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Metal-supported solid oxide fuel cells (MS-SOFCs) have recently emerged as a promising configuration to
reduce material costs and increase the mechanical robustness of solid oxide technologies. Recently,
experimental research has focused on addressing fabrication challenges and degradation mechanisms.
Computational modelling of MS-SOFCs remains limited, although there are potential benefits to
simulation based analysis and optimization. This paper presents the current status of MS-SOFC research,
with particular attention to support structures and degradation mechanisms. The paper also presents

a foundation for modelling SOFCs at the cell scale, and highlights recent literature that could be adapted
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Accepted 1st October 2025 for MS-SOFC research. In addition to conventional computational modelling, the potential of data-driven
methods such as surrogate models is reviewed for future work. This is the first focused review on

DOI: 10.1035/d55e01161b computational approaches for MS-SOFCs, providing a foundation for future modelling and optimization
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1 Introduction

The hydrogen economy has recently received a lot of attention
as a promising avenue for decarbonisation in several indus-
tries.! Within the hydrogen sector, solid oxide cells (SOCs) have
been shown to be one of the most efficient ways to convert fuel
to electricity and vice versa. Compared with other fuel cell and
electrolyser technologies, other advantages include fuel flexi-
bility, superior performance, and the ability of a cell to run
reversibly.> Fig. 1 shows a schematic of the reversibility of an
SOC. Fuel flexibility in fuel cell mode allows the use of other
hydrocarbons while producing electricity, whereas in electrol-
ysis mode, it gives the opportunity to directly produce other
hydrocarbon-based fuels along with hydrogen.®> Although SOCs
have significant advantages, there are still several challenges to
overcome before solid oxide technologies can overtake more
conventional alkaline and polymer electrolyte membrane fuel
cells and electrolysers.

One major hindrance is the high cost of the materials,
making it difficult for SOCs to economically compete with other
technologies.> Another problem is the degradation levels of the
SOCs during operation, as the operating temperature of SOCs is
usually 600-1000 °C.® High degradation rates reduce the life-
span of the device, which in turn increases the cost of the
system because the device must be changed. The target
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of these emerging cell architectures.

degradation rate for SOCs is 0.2% per 1000 h, but the reported
degradation rates remain above 0.5% per 1000 h.”

Traditional SOCs consist of three main layers: a fuel elec-
trode, an electrolyte, and an air electrode. To have a mechan-
ically robust cell, one of these layers must act as a support.
Practically, this implies that the layer must be thicker than the
others. In principle, any layer could act as a support. However,
in general, either the electrolyte or the fuel electrode is chosen
as the supporting layer.® Of these two, the fuel electrode-
supported configuration is preferred, as a thick electrolyte
significantly decreases the performance of an SOC. The various
configurations can be seen in Fig. 2.
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Fig.1 Schematic of an SOC: SOCs can be operated reversibly, i.e. they
can be used both in electrolysis mode to produce green hydrogen and
in fuel cell mode to generate electricity from hydrogen and other

hydrocarbons.
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Fig. 2 Various configurations for a single solid oxide cell.
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Currently, the trend for SOC research is to reduce operating
temperature. For conventional SOCs, the operating temperature
can be above 800 °C to achieve sufficient performance. As the
cell is exposed to such high temperatures, it poses extensive
requirements on the chosen materials to survive such envi-
ronments. This in turn results in high costs for the system and
degradation of the cell components, again increasing the cost
over the lifespan of the cell.” Reducing the temperature would
help bring down the cost of the technology and increase the
viability of commercializing the technology.

Another way of decreasing the cost of SOCs is by considering
more cost-effective materials. The functional material used in
SOC anodes is of high cost. For fuel electrode-supported SOCs,
only a fraction of the thickness of the anode facilitates
electrochemical reactions. The rest of the anode contributes
only by providing mechanical support and electronic conduc-
tion. Thus, in recent years, a new configuration has become
increasingly popular, where the supporting layer consists of
a porous stainless steel substrate, making the so-called metal-
supported SOCs (MS-SOCs) as seen in Fig. 2. The stainless
steel material used for the metal support is significantly cheaper
than the functional material of the anode, reducing the cost of
one cell.’ As an example, ferritic stainless steel grade 316L can
be bought from Sandvik AB for 45.46 € per kg, whereas nickel
oxide (NiO), a typical anode material, can be bought from
FuelCellStore for 545 $ per kg. Additionally for making the cell
cheaper to manufacture, the metal support provides other
improvements as well, along with new challenges. These will be
discussed in more detail in Section 2.

The majority of on-going research on MS-SOCs is experi-
mental. Many of the problems are related to the fabrication of
the cells, making experimental studies naturally more viable
than computational studies. However, as the research develops,
there are more and more possibilities of using computational
research for MS-SOCs. Utilizing computational research could
reduce material waste and increase time-efficiency, accelerating
the research of MS-SOCs. This review paper looks into what the
current trend is in experimental research of MS-SOCs, what
methods are being used in modelling conventional SOCs on the
cell level, and how existing computational methods could be
utilized for research on metal-supported SOCs.

1.1 Working principle

SOCs operate by utilizing a solid oxide electrolyte to conduct
ions at high temperatures, enabling the conversion of chemical
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energy into electrical energy in fuel cell mode, and vice versa in
electrolysis mode. SOCs can be broadly classified into solid
oxide fuel cells (SOFCs) and solid oxide electrolysis cells
(SOECs), each with distinct operating principles and
applications.

The materials in SOCs are, as the name suggests, solid oxide
materials. The three main parts of an SOC, the electrolyte and
the fuel and air electrodes, all have specific requirements for the
chosen material. The electrolyte needs to conduct ions, while
being electronically insulating. The two most common electro-
Iyte materials are yttria-stabilized zirconia (YSZ) and
gadolinium-doped ceria (GDC),"* whereas other materials such
as barium zirconium cerium yttrium ytterbium (BZCYYDb)
materials have recently been researched."” For the electrodes,
the main desired properties are high catalytic activity for their
respective reactions and high electrical conductivity. For the
fuel electrode, the most common material is nickel oxide (NiO),
while the air electrode often uses perovskite type materials such
as lanthanum manganite strontium (LSM) and lanthanum
strontium cobalt ferrite (LSCF).*

The choice of the electrolyte material divides both SOFCs
and SOECs into two more categories, depending on which ion
the electrolyte conducts. The two types are oxygen-ion con-
ducting and proton-conducting, which can be abbreviated as O-
SOC and H-SOC. Proton-conducting solid oxide cells are
sometimes referred to as protonic ceramic cells in the literature.
The working principles of all categories are similar, with small
differences based on which mode the cell is operated in and
what electrolyte the cell has.

1.1.1 Solid oxide fuel cells. In fuel cell mode, a fuel such as
hydrogen is supplied to the fuel electrode and air is supplied to
the air electrode. The gases then diffuse through the porous
electrodes to reach the interface between the electrodes and the
electrolyte. The boundary where the gas phase, electrode phase
and electrolyte phase meet is called the triple phase boundary
(TPB). The TPB is where the electrochemical reactions of an
SOFC occur.

