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A Versatile Multi-Scale Framework for Transient Simulations of
Solid Oxide Cells and Stack Modules Integrated in DETCHEM
Oscar Furst and Olaf Deutschmannz

Institute for Chemical Technology and Polymer Chemistry (ITCP), Karlsruhe Institute of Technology, 76131 Karlsruhe,
Germany

This paper presents the comprehensive multi-scale modeling framework integrated in the DETCHEM detailed chemistry software
package, designed for the transient simulation of solid oxide cells (SOC), including button cells, planar repeating units, and stack
modules. The framework uses a hierarchical approach, enabling calibration with button cell experiments and subsequent
application to larger systems. Key features of the model include transient 1D simulations for generating electrochemical impedance
spectra (EIS), spatially resolved mass and charge transport models for microstructure optimization, 2D mass and heat transport for
planar cell simulations and a 3D homogenized model for performance analysis of SOC stack modules. Additionally, the model
incorporates a thermocatalytic chemistry module to simulate the decomposition of a variety of fuels and an internal manifold model
to study flow maldistribution in SOC stacks. The framework’s versatility is demonstrated through case studies, including the
calibration and validation of a co-electrolysis cell model using experimental EIS and polarization curves, transient simulations of
ammonia-fed repeating units, and the evaluation of flow maldistribution effects in a stack module.
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Nomenclature
Greek
α [-] Volume fraction
ϵ [-] Emissivity
Γsurf [mol/m2] Density of active sites on a catalyst
λ [W/m/K] Thermal conductivity

λ V
TPB

[1/m2] Volumetric triple phase boundary length

μ [Pa s] Dynamic viscosity
ν [-] Stoichiometric coefficient
ω̇ [mol/m3/s] Species production rate (gas-phase reac-

tions)
φ [V] Electric potential
ψ [-] Number of adsorption sites occupied
ρ [kg/m3] Density
σ [S / m] Conductivity
θ [-] Surface coverage
ζ [-] Pressure loss coefficient
Latin

AV
DPB

[1/m] Volumetric double phase boundary area

C [F] Capacitance
c [mol/m3] Concentration
cp [J/kg/K] Specific heat capacity
E [V] Electric potential difference
Ea [J / mol] Activation energy
F [s A/mol] Faraday constant
G [J / mol] Gibbs energy
Gz [-] Grashof number
h [J / kg] Specific enthalpy
hconv [W/m2/K] Convective heat transfer coefficient

ie
V [A/m3] Charge transfer rate

I [A] Current
i [A/m2] Current density
J [mol/m2/s] Molar flux
k Variable Reaction rate constant
Nu [-] Nusselt number
p [Pa] Pressure
Pr [-] Prandtl number
q [W/m2] Heat flux

Q̇ [W] Heat flow rate

(Continued).

̇qV [W/m3] Volumetric heat production rate

Q [m3/s] Flow rate
R [J/mol/K] Gas constant
Ra [-] Rayleigh number
RCT [-] Set of charge transfer reactions
Re [-] Reynolds number
Rsurf [-] Set of surface reactions
̇s [mol/m3/s] Species production rate (surface reactions)
Sg [-] Set of gas species
Ssurf [-] Set of surface species
T [K] Temperature
u [m / s] Velocity
W [kg / mol] Molecular weight
X [-] Mole fraction
x, y, z [m] Spacial coordinates
Y [-] Mass fraction
Z [Ω/m2] Area specific impedance

In a future with a strong market penetration of renewable energy,
chemical energy carriers will provide stable long-term energy
storage and transportability. Hydrogen is predicted to be a corner-
stone of this future energy market because it can be used as-is for
power generation, or as chemical feedstock to be further processed
into commodities and high value energy carriers.1

Solid Oxide Cells (SOCs) shape up to be a key technology in this
scenario, as they boast high efficiencies utilized as both fuel cells
and electrolyzers, and can be manufactured using more abundant
catalyst materials than low-temperature electrochemical devices.2

The SOC technology is undergoing its scale-up phase, with large
manufacturing plants under construction3 and multiple megawatt-
scale SOC modules under operation.4,5

As interest in SOCs continues to grow, the modeling of Solid
Oxide Electrolysis Cells (SOECs) and Solid Oxide Fuel Cells
(SOFCs) becomes increasingly pertinent. Modeling is crucial
throughout the entire life cycle of the cells, enhancing the effec-
tiveness of their manufacture and optimizing the efficiency of their
applications. The methodologies for simulating SOCs are as diverse
as their applications, each tailored to meet specific requirements.

In systems modeling, when a performance prediction of a SOC
integrated in a larger system is required, simulation speed is often as
important as accuracy. In such applications, fast 0D models, whichzE-mail: deutschmann@kit.edu
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are fitted to a specific cell design in a limited range of operating
conditions using many experiments, are often the most appropriate
ones.6,7 These simple models serve the same purpose as surrogate
models,8,9 which circumvent modeling the physical phenomena
altogether. Alternatively, some system models strike a balance
between speed and accuracy by simulating a single cell representa-
tive for the performance of the whole stack.10

SOC models are also employed to optimize the design of the cells
themselves, or the design of SOC stack modules.11–13 In such cases,
more detailed modeling approaches are warranted in order to ensure
that all relevant physical processes are considered, especially when
parameter variations are performed for which no experimental
validation is available.14 Such models also provide performance
metrics inaccessible through experimentation alone, providing valu-
able information for the better design and operation of SOC.15,16

The most detailed simulation methodologies are used to enhance
the understanding of the physical processes occurring within the
cells. For example, simulating the electrochemical reaction using an
elementary kinetic model may help to uncover the reaction
pathways.17,18 Modeling the chemical reactions responsible for the
production of charge-carrying defects in ceramic conductors helps to
understand the factors responsible for changes in the conductivity of
ionic conductors.19,20

In this work, we present a flexible, multi-scale model designed
for the transient simulation of button cells, planar repeating units and
SOC stacks. The hierarchical approach, illustrated in Fig. 1, allows
the calibration of the model to be performed with button cell
experiments, which are the cheapest and fastest to perform, and to
subsequently simulate repeating units and stacks.

