect, stack, and sealing manufacturing, which makes it
possible and even compelling to reconsider their utilization in
the mobility sector, since high-temperature oxide-ion conduct-
ing fuel cells have unique advantages over the more established
low-temperature polymer electrolyte membrane (PEM) fuel
cells.2 In fact, since 2009, there have been several examples of
SOFCs being used in electric hybrid solutions as range
extenders powering a battery or as auxiliary power units
(APUs) supplying electricity for on-board services. Those
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projects involved major automotive and powertrain develop-
ment companies like Delphi,3,4 Nissan,5 Volvo,6 Weichai
Power,7 and AVL List GmbH,6,8 along with SOFC stack
manufacturers like Ceres Power5,7,9 and Sunfire.10 SOFC
systems have also been considered for aircraft11 and maritime
applications.12 Though most approaches target the utilization
of liquid hydrocarbons, gasoline, diesel, or natural gas, there is
ever-growing evidence that a distributed H2-infrastructure and
thus a H2-based transportation system will be available in
future.13−16 This is mainly due to the energy carrier’s large
consumption in the chemical industry and, hence, facilitation
of sector coupling, and the increasing attractiveness of
nonfossil production technologies fed by renewable energy
sources, e.g., water electrolysis producing H2.

13,14 Given that
the hydrogen economy is predicted to create a revenue
potential of more than $2.5 trillion,16 including a substantial
share in the mobility sector, it becomes evident that SOFC
technology, which has been commercialized in stationary
applications, e.g., >50 000 cogeneration plants in Japan,17

should also be re-evaluated for transportation.
Still, the technological competitiveness with established

clean and sustainable powertrain systems needs to be proved.
Along with low start-up times and degradation rates, both the
efficiency and power density are key performance metrics
concerning a power generation system deployed in the
mobility sector.2 Particularly for automotive applications,
space and weight are stringently limited, and losses in both
metrics would make the system larger and thus negatively
impact the vehicle construction. For SOFC-based range
extenders, AVL List GmbH defines target criteria based on
competitiveness with existing technologies,18 which are used as
a reference in this study. According to these metrics, a range
extender needs to reach net system efficiencies > 50% with
power outputs ≥ 15 kW and volumetric stack power densities
of 1−1.2 kW L−1.18 Still, while many research efforts have been
spent to optimize the construction geometry, only 0.1−1 kW
L−1 is typically reached for state-of-the-art commercial SOFC
stacks.2 For current fuel cell electric vehicles in production,
PEM-based stacks reach significantly higher power densities of
1.65−3.12 kW L−1,19 but PEMs typically operate at lower
efficiencies (∼40−55%) than SOFCs. Moreover, thermal
management during PEM operation is a severe issue. SOFCs
have an advantage here due to the greater temperature
difference between the ambient temperature and the fuel cell
operating temperature, thus eliminating the need for large
radiator areas and auxiliary components. However, operation at
elevated temperature and high power outputs produces
thermal gradients across the SOFC stack, which impose
thermal stresses on the individual cell components and might
cause stability issues. These necessarily must be addressed
when complying with the >10 000 h lifetime and the low
degradation requirements that need to be fulfilled to make the
SOFC technology economically feasible.18 Recent results from
thermal cycling experiments performed on state-of-the-art
short stacks demonstrate a high robustness toward gradients
even in the range of 20−30 K cm−1 during dynamic
operation,20 though these gradients should be avoided during
steady-state operation in real application to not detrimentally
impact long-term behavior.
Following this outline, the optimization of SOFC stacks

integrated into a system layout close to real-world applications
is of high interest. The scale-up from single cells to stacks and
systems mandates extensive experimental efforts, involving

cost- and time-intensive tests and requiring well-equipped
facilities, which results in a step-by-step developmental cycle of
the order of years.9,21 Novel cell materials and microstructures
designed in research laboratories that pass all these steps and
finally reach commercialization are even more time-consuming.
Thus, morphological and configurational optimization of the
membrane-electrode assembly (MEA) assisted by a multiscale
and multiphysics model, which is able to incorporate material
and microstructural details on stack and system levels, is a very
promising approach to shorten the time-to-market. It is also
supported by a recent experimental study from Udomsilp et
al.,18 who demonstrated that, by using an advanced
morphological and metal−supported cell design, a power
density enhancement factor of 10 (3.13 W cm−2 at 1123.15 K,
0.7 V) can be achieved compared to the literature on industrial
single-cell basis. In the same vein, there are several recent
studies elucidating structure−property relationships of elec-
trode materials aiming to uncover their specific performance
limitations by coupling 3-D reconstruction techniques and
electrochemical characterization.22−24 These studies demon-
strate that an optimized electrode design potentially offers
significant room for improvement compared to the perform-
ance of commercially used cells. However, with many
researchers conducting fundamental electrochemical character-
ization of electrode materials typically by applying electro-
chemical impedance spectroscopy (EIS) or polarization
measurements on a half-cell, button cell, or single cell basis,
it generally remains inconclusive how the accomplished
performance improvements would manifest themselves on
the system scale.
While solid oxide cell technologies based on electrolyte-

supported cells for stationary applications were developed,
both the anode-supported cell (ASC) and metal-supported cell
(MSC) configurations are considered to be more suitable for
mobile and high power density applications.2,11,25 Both cell
types have in common a very thin electrolyte layer that is
applied at the cell’s core, which greatly reduces ohmic losses
and thus provides an opportunity to lower the operation
temperature. However, the mechanical support is made from a
porous metal layer in the case of the MSC, typically formed by
the same material as the metallic interconnector, while it is a
ceramic layer in the case of an ASC. Though the MSC is
recently considered to be the most promising candidate for
mobile applications by several research groups and companies
due to its high mechanical robustness and redox stabil-
ity,18,21,25 world records in fuel conversion efficiency to
electricity of >70% (with respect to the lower heating value
(LHV), stack-based) were claimed by Elcogen26 and SOFC-
MAN27 with stacks exclusively relying on ASCs, while FZ
Jülich presented benchmark tests of ASCs with 1 μm yttria-
stabilized zirconia (YSZ) electrolyte.28 Accordingly, both cell
designs are certainly highly relevant and hence considered in
this study. With the electrolyte layer thicknesses being reduced
to a few micrometers, electrode polarization becomes a
governing factor to the overall performance losses. Regarding
the anode side, Ni-cermets are by far the most established
electrode materials until now and are utilized throughout the
portfolio of commercially available SOFCs. While Ni-YSZ is an
extensively characterized anode material showing very good
mechanical and chemical compatibility to other cell
components and is, e.g., used in the Elcogen and SOFCMAN
cell and stack product series,29,30 Ni-scandia-stabilized zirconia
(ScSZ) exhibits substantially higher ionic conductivity than
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YSZ and could potentially lead to a promising cell perform-
ance.31 Due to the mixed ion-electron conductor (MIEC)
properties and high ionic conductivity of gadolinium doped
ceria (CGO), Ni-CGO is a typical choice for intermediate or
low temperature SOFCs and is used, e.g., in the stack designs
of Ceres Power32 and Sunfire.33 Consequently, Ni-ScSZ and
Ni-CGO form the selection of anode materials in this study.
Applying single phase mixed-conducting strontium-doped
perovskites such as lanthanum strontium cobaltite (LSC) or
lanthanum strontium cobalt ferrite (LSCF) as the cathode
material is a frequent choice of stack manufacturers,18,29,32

whereas it is a well-known and promising strategy to boost the
MIEC cathode’s ionic conductivity with additions of CGO
electrolyte material, yielding particularly low polarization
resistances and still showing good matching of the chemical
and physical properties with other cell components.20,31,34 For
these reasons, the LSCF-CGO composite is chosen as the
electrode material for the cathode side.
From a modeling perspective, at the electrode scale, several

1-D transient continuum models based on effective medium
theory have been developed, capturing the interplay between
microstructure and kinetics for various electrode materi-
als.35−37 Moreover, rather than predicting average properties,
there are 3-D models available that are able to spatially resolve
the porous electrode microstructure simulating local hetero-
geneities in the current and potential fields.38,39 On the other
hand, stack scale models are mostly based on computational
fluid dynamics (CFD) codes to study fluid flows and predict
temperature distributions within the stack/manifolds focusing
on thermal stress analysis or flow path configurations.40,41

However, detailed multiscale stack models bridging the length

as well as time scales of all the relevant physicochemical
phenomena down to the electrode scale are seldom reported in
the literature.42−44 To optimize the selection of electrode
materials and morphologies at the industrial scale effectively
requires a stack design tool that in contrast to coarse-grain
homogenized models or conventional CFD codes is capable of
accurately decoupling the kinetics from charge transport and
mass transport,45 since in particular the charge transport
profiles are strongly nonlinear across the electrode thickness
for thin (∼10 μm) high-performance functional layers. A
description of this feature is indispensable, since both the ion
transport across the electrodes and the kinetics are typical
showstoppers to limit cell performance. To the authors’ best
knowledge, the systematic investigation of the impact of cell
materials, configurations, and microstructures at the system
level using a physics based multiscale model has not yet been
conducted.
This study presents an integrated multiscale design

approach. Initially, a fully transient 1-D half-cell model
(referring to a button cell model which replaces the
nonworking electrode with an ideal counter-electrode)
reproducing EI spectra from symmetrical cell measurements
is used to extract electrochemical kinetics decoupled from mass
and charge transport by using electrode microstructural data
obtained from focused ion beam-scanning electron microscopy
(FIB-SEM). Next, a successive scale-up to the system level is
performed by first performing 2-D adiabatic repeating unit
(RU) simulations and then by employing a multiscale 3-D
stack model coupled to 0-D-balance of plant (BoP)
components. Ultimately, key performance metrics of a
morphologically optimized SOFC system in the 90−130 kW

Figure 1. Illustration of the multiscale and multiphysics hierarchical modeling approach. (a) Schematic of the 1-D modeling domain of a
symmetrical button cell in a stagnation point flow geometry and a zoom into the MEA illustrating the global kinetic framework of oxygen reduction
reaction (ORR) using a LSCF-CGO composite. (b) Sketch of the 2-D RU and 3-D stack modeling domains depicting the cell components. In the
given illustration, only a cutout of the stack corresponding to the bottom right corner including the insulation layer is shown for the sake of a clear
depiction of the layers; the total stack modeling domain is centrosymmetric. Note that the figure is not a true-to-scale representation. (c) SOFC
system configuration with ambient surroundings (Case A) and with the stack module placed in a hot box (Case B).
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range are evaluated while simultaneously focusing on safe
thermal operation of the stacks. The power outputs comply
with the motor power requirements of passenger cars19 or fuel
cell capacity demands for hybrid powertrains in heavy duty
trucks,46 though the underlying modeling framework can also
be applied to smaller systems, e.g., for battery electric vehicle
range extenders.18 Figure 1 schematically illustrates the scales
encompassed in this work, which directly relates to the outline
of the study. The model is set up based on a hierarchical
approach to account for the vastly different length scales of the
involved physicochemical processes. Accounting for the
principles of mass, momentum, charge, and energy con-
servation and by extracting kinetic and thermofluidic
information for symmetrical button cell (Figure 1a), single
RU, as well as stack configurations (Figure 1b), the
FORTRAN-based continuum model can ultimately be coupled
to external routines in gPROMS ModelBuilder to perform
system simulations (Figure 1c). Section 2.1 provides a
description of the model’s essential features and assumptions,
whereas details regarding the model’s computational frame-
work and the mathematical description can be found in section
S1 and Tables S1−S4 in the Supporting Information.