The electrochemical reactions differ depending on the type
of SOFC. For an O-SOFC, the oxygen molecules in the air elec-
trode are reduced to ions according to eqn (1). The oxygen-ions
that are produced are conducted through the electrolyte and
react with the hydrogen molecules at the fuel electrode side to
produce water according to eqn (2).

1

502 +2¢"— o (1)
1

H2 + E 02 - Hzo [2)

In H-SOFCs, the hydrogen molecules are oxidized at the fuel
electrode according to eqn (3). The protons are then conducted
through the electrolyte, where they react with the oxygen
molecules creating water according to eqn (4).

H, —» 2H" + 2e” (3)

Sustainable Energy Fuels, 2025, 9, 6586-6600 | 6587


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01161b

Open Access Article. Published on 08 October 2025. Downloaded on 4/5/2026 1:11:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

Fuelcell mode

H-SOFC

Qaschannel& %02+2H*+Ze’~>H20

Air electrode

Electrolyte

Fuel electrode

Gas channel &
interconnect

I Hy + 0% = Hy0 + 2~ I I Hy = 2H* + 2e~ I
H, H,

40 Hy Hy

Fig. 3 Working principle for O-SOFCs and H-SOFCs.

1
502 + 2HJr d Hzo (4)

By connecting the electrodes through an external circuit,
a current can be drawn from the configuration. The schematic
of the working principle for O-SOFCs and H-SOFCs can be seen
in Fig. 3.

1.1.2 Solid oxide electrolysis cells. SOECs are very similar to
their fuel cell counterparts in terms of the working principle. In
the case of water electrolysis, the gas that is supplied to the cell
is water vapor. The electrode to where the vapor is supplied
depends on the choice of electrolyte. For O-SOECs, the water
vapor is supplied to the fuel electrode and for H-SOECs to the
air electrode.

In O-SOECs, the water vapor is split into hydrogen and
oxygen ions at the interface between the electrolyte and fuel
electrode due to the current applied to the cell. The reaction can
be seen in eqn (5). The oxygen ion then travels through the
electrolyte and is reduced to oxygen gas according to eqn (6),
which is then pumped out of the cell. The hydrogen is produced
at the fuel electrode, where it is pumped out with the unreacted
water vapor. Fig. 4 displays the working principle for both O-
SOECs and H-SOECs.

H,0 +2e” — 2H" + 0>~ (5)
1
o — 50 +2¢” (6)

For H-SOECs, the water vapor reacts at the interface between
the air electrode and the electrolyte, producing oxygen gas and
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Fig. 4 Working principle for O-SOECs and H-SOECs.
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hydrogen ions. The hydrogen ions then travel through the
electrolyte to the fuel electrode, where it is oxidized into pure
hydrogen gas.

Although both SOFCs and SOECs have been considered so
far in this review, the analysis will now continue by focusing on
SOFCs, as the majority of metal-supported studies are on fuel
cells. Many of the considerations in this paper can be extended
to electrolysis cells as well.

2 Metal-supported solid oxide fuel
cells

Metal-supported solid oxide fuel cells (MS-SOFCs) employ
a support layer made of metal instead of the conventional
ceramic material. Compared to a traditional ceramic support
layer made out of an anode material, the metal support gives
many benefits. The main attraction is the reduced cost of the
material by changing a large portion of the expensive ceramic
material to a cheaper stainless steel alternative.'*'® Metal-
supported variants also have better thermal properties due to
the increased thermal conductivities of stainless steel. This
results in better resistance to thermal shocks and tolerance to
thermal cycling.***® An added bonus of the metal material is the
possibility of sealing the cell through conventional means such
as welding. This eliminates the need for other expensive seal-
ants and simplifies the building of stacks.' The metal support
also provides superior mechanical robustness compared to the
traditional material. These traits are desirable for SOFCs, as it
reduces the risk of mechanical failure.****

There are several requirements for a metal support for it to
be suitable for use in SOFCs. First, as the layer is supposed to
provide support, it needs sufficient mechanical strength.*
Furthermore, the metal support should have sufficient porosity
for mass transport, sufficient electronic conduction for low
ohmic losses, and chemical stability with the anode layer to
avoid side reactions.>® Metal supports also need thermal coef-
ficients compatible with the anode layer to avoid thermal
stresses.**

Over the past decade, several studies have been conducted
on metal-supported SOFCs (MS-SOFCs). Many of these studies
have been included in some of the review papers that have been
published e.g. by Tucker et al.** and Krishnan et al.'® This
section presents a brief review of current experimental research
on MS-SOFCs, summarizing the state-of-the-art and other rele-
vant research questions that have been answered.

2.1 State of the art

Some of the highest-performing MS-SOFCs are presented in
Table 1. Performances are generally reported for a temperature
range of 600-800 °C and various environments with varying
hydrogen contents, which influences the achieved maximum
power density. Thus, these are also included in the table. The
material choices seem pretty typical for both the fuel electrode,
i.e. the anode in fuel cell mode, and the electrolyte, with nickel
dominating the choice for anode material and both YSZ and
doped ceria being the typical choice for the electrolyte.

This journal is © The Royal Society of Chemistry 2025
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Metal Anode|electrolyte|cathode Environment Temperature (°C) Power density (W cm™?) References
Fe26Cr, ITM Ni-YSZ/Ni-GDC|YSZ|LSC 50% H, 50% H,O0 800 3.13 25
P434L Ni-SDC|SCSZ|PreO1, Humified H, 700 1.5 26
Ni-10w.% Fe alloy Ni-GDC|GDC|LSCF-GDC Wet H, 700 1.278 27
Cr-based STS NiO-GDC|ScYSZ|LSC-GDC 80-96% H, 4-20% H,O0 650 1.14 28
Hastelloy X NiO-SDC|SDC|SSCo 97% H, 3% H,0 650 0.75 29

However, the choice for the air electrode, ie. the cathode
material is more varied.

To the best of our knowledge, the highest performing MS-
SOFC is reported by Udomslip et al. in the cell concept of
Plansee SE. The high performance is mainly attributed to the
optimized microstructure of the highly active Ni-GDC anode
and La, 54S1,.4C003_; (LSC) cathode, along with the thin 2 pm
YSZ electrolyte. At 800 °C, the cell has a power density of 3.13 W
cm 2, whereas at 650 °C, the power density is 1.96 W cm ™2, even
outperforming conventional anode-supported SOFCs. The
highlight of this research is that the high performance was
achieved without the use of novel and complex materials, but
with careful optimization and fundamental understanding of
the device.” Dogdibegovic et al. also produced a high per-
forming MS-SOFC, but their key approach included the use of
infiltrated electrodes. The infiltration method allows for better
control on the microstructure of the electrodes, resulting in
a high active area. At the same time, this results in high
degradation rates. The use of a highly active PrsO;; cathode
material also contributed to the high performance.”® To
decrease degradation rates, the microstructure was altered,
reducing the maximum power point by 35%, but achieving
stable operation for 200 h.>¢