The featured model, which is part of the DETCHEM21 software
package, includes the following capabilities:

• Transient 1D isothermal button cell simulations for the
production of electrochemical impedance spectra (EIS) and polar-
ization curves.

• Performance analysis of SOC modules through 2D repeating
unit and 3D stack simulations considering transient heat transport.

• Microstructure optimization owing to the mass and charge
transport models spacially resolved across the thickness of the
membrane electrode assembly (MEA).

• A thermocatalytic chemistry model based on elementary
reaction mechanisms compatible with a large database of mechan-
isms for the decomposition and production of hydrogen carriers.22

• Study of the influence of flow maldistribution in SOC stacks
using an internal manifold model.

Compared to similar studies and previous versions of the soft-
ware, the present modeling framework stands out with a fast and
accurate internal manifold flow model, stack potential field compu-
tation algorithm and a conservative, transient 1D channel flow
model.

A detailed exposition of the modeling framework is provided in
the following Sections and concluded with a case-study of a Ni-
YSZ/YSZ/LSM-YSZ cell for which experimental data were taken
from literature in order to demonstrate the model’s capability to
predict SOC performance under various operating conditions,
providing valuable insights for the design and optimization of
SOC systems.

Methods

In the following sections, we present a comprehensive exposition
of the DETCHEMSOC model equations and solution algorithms. The
first main Section pertains to the simulation of button cells and
repeating units (1D MEA model and 1D+1D repeating unit model
seen in Fig. 1), while the second main Section deals with the
simulation of SOC stacks (3D stack model seen in Fig. 1).

This SOC model processes user-input parameters encompassing
cell geometry, material properties, and physical characteristics to
calculate the spatial distribution of species, temperatures, and current
densities within the cells under the desired operating conditions.

Previous iterations of the modeling framework were described in
our former studies14,23–25 and a description of its current capabilities
is provided herein. The parts of the modeling framework published
before are briefly reiterated, while improvements and additions such
as the improved channel flow model, stack potential field computa-
tion algorithm and the internal manifold model are given a more
thorough description.

Planar solid oxide cell model.—Mass and momentum trans-
port.—In order to be able to simulate transient phenomena in SOCs,
such as the start-up, fluctuating inlet conditions and shut-down, a
time-accurate model for the gas flow through the repeating unit gas
channels and the button cell gas compartments was developed.

Bulk flow in planar repeating units: Since transient simulations
are computationally intensive, computation times are kept reason-
able through some simplifying assumptions which lead to a transient
formulation of the plug flow model commonly used in chemical
engineering. First, (i) a flow with a low Mach number is assumed.
The low Mach number assumption is the broadest definition of
incompressible flow, since its main implication is that pressure
variations inside the flow are small enough to have a negligible
impact on the density of the fluid, while still allowing changes in the
fluid density through variations in temperature or composition.26

Secondly, two of the main assumptions of the plug flow model are
used, which are that (ii) diffusive mass transport along the channel is
negligible compared to convective mass transport,27 and that (iii) the
flow can be assumed to be homogeneous across the channel cross-
section due to its narrow geometry.28

An appropriate set of equations is obtained from the transport
equations for low Mach number reacting laminar flows of Day and
Bell29 and removing diffusion terms:

Figure 1. Illustration of the multi-scale modeling methodology. The 1D membrane electrode assembly (MEA) model is used for button cell simulations. It is
complemented by a 1D channel model and 2D heat transport model to form a planar repeating unit (RU) model. The RU model can then be leveraged for 3D
stack simulations.
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with the velocity vector field u, the heat flux vector field q,
molecular weight of the gas mixture W, specific enthalpy hm,
volume-specific production rate ω̇m and mass fraction Ym of the
species m which is part of the set of gas species Sg.

These equations are then reduced to 1D (thereby satisfying the
assumption of cross-section homogeneity) and discretized in space
according to the finite volume method on a collocated grid using first
order upwind interpolation of face values to yield a set of equations
for the flow velocity, density and mass fractions. These equations are
coupled to the heat transport equations presented later (Eq. 47)
through the specific enthalpy h, the heat source term Q̇channel (see
Eq. 52) which appears as the surface integral of q and the enthalpy-
dependent variables T and cp.

The absence of momentum conservation equation is noteworthy.
It is due to the assumption of 1D flow, resulting in a flow field that
can be fully determined from Eq. 1. The momentum conservation
equation becomes redundant unless the pressure gradient along the
channel is of interest. Note that despite the low Mach number
assumption, the pressure still varies throughout the flow due to
viscous losses and variations in the density that are caused by
changes in temperature and composition. However, the magnitude of
these pressure changes are small enough to allow using a constant,
homogeneous pressure field (commonly referred to as thermody-
namic pressure) to evaluate the equation of state, while computing a
variable, non-homogeneous pressure field (called the mechanical
pressure) through the momentum equation and Eq. 1. This concept is
sometimes referred to as pressure filtering.28

The boundary conditions at the inlet are straightforward,
consisting of an inlet flux with specified velocity, temperature
and mass fractions. Since the velocity profile across the channel
cross-section is not resolved, entrance effects are not considered.
Boundary conditions along the surface of the porous electrode,
which, in the 1D model, manifest as source terms, need to be
formulated carefully in order to yield a conservative set of
equations. In the species conservation equation, the area-specific
mass flux through the channel/electrode interface is expressed as
Wm Jm, with the area-specific molar flux through the interface Jm
computed according to the dusty gas model (DGM) (see Eq. 8).
The bulk gas velocity across the electrode/channel interface, which
results in a source term uelectrode for the 1D discretization of Eq. 1,
is computed as