2. METHODOLOGY

2.1. Model Essentials and Assumptions

In order to develop the mathematical model and make the
simulation approach computationally feasible, the following
assumptions are made:

• Within the porous composite electrode domains, a
continuum-level description of homogeneous phases
consisting of spherical particles holds true. Volume-
averaged properties and structurally isotropic parameters
are presupposed, i.e., there is no single particle-level
resolution of the microscopic scale.

• The central dense electrolyte is considered to be an
electrical insulator, so that the local charge flux is purely
ionic. No mixed conducting behavior; i.e., leakage
current is accounted for due to the presence of a
zirconia electron blocking layer in all the RU and stack
cell configurations.

• CGO and LSCF are MIEC materials having both
electronic and ionic conductivities, so that parallel
pathways for ion transport in LSCF-CGO composite
and electron transport in Ni-CGO are possible.
However, charge carrier concentration profiles across
the bulk of an MIEC material are not resolved. YSZ and
ScSZ are treated as pure ionic conductors, whereas
charge conduction in Ni is exclusively electronic.

• For the electrode morphologies studied, the electro-
chemical reaction is assumed to be dominated by a
double-phase boundary (DPB) mechanism in the case of
Ni-CGO, whereas a triple-phase boundary (TPB)
mechanism governs the oxygen reduction reaction
(ORR) in LSCF-CGO and the H2 oxidation reaction
in Ni-SCSZ (see section S1.3 for more details).

• The fuel and air compartments surrounding a button cell
are represented by a 0-D transient continuously stirred
tank reactor (CSTR) model, since dynamic gas mixing is
assumed to be perfect, thereby neglecting any spatial
variations. In a planar RU, the bulk gas flow is one-
dimensional, laminar and is described by a plug flow
model. The gas channels themselves are etched into the

bipolar interconnect structure. The planar stack is
assumed to operate in a co-flow arrangement, whereas
fluid dynamic effects of gas distribution in the manifolds
are not part of the model.

• Current collection is perfect in the symmetric button cell
setups and does not influence the flow characteristics,
whereas contact resistances limit the electronic con-
duction at the electrode-interconnect rib interfaces in
planar RUs. The interconnects themselves are perfect
electronic conductors.

• A global Butler−Volmer (BV) formulation coupled to
the mass and charge transport is incorporated to model
the local charge-transfer chemistry, which is spatially
distributed along the electrode thickness.

• Radiative heat exchange between the electrode, inter-
connect, insulation, or hot box surfaces is diffuse,
opaque, and gray.

• Species diffusion in axial direction in both the porous
electrodes and the gas channels is neglected due to the
channel’s high aspect ratio, i.e., the channel’s length is
much larger than its width, and the comparatively low
axial diffusion velocities. Test simulations performed
under representative conditions of the single cell and
stack simulations (sections 3.2 and 3.3) revealed that
this assumption is well supported by the flow conditions
in the air channel, with local Pećlet numbers of >30,
while advective mass transport also dominates in the fuel
channel, with local Pećlet numbers of ∼1−3. While it
can be expected that the H2 profile along the fuel
channel would be impacted by axial diffusion (in
particular close to the channel entrance), a previous
study from Bessler and Gewies47 demonstrated that the
cell’s average current density is only negligibly impacted
by axial diffusion, due to the local current density
averaging out across the entire channel length.

• For single RU and stack simulations, species diffusion
underneath the ribs is not considered due to much larger
in-plane diffusion pathways compared to the cathode
thickness. As previously demonstrated,48 this leads to
the development of significant oxygen starvation zones,
such that the area underneath the ribs is considered to
be electrochemically inactive.

• Compared to the overall thermal mass of the stack solid
phase and its much larger scale, local temperature
fluctuations across the solid components of a single RU
are considered insignificant. Thus, all solid constituents
comprising the electrochemically active part of a stack,
i.e., MEA, gas channels, and bipolar interconnect plates
and ribs, can be lumped into one single phase. Due to its
larger time scale, the 3-D heat balance equation is
decoupled from the differential algebraic system of
equations (DAE) describing the physicochemical
phenomena in a single RU, which was previously
shown to be an appropriate representation.49

2.2. Numerical Solution Procedure

A schematic flowchart of the multiscale simulation method-
ology illustrating the control rooms and the variable exchanges
between them is shown in Figure 2. In order to solve the
system of partial differential equations (PDEs) numerically, the
cell and stack modeling domain was spatially discretized using
a finite-volume approach. For EIS simulations which physically
represent a symmetrical cell setup, the modeling domain is
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one-dimensional along the electrode thickness and was divided
into 10−25 equidistant grid points of length Δy, so that Δy ≫
mean particle diameter dp was satisfied. Having discretized the
spatial gradient operators, the DAE is solved semi-implicitly
and transiently using the time-adaptive solver LIMEX.50 The
impedance spectra are computed by applying fast potential
excitation and subsequent current relaxation followed by
Fourier transformation.51

For the RU simulations, a 2-D grid is formed by discretizing
the RU into 45 elements along the radial coordinate y and into
140 elements along the axial direction z. Each of the axial finite
volume elements is solved until convergence is reached,
reinitializing the subsequent element with the solution from
the previous one resulting in a “quasi 2-D” effect. The transient
term in the charge balance equations due to double-layer
charging (see Table S2) is typically very small compared to the
faradaic source term and is neglected for non-EIS simulations.
Thus, the equations become nonlinear algebraic constraints
alongside the PDEs and can be solved by applying a damped
Newton iteration solver.52 The 2-D heat transport equation of

the solid phase wraps around the inner loop formed by the
DAE describing the channel conservation and the porous
media transport coupled to the electrochemical model. All the
RU simulations attained steady-state within 10 min on an 8-
core processor. To accelerate the modeling workflow,
simulations were performed with the aid of the software tool
CaRMeN developed in our group.53

For stack simulations, y is discretized into 80 elements due
to the additional support layer and the 2-D heat balance is
replaced by the full 3-D energy conservation equation solving
the temperature field of the lumped solid bulk, as depicted in
Figure 2. Since the stack configuration under investigation
consists of >4400 RUs, it is evident that not every channel can
be simulated in detail. Thus, as described in more detail by
Tischer and Deutschmann,54 an agglomerative cluster
algorithm is applied, where the temperature clustering
condition for channels, which are assumed to operate similarly
since they are part of a quasi-uniform local temperature field,
was set to 5 K. At the boundaries of the monolithic domain,
the inactive steel layers and the insulation layer (see Figure 1
and section 3.3.2) are implemented by ensuring continuity of
the anisotropic heat fluxes.54 Using this computationally
efficient approach, the stack simulations in this study typically
reached steady-state within 8−12 h, depending on the
operation and boundary conditions applied, since the transient
calculation of the temperature field is the bottleneck in terms
of computational cost. The simulation code containing the
stack model is written in FORTRAN and part of the software
package DETCHEM.55 The system BoP components are
implemented in gPROMS ModelBuilder, while an in-house
Matlab interface facilitates data transfer between the two
softwares. To find the global system balance, initial stack
simulations were run with an estimate of gas inlet velocities
and inlet temperatures until the Tavg,stack,s and fuel conversion
criteria as specified in section 3.3 were reached. When a hot
box is implemented, the hot gases leaving the recuperators
impact the stack simulation, and thus, based on the obtained
data of input and output fluxes, multiple iterations on the
system level were performed until the changes in the stack
outlet mass fluxes ṁo,g, as well as outlet temperatures To,g, and
in the average stack temperature Tavg,stack,s were <0.1%.
Otherwise, only a single system iteration was required.

3. RESULTS

3.1. 1-D Half Cell Simulations: Extracting Electrochemical
Kinetics

Solving the coupled mass and charge transport within the
composite network in the porous electrode and the gas

Figure 2. Flowchart illustrating the model’s control rooms and
interfaces. Overview of the exchanged variables and data transfer to
enable the model coupling.

Table 1. Fitted Parameters Acquired by Reproducing Impedance Measurementsa

value

Ni-CGO

parameter cermet FMS Ni-ScSZ LSCF-CGO

exchange current density,
i0

5.9 × 103 × e−111900/RT × pH2

0.01 × pH2O
0.08 A cm−2 7.5 × e−115400/RT × f(pH2

,pH2O) A
cm−1

3.0 × 104 × e−195000/RT × pO2

0.18 A
cm−1

anodic CT coefficient, βa 1.5 1.5 1.2
cathodic CT coefficient, βc 0.5 0.5 1.0
double layer capacitance,
CDL

6.6 × 106 × e−82912/RT F
m−2

9.3 × 105 × e−119400/RT F
m−2

9.0 × 10−4 × T − 0.52 F m−2 9.4 × 109 × e−145551/RT F m−2

aUnits of partial pressures are given in atm.
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compartments, an isothermal 1-D half-cell model is employed
to acquire the material-specific electrochemical kinetics. In
order to avoid complications with reference electrodes,56 BV
kinetics are extracted for EIS measurements on symmetrical
cell setups. All the literature data were chosen in such a way
that detailed structural information based on FIB-SEM imaging
and 3-D reconstruction23,57 or SEM35 were available, alongside
comprehensive measurements in the range of operating
conditions encountered by the cells in a transportation system.

The geometrical and microstructural parameters along with the
measurement conditions for each composite are given in Table
S5. The ohmic drop across the electrolyte has been subtracted
from the real part of the impedance spectra to solely focus on
the polarization resistance of the electrodes. In order to
validate the model, i.e., use it to predict impedance spectra
under conditions for which it was not initially calibrated, the
number of spectra was chosen to be considerably higher than
the amount of fit parameters. The exchange current densities

Figure 3. EIS data of LSCF-CGO. EI spectra comparing experiments (Donazzi et al.,35 dotted) with simulations (continuous lines) for a LSCF-
CGO cermet composite. Images show Nyquist plots at (a) 833.15−873.15 K, (c) 923.15 K, and (e) 973.15 K, and the corresponding Bode plots at
(b) 833.15−873.15 K, (d) 923.15 K, and (f) 973.15 K. The spectra were obtained at OCV, 10 mV voltage perturbation, 10 mHz to 100 kHz and
0.05−0.21 atm of O2.