2.2 Metal support structures

There are different variants of the metal supports in terms of the
structure itself, as shown in Fig. 5. Most of the structures are so-
called porous metal supports, where the gases diffuse through
the pores of the substrate. Hui et al. demonstrated this structure
by using a commercially available SS430 porous substrate.*
Instead of using commercial substrates, porous substrates can
be fabricated in house. Toor and Croiset fabricated a simple
porous metal substrate using the pressing method, which is
suitable for laboratory-scale fabrication.** Zhou et al. produced
metal substrates made of Fe30Cr using tape casting.*” Dogdi-
begovic et al. used P434 stainless steel powder to fabricate
a porous metal support for both the anode and cathode sides
using tape casting as seen in Fig. 5a.%%%

Instead of using a porous substrate, some studies employed
metal supports based on stainless steel sheets or foil. To
introduce the mass flow channels to the support layer, Ceres
power used laser drilling to periodically drill holes into the foil,
which facilitates the mass transfer of fuel from the gas channels
to the anode. Fig. 5d show the structure of the Ceres power cell,
containing (1) the metal support, (2) the laser-drilled holes, (3)
the fuel electrode, (4) the electrolyte, (5) the active air electrode

This journal is © The Royal Society of Chemistry 2025

and (6) the air electrode diffusion layer.** Similarly, Lee et al.
used a 0.2 mm thick Crofer22APU stainless steel sheet, where
they used chemical etching to make periodic holes with
a diameter of 0.2 mm as seen in Fig. 5¢.** In another research
group, Lee and Bae employed a different geometry for the mass
flow channels in the support layer. They used a sheet of STS430
stainless steel, where a zigzag-shaped hole seen in Fig. 5b was
cut using the wire cutting method.*® The difference between this
strategy and the two previous ones is that here there is only one
long hole, instead of many small holes.

There are certain strengths and weaknesses between the
powder-based and sheet-based substrates. The powder-based
substrates are easier to manufacture, as techniques used for
ceramic processing (e.g. tape casting) can be used to manufac-
ture metal substrates. In contrast, laser-drilled sheets have an
advantage against oxidation, as the exposed surface area is
much smaller than that of powder-based substrates. However,
the cost of producing these substrates is higher than that of
powders, as drilling the gas diffusion holes requires high-cost
laser equipment. The chemically etched substrates have the
same strengths as the laser-drilled substrates. However, as only
one paper has reported using such a substrate without
describing the process extensively, it is difficult to evaluate its
suitability for commercial production.

2.3 Degradation

The commercial use of MS-SOFCs requires long operating life-
times with limited degradation. The introduction of a stainless

2

Fig. 5 Selection of various metal support types from the literature. (a)
Cross section of a symmetric porous metal support. Reprinted with
permission from Elsevier.2® (b) Wirecut zigzag pattern in a metal sheet.
Reprinted with permission from Elsevier.?¢ (c) Chemically etched holes
in a metal sheet. Reprinted with permission from Elsevier.** (d) Sche-
matic of a Ceres' power MS-SOFC with drilled holes in a metal sheet.
Reprinted with permission from IOP publishing Ltd.**

Sustainable Energy Fuels, 2025, 9, 6586-6600 | 6589
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steel material in the support layer introduces new types of
degradation that need to be taken into account when designing
the cell. The main types of degradation are oxidation of the
metal substrate, delamination between the metal support and
ceramic anode, and inter-diffusion of elements between the two
layers. This section presents the main types of degradation for
MS-SOFCs.

2.3.1 Oxidation of metal supports. A key difference
between conventional and metal supports is the oxidation
susceptibility of the metal support. At the high temperatures of
typical SOFC operating conditions (600-800 °C), the commonly
used ferritic stainless steel materials can form oxide scales
when exposed to oxygen or water vapor. These scales can
decrease electrical conductivity and mechanical robustness,
effectively decreasing the lifetime of the metal support.
Understanding and limiting the extent of metal support oxida-
tion is key to extending its lifetime.?”**

During fabrication, the metal layer is exposed to tempera-
tures up to 1350 °C. Due to the high temperature, this process is
done under reducing conditions.** Fu et al. investigated the
oxidation behavior of the metal substrate during the fabrication
of an MS-SOFC. They found that even though sintering is done
under reducing conditions, there might still be trace amounts
of oxygen that lead to significant oxidation during the fabrica-
tion process. Oxidation during fabrication can alter the porosity
of the metal substrate, lowering its mass transport properties.
To mitigate oxidation, the researchers used an oxygen-
adsorbent agent of titanium, as well as mixing up to 10% YSZ
in the metal support to create gas channels.*

The long-term durability of metal supports is highly depen-
dent on the oxidation of the metal support during operation at
high temperatures. Xu et al. performed a long-term test, in
which they exposed a 430L stainless steel metal support to dry
air at 800 °C for 1500 h. The aim was to understand the
oxidation behavior of the metal substrate, as it would be used
for scaffolding in a symmetric cell, where the metal would also
be exposed to air during operation. The researchers showed that
the substrate exhibited a weight gain of 3 wt%. Although the
effect on performance is not quantified, the weight gain from
the chromium scale indicates lowered electronic conduction
and mechanical integrity.** Xu et al. also conducted a similar
study, using the same parameters except for the fact that they
used a reducing atmosphere instead of an oxidizing atmo-
sphere. The results show similarities with those of the oxidizing
case. The weight gain was also observed to be 3 wt% in the
reducing atmosphere due to the presence of water vapor. The
predicted lifetime of the substrate was 10 000 h.**

2.3.2 Inter-diffusion. Nickel is one of the most commonly
used materials for SOFC anodes, also in the context of MS-
SOFCs. When nickel is in contact with the chromium-rich
stainless steel of the metal support during cell operation,
inter-diffusion of nickel into the metal support and chromium
and iron into the anode occurs. When nickel enters the metal
support, it can form an austenitic grade of steel, which in turn
induces a mismatch in the coefficient of thermal expansion,
leading to thermal stresses. The chromium and iron that is
diffusing into the anode can cause scale formation on the active

6590 | Sustainable Energy Fuels, 2025, 9, 6586-6600
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nickel, reducing the TPB length, i.e. reducing the performance
of the anode. The interdiffusion can be reduced by introducing
a diffusion barrier layer between the anode and the metal
support, consisting of e.g. GDC.** Brandner et al. used a CeO,
barrier layer between a FeCr metal substrate and NiO anode. A
cell without a barrier layer was fabricated for comparison. The
cell with a barrier layer showed a much smaller concentration of
chromium in the anode, and exhibited a power density of 430
mW cm 2, whereas the cell without a barrier layer could not
produce any measurable power.* Similarly, Kim et al. used
a Y.08ST0.8sTiO3-YSZ diffusion barrier layer, which successfully
prevents interdiffusion. However, the cell presents poor
performance, but according to the researchers it is not caused
by the diffusion barrier layer.*

2.4 Thermal effects

It is important for the metal support and the ceramic layer
attached to the metal support to have matching coefficients of
thermal expansion (CTE), as the cell undergoes high tempera-
ture variations during fabrication and start-up. A mismatch in
the CTE will induce stress, which ultimately could lead to
delamination between the anode and metal support.****

By comparing the CTE between typical material choices for
metal supports and anodes or electrolytes, suitable pairs can be
chosen. The commonly used ferritic stainless steels have a CTE
of 11.5-14 x 10° K ', whereas typical ceramic components of
SOFCs have a CTE of 10-13 x 10° K~'. Although there is no
significant difference in the CTE of the materials, even a small
difference can cause large stresses due to the high operating
temperature of SOFCs.**

As outlined in this section, MS-SOFCs offer advantages such
as lower cost and improved robustness, but they also introduce
new challenges related to oxidation, thermal stress, and
degradation at material interfaces. Many of these issues are
difficult to study experimentally, particularly during long-term
operation. In this regard, modelling becomes a valuable tool
for understanding key processes, supporting design optimiza-
tion, and identifying potential failure modes. The following
section outlines modelling approaches used in SOFC research
and how they can support MS-SOFC development.