∑= [ ]
∈

u
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p
J . 3

m

m

S
electrode

g

Thus, the final set of equations can be reformulated in 1D along
the x axis with additional source terms:
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with hchannel and wchannel the height and width of the channel.
Bulk flow in button cells: Since button cells are mainly used for

the electrochemical characterization of cells, they are operated with
a high mass flow rate of reactant in order to minimize the influence
of mass transport in the gas compartments. Hence, the gas compart-
ments can be assumed to be perfectly mixed and are simulated with a
transient continuous stirred tank reactor model. Such a model was
developed by Zhu and Kee and shown to accurately replicate the low
frequency behavior of the system observed in EIS.30 The aforemen-
tioned model uses a convective formulation of the mass conservation
equation, which may lead to an accumulation of numerical errors in
the density and mass fractions but perfect satisfaction of the equation
of state. In order to conserve mass with a high accuracy throughout
the computation, a transient CSTR model was developed by
integrating the conservative Eqs. 1 and 2 over the volume of a gas
compartment, assuming perfect mixing of the gas within and
reformulating volume integral of divergence terms to surface
integrals. The result is a set of equations very similar to the
discretized formulation of Eqs. 1 and 2:
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with uin and uout the velocity of the incoming and outgoing flow
respectively and hCSTR the height of the gas compartment. uelectrode is
the velocity of the flow of gas from the porous electrode into the gas
compartment, and qchannel is the heat flux from the electrode into the
gas compartment.

Due to the mostly homogeneous gas composition on both sides of
the MEA, coplanar gradients inside the button cell are small.
Therefore, the cell is assumed to be infinitely wide, leading to a
purely 1D button cell model. Note that, in Eqs. 6 and 7, the infinitely
wide surface facing the MEA is assumed to serve both as inlet and
outlet in its entirety, since the subdivision of the surface in an inlet
and outlet portion would only increase the inlet and outlet velocities
by an arbitrary geometrical parameter without influencing the
physical behavior of the gas compartment.

Compared to the model of Zhu and Kee,30 this set of equations is
conservative, but accumulates numerical errors in the equation of
state (ideal gas law) as a trade-off.

Gas in the porous electrodes: Inside the MEA, mass transport in
the normal direction is dominant. Consequently, it is assumed that
gradients in coplanar directions can be neglected, allowing simula-
tion of the mass trasport in the MEA through a 1D model. In the
functional layer, diffusion layers and current-collecting layers of the
porous electrodes, mass transport between the gas channel and the
electrolyte is simulated in 1D using the dusty gas model (DGM). In
the DGM, mass transport in a porous medium is assumed to be the
result of three independent transport mechanisms: viscous flow
driven by a pressure gradient, continuum diffusion and Knudsen
diffusion.31 In a 1D case, this results in the following expression for
the area specific molar flux Jm of species m ∈ Sg:

17,32
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where Hab are the components of the matrix H for every combina-
tion of gas species ∈ [ ( )]a b n S, 1, g , δab is the Kronecker delta, αpore

is the porosity of the electrode, Dkl is the binary diffusion coefficient
for gases k and l, μ is the dynamic viscosity of the gas mixture, p is
the gas pressure, dpore is the mean pore diameter, Xk is the mole
fraction of species k in the gas mixture and ck is its concentration.

A species conservation equation for the density ρm = Ym ρ of
species m ∈ Sg in porous layers can subsequently be established,
additionally considering source terms due to charge transfer reac-
tions and thermocatalytic chemistry:17,32
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where z is the spacial coordinate in MEA-normal direction, ̇sm is the
production rate of species m through thermocatalytic reactions (see
Eq. 18), iF r

V
, is the Faradaic charge transfer rate in the chare transfer

reaction r ∈ RCT (see Eq. 22), ne,r is the number of electrons
transferred in the charge transfer reaction and νm,r is the stoichio-
metric coefficient of species m in reaction r. The mass conservation
equation for the total gas density ρ can be obtained as the sum of
conservation equations for all species in Sg. The pressure used in the
computation of the flux Jm in Eq. 8 is computed using the ideal gas
law.

At the channel/electrode boundary, the gas composition is
assumed to be identical to the gas in the channel. The flux Jm
computed at this interface using Eq. 8 couples the transport model of
the porous layers to the bulk gas transport model. The electrode/
electrolyte interface is assumed to be impermeable, the flux Jm
therefore vanishing.

Thermocatalytic heterogeneous chemistry.—Depending on the
type of fuel fed to the SOC, the heterogeneous chemistry on the
catalytically active cell materials, typically nickel, needs to be
considered. Common use-cases are direct ammonia fuel cells with
internal ammonia cracking,33,34 internal methane reforming in fuel
cells fed with natural gas17,35 and internal methanation during co-
electrolysis of H2O and CO2.

36

Considering surface chemistry in an electrode requires an
additional set of variables, which are the surface coverage θm of
the catalyst with the surface species m ∈ Ssurf. It is computed in a
conservation equation as a function of the density of available active
sites Γsurf and the surface species production rate per catalyst surface

area ̇sm
A as24,28,37,38
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16m m m
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where ψm is the number of adsorption sites covered by species
m ∈ Ssurf.