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.1c00014
ACS Environ. Au 2022, 2, 42−64

47

https://pubs.acs.org/doi/suppl/10.1021/acsenvironau.1c00014/suppl_file/vg1c00014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenvironau.1c00014/suppl_file/vg1c00014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00014?fig=fig3&ref=pdf
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.1c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and double-layer capacitances obtained via this process are
listed in Table 1.
The comparison of simulated Nyquist and Bode plots

a g a i n s t e x p e r imen t a l d a t a f o r LSCF -CGO10
(La0.6Sr0.4Co0.2Fe0.8O3‑δ-Ce0.9Gd0.1O2−δ) are displayed in
Figure 3.35 Under the given range of conditions, i.e.,
833.15−973.15 K and pO2

= 0.05−0.21 atm, a good accordance

with the measured spectra could be obtained regarding both
the overall shape of the plots as well as the magnitude of the
complex impedance. The largest discrepancy is apparent in
Figure 3f when reproducing the experiment at 5% O2 and
973.15 K, where there is a large contribution of a low
frequency (LF) feature (∼1 Hz). It was verified that this arc is
due to an external mass transport limitation coming from the
test rig, possibly the gas compartment in the stagnation flow
geometry, by comparing measurements in He and O2

atmospheres.35 In our simulations, this limitation is modeled
using a CSTR model for the bulk gas phase adjacent to the
electrode surface with no additional fit parameters and hence
leads to a deviation when reproducing the real-world flow field.
Still, this limitation is insignificant for the purpose of extracting
the material’s electrochemical kinetics performed in this

Section, since the LF feature is not related to the resistance
contribution coming from the electrode. Fitting a relatively
high thermal activation barrier EO2

of the exchange current

density i0,O2
, 195 kJ mol−1, and an O2 partial pressure

dependency of 0.18 yields a very good match with the
experimental spectra. It should be noted that while EO2

appears
to be rather high, the activation barrier obtained in this way is
purely related to the charge transfer (CT) kinetics, so that the
experimentally measured “apparent” activation energy, i.e., a
superimposition of the electrochemical reaction and ionic
transport in the CGO matrix (∼61.8 kJ mol−1), would be
lower than the EO2

extracted via decoupling these effects in the
multiphysics impedance model. In contrast to the other
experimental studies used in this work to obtain the BV
kinetics for the different electrode materials, no FIB-SEM
reconstruction was performed in case of LSCF-CGO, so that
the specific triple phase boundary length λTPB

V was calculated
via percolation theory.35 This limitation is briefly discussed and
justified in Section S2.
Regarding the anode materials, Figure 4a−c depicts the

Nyquist and the corresponding Bode plots comparing the
model simulations against experimental data for the Ni-

Figure 4. EIS data of anode materials. (a−c) EI spectra comparing experiments (Somalu et al.58 and Bertei et al.,57 dotted) with simulations
(continuous lines) for a Ni-ScSZ cermet composite. Images show Nyquist plots at (a) 873.15−923.15 K and (b) 973.15−1023.15 K and (c) the
corresponding Bode plots. The spectra were obtained at OCV, 10 mV voltage perturbation, 10 mHz to 100 kHz, 3% absolute humidification, and, if
not indicated otherwise, 0.49 atm of H2. (d−f) EI spectra comparing experiments (Ouyang et al.,23 dotted) with simulations (continuous lines) for
different Ni-CGO composites. Images show Nyquist plots for anodes having (d) a fiber-matrix structure (FMS) and (e) a cermet structure, as well
as (f) the corresponding Bode plots for the cermet structure. The spectra were obtained at OCV, 30 mV voltage perturbation, 20 mHz to 10 kHz,
873.15−1073.15 K, 0.097 atm of H2, and 3% absolute humidification.
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10Sc1CeSZ (10 mol % Sc2O3−1 mol % CeO2−89 mol %
ZrO2) cermet composite.57,58 The spectra were recorded
between 873.15 and 1023.15 K at pH2

= 0.49−0.97 atm with
3% absolute humidification. Three different features can be
distinguished. The presence of a convoluted small high
frequency (HF) feature (∼104 Hz) was verified by Bertei et
al.57 via distribution of relaxation times (DRT), and it is due to
an O2 transfer resistance at the ScSZ-YSZ interface, i.e., an
interfacial contact resistance between the electrode and
electrolyte. The temperature-dependent resistance for this
contribution is fitted from the provided data by using an
Arrhenius-type dependency (see Table S5)57 and is assumed
to be in series with the resistance network formed by the
kinetics and transport processes within the porous electrode.59

The large LF feature (∼1 Hz) is a resistance contribution
coming from the gas transport in the supply volume of the test
rig.57 By fitting the inlet flow velocity of the incoming gas
mixture using the transient CSTR model, this arc can be
reasonably reproduced. Finally, the MF feature at ∼102−103
Hz can be attributed to the CT-resistance at the TPBs. The
normalized conductivity factor of 0.2569 of the effective ionic
conductivity σio,ScSZ

eff as determined via FIB-SEM57 translates to
a tortuosity factor τfac,io of 1.91 in our model. The best match
with the experimental data could be obtained by setting
EH2/H2O to 115.4 kJ mol−1, which is nearly identical to the value
found by Bertei et al.57 using a physically based impedance
model. For the second anode material , Ni-CGO
(Ce0.9Gd0.1O2−δ), Figure 4d−f presents the Nyquist plots
of the measured EIS data and the corresponding modeling
results at 823.15−1073.15 K and pH2O = 0.097 atm with 3%
absolute humidification. The reaction orders with respect to
the H2 and H2O species of 0.01 and 0.08, respectively, were
taken from comprehensive symmetrical cell measurements for
Ni-CGO cermet electrodes of Riegraf et al.60 Thus, despite the
high N2-dilution used for the experiments, the H2 partial
pressure dependency on i0 for Ni-CGO was found to be
particularly low,60 so that inaccuracies when using a higher
pH2O in further simulations are expected to be insignificant. The
impedance responses correspond to composite electrodes with
a Ni fiber-CGO matrix structure (FMS) produced via
electrospinning and tape casting, and a conventional cermet
microstructure. From Ouyang et al.,23 it can clearly be
extracted that the FMS electrode achieves the lowest
polarization resistance compared to cermet and infiltrated
electrodes. Please refer to section S1.3 for more details on how
the electrochemical model was established for the two
differently structured anodes. Letting the model reproduce
impedance spectra from electrodes with different micro-
structures gives a better opportunity to find an “intrinsic”
kinetic parameter set, which is able to predict electrochemical
performance independent of the anode morphology. Similar to
the measurements of the Ni-ScSZ symmetrical cell, all the
spectra contain a relatively minor HF contribution, which was
suggested to come from the interfacial CGO-YSZ contact
resistance.23 This resistance contribution was quantified by
Ouyang et al.23 via equivalent circuit fitting and accordingly
implemented into the model to reduce the number of
unknown fit parameters. A weakly temperature-dependent LF
feature, particularly visible as a semicircle for the FMS
electrode, was identified to originate from gas diffusion/
conversion in the test rig,23 whereas the MF process represents
the coupled O2−-charge transport and the H2 oxidation

kinetics. Comparing the simulated Rpol with the EIS data, i.e.,
the LF intercepts at the real axis, the experiments can be
relatively closely matched, with a maximum discrepancy of
∼11% as visible in Figure 4d for the FMS measurement at
873.15 K. This deviation may be attributed to the non-
segregation of the net current density into the competing DPB
and TPB pathways in the present work, since it is assumed that
the H2 oxidation proceeds exclusively via a governing DPB
mechanism. As discussed in more detail in section S1.3, there
is strong evidence from combined modeling and experimental
studies that this is a good approximation for the cermet and
FMS electrode morphologies studied here,23,61 while it is also
supported by the EIS fits presented in Figure 4d and 4e.
Nevertheless, it can be expected that the volumetric faradaic
current density generated at the DPBs iF,DPB

V is even higher for
the FMS electrode compared to the cermet, thus leading to a
deviation in the EIS. Aside from the plot in Figure 4e at 873.15
K, the shape of the impedance spectra can also be well
reproduced. The physical origin for the discrepancy between
the model predicted, more depressed shape of the spectrum at
873.15 K and the shape of the experimental spectrum, that
features a higher magnitude of −Zim and exhibits a nearly
symmetrical semicircle, could not be unambiguously identified
with the present model approach. Still, the low discrepancy
between experimental and simulated Rpol (∼4%) provides an
indication for that the rate limiting step of the electrochemical
mechanism has not changed in this temperature regime, since
this would likely imply a change of the apparent activation
energy.60

In total, the kinetic parameters obtained via deconvoluting
and reproducing the impedance responses of symmetrical cell
setups are robust, since they are decoupled from mass
transport, as verified by the insensitivity of the polarization
resistance Rpol to the mean particle diameter dp, the porosity ε
(fixing either λTPB

V or the specific gas/pore phase interfacial
area Agas/io

V ), and the pore phase tortuosity factor τfac,pore for all
the plots, and they are also largely decoupled from charge
transport due to the measured microstructural information of
λTPB
V , Agas/io

V , τfac,ic and the electrode thickness tede. However,
aside from the implications of the global kinetic formulation in
general, it must be noted that the kinetic parameters could still
depend on factors like polarization prehistory, morphology
heterogeneities, instabilities, and impurities, which either were
not visible in the SEM pictures, could not be captured by the
finite sample volume size for microstructural 3-D reconstruc-
tion, or were not accounted for in the continuum model
approach.39,62

3.2. 2-D Adiabatic RU Simulations: Performance Analysis
and Comparison

Having found the material-specific BV kinetics, the next step is
to scale up to a full cell model physically representing a single
planar RU of a stack, to test the configurations based on the
two different anode materials in a robust approximation of
their performance in the system. Alongside the rectangular
channel geometry in the axial direction, this step also adds a 2-
D temperature solution to the model, which enables the
investigation of heat development via adiabatic simulations in
the cells. The choice of the central electrolyte/barrier layer
configuration depends on the electrode material combination,
in order to model a realistic cell design in terms of
manufacturability and to minimize the influence of material
incompatibilities. The doped ceria-based electrolyte CGO has
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a high ionic conductivity, but its substantial electronic
conductivity under reducing conditions and elevated temper-
atures leads to a decreased open circuit voltage (OCV).31