3 Review of modelling techniques
and topics for SOFCs

Modelling of SOFCs can be done at multiple scales, from the
microscale of electrochemical reactions using density func-
tional theory (DFT) to large-scale system modelling.*” The effect
of the metal support is mainly noticed on a single cell or stack
scale, which is why the focus of this paper is on unit cell scale
modelling.

The modelling of MS-SOFCs is very similar to modelling
conventional SOFCs. The only thing that differs between the two
configurations is the support layer. The support layer itself
contributes to the general performance of an SOFC through
mass flow, heat transfer, and electronic conduction; thus,
evaluating the performance of the metal support would require

This journal is © The Royal Society of Chemistry 2025
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only modelling of these properties. However, it might be diffi-
cult to compare MS-SOFCs with other configurations solely on
the basis of the support layer. By modelling the whole MS-SOFC,
the performance of the support can be quantified from the
performance of the whole cell. This section presents a basis of
equations upon which a single cell MS-SOFC can be modelled.
This is mostly based on SOFC models, as they are in essence the
same. The section will also present all available literature on
MS-SOFC numerical modelling, along with conventional SOFC
numerical modelling that has potential for use in MS-SOFC
modelling.

Modelling an SOFC is inherently a multiphysical problem.
There are three main types of physics needed to fully model an
SOFC - electrochemical properties, thermal properties, and flow
of different types in different parts.*® Table 2 shows the various
required physics for the different parts of an SOFC.

For a single cell simulation, the flow of gases is at the core.
Thus, it is natural to use computational fluid dynamics (CFD) as
a basis for SOFC simulation. Coupling the gas flow to electro-
chemical reactions and heat transfer makes for a complete
modelling package. Such coupled modelling is called multi-
physics modelling. Software such as COMSOL Multiphysics,
Ansys Fluent and OpenFOAM are well suited for these kinds of
problems.**°

3.1 Governing equations

Governing equations are the core of computational modelling
of SOFCs. The governing equations are required to mathemat-
ically describe the working principle of an SOFC discussed in
the introduction. This section introduces a general set of gov-
erning equations, which can be solved using the typical soft-
ware mentioned before.

3.1.1 Voltage. The reversible fuel cell voltage, also known as
open circuit voltage E°“Y, is defined as the difference in the
thermodynamic potentials of the electrode reactions. The open
circuit voltage also depends on the operating conditions of the
system. The Nernst equation describes the E°V of a H,~0, fuel
cell for any temperature and pressure based on eqn (7).*

Table 2 Summary of the required physics for modelling each SOFC
part

Sofc part Required physics

Porous electrode Flow in porous media
Electrochemical reactions
Electronic conduction
Ionic conduction
Thermal effects

Ionic conduction

Thermal effects (electronic conduction)

Electrolyte

Support Flow in porous media
Electronic conduction
Thermal effects

Interconnect Electronic conduction

Thermal effects
Flow in free media
Thermal effects

Gas channels

This journal is © The Royal Society of Chemistry 2025
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goov —po - RT ( (7)
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The open-circuit voltage only applies at zero current. Once
the current is drawn, the voltage decreases due to three different
overpotentials seen in eqn (8).”*

E — EOCV

— Nact — Nohm — MNconc (8)

The concentration overpotential 7o is associated with the
mass transfer of reactants to the reaction sites as defined in eqn
(11). The ohmic overpotential 7oy, is related to conduction
mechanisms and their resistance according to eqn (10). The
activation overpotential 7,. is defined in eqn (9), where @
stands for the electric potential and @, is the ionic potential. The
activation overpotential depends on the reaction rate at the
electrodes, where fast reactions result in a low activation over-
potential and vice versa.>

Nact = D5 — Py — EOCV [9)

il
MNohm = _E (10)

OE

RT sz pHZOTPB RT p02

— In ——— | +-—1In 11
2F <pH2,TPB pH,O 4F pOz,TPB ()

The current produced by an SOFC is determined by electro-
chemical reactions. Electrochemical reactions occur in the
porous electrodes. The reactions in turn are dependent on the
reaction kinetics of the system. There are a couple of ways to
model the reaction kinetics of an SOFC; however, the Butler-
Volmer formulation is most widely used. The equation for local
current density i, based on the Butler-Volmer formulation is
shown in eqn (12).>**

nCOﬂC =

—(1—a)n.F
RT Nact

an.F
e RT Mact __ e

iloc = i() (12)

Here, i, is the exchange current density, « is the transfer coef-
ficient, n. is the number of electrons transferred in the reaction,
F is Faraday's constant, R is the gas constant, T is the temper-
ature, and 7, is the activation overpotential. The transfer
coefficient is usually assumed to be 0.5. The exchange current
density can be determined through the semi-empirical
formulae in eqn (13) and (14), for anodes and cathodes,
respectively.>*

Eactan

; b —

inan = Yan (PHaan)* (PH,Oun) €™ &7 (13)
. m_ Facteat
focat = Year (PO2ca) € KT (14)

The equations include the partial pressures of both the
reactants and the products, as well as several empirical
parameters; the prefactor vy, activation energy E,., and the
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exponents a, b, and m. The empirical parameters need to be
identified via experiments. In eqn (13) and (14), it is assumed
that the reacting species are hydrogen and oxygen.