The surface specific production rates ̇sm
A of gas-phase and surface

species m ∈ Sg ∪ Ssurf, in turn, are computed from a set of
elementary kinetic reactions r ∈ Rsurf as follows:
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where ν′m r, and ν″m,r are the stoichiometric coefficients of species m
as reactant and product in reaction r and kf,r is the forward reaction
rate constant. ck is the concentration of species k, which has a
dimension of [mol m−3] for a gas species and [mol m−2] for a
surface species. Accordingly, the dimension of kf,r varies with the
dimensions of ck and the stoichiometric coefficients ν″k,r. The
production rates for surface species enter the source term of
Eq. 16. The volumetric gas species m production rates ̇sm used in
Eq. 15 is obtained by multiplying the surface specific production rate
̇sm
A with the catalyst surface area per unit volume, which is usually

the surface area of the metallic phase:

̇ = ̇ [ ]s s A . 18m m
A V

cat

The reaction rate constants kf are computed as:38
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where A is the pre-exponential factor, κ introduces a temperature
dependence on the pre-exponential factor, Ea is the activation energy
of the reaction and ξk,r regulates the influence of surface coverages
of species k on the activation energy of the reaction r in order to
account for lateral interactions. These variables are unique to each
reaction and are determined along with the reaction mechanism
itself. In the case-study performed herein, a reaction mechanism of
methane reforming and water-gas shift on nickel consisting of 42
elementary steps is used,39 but other mechanisms may be used to
model other fuel or electrode compositions.22

The thermodynamic consistency of these mechanism is guaran-
teed using the method outlined by Maier et al.38 which ensures that
the ratio of forward and backward reaction rate constants correspond
to the thermodynamic equilibriums. Reactions are only paired as
forward and backward reactions for the purpose of adjusting
thermodynamic consistency. Otherwise, all reaction equations of a
given mechanism are considered forward reactions for the purpose
of Eqs. 17 and 19.

Electrochemical model.—In a fuel cell model, the electroche-
mical model is the central component which determines the relation-
ship between the cell potential Ecell and the achieved current
density i.

In DETCHEMSOC, the electrochemical reaction rates are mod-
eled using a modified Butler-Volmer equation, which links the local
half-cell activation overpotential ηact to the resulting local charge
transfer rate per unit length or area λ/ir

A of the charge transfer
reaction r:

β η β η
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where i0,r is the exchange current density and ne,r is the number of
elementary charges transferred. βa and βc are the anodic and
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cathodic charge transfer coefficients, which depend on the elemen-
tary reactions involved in the charge transfer mechanism.

The exact expressions used to compute the exchange current
densities i0,r depend on the electrode materials,17,40 but take the
following general form:

= − ( ) [ ]⎛
⎝

⎞
⎠

i A
E

RT
f pexp 21r r

r
s0,

with a pre-factor Ar, an activation energy Er and a function of the gas
partial pressures f(ps). The exchange current density is expressed in
A/cm in a cermet electrode and in A/cm2 in a mixed ionic-electronic
conductor electrode.

While the Butler-Volmer equation is derived from transition state
theory strictly for single-step, single-electron transfer reactions, it
remains an excellent approximation even for multistep reactions
involving multiple electron transfers.41 In such cases, the charge
transfer coefficients and the exchange current densities are treated as
fitting parameters adjusted to experimental data. Thus, it is used as
an empirical correlation with only loose connection to the reaction
mechanism. In modeling studies of reversible SOCs, the same
kinetic rate equation is often successfully applied to pairs of
oxidation and reduction equations, e.g., the oxygen evolution
reaction and the oxygen reduction reaction.42–44 While this may
suggest similar electrocatalytic activity of the electrode for both
reactions, such empirical modeling approaches are not suited for
drawing precise conclusions about the underlying reaction mechan-
isms.

Table III shows the expressions used to compute the exchange
current densities in the case-study performed herein. In this study,
the LSM-YSZ air electrode and the Ni-YSZ fuel electrode are both
cermet electrodes, which results in the reactions taking place over
the triples phase boundary between the gas, the metallic phase and
the ceramic phase λ V

TPB. Therefore, the local Faradaic charge transfer

rate iF r
V

, for reaction r is obtained as follows:

λ= [ ]λi i 22F r
V

r
V

, TPB

The superscript V indicates volumetric quantities, i.e., triple phase
boundary (TPB) length per unit volume.

The activation overpotential ηact is determined from the local
potential of the electron- and ion-conducting phases φel and φio and
the local reversible half-cell reaction potential Erev,r depending on
the considered reaction r:45
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where patm = 101325 Pa and ΔGm
0,f is the Gibbs free energy of

formation of species m at temperature T.
In cases where the fuel composition allows both H2 and CO

reaction pathways, charge transfer rates λ
/iH H O2 2

and λ
/iCO CO2

are
computed for both half-cell reactions. However, as the reaction sites
are shared by both reaction pathways, the actual charge transfer rate
in the fuel electrode is computed as the sum of both half cell reaction

charge transfer rates weighted by the mole fractions of H2O and
CO2:

24

= + ( − ) [ ]λ λ λ
/ /i w i w i1 27total H H O CO CO2 2 2
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where the mole fractions correspond to the local composition of the
gas phase, which changes across the thickness of the electrode
according to the mass transport model.

Charge transport.—Since the electrochemical model computes
the charge transfer rate over the full height of both electrodes (as
opposed to just the porous electrode/bulk electrolyte interface, which
is often assumed in simplified models), the overpotential η needs to
be known at every point of the electrode. The potential fields φel and
φio (electron-conducting and ion-conducting phase), which in term
depend on the current density fields iel and iio, therefore need to be
computed using a charge transport model.

The present distributed charge transport model considers the
movement of charged particles, usually electrons e’ in the electron-
conducting phases and oxygen vacancies VO

.. in the ion-conducting
phases, produced throughout the porous electrodes by charge
transfer reactions. As is common in SOC literature, the terms anode,
cathode and electrode are used herein to refer to all the solid phases
of the porous structures on either sides of the impermeable bulk
electrolyte, and electrolyte refers to the impermeable membrane.