Thus, and in order to fulfill the model assumptions (see section
2.1), i.e., not considering an electronic leakage current across
the central electrolyte, a zirconia layer consisting of either
8YSZ or 10Sc1CeSZ was incorporated into the configurations,
which is also a commonly applied cell design strategy from key
SOFC stack manufacturers.26,32 While an intervening CGO
phase on the cathode side is implemented in both
configurations to prevent an undesired reaction of the zirconia
and LSCF perovskite phases,32,63 an additional CGO barrier
layer on the anode side is considered for the Ni-CGO/LSCF-
CGO combination to avoid undesired secondary phase
formation, yielding a sandwiched CGO/YSZ/CGO trilayer
electrolyte.31 The total electrolyte thickness was set to a
minimum of 4 μm to facilitate gas tightness and electronic
current blocking.31 Since it was reported that a reduced firing
temperature and the use of sintering aids can effectively limit
YSZ-CGO interdiffusion,64 the contact resistance of this
interface was set to zero, whereas the contact resistance of
ScSZ-CGO65 is given in Table 2. All electrodes are set to have
a conventional cermet microstructure. The microstructural

characteristics of the electrode layers tede, ε, dp and the solid
phase volume fractions vf,m are chosen to enable high power
densities in the parameter space investigated, whereas the
effective conductivities σm

eff are calculated via percolation theory
for cermet electrodes. Geometrical parameters of the RU are
adapted from the lightweight CSV-design stack of FZ Jülich,
which was specifically designed for mobile applications, and
used here as a reference due to comprehensive data
specifications.66 All these parameters are listed in Table 2
along with the thermal properties of the cell and interconnect
materials. The interconnect rib width was set to half the
channel width to keep concentration and contact losses due to
the additional migration and diffusion hindrance reasonable.48

Thus, in the framework of our model (see section 2.1), the
combined losses due to the introduction of the interconnects
in the RU imply a cell output reduction of about 35−40%
compared to a button cell under equivalent operation
conditions. Table 2 also lists the operation conditions
considered for the parametric performance analysis that
represent input parameters to the physical model. The model
utilizes the cell voltage and the gas inlet flow properties as
inputs to compute the current density, species, and temper-

Table 2. Model Input Parameters for the Parametric Single Planar Repeating Unit Performance Analysisa

parameter value reference

geometry, microstructure

electrode thickness, tede 20 μm designb

Dense 8YSZ or 10Sc1CeSZ
electrolyte thickness, telyt,YSZ or
telyt,ScSZ

2 μm design

dense CGO10 barrier layer thickness,
telyt,CGO

2 μm design

interconnect thickness, tic 0.15 mm 66

gas channel thickness, tch 1 mm estimate

cell length, Lcell 8 cm 66

RU width, wRU 4.32 mm calculated
from
ref 66

gas channel width, wch 2.88 mm calculated
from
ref 66

porosity, εebe 0.25 design

mean particle diameter, dp 0.3 μm design

solid phase volume fraction, vf,m 0.5 design

MEA properties

Ni electronic conductivity, σel,b 3.27 × 104 − 10.653 × T S
cm−1

67

8YSZ ionic conductivity, σio,b 3.34 × 102 × e−10300/T S
cm−1

68

10Sc1CeSZ ionic conductivity, σio,b 6.50 × 102 × e−6884.1/T S
cm−1

69

CGO10 electronic conductivity, σel,b (3.46 × 109/T) × e−28779/T

× pO2

−0.25 S cm−1
70

equilibrium O2 pressure in fuel
electrode,pO2

5.24 × 105 × e−59225/T ×
(pH2O/pH2

)2 atm
70

CGO10 ionic conductivity, σio,b (1.09 × 105/T) × e−7426.9/T

× (1 + δ/0.05) S cm−1
70, 71

extra oxygen vacancies in CGO10, δ 1.3 × 104 × e−25530/T ×
pO2

−0.25
70

LSCF electronic conductivity, σel,b −0.627 × T + 983.25 S
cm−1, T > 923.15 K

72

LSCF ionic conductivity, σio,b 7.35 × 104 × e−14962/T S
cm−1

73

ScSZ-CGO contact resistance,
Rcontact,ede→elyt

5.11 × 10−6 × e10721.7/T

Ω cm2
65

parameter value reference

interconnect/radiation properties

total emissivity of fuel/air electrode,
ϵrad,ede

0.5/0.8 estimate

total emissivity of interconnect, ϵrad,ic 0.3 estimate

Crofer 22 H-MnCo1.9Fe0.1O4-LSCF
(CL) contact resistancec,
Rcontact,ede→ic

5.44 × 10−6 × e8492.6/T Ω
cm2

74

LSCF(CL) thickness, tae,cl 66 μm 74

Crofer 22 H−Ni mesh contact
resistance, Rcontact,ede→ic

0.001 Ω cm2 75

operation conditions

cell voltage, Ecell 0.65−0.8 V simulation

fuel inlet velocity, ui,H2 0.2−1.2 m s−1 simulation

air inlet velocity, ui,air 6 × ui,H2
simulation

gas inlet temperature, Ti,g 923.15−1023.15 K simulation

species inlet partial pressures, pi,k 1 atm H2/0.21 atm O2/
0.79 atm N2

simulation

bulk solid
phase

density
(kg m−3)

specific heat
capacity

(J kg−1 K−1)

thermal
conductivity
(W m−1 K−1) reference

thermal
properties

Ni 8850 548.9 66.2 76−78
CGO10 7210 521 0.98 79−81
10Sc1CeSZ 5890 646.4d 1.9 82−85
8YSZ 5938 636 2.1 86, 87

LSCF 6300 608.5 3.25 88, 89

Crofer 22 H 7800 660 26.1 90
aUnits of partial pressures are given in atm. Thermal properties refer
to the bulk solid phase excluding porosity. bRefers to geometrical or
morphological parameters which were selected according to the
sought cell, stack, or system design requirements as discussed in
sections 3.2 and 3.3. They are within the scope of typical values
reported for SOFCs. cAdapted from contacting Crofer 22 APU steel
with a pure LSCF cathode by applying a LSCF contact layer (CL)
and protective coating. The value is assumed to be similar to
contacting Crofer 22 H with a LSCF-CGO composite cathode.
dCalculated from the Neumann−Kopp law.
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ature profiles and to calculate the cells’ performance metrics
(i.e., fuel conversion, efficiency, power density).
Figure 5 depicts contour maps displaying the RU perform-

ance of the two different combinations. In the given
illustration, the vertical axis denotes the RU fuel cell efficiency
ηel,RU based on the LHV plotted as a function of the fuel inlet
velocity ui,H2

and the cell voltage Ecell, ranging from 0.65 to 0.8
V. The dashed isolines correspond to the fuel conversion (or
simply called “conversion” in the following) XH2

, and the area-
specific electrical RU power density Pel,RU

A is included via the

color scale. To perform mobile application-oriented simu-
lations, the operating conditions were set to be 923.15−
1023.15 K at 1 atm, while feeding pure H2 and air to the
electrodes. To enable a clear comparison between the different
cases, the inlet velocity range at a given temperature was set
equal for all permutations so that ∼95−100% peak conversion
was reached at the lowest ui,H2

for the better performing anode

selection, while ui,air = 6 × ui,H2
was kept for all simulations to

reach an excess air ratio ψair of ≥2. The contour isolines
marking identical Pel,RU

A are shaped parabolically, crossing all

Figure 5. 3-D performance contour maps of single planar RUs having a (a) Ni-CGO|CGO|YSZ|CGO|LSCF-CGO and (b) Ni-ScSZ|ScSZ|CGO|
LSCF-CGO MEA configuration. The operating conditions are 923.15−1023.15 K inlet temperature, 0.65−0.8 V cell voltage, 1 atm of H2, and 0.21
atm of O2. XH2

denotes the fuel conversion.
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the maps in such a way that the highest power densities are
reached at points of large fuel flow rates and low Ecell, which
corresponds to the left-hand side corner of the plots. The
efficiency is proportional to the conversion and Ecell, so that a
peak efficiency of ∼65% is reached in Figure 5a at 0.75 V with
>99% conversion. It is evident from the figure that operating
points of high ηel,RU do not correspond to points of high Pel,RU

A ,
which is a direct consequence of concentration losses (cf.
Figure 6b). Balancing the two opposing issues, i.e., maximizing
fuel conversion to increase the efficiency, while simultaneously
reaching a high power density requires a highly effective MEA
design strategy. Increasing the temperature boosts the kinetics,
which manifests itself in a maximum increase of Pel,RU

A up to
∼2.3 times when comparing the performance of the Ni-ScSZ/
LSCF-CGO based RU (Figure 5b) at 0.75 V with fixed inlet
mass flow rates at 923.15 and 1023.15 K respectively.
Comparing the RU configurations based on the two different
anode materials, it can be clearly pinpointed that the Ni-CGO
anode selection outperforms the RU based on Ni-ScSZ by
∼20−50% with respect to Pel,RU

A . The slightly higher activation
energies of i0,H2/H2O and σio of Ni-ScSZ compared to Ni-CGO
do principally cause an advantage of this configuration at
higher temperatures, i.e,. at 1023.15 K. However, due to the
fast H2 oxidation kinetics of Ni-CGO along with the presence
of the ScSZ-CGO contact resistance in the Ni-ScSZ based
configuration,65 the former reaches significantly higher power
outputs in the entire parameter space spanned by the
performance maps. The temperature rise in the RU due to
the reversible electrochemical reaction heat and the irreversible
Joule heating strongly correlates with the cell activity, and
therefore significantly varies with the operating temperature
and MEA material selection. Ranking the extremes, a moderate
temperature increase of ∼10−20 K is observed for Ni-ScSZ/
LSCF-CGO at 923.15 K in Figure 5b, whereas the model
predicts a significant increase of ∼50−100 K for the best
performing Ni-CGO/LSCF-CGO combination at 1023.15 K
in Figure 5a.
For a more profound analysis of the electrochemical RU

behavior, Figure 6a depicts adiabatically simulated polarization
curves of the two different RU configurations at 973.15 K and
ui,H2 = 0.6 m s−1, distinctly highlighting the performance
advantage of the Ni-CGO/LSCF-CGO-based combination,

while Figure 6b illustrates a breakdown of the various loss
contributions to the RU’s total area-specific resistance (ASR)
for the Ni-CGO/LSCF-CGO configuration. As is clearly
visible from Figure 6b, concentration losses Rconc and the fuel
electrode activation loss Ract,fe cause the largest contributions
to the RU’s ASR over the entire polarization range, which is
due to the rather fast kinetics of the LSCF-CGO electrode and
the low ohmic resistance of the thin electrolyte layer. Notably,
Rconc is by far the most dominant contribution at cell voltages
close to the OCV, for which the Nernst potential is highly
sensitive to the H2O concentration caused by the pure H2 feed
flow in the fuel channel.47 Moreover, it can be extracted that
Ract,fe is relatively insensitive to the fuel conversion due to low
reaction orders of the exchange current density for the Ni-
CGO anode material, so that the ASR is mainly influenced via
Rconc by the fuel feed flow rate.
At ui,H2

= 1.1 m s−1 and ∼50% fuel conversion, the Ni-CGO/
LSCF-CGO RU yields an ASR as low as 0.3 Ω cm2 and a
power density of 0.98 W cm−2 at 973.15 K and 0.7 V, which
are high-performance values considering that, in contrast to
single or button cell setups, contact and concentration losses
due to the interconnects and planar gas flow are included.
Despite the large heat development observed for the Ni-CGO/
LSCF-CGO based configuration for the simulations performed
in this section, i.e., for a fixed gas inlet temperature and
volumetric fuel inlet flux, it is a better option to use this
combination on the stack and system scale where a certain
power density and net power output is desired. Evidently, for
the worse performing configuration, the cell voltage per layer
would need to be lowered or the operation temperature
increased to meet the performance target, which would also
boost the heat development in turn. Owing to these factors,
the Ni-CGO/LSCF-CGO based configuration retains a clear
advantage over the entire operation regime and presents itself
as the most suitable choice for the following system
simulations.