3.1.2 Mass transport. As the electrochemical reactions
occur at the TPB, near the electrode-electrolyte interphase, the
reactants need to travel from the gas channels through the
porous electrodes to the reaction sites. This transport is diffu-
sive in nature. The mass transport is governed by the equation
for the species conservation seen in eqn (15).”

d
2 (o) + V- (pw) = ~V-ji + R,

Fy (15)

In eqn (15), w; is the weight fraction of species i, p is the
density of the mixture, u is the mass average velocity of the
mixture, R; is the rate of the source term and j; is the mass flux.
The mass flux is described by diffusion models. The typical
choices for the diffusion models include Fick's law model (FL),
the Maxwell-Stefan model (MS) and the dusty gas model (DG).
The MS model is typically preferred, due to a higher precision
than FL, with reasonable computational cost.*>®” By
substituting the mass flux given by the MS model, the transport
equation for the species conservation becomes

ad vT
Pa (w;) +p(uV)w; =V (pwi;[)ikdk + DiTT) +R;  (16)

1
d;, = Vx, + — [(Xk — wk)VpA] (17)
Pa

In eqn (16) and (17), Dy is the multi component Maxwell-
Stefan diffusivity, Di” is the thermal diffusion coefficient x; is
the mole fraction of species k and T is temperature. The diffu-
sional driving force d; is defined in eqn (17). The multi
component Maxwell-Stefan diffusivity coefficients are deter-
mined using the Fuller-Schettler-Giddings (FGS) approach
according to eqn (18).%®

( 1 1 0.5
i+i>

M, M,
D; = 1.01325-10727' 7 >~

~L T 18)
2 (
p(vg/3 ‘f}/3>

Since SOFC electrodes are porous, effective diffusivity must
be calculated to account for reduced transport pathways. This is
often done using the Bruggeman correction in eqn (19), which
modifies the bulk diffusion coefficient based on porosity e.

Dij,eff = EI‘SDU (19)

3.1.3 Momentum transfer. The velocity and pressure of the
relevant gases are solved through momentum transfer using the
Navier-Stokes equations in the free flow regions, as shown in
eqn (20), along with the conservation of mass as shown in eqn
(21). In porous regions, the drag effect of porosity and perme-
ability is added to the Navier-Stokes equations resulting in the
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so-called Brinkman equations as shown in eqn (22) and the
corresponding conservation of mass as shown in eqn (23).>*%

p%—i—p(u-V)u = V{—pl—k,u((Vu—Q— (Vu)T> — %(V-u)l} +F
(20)
a—p+v~(u)fo (21)
ot =

Here, u stands for velocity, p for pressure, I is the identity
matrix, T is the absolute temperature, F is the volume force
vector and u is the dynamic viscosity of the gas.

1% ey = 9| —p et ( (Vut ()T - 2(vou

e |0t el PrTH 3

—(uk‘l + %)u +F (22)
a
= (ep) +V-pu=Q, (23)

Jt

Here, ¢ stands for porosity and k for permeability, both of which
are parameters of the porous region. Q, stands for a mass
source or sink in the porous region.

3.1.4 Heat transfer. An accurate temperature distribution
within an SOFC is important for accurate modelling results, as
many processes in the SOFC are temperature dependent. SOFCs
typically involve all types of heat transfer, i.e. conduction,
convection and radiation, due to their high operating temper-
ature.®®®* There are two main ways of modelling heat transfer in
SOFCs, the local temperature equilibrium (LTE) method and
the local temperature non-equilibrium (LTNE) method. In LTE,
the temperature of the gas and solid phase is assumed to be
locally the same, whereas in LTNE that is not the case. The
temperature between the gas and the solid phase has been
found to not vary significantly. This enables the successful use
of LTE instead of LTNE, providing a great reduction in
computational demand.®>*

The temperature distribution in an SOFC is solved through
the heat balance equation in eqn (24) when using the LTE
approach.>>¢*

T
pcpW +pCo u-VT =V (ktVT) + Q (24)
Here, C, is the specific heat capacity, p is the density, u is the
velocity of the gas, ks is the effective thermal conductivity and
Q is the source term. The thermal conductivity is effective
because it includes the effects of both the gas and solid through
eqn (25), where k, is the gas phase thermal conductivity and & is
the solid phase thermal conductivity.
keff = ep'kg + (1 — €p)'ks (25)

By coupling these equations, an SOFC model encompassing
mass, momentum, charge and heat transfer with electro-
chemical reactions can be built. However, to successfully utilize
numerical methods, simplifications are necessary to reduce
computational complexity. Boundary conditions and initial
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values also need to match with the given problem. The following
subsection lists the most commonly used assumptions and
boundary conditions.

3.1.5 Modelling assumptions and boundary conditions.
The mathematical model of an SOFC relies on several
assumptions to simplify the complex physical and chemical
phenomena. To retain a sufficient accuracy in the models
balanced with reasonable computational cost, the following
assumptions are commonly made:*>°¢

e Steady-state operation is assumed unless otherwise
specified.

e Ideal gas behavior is assumed for all gaseous species.

e The porous electrodes are isotropic and homogeneous,
with constant porosity and permeability.

e Thermophysical and electrochemical properties (e.g.,
conductivity, diffusivity, and exchange current density) are
either constant or follow temperature-dependent empirical
relations.

e The Local Thermal Equilibrium (LTE) assumption is
applied, meaning the gas and solid phases share the same
temperature.

e Radiation heat transfer is neglected due to its relatively
minor effect compared to conduction and convection.

Boundary conditions are defined based on the physical
layout of the cell. Commonly applied boundary conditions
include:

e Gas channels: known inlet temperature, composition, and
flow rate; outlet typically set to reference pressure.

e Solid walls: no-slip velocity boundary condition for gas
flow; insulated or symmetric boundary for heat transfer.

e Electrodes: applied current density or cell voltage specified
at the external circuit.

e Electrolyte: zero electronic conductivity and ionic potential
continuity across interfaces.

With the full set of equations, boundary conditions and
assumptions, the basis for an SOFC model is complete.

3.2 Literature on modelling studies

While Section 3.1 outlined the fundamental governing equa-
tions used for SOFC modelling on the cell scale, this section
reviews existing numerical studies relevant to MS-SOFCs.
Although the majority of MS-SOFC research to date has been
experimental, some computational studies have recently begun
emerging. This section first reviews the limited number of
studies that directly simulate MS-SOFCs, followed by a wide
overview of work on conventional SOFCs that could be adapted
to the metal-supported configuration.

3.2.1 Numerical modelling studies specific to MS-SOFCs.
To date, only a limited number of numerical studies on MS-
SOFCs have been reported. Park et al. developed a three-
dimensional model of an MS-SOFC to compare it against an
anode-supported SOFC. The model included the conservation
of mass, momentum, energy and species, coupled to electro-
chemical reactions. The study showed that the MS-SOFC per-
formed worse than the conventional SOFC. However, the
modelled MS-SOFC employed a 2 mm thick metal support,
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which is thicker than a typical metal support.*” Zhang et al. also
developed a three-dimensional model for an MS-SOFC using
a ceria based electrolyte. The model was similar to that of Park
et al., but also included a detailed radiation heat transport
model. It was found that the radiation heat flux accounts for
3.16% of the total heat flux. The study shows that an MS-SOFC
yields a more uniform temperature distribution, but the metal
support has a negative influence on the mass transport of
reactants.®®

Wang et al. developed a two-dimensional model for a tubular
SOFC, which they used to compare an anode supported
configuration against a metal supported one. The model
included the same conservation equations as the three-
dimensional models, but additionally the study included
direct internal reforming and thermal stresses. The study found
that due to the superior thermal conductivity of the metal
support, the thermal stresses were smaller in the MS-SOFC,
which ultimately resulted in a lower failure rate. The work was
continued in another paper from 2021.%7°

Leah et al. developed an electrochemical model based on the
Ceres power MS-SOFC, which has a drilled metal support
instead of a porous one. The model only includes a simple one
dimensional diffusion model for mass transfer instead of
a comprehensive CFD model. On top of the 1D cell model, the
study includes a stack level and system level study using the MS-
SOFC. Although the simple 1D model gives insight on how the
gases diffuse from the holes to the porous electrode, the
behavior of the full cell should be analyzed with a comprehen-
sive cell scale model.”