In the present cell model, a simplified implementation of the
distributed charge transfer model developed by Zhu et al.46 is used,
which is a Nernst-Planck equation simplified with the assumption
that the charge transport due to species concentration gradients can
be neglected. Therefore, the current density in the phase

∈ { }m el, io is proportional to its effective conductivity σm
eff (see

Eq. 45) and the local potential gradient:

σ
ϕ

=
∂
∂

[ ]i
z

29m m
meff

The divergence of the electronic and ionic current density
describes the amount of charge carriers produced in their respective
phases, which is the charge transfer rate ie

V . Under the assumption of
electroneutrality, the accumulation of charge in both phases is
equilibrated so that the charge transfer rates for the electronic and
ionic phases are complementary:

∂
∂

= [ ]i

z
i 30e

Vel

∂
∂

= − [ ]i

z
i . 31e

Vio

Boundary conditions and the ability to evaluate the charge
transfer rate ie

V as a function of known variables close the system
of equations and allows the computation of the potential fields φel

and φio.
Herein, the charge transfer rate is assumed to be composed of the

Faradaic charge transfer rate iF
V and the double layer charge transfer

rate iV
DL:

= + [ ]i i i 32e
V

F
V V

DL

The former is computed according to Eq. 22 while the latter is
computed according to a plate capacitor model18
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where CDL is the double-layer capacitance of the phase boundary
between the ion-conducting phase and the electron-conducting phase
per double-layer surface area and /Ael io

V is the phase boundary per
unit volume.

The only transient component of the charge transport model is the
charging of the double layer, which is relevant for the simulation of
impedance spectra. Since double-layer charging has a very short
time-scale, iV

DL can be assumed to vanish for all other types of
simulations. In such cases, the discretized form of Eqs. 30 and 31 are
integrated with the secant method.

As boundary conditions for the electron-conducting phase, a
reference potential of Ecell is set at the cathode/air channel boundary
and a reference potential of 0 V is set at the anode/fuel channel
boundary. If the bulk electrolyte is a pure ion conductor, the electron
flux must also vanish at the cathode/electrolyte and anode/electrolyte
boundaries. In the ion-conducting phase, which exists in the cathode,
electrolyte and anode, the ion flux must vanish at the cathode/air
channel and anode/fuel channel boundaries.

Contact resistances can also be considered at such interfaces. As
contact resistance is difficult to measure or predict, in this study the
contact resistances are assumed to be the difference between
measured ohmic resistance of the SOC (measured through EIS)
and computed resistance of the electrolyte (determined from its
geometry and conductivity measurements from literature), concen-
trated at the fuel electrode/electrolyte boundary.

Microstructure model.—In order to simulate the gas transport in
the electrodes using the dusty gas model, charge transport through
the porous conductors and electrochemical kinetics at the double and
triple phase boundaries, it is of paramount importance to know a
number of morphological characteristics of the electrodes such as its
porosity, tortuosity, pore diameters, phase boundary areas and triple
phase boundary lengths.

While a number of such properties can be determined experi-
mentally or through numerical simulation of the sintering process, it
is generally more economical to approximate these properties using
analytical expressions derived from percolation theory. Since the
fabrication process has a great influence on the morphology of the
electrode, the set of expressions used to evaluate most parameters
differs between cermet electrodes and infiltrated electrodes.

To evaluate the properties of cermet electrodes, the percolation
model developed by Bertei and Nicolella is used.14,47,48 Assuming
an electrode composed of three phases, comprising pores and two
solid phases m and n, a central component of the model is the
percolation probability γk of the phase ∈ { }k n m, , which is
computed using the following empirical correlation:14,47

γ = −
−

[ ]⎛
⎝
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⎠

Z
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4.236

2.472
34k

k k,
3.7

where Zk,k is the average contact number between k-particles.
The volume-specific length of the triple phase boundary λ V

TPB can
then be computed as:14,48

λ π π γ γ= ( ) [ ]⎛
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where rp,k is the mean radius of particles of the solid phase
∈ { }k n m, , nk

V is the volume-specific number of particles in the
electrode after sintering and Zm,n is the average contact number
between m-particles and n-particles. Therein, an initial porosity
before sintering of 0.36 is assumed.48

nm
V and Zm,n can, in turn, be evaluated from the particle diameters

and phase volume fractions through a series of expressions derived
by Bertei and Nicolella48 and not repeated here for the sake of
clarity.

The volume-specific area /Am n
V of the boundary between solid

phases m and n can be computed in a similar fashion:48
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The volume-specific area of the boundary between phase
∈ { }k n m, and the gas is computed as45

π= [ ]/A r n4 37k gas
V

p k k
V

,
2

and the mean pore diameter dpore as14
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where dk is the mean particle diameter of the phase ∈ { }k n m, and
αk,BS is the volume fraction of the phase k before sintering.

To evaluate the properties of infiltrated electrodes, the percola-
tion model developed by Vijay et al.49 is used. By nature, the
backbone of infiltrated electrodes is necessarily percolating, leaving
only the percolation probabilities of the infiltrated nanoparticles n
and the pores to be determined using the following empirical
relations14,49
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where Sn is the surface area fraction of nanoparticles n computed as

α π
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The volume-specific length of the triple phase boundary λ V
TPB is

computed as:14,49

λ π γ γ= [ ]r n Z2 42V
p n n

V
n m nTPB , , pore

in which phase n is the infiltrated nanoparticle phase while m is the
backbone phase. In the case of infiltrated electrodes, the coordination
number Zn,m can be computed from the lengthy but straightforward
process detailed by Vijay et al.49

The volume-specific interfacial area /Am n
V is computed as

π γ= [ ]/A r n Z 43V
p n n

V
n m nm n ,

2
,

and the mean pore diameter dpore as

α
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In both infiltrated and cermet electrodes, the effective conduc-
tivity σk

eff of phase ∈ { }k n m, is estimated from the conductivity of
the dense material σmat,k:

14,50

σ σ α α γ= [( − ) ] [ ]1 . 45k k k k
eff

mat, pore
1.5

The tortuosity of the pores, when it cannot be measured, is
approximated using the following expression developed by Lanfrey
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et al. for random packings of identical particles:51
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Heat transport.—While button cells can generally be assumed to
be operated isothermally due to their small dimensions and the
typically high gas flow rates, the performance of larger planar SOCs
is significantly impacted by temperature gradients along the MEA.
Therefore, a heat transport model that takes into account all
significant heat sources and sinks is critical for the accuracy of
planar SOC simulations.