3.3. 3-D Stack Coupled to 0-D System Simulations

3.3.1. Model Parameters. Having found the most
powerful MEA material combination, the next step is to scale
up to the commercial-scale system level and analyze the impact
of electrode morphologies and cell configurations on the key

Figure 6. Elaboration of the single planar RU performances. (a) Adiabatically simulated steady-state polarization curves for the two different RUs
and (b) breakdown of the different resistance contributions to the total area-specific resistance (ASR) of the single Ni-CGO/LSCF-CGO-based
RU. Resistances are calculated at 973.15 K under isothermal conditions. The operating conditions are 973.15 K inlet temperature, 1 atm of H2, 0.21
atm of O2, 0.6 m s−1 H2, and 3.6 m s−1 air inlet velocity.
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performance metrics for mobile applications. Aside from the
adapted geometrical RU parameters of the Jülich CSV-design,
additional parameters need to be set for the subsequent stack
and system simulations, which are provided in Table 3. The

number of cells per stack is a crucial parameter for system
simulations, since a higher number enhances the total power
output and system power density but, on the other hand,
imposes challenges on heat management due to thermal
gradients and nonuniform current distribution across the stack.
Here, since a large electrical power output of 90−130 kW19 is
targeted, the number of cells per stack is set to 120, which, e.g.,
closely corresponds to that of the Elcogen E3000 SOFC
stack.96 The number of stacks in the module can then be

calculated based on the single stack power output (∼10−15
kW) and amounts to eight based on the performance of the
structurally optimized case. Both MSCs and ASCs are
modeled, where the diffusion layer porosity is set to 45% in
both cases, a reasonable choice considering gas diffusion losses
and the steel’s thermochemical stability in highly humidified
atmospheres.91 The diffusion layer thicknesses in both ASCs
and MSCs were fixed to 200−250 μm as required for high
power density applications.97−99 While the porous steel layer
support is assumed to be brazed to the bipolar interconnects
without additional contact layer (CL),100 a Ni mesh is used for
contacting at the anode side in case of the ASC, whereas a
LSCF CL with protective (Mn, Fe) spinel coating facilitates
current collection at the air side. Obviously, the spatial
dimensions of a single cell layer in a stack are also a key
parameter determining its volumetric power density, and large
cell areas are targeted by manufacturers for future compact and
high-performance stacks.9 When focusing on commercial
stacks of planar cells, Ceres Power states an active area of 80
cm2 for their optimized v4.0 design,101 while Sunfire specifies
dimensions of 128 cm2 for their cells,33 which also corresponds
to the value of the referenced Jülich CSV-design.66 Though
there were stacks realized with larger cell sizes,28 the active area
chosen in this study is typical for state-of-the-art SOFC
systems. For all simulations, the electrochemically active
lumped solid phase, i.e., the “monolithic” part of the stack
formed by the MEA, gas channels, and bipolar interconnect
plates and ribs (see section 2.1), is embedded in a metallic
frame which consists of a Crofer 22 H layer with 1 cm
thickness and which separates the ceramic layers from the
peripheral insulation layer. Thus, the total layer area amounts
to 180 cm2. Along the vertical y-direction, the top and bottom
metallic compression plates separating the end interconnects
from the stack insulation102 are also represented by a metallic 1
cm Crofer 22 H layer. The properties of the silica-based
lightweight microporous insulation board Promalight-1000X,95

which is wrapped around the stacks and around the hot box
and burner when the extended heat loss model is solved
(section S1.5), are listed in Table 3. Stack power densities are
calculated without consideration of top and bottom
compression plates,20 but they contain, though they are not
modeled explicitly (see Section 2.1), the volume required for
the gas manifolds of 1 cm width adjacent to the stack inlets and
outlets.102,103 Figure 7 illustrates a front view of the final ASC
and MSC RU designs, while Figure 1b provides a cut-away
view of the thermally insulated MSC stack.
Prior to the system analysis, the microstructural parameter

setup defining the different electrode morphologies needs to be
established. To optimize the volumetric stack power density
Pel,stack
V , test simulations were conducted that represent the

range of operation conditions the stacks are exposed to during
the following system analysis, i.e., Ti,g = 898.15−923.15 K, Ecell

= 0.8 V, and XH2
= 0.75−0.9. Here, the electrode functional

layer thicknesses tede,fl and porosities εede,fl, as well as, in the
case of the infiltrated microstructure, the nanoparticle
(electronic) phase volume fraction vf,el were varied to maximize
Pel,stack
V , since these parameters are considered to be tunable (in

contrast to the particle diameters dp, support layer thicknesses
tede,dl and porosities εede,dl which have fixed values as described
above; details for each parameter are listed in Table 4).
Necessarily, the optimal set of microstructural parameters with
respect to the stack power density depends on the exact set of

Table 3. Model Input Parameters for System Simulationsa

parameter value reference

stack properties
number of RUs per cell, nRU 37 66
active cell area, Acell, active 128 cm2 66
total cell area, Acell 180 cm2 design
number of cells per stack, ncell 120 design
stack volume, Vstack 6.4−7.0 L calculated
Crofer 22 H support layer
thickness, tfe,dl

200 μm design

Crofer 22 H support layer
porosity, εfe,dl

0.45 91

Crofer 22 H mean particle
diameter, dp,fe,dl

15 μm design

Crofer 22 H electronic
conductivity, σel,b

6.95 × 103 × e307.7/T S cm−1 90

Ni-CGO support layer
thickness, tfe,dl

250 μm design

Ni-CGO support layer
porosity, εfe,dl

0.45 design

Ni mesh thickness, tmesh 130 μm 75
Ni mesh porosity, εmesh 0.735 92
Ni mesh permeability, Bg,mesh 1.76 × 10−8 m2 92
system properties
number of stacks, nstack 8 calculated
hot box volume, VHB 300 L estimate
hot box thickness, tHB 2 cm design
burner volume, Vburner 10 L estimate
DC-AC inverter efficiency,
ηDC‑AC

95% 93

Isentropic efficiency of air
blower, ηblower

85% 94

burner pressure drop, Δpburner 3% 94
stack pressure drop, Δpstack 2% 94
heat exchanger pressure drop,
Δp

2% 94

total pressure drop of pipes,
Δp

1% calculated

insulation properties
Promalight-1000X thickness,
tins

2 cm design

Promalight-1000X emissivity,
ϵrad,ins

0.5 estimate

porous solid
phase

density
(kg m−3)

specific heat
capacity

(J kg−1 K−1)

thermal
conductivity
(W m−1 K−1) reference

thermal
properties

Promalight-
1000X

280 1070 0.0295 95

aThermal properties refer to the porous solid phase.
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operation conditions to which the cells are exposed. Thus,
since a detailed mathematical optimization was not performed,
and a single set of microstructural parameters per electrode
morphology was utilized for computational simplicity, it must
be noted that the “optimized” microstructural parameters
obtained via this procedure only represent robust approximates
to the mathematical optimum. Still, low increments of Δtede,fl =

1 μm, Δεede,fl, and Δvf,el = 0.01 were tested across the operation
regime to enable a close approximation. Table 4 lists the
microstructural parameters defining the different electrode
morphologies obtained in this way, while the results are briefly
discussed here: A larger functional layer thickness of the fuel
electrode is obtained compared to the air electrode, i.e., tfe,fl >
tae,fl, due to the fast kinetics in the LSCF-CGO cathode, which
causes the electrochemical O2 reduction to be restricted closer
to the electrode−electrolyte interface compared to the
penetration depth of the H2 oxidation in the anode. As
clarified in Table 4, Agas/io

V of the Ni-CGO FMS anode was kept
at the experimentally determined value along with the solid
phase volume fractions and mean particle diameter23 due to
the lack of a validated predictive percolation theory; i.e., Agas/io

V

is assumed to be fixed and not increased by decreasing the pore
phase volume. For this reason, the optimal εae,fl of 0.35 was
found to be higher than that for the cermet or infiltrated
microstructure (0.27−0.315), due to the influence of the
porous medium gas transport. Lastly, for the infiltrated cathode
microstructures comprising the CGO backbone coated with
LSCF nanoparticles, a backbone-nanoparticle diameter fraction
dB/dnp = 8 was kept,105,106 and when setting the infiltration
loading to maximize λTPB

V an optimal nanoparticle volume
fraction of 18% and a porosity εae,fl of 27% resulted.

3.3.2. Impact of Electrode Morphologies and Cell
Configurations on System Performance. Table 5 lists the
stack and system performance metrics obtained for the tested
RU configurations based on the selection of model parameters
described in section 3.3.1. They comprise the standard ASC
and MSC all-cermet configurations, a replacement of the Ni-
CGO cermet with the FMS morphology, a substitution of the
LSCF-CGO cermet with a LSCF-infiltrated CGO cathode,
and, last, a superposition of both the FMS anode and the
infiltrated cathode (“MSC_FMS_infil”). All these configu-
rations promote the governing CT pathways of the involved
composite electrodes by maximizing Agas/io

V on the anode and
λTPB
V on the cathode side, such that the anode kinetics benefit
from the fiber matrix structure and the cathode kinetics from
the nanoparticle infiltration (refer to section S1.3 for more

Figure 7. Front view of the RU layouts for system simulations. (a) Anode-supported cell design. A Ni mesh is used for contacting the fuel electrode
with the interconnects. (b) Metal-supported design. The porous metal support is brazed to the bipolar interconnects without additional contact
layer.100 Note that the figure is not a true-to-scale representation.