To highlight the lack of numerical research on MS-SOFCs,
a literature sweep was conducted on Google Scholar. Using
the search query “x supported solid oxide fuel cell numerical
model”, where x stands for an anode, electrolyte or metal, the
first ten pages were analyzed and the amount of relevant papers
from 2005-2025 were recorded. The results of the search are
seen in Fig. 6. Throughout the period, the amount of anode
supported papers remains dominant, whereas the other
support types can be found in lower amounts. In terms of
anode-supported papers, this graph does not encompass all of
the available literature, whereas all the available MS-SOFC
numerical studies known to the author are included.

3.2.2 Cell design and geometry optimization through
modelling. Modelling of SOFCs has been used to investigate
a broad range of topics. The main benefit of fast and inexpen-
sive study setups makes modelling an excellent tool for opti-
mization. In terms of SOFCs, optimization can be in terms of
e.g. cell design, material choice and operating conditions.
Optimizing cell design through experiments would lead to
fabrication of tens or hundreds of cells, whereas utilizing
modelling could highlight the best possibilities, which could
then be validated through experiments. This approach reduces
both the cost of materials used, and the amount of time spent
on the optimization problem.

Optimization of SOFC design through modelling has been
shown in the literature. In terms of cell design, mass transport
is an important factor for SOFC performance. Andersson et al.
investigated the optimal gas channel geometry of a single SOFC
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Produced via a literature sweep on Google Scholar.
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based on a computational fluid dynamics approach and
managed to increase the volumetric power density while only
decreasing the cell current density by a small amount.” Kh-
azaee et al. compared three different geometries for the gas
channels of an SOFC, rectangular, triangular and trapezoidal,
and found that the rectangular geometry provided the best
performance.”

Due to the conventional structure of the interconnects, parts
of the cell are not in direct contact with the supplied gases. This
makes the design of the interconnects an important aspect of
how gases diffuse under the interconnect rib. To investigate the
optimal design, Guo et al. designed an SOFC model to study the
effect of the interconnect design on the performance of the cell.
The study found that an increase of 27.86% can be achieved by
optimizing the design.” Fu et al. investigated a novel design
called the beam and slot interconnector, which was shown to
eliminate the limitation of gas diffusion based on the inter-
connect ribs.”

3.2.3 Thermal analysis and stress modelling. Beyond
performance optimization, modelling plays a key role in
understanding degradation and failure mechanisms. In
particular, thermal gradients can induce significant stress
within the cell, potentially leading to cracking or delamination.
Since local temperatures are difficult to measure experimen-
tally, simulations offer a crucial tool for visualising temperature
distributions and designing more thermally stable cells.

Atif Mahmood et al. coupled a typical multiphysics model of
an SOFC with equations for thermal stress and strain. Using the
model, the effect of various factors such as operating parame-
ters, flow configurations and material properties on the thermal
stress of the cell was studied.” Wu et al. investigated a novel
flow field configuration, and its effect on the maximum thermal
gradient. It was shown that by optimizing the flow field, the
maximum gradient dropped by 50.86%.””

Thermal cycling is generally an issue for the lifetime of an
SOFC. Liu et al. developed a thermomechanical model for an
SOFC to calculate thermal stresses and predict crack growth
under thermal cycling conditions. Although the model is not
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coupled to other physics, the model efficiently described critical
failures of SOFCs.”®

3.2.4 Transient modelling. Transient modelling of SOFCs
is essential for capturing the dynamic behavior of SOFCs under
real-word operating conditions. Unlike steady-state models,
transient models account for time-dependent phenomena such
as load changes, startup and shutdown sequences, and thermal
cycling.”

Modelling of startup sequences is important for SOFCs due
to their high operating temperatures. Reaching the desired
temperature efficiently without introducing large thermal
gradients is important for a safe startup. Kupecki et al. inves-
tigated a novel startup sequence via 3D CFD modelling, where
fuel used in the SOFC is also used for heating up the cell. The
results of the modelling show a shortened start-up time, with
a high level of temperature uniformity.** Zhu et al. also inves-
tigated transient thermal stress behavior of a conventional
SOFC during start-up using CFD combined with computational
structural mechanics (CSD). By comparing conventional rect-
angular interconnects to cylindrical interconnects, it was found
that the latter result in reduced thermal stress during start-up.**

Beyond thermal management, load regulation is crucial for
real-world operation of SOFCs. Li et al. considered a dynamic 3D
CFD model of an SOFC to investigate how step changes in the
inlet gas temperature, inlet gas flow rate and output voltage
affect power density. The results showed a two-stage response
with the fast response driven by changes in reactant concen-
trations and the slow response caused by changes in cell
temperature. Four control schemes were tested to regulate the
power density by £20%.** Similarly, Zhu et al. investigated the
dynamic response of an SOFC operated on syngas instead of
hydrogen through a 2D single-channel model. It was shown that
after a change in flow rate, the SOFC stabilizes in approximately
100 seconds.®®

3.2.5 Internal reforming. The high operating conditions of
SOFCs combined with their catalytic activity also allow them to
use other hydrocarbons as fuel through internal reforming. The
main alternative fuel is methane, but other fuels such as
ethanol, methanol and biogas have also been studied. Numer-
ical simulations have been increasingly used to help design and
optimize direct internal reforming SOFCs (DIR-SOFCs).?*

The study by Ma et al. presents a validated 3D multiphysics
model for DIR-SOFCs fueled by a mixture of hydrogen and
natural gas. The results of the study show that the DIR-SOFC
stack has large thermal gradients due to competing endo-
thermic and exothermic reactions. It was also shown that by
operating at thermal-neutral voltage the thermal stress can be
lowered.®

3.2.6 Degradation and lifetime prediction modelling.
Numerical modelling can be very beneficial for degradation and
lifetime prediction. To be produced experimentally, these
results need experiments spanning thousands of hours. With
modelling, SOFC operation can be simulated for thousands of
hours in a fraction of that time. Thus, it is highly useful to guide
such experiments through numerical modelling, as has been
shown previously.