Experimental data which can be used to validate such models are
rare, but the present heat transport model has been validated in the
past by Wehrle et al.25

Bulk gas in planar cells: Heat transport through the gas channels
is computed using an energy conservation equation derived from the
model of Day and Bell29 in the same fashion as the mass transport
model presented in Eqs. 4–5:

ρ ρ∂
∂

= −∇· [ ]h

t
hu 47

where h is the specific enthalpy of the gas mixture. Therein, heat
transfer between the gas and the neighboring solid phase manifests
as a boundary condition. When the equations are discretized and
reduced to a single dimension along the gas channel length, the heat
transfer can be treated as a source term Q̇channel. This source term is
evaluated from an empirical expression for the Nusselt number Nu in
the fully developed laminar flow of catalytic monolith channels,52

which allows the computation of the heat transfer coefficient hconv:
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where λg is the heat conductivity of the gas, dh is the hydraulic
diameter of the channel, x is the distance to the channel inlet, wchannel

is the width of the channel, hchannel is the height of the channel, Re is
the Reynolds number of the flow and Pr is the Prandtl number of the
fluid.

The heat transfer coefficient hconv allows to compute the heat flux
through the lateral boundaries of the channels, which can be
different on every side depending on the solid surface temperatures
Tsolid:

= ( − ) [ ]q h T T . 52conv conv solid

Q̇channel is the surface integral of boundary fluxes qconv over the gas/
solid interface. Discretized with a first order method, the integral is
simply the sum of all boundary fluxes qconv at the four side of the
channel multiplied by their corresponding surface areas.

Since the specific enthalpy h is a nonlinear function of the gas
temperature T, the temperature is determined iteratively using the
Newton method.

Solid phase: For the solid phase, the following 2D heat diffusion
equation is solved:24

ρ λ∂
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T q 53p

Veff eff eff
solid

The density ρeff, specific heat capacity cp
eff and thermal conductivity

λeff are expressed as effective homogenized properties of the
considered layers (e.g., porous support layer, cermet electrode,
bulk electrolyte), taking into account their porosities and composi-
tions:
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with αm,l being the volume fraction of the material m from the set of
solid materials Ml in the layer l.

In the heat diffusion equation, ̇qV
solid represents the sum heat

source terms per unit volume, which differ depending on the location
in the cell. In the fuel electrode, it includes endothermic or
exothermic thermocatalytic reactions:
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with the molar reaction entropy Δsr is also assumed to be entirely
released in the fuel electrode, since computing the reaction heat from
half-cell reaction would require thermodynamic properties of charge
carriers which are difficult to determine. In both electrodes, ̇qV

solid

also includes activation losses ̇qV
act from the charge transfer reactions:
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Since all layers conduct charge carriers, ̇qV
solid also includes joule

heating ̇qV
joule, computes as

σ σ
̇ = + [ ]q

i i
60V

joule
el
2

el
eff

io
2

io
eff

with the effective conductivities of the electron and ion conducting
phases σeff and the current densities i. Additionally, contact
resistances Rcont between all layers (current collectors, electrodes,
barrier layers, electrolyte) are taken into account, which induce
additional joule heating:

= [ ]q i R . 61joule,cont
2

cont

Joule heating through contact resistance is area specific, but is
implemented as a volumetric heat source in the adjacent discretized
volume of the neighboring electrode.

The surface of the electrode, where the electrode/channel inter-
face is located, requires special consideration because it is simulta-
neously in contact with the ribs of the interconnect. Although the cell
model is 2D, these ribs are still considered and can be imagined to
form a porous layer connecting the electrode with the bulk of the
interconnect. However, these layers are treated differently than the
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porous electrode layers because the heat transfer mechanisms are
different.

First, the diffusive heat transport term of Eq. 53 applies to the
interface between electrode and ribs, only that it needs to be adjusted
for the reduced contact area between the two. Then, due to the high
temperatures in SOC, heat transport between interconnect and
electrode through radiation at the channel surfaces also needs to
be considered. It is modeled as the following heat flux:24

σ
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T T
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4
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4

rad,ede ic

with the electrode surface temperature Tede, the interconnect surface
temperature Tic and the Stefan-Boltzmann constant σSB. Since the
metallic interconnect typically has a much higher thermal conduc-
tivity than the MEA, and the interconnect is very long compared to
its height, its temperature is assumed to be homogeneous across its
height. Like Joule heating through contact resistances, the heat flux
is implemented as volumetric source term applied to the concerned
discretized volumes.

Rrad,ede→ic is the thermal resistance to radiation, and includes the
dimensions of the channel wchannel and hchannel, the view factors F
between these areas and their total emissivities ϵ:24
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in which Fede→ic = Fede→ic,plate + Fede→ic,rib.
Finally, every surface of the channel also produces a convective

heat transport term qconv, as discussed in the previous Section (see
Eq. 52).