Table 4. Microstructural Parameters of Different Ni-CGO
and LSCF-CGO Electrode Functional Layers to Perform
Morphology Variations during the System Simulations

value

Ni-CGO LSCF-CGO

parameter cermet FMS cermet infiltration

electrode thickness,
tede

20 μma 14 μma

porosity, εede 0.315a 0.35a 0.28a 0.27a

nanoparticle
diameter, dnp

75 nmb

backbone particle
diameter, dB

600 nmb

Bruggemann
exponent electronic
phase, γ

1.5 1.5 2.5c

agglomeration risk
factor, ω

0.9

mean particle
diameter, dp

0.3 μmb 0.25 μmd 0.3
μmb

electronic phase
volume fraction, vf,el

0.5b 0.225d 0.5b 0.18a

ionic phase volume
fraction, vf,io

0.5b 0.775d 0.5b 0.82a

specific pore/CGO
surface area, Agas/io

V
percolation
theory

7.4 × 106 m−1d

percolation
probability
electronic phase, γel

1.0d percolation theory

aTuned to optimize stack performance as described in section 3.3.1.
bDesign parameter as described in the footnote of Table 2. cFitted
according to experimental data by Ju et al. (see section S1.4).104
dMaintained as in section 3.1, i.e., taken from experimental data from
Ouyang et al.23
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details on this context). With respect to stack operation, cell
voltages of 0.75−0.8 V are considered for all system
simulations, since these operation points provide a suitable
trade-off between power density and efficiency. At these
voltages, a fuel conversion of ≥75% is required to reach
efficiencies in the targeted range of ≥50%. Based on the heat
generation evaluated in section 3.2, operation at <0.75 V was
not considered due to the more severe thermal management
issues that accompany this operation regime. First, to compare

stack and system performance and heat generation within the
stack under ambient surroundings (Tsurr = 298.15 K), the gas
inlet temperatures Ti,g were set to 923.15 K, Ecell to 0.8 V, and
ui,H2

to 0.5−0.58 m s−1, reaching ∼75−90% conversion. When
comparing the system performances, it becomes quite evident
that the impact of using an advanced microstructural electrode
design is considerable on the key metrics. While the improved
performance of the all-cermet MSC compared to the ASC case
is due to the more compact design and the reduced mass

Table 5. System Performance Metrics for Stacks with Different Repeating Unit Configurations Having a Ni-CGO Anode and a
LSCF-CGO Cathodea

configuration ΔPel,stackV (kW L−1) Pel,module,AC (kW) XH2
(%) ψair (%) ηsys (%) stack ASR (Ω cm2)b

ASC 1.54 86.8 77 6.6 48.8 0.37
MSC 1.74 91.5 81 6.3 51.5 0.35
MSC_Ni-CGO(FMS) 1.89 99.4 87 5.8 56.1 0.33
MSC_LSCF-CGO(infil) 1.91 100.4 87 5.7 56.7 0.30
MSC_FMS_infil 2.20 115.8 88 5.7 56.3 0.27

aThe cases correspond to morphology variations (see Table 4) as described in section 3.3.2. The operating conditions are 923.15 K inlet
temperature, 0.8 V, and 0.5−0.58 m s−1 H2 inlet velocity.

bStack ASR is calculated at 973.15 K, 0.8 V and ∼80% fuel conversion.

Figure 8. Stack temperature profile and sensitivity analysis of the optimized cell configuration. (a) Left: Axial cut-away views of the steady-state 3D
solid phase temperature profile of a 120-cell stack having a Crofer22H|Ni-CGO(FMS)|CGO|YSZ|CGO|LSCF-CGO(infil) cell configuration
(“MSC_FMS_infil”, Table 5), operating in co-flow mode at 923.15 K inlet temperature, 0.8 V cell voltage, 0.58 m s−1 H2 inlet velocity, and 298.15
K surrounding temperature. The central slide exemplarily shows the applied discretization in the x- and y-directions of the electrochemically active
parts,54 along with the brick elements defining the mesh of the surrounding inactive parts and the insulation layer. To create the views, the axial z-
direction is stretched by a factor of 5. Right: Current density, solid and gas phase temperature profiles plotted as a function of the axial direction for
a selected RU located at the stack’s center. (b) Sensitivity analysis of a planar RU having the same cell configuration operating isothermally at
973.15−1023.15 K, 0.8 V and ∼80% conversion. Sensitivity indices are calculated based on a 10% variation of each parameter P and with respect to
the volumetric stack power density Pel,stack

V . Full bars denote a +10% variation, whereas hashed bars indicate a −10% variation.
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transport resistance in the support layer, the structurally
optimized “MSC_FMS_infil” configuration shows an increase
in the volumetric stack power density Pel,stack

V of ∼26% and
simultaneously in the net alternating current (AC) system
efficiency ηsys of ∼5% due to the enhanced fuel conversion. For
this configuration, the left panel of Figure 8a illustrates axial
cut-away views of the steady-state 3-D temperature profile of
the stack solid phase during operation (co-flow mode) under
ambient surroundings, while the right panel displays the
corresponding current density as well as the stack solid and the
channels’ gas temperature profiles along the axial direction for
a selected RU located at the stack’s center. At the inlets, the
solid phase remains relatively hot at ∼983 K compared to the
gas inlet temperatures of 923.15 K. Both the gas-phase
temperature Tg and the stack solid phase temperature Tstack,s
increase along the axial flow direction due to the electro-
chemical and Joule heating, resulting in an average temperature
of ∼1060 K for the stack solid phase (not including the
insulation). The temperature profile varies asymmetrically
along the central z-axis but is relatively uniform at a fixed axial
position, so the performance discrepancy between the
individual RUs within the stack is low.
In the real-world mobile application, however, the hot

system components including the SOFC stack module, the
recuperators, and the catalytic afterburner are assembled into a
single container, i.e., a hot box enclosure (see Figure 1c). To
test the impact of placing the system into a hot box, and to
account for the thermal interaction of the components with the
cavity gas and the walls of the box, an extended heat loss model
of the stack is solved (see section S1.5). Fixing the inputs
which enter the stack module to the system-oriented operation
conditions specified in Table 5, and considering the
“MSC_FMS_infil” case, a direct comparison between the
ambient and hot box models reveals a very similar electro-
chemical performance (ΔPel,stackV < 1%), but still, as expected,
different thermal performance at the boundaries is observed.
The stack inside the hot box experiences a lower net heat loss
of ∼205 W compared to ∼289 W for the stack exposed to the
ambient atmosphere. Though the stack insulation transfers
heat via forced convection to the hot circulating exhaust gas
and via radiation to the box’s inner wall, the fact that the stack
surroundings are significantly hotter than 298.15 K (temper-
atures of cavity gas Tgcav ∼ 568 K, hot box inner wall THB,i ∼
577 K, and outer wall THB,o ∼ 339 K) leads to a lower Q̇loss.
Nevertheless, it can be concluded that the removal of excess

heat can be realized in an effective manner via the exhaust gas
streams and the recirculation in the box. Thus, the electro-
chemical performances resulting from stack simulations under
ambient surrounding boundary conditions are similar to those
incorporating the hot box model for the selection of material
properties and operation conditions studied here. Still, all
further simulations are conducted solving for the extended
thermal model.
Consistent with the results by Kattke and Braun102 and van

Biert et al.,107 high temperature gradients within the electro-
chemically active solid phase emerge in the axial flow direction
near the gas inlets where the relatively cold gas enters and
heats up quickly due to the large driving force for thermal
energy exchange. Large temperature gradients have the
potential to limit long-term durability by inducing thermo-
mechanical stress to the susceptible cell components, which
include the ceramic cell layers. The “MSC_FMS_infil” hot box
case predicts a peak stack temperature Tmax,stack,s of ∼1100 K,
and |∇T|max amounts to 24.4 K cm−1 occurring at z = 1.3 cm,
with the x- and y-components having much lower contribu-
tions to the maximum 3D gradient. It was previously found
that a maximum temperature gradient alone corresponds to a
broad range of RU failure probabilities in a stack,108 so that the
specification of a fixed |∇T|max without a detailed thermal stress
analysis of all single components is not fully reliable.108 Yet, it
does provide indications for safe operation at given operation
conditions and stack design. It is evident that a thermal
gradient of 24.4 K cm−1 causes severe stresses both due to the
thermal gradient and, possibly more critically,40 due to the
mismatch of thermal expansion coefficients between compo-
nents within the MEA. |∇T|max can be shifted to lower values
by enhancing the excess air ratio ψair, thereby decreasing
Tavg,stack,s and creating a more homogeneous temperature
distribution. Since this in turn strongly influences the
electrochemical performance, all further simulations are
conducted by setting an upper limit forTavg,stack,s to be either
≤973.15 K or ≤1073.15 K. These choices are also based on the
practical issue of operation windows for MSCs being limited
by the thermally activated oxidation rate of the steel support.25

Thus, a lower operation temperature has the combined
benefits of increased lifetime, faster start-up times, and
insulation material cost reductions, all highly desirable for
transportation applications.2 The resultant |∇T|max after
tweaking the excess air ratio is compared to a 15 K cm−1

target from Amiri et al.,109 which is considered to be a rational

Table 6. System Performance Metrics for Stacks with an “MSC_FMS_infil” Cell Configuration (Crofer22H|Ni-CGO(FMS)|
CGO|YSZ|CGO|LSCF-CGO(infil))a

Tstack,s,avg ≤ 973.15 K Tstack,s,avg ≤ 1073.15 K

configuration Pel,stack
V (kW L−1) XH2

(%) ηsys (%) |∇T|max (K cm−1) Pel,stack
V (kW L−1) XH2

(%) ηsys (%) |∇T|max (K cm−1)

MSC_FMS_infil 1.33 84 51.6 11.0 2.20 83 56.4 24.4
1.44 68 40.8 10.1 2.30 75 48.9 24.7

Adv_Agas/io
V b 1.54 74 44.1 11.6 2.45 81 52.2 25.8

Adv_telyt
c 1.66 79 47.5 11.3 2.57 85 54.8 28.3

Adv_tfe,dl
d> 1.47 68 41.0 10.5 2.35 75 49.0 24.5

Hypo_alle 1.85 85 52.2 13.7 2.73 88 57.1 32.0
Hypo_all (0.75 V) 2.28 86 47.7 13.3 4.00 87 53.1 35.0

aThe other cases correspond to a microstructure derived from modifying “MSC_FMS_infil” as described in section 3.3.3 and in the footnotes. For
all simulations, stacks are kept inside a hot box. The operating conditions are 898.15-923.15 K inlet temperature, 0.75-0.8 V, and 0.37-1.1 m s−1 H2
inlet velocity. bCorresponds to an increase of the specific CGO/pore phase interfacial area in the anode by 50%. cCorresponds to a decrease of the
CGO|YSZ|CGO electrolyte thickness from 6 to 3 μm. dCorresponds to a reduction the Crofer 22 H support layer thickness from 200 to 150 μm.
eCorresponds to a cumulation of the three “Adv_” cases.
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goal, due to the start-up and thermal cycling tests performed
by Hagen et al.20 Hagen showed that ASC stacks based on
state-of-the-art ceramics can withstand several thermal cycles
(∼1 h heating time from cold start to operation temperature)
imposing ∼20 K cm−1 without indications of degradation, i.e.,
contact losses, leaks, or mechanical failures, whereas for MSC
stacks even ∼30 K cm−1 could be endured without further
complications. The outcomes of these simulations are provided
in Table 6 (first row) and serve as a benchmark to be
compared with the power density and efficiency targets from
AVL List GmbH for SOFC ranger extender systems (see the
performance target values provided in section 1 and Table
7).18 Keeping a minimum air inlet temperature of 898.15 K,