This journal is © The Royal Society of Chemistry 2025
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Babaie Rizvandi et al. developed a multiscale 3D model of
a full SOFC stack, incorporating three degradation mechanisms:
nickel particle coarsening, chromium poisoning and metallic
interconnect oxidation. A total of 38 thousand hours of operation
was simulated, allowing the researchers to find optimum oper-
ating conditions.*® Naeini et al. developed a mathematical model
for degradation of SOFCs. The model can predict the effect of
nickel coarsening and oxidation, anode pore size changes and
other relevant degradation mechanisms. The model shows that
current density has the highest effect on degradation rates,
whereas H, partial pressure has the least effect.®”

Lifetime prediction models are typically made with experi-
mental data. Khan et al. conducted a long-term performance
test on a short SOFC stack by performing electrochemical
impedance spectroscopy (EIS) every 200 hours to monitor the
degradation. Based on the results, a mathematical model was
developed, which estimated the lifetime of the stack to be over
50 000 h.*®

3.3 Machine learning approaches in SOFC modelling

Machine learning (ML) refers to data-driven techniques that
infer input-output relationships from data, often without
relying on explicit physical models. These approaches have
gained traction in electrochemical systems, including SOFCs,
where they are applied to tasks such as performance prediction
and microstructure analysis. Compared with the multiphysics
modelling techniques described earlier, ML has a much lower
computational cost. This is because ML models do not incor-
porate real physics equations like multiphysics modelling does.
Instead, ML models learn the relationship between inputs and
outputs solely based on data. However, this limits the models to
devices or topics for which there exists sufficient data. As long as
the data are of good quality and in large quantities, ML models
make for efficient and relatively accurate models for certain
topics. Due to their computational efficiency, ML models are
particularly useful for optimization and rapid design screening.
Table 3 shows a comparison of typical neural network archi-
tectures discussed in this section.

3.3.1 Performance prediction from experimental data. The
use of experimental data for ML is a powerful way of inter-
preting and using the data, as long as it is of good quality and in
sufficient amounts. Golbabaei et al. compared various ML
methods for predicting the voltage of an anode-supported SOFC
based on 6 input variables. The methods included linear
regressors, K-nearest neighbors, neural networks and others. It
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was found that an artificial neural network (ANN) with a multi-
layer perceptron (MLP) architecture provided the best accuracy
in predicting the voltage. The training data consisted of 403
experimental observations from another author.*® Subotic et al.
used a novel approach of combining experimental data and
data from a multiphysics simulation. Several hundreds of such
data points were used to train an ANN that was used to predict
both the polarization curve and impedance of the cell based on
temperature, current density and fuel composition. The ANN
was shown to agree well with the measured data.”®

3.3.2 Surrogate modelling. Surrogate modelling replaces
conventional multiphysics simulations with faster, data-driven
approximations. Typically, simulation data are first generated
across a range of input conditions. A machine learning model is
then trained to emulate the simulation outputs, enabling rapid
prediction without re-running the full physical model. The
strengths of surrogate modelling is that data can be made as
much as is needed, but the data is limited to what a multi-
physics simulation can produce.

Surrogate modelling can already be found in SOFC model-
ling literature. Xu et al. utilized surrogate modelling based on
an ANN with a structure seen in Fig. 7a combined with the
genetic algorithm (GA) based on a CFD model of a single SOFC
to optimize its performance based on 10 input parameters. The
author was able to increase the power density of the SOFC by
109.6% compared to the base simulation by utilizing GA and
the surrogate model.”* Xing et al. developed a multi-fidelity
surrogate modelling framework for SOFC optimization using
a Bayesian feature-enhanced stochastic collocation method.
Their approach enables accurate, high-resolution predictions of
spatially distributed quantities without requiring low-fidelity
outputs at inference time. By incorporating engineered
features, the model efficiently replaces full 3D CFD simulations
and supports multi-objective optimization with significantly
reduced computational cost.**

3.3.3 Microstructure evolution and performance modelling
using machine learning. Machine learning (ML) is increasingly
being applied to study the evolution of microstructures in SOFC
materials, offering a powerful alternative to traditional phase-
field or empirical models. These approaches aim to predict
how features such as pore networks, grain boundaries, or phase
distributions change during processes like reduction, oxida-
tion, or long-term operation. Many types of convolutional
neural networks (CNNs) are utilized for this purpose, as they are
well suited for treating images and grid-like data.”

Table 3 Advantages and disadvantages of typical neural network structures used for SOFC applications

Disadvantages

Neural network Advantages
ANN Easy to implement and train
Suitable for surrogate modelling and parameter estimation
CNN Excellent for spatial data
Useful for 2D or 3D modelling of SOFCs
PINN Incorporates governing equations into training

Works well with limited data

This journal is © The Royal Society of Chemistry 2025

Requires a large amount of data

Does not exploit spatial data

May overfit without regularization

Higher computational cost due to longer training times
Requires large training datasets

Training can be difficult and slow

Still emerging
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Fig. 7 Machine learning efforts in SOFC research. (a) The neural
network structure used by Xu et al.°* Reprinted with permission from
Elsevier. (b) Comparison of real and predicted Ni-GDC
microstructures.®*

Sciazko et al. investigated the use of a conditional unsuper-
vised image-to-image translation network (C-UNIT) in predict-
ing the reduction process of Ni-YSZ and Ni-GDC based anodes.
The network was trained on unpaired images of Ni-YSZ and Ni-
GDC microstructures before and after reduction. The results
showed an excellent agreement between the predicted micro-
structure and the actual imaged microstructure, as seen in
Fig. 7b. The C-UNIT was even able to successfully predict
microstructures that were not part of the training set.**

Yan et al. developed a method of optimizing the micro-
structure of an SOFC cathode from fabrication to operation
using an ANN. The ANN is trained on cathode overpotentials
that have been calculated using the Lattice Boltzmann Method
(LBM) on synthetic cathodes. A total of 770 numerical simula-
tions were used as training data. The model is able to predict
degradation rates and cathodic overpotentials based on initial
powder characteristics. By coupling the model to GA, optimized
initial conditions for the powders were obtained.”®

3.3.4 Physics informed neural networks. An emerging class
of machine learning models, known as physics-informed neural
networks (PINNs), has gained attention for modelling complex
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physical systems where data may be limited or expensive to
generate. Unlike conventional neural networks trained solely on
data, PINNs incorporate the governing physical laws—typically
expressed as partial differential equations—directly into the
loss function during training.®®

Although PINNs have not been used to simulate single
SOFCs, many studies have been reported that could be used for
SOFCs. Berardi et al. developed a PINN for modelling transport
in porous materials, such as diffusion, which is highly appli-
cable for SOFCs.” Laubscher developed a PINN capable of
predicting momentum, species and temperature distribution of
a dry air humidification problem.®® Studies like these could help
in extending the use of PINNs for SOFCs, by incorporating
electrochemical reactions and other components required by
SOFCs.

4 Translating computational methods
to MS-SOFC challenges

As discussed previously, MS-SOFC research remains mostly
experimental. Although some modelling papers can be found
for MS-SOFCs, many research topics remain unexplored. This
section will highlight what kind of modelling techniques could
be adapted from conventional SOFC research to answer MS-
SOFC specific research questions. Fig. 8 shows various
research directions for future numerical studies on MS-SOFCs.