Computational procedure.—In order to strike a profitable balance
between model accuracy and computation speed, the model equa-
tions presented in the previous Sections are solved more efficiently
through the use of two specific methods.

Decoupling time-scales: First, the physical processes are
assumed to proceed in three significantly different time scales.
Heat transport in the solid phase is the slowest of all considered
processes, and can therefore be assumed to be the only transient
process when it is considered. During the solution of the heat
transport problem, it can be assumed that all other processes are so
fast in comparison that they can be considered to be in the steady
state at any time.

Therefore, mass and energy transport in the gas phase as well as
charge transport are simulated transiently only for isothermal
simulations. Since charge transport is the fastest of all considered
processes by orders of magnitudes, it is usually decoupled by
assuming that it is always in steady state, save for the computation
of EIS.

Decoupling the equations in such a way greatly reduces the
computational cost of the solution procedure without significant loss
in accuracy, as long as the assumptions on time-scales hold true for
the computed cases.

Space-marching: Assuming a plug shape of the flow in the
channel also renders the energy and mass transport in the gas flow
1D along the length of the cell (see Eqs. 4–5). In such incompres-
sible flows with no axial diffusion, no information needs to be
propagated upstream, which allows to solve this partial differential
equation through space-marching. All other significant transport
equations, namely mass and charge transport in the MEA, were also
formulated in 1D, but in flow-normal direction: the concentration
and potential gradients in the MEA are orders of magnitudes greater
in this direction. Therefore, the only information needed to simulate
any cross-section of the MEA is the state of the flow in upstream
direction, as long as the direction of the flow is identical in both
channels (co-flow configurations).

Consequently, the problem can be solved numerically through
space-marching. The partial differential equations in time and space
are simplified to ordinary differential equations in time which are
then solved using the semi-implicit differential-algebraic equation
solver LIMEX.53 The first discretized Section of the MEA can be
solved over the full simulated time span before moving on to the
next Section in flow direction. The method is illustrated in Fig. 2. It
greatly reduces both simulation time and memory requirements.

This method cannot apply to the heat transport in the solid phase,
since the problem is considered in 2D. However, since heat transport
is decoupled from the other phenomena due to its time-scale, the
space-marching algorithm can be used to compute the steady state of
all other model components during each iteration of the thermal
model.

Stack model.—With a functional repeating unit model, little is
missing in order to be able to simulate a full SOC stack. Most
importantly, SOC stack simulations require a 3D heat transport
model, since significant temperature gradients can be observed in
every direction. In addition, it is advantageous to be able to
simulate the flow through the stack manifolds, since maldistribu-
tion of the flow to the individual cells can have a significant impact
on the stack performance.54 Flow maldistribution is an especially
relevant topic in SOC stacks optimized for compactness, such as
for mobile applications.55 Finally, the potential difference under
which individual cells operate is not homogeneous throughout the
stack and need to be computed to accurately represent cells
connected in series.

Computation procedure.—Similarly to the cell model, the stack
model is accelerated by leveraging three different methods presented
in this section. The resulting set of ordinary differential equations in
time are also solved using the semi-implicit differential-algebraic
equation solver LIMEX.53

Decoupling time-scales: To construct a computationally effi-
cient SOC stack model, it is advantageous to decouple the relatively
rapid chemical reactions and gas transport processes occurring
within the cells from the considerably slower heat transport process
taking place within the stack, just as it is done on the RU scale. In the
case of stack simulations, only steady state simulations of the RUs
and the flow need to be performed. These steady state simulations
are performed under the assumption of a constant solid-phase
temperature.

Homogenization: A SOC stack can be composed of hundreds of
cells, each cell also being divided in dozens of RUs. Using a
discretization as detailed as the cell model, with a matching
discretization in the third dimension, would lead to impractical
computation times, especially considering that the RU model has to
be solved a great number of times for each iteration of the heat
transport model.

Resolving the temperatures of the individual solid phases of the
RUs requires a discretization in the μm scale of the MEA, while the
stack’s scale is oders of magnitudes larger. At the cost of losing
information about the temperature differences between layers of the
RUs, the cell can be homogenized and treated as a single porous
material with anisotropic heat transport properties for the sake of the
heat transport model at the stack scale.

Figure 2. Illustration of the space-marching methodology.
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The density ρstack
eff and specific heat capacity cp,stack

eff of the lumped
solid phase of the stack are computed as follows:24
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where M is the set containing all the solid phases in the stack and
αm,tot is the total volume fraction of material m.

Due to the layered geometry of planar SOCs, the spacially
averaged thermal conductivity λeff needs to be anisotropic, since
heat transport across the cells is slowed down by the low
conductivity of the porous layers, while it is accelerated along the
length and width of the cells by the interconnects. The thermal
conductivity is computed according to the method elaborated by
Banerjee et al.,24 which consists of determining the total heat
transfer resistance of a network of resistors each representing a
separate component of the repeating units. In directions coplanar to
the MEA, the resistors are arranged in parallel, while in the normal
direction, the resistors are mainly arranged in series.

Using this method, the discretization does not need to take the
individual RUs into account, greatly simplifying the meshing
procedure. The only practical limitation is that computational cells
should preferably be right prisms aligned in the same direction as the
RUs. This way, a contiguous set of prismatic cells running from the
inlet of the stack to the outlet can be assimilated to a RU, so that the
temperature along the centerline of this set of cells can be used as
constant solid-phase temperature in the RU model and the heat
source terms resulting from the RU simulation can be applied to
these prismatic cells in turn. This procedure is illustrated in Fig. 3,
which shows how a contiguous set of prismatic cells is isolated, its
temperature profile extracted and passed to the RU model. In turn,
the RU model return the spacial distribution of heat production along
the RU ̇ ( )q xV

source .
Clustering: Each RU having their own temperature profile, gas

flow rates and cell potential, it is necessary to evaluate the
performance of each of them. Although the RU model may be
computed for each set of contiguous computational cells, better
computation speeds may be reached by re-using RU simulation
results for multiple computational cells that operate under the same
conditions. Such cases are very common, since stacks are usually
symmetrical.