ψair and the inlet gas-phase temperature Ti,g were tuned to
reach the desired average stack temperature. At Tavg,stack,s ≤
973.15 K, a power density of 1.33 kW L−1, a total AC power
Pel,module,AC of 70.0 kW, and ∼52% net system efficiency can be
reached while complying with the |∇T|max target. At Tavg,stack,s ≤
1073.15 K, performance metrics of 2.20 kW L−1, 115.8 kW,
and ∼56% net system efficiency are predicted, while the
maximum temperature gradient mark is overshot by ∼63%.
However, the industrial Pel,stack

V and ηsys benchmarks are
surpassed for both operation regimes, which is a key result
of this study.
3.3.3. Sensitivity Analysis. To systematically identify the

performance bottlenecks and uncover possible avenues to
further improve the system, a sensitivity analysis of electro-
chemical and microstructural parameters was conducted for
the “MSC_FMS_infil” configuration by performing isothermal
RU simulations at 0.8 V and 973.15−1023.15 K, as shown in
Figure 8b. The dimensionless sensitivity index (SI) is
calculated with respect to Pel,stack

V according to a ± 10% change
in each parameter P,

=

Δ

ΔSI

P

P

P
P

el,stack
V

el,stack
V

(1)

From the sensitivity plot, it can be deduced that, aside from the
interconnect rib-air electrode contact resistance Rcontact,ae→ic,
which causes the highest variation of Pel,stack

V and, accordingly,
contributes the most to the observed cell resistance, Agas/io

V , the
electrolyte thickness telyt, and the Crofer 22 H support layer
thickness tfe,dl all lead to SI > 0.085 at 973.15 K. Thus, when
Rcontact,ae→ic is assumed to be fixed, the model predicts that

significant performance improvements are possible by either
refining the Ni-CGO electrospun fiber-network to increase the
CGO-pore phase interfacial area, e.g., by optimizing processing
conditions23 or by further reducing the layer thicknesses telyt
and tfe,dl. Moreover, it can be extracted that ion conduction in
the anode CGO matrix, i.e., σio,fe

eff , causes a high SI of Pel,stack
V of

0.082−0.093 in the respective temperature interval, which
underlines the primary importance of a well-percolating
backbone structure across the relatively thin functional layer.
Except for εfe,fl, the individual sensitivities are higher at lower
temperature due to the thermal activation of the underlying
physicochemical processes. The pronounced negative SI when
decreasing εfe,dl by 10% at 1023.15 K indicates a mass transport
limitation in the Ni-CGO FMS layer, further complicating the
structural optimization in such a way that a dedicated trade-off
between maximizing Agas/io

V , porosity, and ion conduction has
to be made, with a growing influence of gas transport at higher
temperatures and fuel consumptions. This is in agreement with
the considerations of the DPB design strategy reported by
Ouyang et al.23 Thus, additional system simulations consider-
ing “MSC_FMS_infil” RUs with a further advanced (“Adv”)
microstructure were performed. For the case “Adv_Agas/io

V ”, the
specific CGO/pore phase interfacial area in the anode was
increased by 50%, for “Adv_telyt” the dense CGO|YSZ|CGO
electrolyte thickness was decreased from 6 to 3 μm, and for
“Adv_tfe,dl”, the Crofer 22 H support layer thickness was
reduced from 200 to 150 μm. The choice of these
modifications is based on the results of the sensitivity analysis
as well as promising results in literature regarding manufactur-
ability of thin electrolyte or support layers28,31,97 and further
scope to optimize the FMS electrode via processing conditions,
choice of starting powders, etc.23 The results of this set of
simulations are also compiled in Table 6 (from second to last
row).
To enable a direct comparison of the achieved Pel,stack

V , the
volumetric fuel inlet flow rate was kept constant for the entire
set, except for the simulations at 0.75 V, for which a higher ui,H2

is required to reach an appropriate fuel conversion. From the
obtained results, it can be deduced that the reduction of telyt
has the highest impact on the system performance, which is
consistent with the large SI reported in Figure 8b. Under the
constraint of Tavg,stack,s ≤ 973.15 K, an increase in ΔPel,stackV of
∼15% is predicted, while at Tavg,stack,s ≤ 1073.15 K the rise in
power density is ∼12%. At Tavg,stack,s ≤ 973.15 K, the reduction
of tfe,dl by 50 μm provides improvements of ΔPel,stackV ∼ 2% and
Δηsys ∼ 0.5% due to the volumetric saving of the more
compact design, while the enhancement of the anode-side
Agas/io
V boosts Pel,stack

V by ∼7% and Δηsys by ∼3%. A combination
of the three modifications in a cumulated “hypothetical” case
(“Hypo_all”) yields power densities of 2.73 kW L−1 and a
system efficiency of >57% at 0.8 V, or 4.00 kW L−1 and ηsys ∼
53% at 0.75 V, both at Tavg,stack,s ≤ 1073.15 K. However, it
should be noted that, alongside the maximum temperature
gradients of ∼25−35 K cm−1 arising within the cells, operation
at this temperature might be limited by particle coarsening,
particularly of the nanosized LSCF particles,31 oxidation of the
metal support and Ni grains, as well as Fe and Cr
interdiffusion.18 Thus, the system performance metrics
obtained at the lower Tavg,stack,s are certainly more applica-
tion-oriented and in any case more suitable to be compared
with the targets specified by AVL List GmbH forcing operation

Table 7. Comparison of System Performance Metrics with
Industrial Target Valuesa

operation at cell voltage

performance metric 0.75 V 0.8 V AVL GmbH targets

XH2
(%) 86 85

ΔTmax,air (K) 90 96
Tstack,s,avg (K) 968 971 <973.15
iavg,stack (A cm−2) 1.27 0.97 >0.8
Pel,stack
V (kW L−1) 2.28 1.85 1−1.2

ηsys (%) 47.7 52.2 >50
aSimulations correspond to the Crofer22H|Ni-CGO(FMS)|CGO|
YSZ|CGO|LSCF-CGO(infil) cell configuration with a “hypothetical”
microstructure (“Hypo_all”, Table 6) as described in section 3.3.3.
AVL GmbH target values are from18 for SOFC-based range extenders.
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at T < 973.15 K.18 A comparison of these values for the
“Hypo_all” case against the AVL targets is given in Table 7.
While ensuring temperature gradients < 15 K cm−1, the

Pel,stack
V target of 1−1.2 kW L−1 is surpassed by a factor of ∼1.54

at 0.8 V and more than doubled for operation at 0.75 V,
though the reduced efficiency compared to that obtained at 0.8
V suggests that an optimized system design including anode
off-gas recycling is required to meet the efficiency target when
operating at ≤0.75 V. Via system modeling of a H2-fueled
SOFC layout with an anode off-gas loop, it was previously
shown that electrical efficiency improvements of up to ∼12% at
70% stack fuel conversion can be reached compared to a
design without recirculation at the same fuel conversion.93

4. DISCUSSION

4.1. Long- and Short-Term Targets for SOFC-Based Mobile
Applications

Our results demonstrate that configurational and morpho-
logical optimization of the MEA is a powerful strategy to fully
exploit the potential of a given material setup, and that the
microstructure itself along with the choice of the electrodes
and the electrolyte materials has a significant influence on
system level performance, which was described quantitatively
by using a detailed hierarchical modeling approach. By
exclusively relying on published EIS data of established
electrode materials from literature, i.e., nonexotic materials
with well-characterized kinetic, chemical, and physical proper-
ties and by implementing suitable electrolyte configurations
and a rational stack design, industrial SOFC-based range
extender goals could be matched or even exceeded considering
the simulation results of both the structurally optimized
“nonhypothetical” case and the further improved “hypo-
thetical” case. Though questions regarding the long-term
stability, reliable and automated manufacturability, and cost-
competitiveness are not the subject of the study, the
predictions clearly indicate that SOFCs based on state-of-
the-art technology have the potential to fulfill the requirements
for usage in battery electric vehicles in the near future. In fact,
the commercial rollout of SOFC range extenders is on the
horizon due to the finalized strategic collaboration between the
automobile company Weichai Power and stack manufacturer
Ceres Power including the commitment to establish a fuel cell
manufacturing joint venture in China, illustrating the
technologies near-future maturity to enter full production.110

A subsequent key outcome of the analysis is that,
considering the model-optimized “hypothetical” case, the
Pel,stack
V of 2.28 kW L−1 at Ecell = 0.75 V is in the range of

power densities reached by the state-of-the-art PEMs in fuel
cell electric vehicles, which amount to 1.65−3.12 kW L−1.19 As
a result, the model directly illustrates longer-term strategies for
cell optimization that are required for a re-evaluation of the
role of SOFCs in the mobility sector, when targeting their
usage beyond range extenders or APUs in larger scale
transportation applications. Considering the model-tailored
design of a metal-supported cell comprising CGO backbones
with Ni-nanofibers at the anode side and LSCF nanoparticles
at the cathode side, the focus for further performance
optimization should be on (i) the contact between the air
side interconnect and the ceramic cathode layer by applying
modified strategies for fabricating contact layers and protective
coatings to minimize the electronic resistance,74 (ii) producing
reliable manufacturing routes for industrial-sized cells with very

thin (≤1 μm for 8YSZ), gastight, and electronically insulating
electrolyte layers, and (iii) maximizing the CGO/pore phase
DPBs at the anode side while keeping a well-percolating CGO
scaffold and reasonable porosity.
However, the model suggests that, aside from material

development, power densities in the range of 3−4 kW L−1 as,
e.g., stated by PowerCell for scalable PEM-based stacks111

requires further innovations in SOFC stack development, e.g.,
by significantly increasing active cell areas,9,28 by reducing the
RU thickness enabling a very compact design,20,97 or even by
all-printing the cell layers without additional mechanical
support.114 Assuming the cell and stack footprints to be
constant while keeping the simulated performance outputs, the
RU thickness would need to be lowered from 2.49 to 1.53 or
1.15 mm to achieve 3 or 4 kW L−1, respectively, at 0.8 V,
whereas a reduction to 1.89 or 1.42 mm would be required for
operation at 0.75 V. Markedly, a RU thickness of only 1.4 mm
has been previously reported by Hagen et al. based on short
stacks.20 Moreover, pressurization of the SOFC module when
targeting hybrid power generation by coupling the fuel cell
module with an internal combustion engine112 or a gas
turbine113 also enables a significant increase in stack power
density, as demonstrated by Henke et al.,113 which provides
another perspective for realizing decreased stack and system
sizes.
In addition, with all the systems simulations having been

performed at high stack fuel conversion to comply with the
≥50% efficiency target, even higher power densities could be
possible with system-level design modifications, which could
involve the implementation of an anode recirculation
loop.93,115 For example, assuming that the stack is operated
at ∼70% fuel conversion in an efficiency-optimized system
design,93 the model predicts an increase of Pel,stack