4.1 Adapting multiphysics modelling to MS-SOFCs

The difference between conventional SOFCs and MS-SOFCs lies
in the support layer. As the difference is fairly minimal, many
multiphysics models could be directly adapted for MS-SOFCs.
The required changes are related to the specific design of MS-
SOFCs and the parameters of the specific microstructure. The
material-specific parameters also need to be properly defined,
including, e.g. electrical conductivity and thermal conductivity.
Such a model would be able to predict the performance of an
MS-SOFC fairly well, although without the effect of degradation.
Unfortunately, many experimental papers on MS-SOFCs lack
important parameters, such as porosity or CTE, which would
allow for a direct recreation of such a cell computationally. This
results in computational researchers either having to fabricate
their own cells with which they could build and validate an MS-
SOFC model, or search for relevant parameters in other papers.

Successfully incorporating degradation mechanisms into
multiphysics models for MS-SOFCs would be a valuable asset in
optimizing both geometries and operating conditions for MS-
SOFCs. A similar approach as that of Rizvandi et al.*® could be
used. The degradation mechanisms that are most vital to
consider would be the oxidation of the metal support and the
thermal stress between the metal support and the ceramic
anode. In this way, the support and operating conditions could
easily be tailored to minimize both degradation, which in turn
maximizes the lifetime of the cell. The effect of oxidation of the
metal support on the porosity and the mass transport properties
of MS-SOFCs would also be an interesting topic. To pursue this,
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Fig. 8 Various modelling directions for future MS-SOFC numerical studies.

a well-established and validated multiphysics model for MS-
SOFCs should exist, which is currently not the case.

4.2 Cell and geometry optimization for MS-SOFCs

Cell and geometry optimization is one of the most promising
modelling applications for MS-SOFCs. The use of metal
supports enables diverse gas flow configurations, which can be
systematically explored through simulations. For example,
modelling can be used to determine the optimal number, size,
and distribution of gas diffusion holes in sheet-based metal
supports.

To compare how the different support configurations affect
the device performance might be difficult from individual
experimental studies. There are a lot of parameters in all the
studies in terms of the fully fabricated device. The studies might
employ different materials for the SOFC part, different fabri-
cation strategies, and different geometries and parameters. All
these aspects influence the performance of the MS-SOFC, which
usually is the target of these studies. Given the differences in the
studies, it might be difficult to quantify the benefits of the
chosen metal support type. Utilizing modelling, the functional
part of the SOFC can be kept constant while changing the metal
support configuration.

Optimization of an MS-SOFC using a porous substrate would
not differ very much from modelling conventional SOFCs aside
from parameters, but modelling a laser-drilled MS-SOFC could
prove to be difficult. The holes in the stainless steel sheet are
very small and abundant, which could increase the difficulty of
reaching convergence in its simulation. Modelling the gas flow
in the narrow holes requires intricate meshing, which can
increase the computational load, specifically for large scale 3D
simulations. Instead of modelling them directly, the holes

This journal is © The Royal Society of Chemistry 2025

could also be treated as effective porosity, but such a drastic
simplification could hide important details, such as what kind
of thermal stresses a laser-drilled substrate endures.

Aside from already mentioned metal structures, modelling
could essentially be used to generate whole new support
configurations that have not been reported in experimental
research. The freedom of producing a digital geometry could
yield a higher performing support configuration than what is
currently known. However, although the performance might be
better, it does not ensure that the configuration is viable to
produce experimentally. This highlights the need for experi-
mental validation, as the strengths of modelling cannot be
utilized unless there is a real physical outcome of it.

4.3 Using machine learning for MS-SOFCs

Machine learning presents an interesting option for MS-SOFC
modelling. MS-SOFCs are going to gain a lot from optimiza-
tion, which is a task specially suited for ML. Making surrogate
models of MS-SOFCs using multiphysics models could accel-
erate the optimization of the metal supports. The surrogate
models could be used to optimize the supports in terms of gas
transport, degradation rates, or both, depending on how the
model is made. Complex support structures could also stand to
gain from the strengths of PINNs. In the future, ML will
increasingly be used in conjunction with multiphysics models,
as software starts including methods to generate surrogate
models within multiphysics software.

Beyond surrogate models, machine learning can also be
applied to microstructural analysis in MS-SOFCs. Inspired by
the work of Sciazko et al., ML models could be trained to predict
the oxidation behavior on the basis of the material properties
and initial microstructure of the metal support. Although there
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are some models for the oxidation of metal supports in the
literature, an ML model could predict oxidation as seen from
experiments. The ML model could most likely also be connected
to a multiphysics model, making the multiphysics model closer
to a real simulation.

The limiting factor for efficient use of machine learning in
MS-SOFC research is the lack of publicly available data.
Machine learning needs a large amount of good quality data,
while the novelty of MS-SOFCs makes such data scarce. Any
researcher that wants to utilize machine learning for their
research has to generate their data themselves, making the
workload larger than for other topics.

4.4 Bridging experiments and modelling in MS-SOFCs

Currently, most experimental MS-SOFC studies do not include
modelling of any kind. At the same time, MS-SOFC modelling
studies include only slight validation against experimental data,
if any. In the future, it could be beneficial to have tighter inte-
gration between the two research methods. Modelling could be
used to design experimental work by narrowing down param-
eter ranges or choosing an initial optimal geometry to fabricate.
This way, the expensive and time consuming experiments are
conducted optimally, but the models are still true to reality as
the results are recreated experimentally.

To facilitate ML research for MS-SOFCs, it would be of great
benefit to crowd-source data. This would require researchers to
keep their data open-source, while clearly labeling it. The
amount of good quality data is key to increasing the accuracy of
ML models. By collaborating in the effort of data generation, the
community would together accelerate future research on MS-
SOFCs.

There is a strong opportunity to lead the future of MS-SOFC
development with computational means. More importantly, the
collaboration between experimental and modelling research
will be key for low-cost, reliant, and well performing MS-SOFCs.

5 Conclusions

Metal-supported SOFCs offer clear advantages compared to
conventional SOFCs, including lower cost, mechanical robust-
ness and better thermal cycling. Research into MS-SOFCs is
relatively novel, with most work being experimental. In this
paper, the prospects of using modelling to advance MS-SOFC
research were evaluated.

The state of the art for MS-SOFCs was summarized from the
literature, whereas current modelling efforts for general SOFC
research were also covered. Using this as a foundation, the key
opportunities for utilizing modelling techniques on the cell
scale for MS-SOFC research were identified. The paper focused
on multiphysics modelling, while novel machine learning
methods were also covered.

MS-SOFCs aim to benefit from modelling studies, particu-
larly for optimizing tasks and understanding degradation
mechanisms. From analyzing thermal stresses of specific cell
structures to investigating the influence of oxidation on mass
transport properties of the substrate, there are many
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opportunities to utilize modelling. The fast and inexpensive
methods can cover large parameter sets quickly compared to
experiments, which can be utilized to guide experimental
research and cell design.

As metal-supported SOFCs move toward commercial
viability, computational modelling will play an increasingly
important role in guiding their design, understanding degra-
dation, and accelerating optimization. Bridging the current gap
between experimental and computational efforts will be
essential to unlock the full potential of MS-SOFC technology.
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