V by ∼14% for
the fully optimized “hypothetical” case (cf. Table 7) at 0.8 V
reaching 2.11 kW L−1 due to the lowered concentration losses
that accompany these operation conditions. This is also in line
with the outcomes of the single RU performance analysis at
varied H2 conversion in section 3.2. At the same time,
assuming recirculation ratios of 70−80%,93 efficiency benefits
in the range of 3−5% would also be achieved due to a higher
system fuel conversion of ∼89−92%. Thus, ∼55−57%
efficiency and Pel,stack

V = 2.11 kW L−1 at 0.8 V can be
achieved.93 Still, it should be noted that the implementation of
a recirculation loop certainly adds complexity and costs due to
the auxiliary components required, i.e., piping, recirculation
blower, valves, and controllers, which could be challenging for
a mobile system. Nevertheless, on the basis of the as-developed
SOFC system model, it could be considered in upcoming
process modeling studies for a comprehensive techno-
economic optimization of the overall system layout.116

It is also important to note that, for a more equitable
comparison to PEMs, aside from the stack volumetric power
density, the entire system must be taken into account. Next to
the demand of purified H2, water management and thermal
control in PEM-based stacks in vehicles are complex, and an
auxiliary liquid cooling system is required due to the low
temperature difference between the stack and ambient.117 The
heat removal is particularly challenging for larger systems and
causes the radiator size to increase costs and decrease system
power density.117 In SOFCs, there are certainly higher space
requirements for thermal insulation, though the relative ease of
thermal management and system control via manipulating the
excess air and the higher tolerance against impurities are
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powerful indicators toward the technologies future impact,
along with the remarkable stack power densities that can be
reached by optimally fine-tuning the MEA structure as
demonstrated in this work.

4.2. Further Considerations

While the study focuses on steady-state performance
optimization, it is evident that, to more realistically assess
the effectiveness of SOFCs for utilization as prime movers in
large scale transportation application, dynamics at the system
level would need to be incorporated simulating the driving
cycle and monitoring the fuel cells’ dynamic response. While
the load itself can rapidly adapt to variations, thermal cycles are
the bottleneck due to the slow thermal response of the
stack.20,21 Here, hybridization strategies realizing advanced
power train systems by coupling the SOFC module to smaller-
scale auxiliary electric energy storage components (such as
batteries), as previously suggested, e.g., for maritime
applications,12 could present themselves as an attractive
solution to enhance the system’s dynamic capabilities while
still maintaining the key technological advantages of SOFCs.
Moreover, optimized stack and system design along with a
lowered operation temperature is the key to drastically reduce
start-up times, e.g., considering the MSC-based stacks from
Ceres Power that reach start-up in less than 10 min.21 Clearly,
the impact of start-up times is also reduced considerably in
larger scale transport applications due to their longer periods of
continuous operation.
Long-term durability is considered from a macroscopic,

mechanical point-of-view via the evaluation of thermal
gradients and the temperature distribution within a single
RU and a stack. With respect to the microstructure, there are
certainly more R&D efforts required to unambiguously
demonstrate and optimize the stability of the FMS electrode
design at the anode side. Still, the presence of relatively thick
Ni fibers with their strongly interconnected structure should be
somewhat resilient to Ni sintering.23 Indeed, performance
stability tests conducted for ∼120 h of operation at 600 °C on
Ni-CGO FMS symmetrical cells indicate only a slight Rpol

increase of ∼9% after 20 h initial aging and reveal a still very
intact fiber network, which are promising results with respect
to long-term stability at lower operation temperatures.23 At the
cathode side, for LSCF-infiltrated CGO electrodes, it was
previously found that the degradation rate (i.e., increase in
Rpol) due to particle coarsening of the LSCF nanoparticles
increases with the operation temperature but also scales with a
power of 0.25 with respect to the particles feature size.31,118

Considering this finding, high degradation rates can be
effectively suppressed by lowering the operation temperature
and by designing an impregnated electrode with nanoparticles
with a dnp being not too small, at the expense of tolerating a
lower λTPB

V .31,118 Still, as discussed in section S2, since the
contribution of the cathode polarization resistance to the
overall cell resistance was found to be not dominant, this is a
minor drawback, and the implementation of small nanoparticle
sizes was purposefully avoided in this study. Additionally, it
was previously shown that nanoparticle stability can be
substantially improved via coinfiltration of a second phase
acting as stabilizer, e.g., doped zirconia or ceria, which could
complement the set of measures to effectively slow
coarsening.31

5. CONCLUSIONS

A detailed multiscale model was computed on button, single
RU, and system levels to evaluate the performance of an H2-
fueled SOFC system designed for 90−130 kW transportation
applications using various electrode materials, cell config-
urations, and microstructures. By utilizing in-depth 3D
microstructural reconstruction data obtained via FIB-SEM,
electrochemical kinetics decoupled from mass and charge
transport could be extracted for one cathode and two anode
materials, LSCF-CGO,35 Ni-ScSZ,57,58 and Ni-CGO,23 by
quantitatively reproducing impedance spectra at various
conditions. Those kinetic parameters were used in further
simulations of a single RU to identify the best performing MEA
configuration and respective electrode morphology, which
finally yielded a Ni fiber/CGO matrix structured anode, a
CGO-YSZ-CGO trilayer electrolyte, and a LSCF-infiltrated
CGO cathode to be the most powerful combination. For the
structurally optimized “nonhypothetical” case based on the
best performing metal-supported Ni-CGO|CGO|YSZ|CGO|
LSCF-CGO configuration, a 120-cell stack reaches 8.76 kW,
1.33 kW L−1 power density, and 51.6% net system AC
efficiency (LHV) for operation at 0.8 V and an average stack
temperature < 973.15 K. Considering the model-tailored
“hypothetical” case, the simulations disclosed that micro-
structural and configurational cell optimization yields power
densities on a RU/stack scale that exceed the ∼0.1−1 kW L−1

typically reported in the literature for commercial SOFC
stacks2 by a factor of ≥1.85, which illustrates the merits of an
application-oriented development of holistic cell and stack
designs. Therein, up to 2.28 kW L−1 and 47.7% efficiency at
0.75 V or 1.85 kW L−1 and 52.2% efficiency at 0.8 V were
reached at steady state while ensuring average stack temper-
atures below 973.15 K and temperature gradients less than 15
K cm−1. Thus, the results demonstrate that, with a rational
design, efficiency and power density requirements for SOFC-
based range extenders can be fulfilled and even surpassed with
state-of-the-art cell and stack materials by optimizing the
microstructure and configuration.
While it is evident that a system-level comparison to state-of-

the-art PEMs in vehicles including dynamics and economics
would need to be performed to more fairly contrast the
technologies, the study also demonstrates that SOFCs can
provide power densities required by prime movers in large
scale mobile applications like buses and trucks and thus have
potential beyond their usage as range extenders or APUs.
Hence, with the expectation of upcoming R&D efforts
improving the performance limiting processes highlighted
here, it is clear that SOFCs potentially have a much larger role
to play in transportation. Finally, the hierarchical model
framework showcased here presents itself as a very useful tool
to design and optimize systems from the ground up for real-
world applications.
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■ NOMENCLATURE

Abbreviations

AC, alternating current; APU, auxiliary power unit; ASC,
anode-supported cell; ASR, area-specific resistance; BoP,
balance of plant; BV, Butler−Volmer; CFD, computational
fluid dynamics; CGO, gadolinium doped ceria; CL, contact
layer; CSTR, continuously stirred tank reactor; CT, charge
transfer; DAE, differential algebraic system of equations; DPB,
double-phase boundary; DRT, distribution of relaxation times;
EIS, electrochemical impedance spectroscopy; FIB-SEM,
focused ion beam-scanning electron microscopy; FMS, fiber-
matrix structure; HF, high frequency; LF, low frequency; LHV,
lower heating value; LSC, lanthanum strontium cobaltite;
LSCF, lanthanum strontium cobalt ferrite; MEA, membrane

electrode assembly; MIEC, mixed ion-electron conductor;
MSC, metal−supported cell; OCV, open circuit voltage; ORR,
oxygen reduction reaction; PDE, partial differential equations;
PEM, polymer electrolyte membrane; RU, repeating unit;
ScSZ, scandia-stabilized zirconia; SI, sensitivity index; SOFC,
solid oxide fuel cell; TPB, triple-phase boundary; YSZ, yttria-
stabilized zirconia

Latin

A = area or pre-exponential factor for reaction rate constant
(m2) or (−)
Agas/io
V = volumetric gas-ionic phase interfacial area (m−1)

B = permeability (m2)
C = homogeneous plate capacitance (F m−2)
Cp = specific heat capacity at constant pressure (J kg−1 K−1)
d = diameter (m)
D = diffusion coefficient (m2 s−1)
E = activation energy (J mol−1)
f = frequency (Hz)
i = current density (A cm−2)
L = length (m)
ṁ = mass flux (kg s−1)
p = pressure (atm)
P = power or sensitivity index (W) or (−)
R = universal gas constant or area-specfic resistance (J mol−1

K−1) or (Ω m2)
T = temperature (K)
u = velocity (m s−1)
V = volume (m3)
w = width (m)
x = spatial coordinate (m)
XH2

= fuel conversion
y = spatial coordinate (m)
Y = species mass fraction
z = spatial coordinate (m)
Z = electrochemical impedance (Ω m2)

Greek

β = charge transfer coefficient (−)
γ = percolation probability or Bruggemann factor
δ = Extra oxygen vacancies in CGO10
ε = porosity
εrad = thermal radiation emissivity
η = efficiency
λ = thermal conductivity (W m−1 K−1)
λTPB
V = volumetric active triple-phase boundary length (m−2)
νf = solid phase volume fraction
σ = charge conductivity (S m−1)
τfac = tortuosity factor
ψair = excess air ratio
ω = agglomeration risk factor

Subscripts

a, anodic; act, activation; AC, alternating current; ae, air
electrode; air, air; avg, average; b, bulk phase of a material; B,
backbone particle; blower, air blower; c, cathodic; cav, cavity
gas; cell, cell; ch, channel; cl, contact layer; conc,
concentration; contact, contact; DC-AC, direct current-
alternating current converter; dl, diffusion (support) layer;
DL, electrochemical double layer; ede, electrode; el, electrical
or electronic phase; elyt, electrolyte; fe, fuel electrode; fl,
functional layer; g, gas phase; HB, hot box; i, inlet; ic,
interconnect; im, imaginary; ins, insulation; io, ionic phase; k,
kth species; loss, loss; m, phase index; max, maximum; mesh,
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Ni mesh; module, SOFC stack module; np, nanoparticle; o,
outlet; p, particle; pol, polarization; plate, interconnect plate;
rad, radiative; re, real; RU, repeating unit; s, solid phase; stack,
stack; surr, surrounding; sys, system; tot, total

Superscripts

A, area-specific; eff, effective; V, volumetric
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