To reduce the computational load even further, a clustering
algorithm is employed to group computational cells with similar, but
not necessarily identical, operating conditions. For each cluster, a

single RU is simulated, and its performance is assumed to be
representative of every RU within the cluster.56,57

Of all operating parameters of RUs, the temperatures, potentials,
and inlet flow rates can vary within the stack. Therefore, RUs are
clustered according to these parameters after defining a maximum
absolute and relative deviation between RUs of the cluster and the
representative RU.

Heat transport.—Heat transport in the stack is simulated by
solving a 3D heat diffusion equation which can be formulated
identically to Eq. 53:56

ρ λ∂
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= ∇· ∇ + ̇ [ ]c
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T q 66p
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source

In addition to the equation now being solved in the third dimension,
its implementation also differs. Since the stack thermal model is
homogenized, the source term ̇qV

source represents the sum of all the
heat sources identified at the RU scale, averaged over the volume of
the RU.

A variety of boundary conditions are supported, comprising fixed
temperature, fixed or temperature-dependent heat flux and free
convection in a gas. They can be applied selectively to the six outer
surfaces of the stack. Free convection in a gas is modeled using
empirical correlations to compute the heat transfer coefficient
hfree.

58,59 Three different coefficients are needed, all computed from
Eq. 67 but different Nusselt numbers Nu: one for vertical surfaces,
one for the upper horizontal surface and one for the lower horizontal
surface:
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with λenv the thermal conductivity of the fluid surrounding the stack
module and lchar the characteristic length, which is the height of the
vertical surfaces for the sides of the stack and the surface area
divided by the perimeter of the horizontal surfaces for the top and
bottom of the stack.

In this study, losses to the environment through free convection
and radiation is considered, resulting to a heat flux at the stack
surfaces qsurf of

ϵ σ= ( − ) + ( − ) [ ]q h T T T T 73surf free env surf SB
4

env
4

with the emissivity of the surface of the stack module ϵsurf and the
Stefan–Boltzmann constant σSB.

Potential computation.—In a series connection of cells, the
electrical current through every cell must be equal according to
Kirschoff’s law. For a given current running through the stack, the
potential of every cell needs to be determined so that it results in the
required current. This is realized using the Newton method, taking
advantage of the fact that the polarization resistance is the derivative

Figure 3. Schematic of the coupling between the homogenized stack heat
transport model and the 1D+1D repeating unit model. A contiguous set of
prismatic cells is isolated, its temperature profile extracted and passed to the
RU model. In turn, the RU model is simulated and returns the spacial
distribution of heat production along the RU.
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of the cell potential with respect to the current:

( ) = ( ) + ( )·( ( ) − ) [ ]+E t m E t m R t m I t m I k, , , , 74n n n n1 target relax

with En(t, m) the n-th iteration of the potential difference across the
m-th cell at time t, R the polarization resistance of the cell, I the total
current flowing through the cell and krelax a relaxation factor used to
stabilize the scheme in difficult cases.

However, Eq. 74 is formulated for a full cell of the stack, which
are not discretized as such in the homogenized model. Instead, the
integral values of current In(t, z) and resistance Rn(t, z) are obtained
for any vertical coordinate z by integrating the current density and
area-specific resistance (ASR) over a horizontal x–y plane of the
homogenized stack. This integration is performed at every vertical
coordinate at which a computational cell center can be found, so that
a new estimation of the homogenized potential difference field
En+1(t, z) can be computed:

( ) = ( ) + ( ) · ( ( ) − ) [ ]+E t z E t z R t z I t z I k, , , , 75n n n n1 target relax

The current density and ASR fields, which are integrated over the
x–y planes in order to obtain the current In(t, z) and resistance
Rn(t, z), are obtained by solving the RU model for every computa-
tional cell (potentially accelerated through clustering) into the steady
state for the current guess of En(t, z) and interpolating the RU
simulation results for every relevant x–y plane. The ASR is
estimated in every computational cell by the RU model with the
following equations:

η η η
= + +
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ηact,elyt,fuel and ηact,elyt,air are the activation overpotentials computed
with Eq. 26 directly on the surface of the electrolyte. ηconc is the
concentration overpotential estimated from the ratios of partial
pressures of the reactants in the gas channels pchan and in the
corresponding electrode on the surface of the electrolyte pelyt. ASRΩ

is the ohmic overpotential containing the resistance of the electrolyte
obtained from material properties and contact resistances which are
dependent on the construction of the cell. The contact resistances are
obtained while calibrating the cell model.

Equation 75 is iterated until the achieved current is within a
provided tolerance of the target Itarget. If only the steady state
solution is of interest, the solution procedure can be accelerated
significantly by iterating only once per time step.

Internal manifold model.—The flow through the internal mani-
folds of SOC stacks is modeled using a hydraulic network model
based on the Bernoulli equation. With this method, the flow through
channels is considered to be 1D and the relationship between
pressure, velocity and the properties of the fluid is computed using
the Bernoulli equation, with added terms for pressure losses through
friction. Geometric features of the flow, such as the junctions
between straight channels, are simply represented by pressure losses
that depend on the local geometry and properties of the flow.

Such a model is comparatively fast because it consists of a
limited number of algebraic equations. In its present formulation,
only 4+ nRU equations have to be solved per side of the cell (fuel
and air) to compute the pressure in the inlet manifold, flow rate in
the inlet manifold, flow rate through all the nRU channels, pressure in
the outlet manifold and flow rate in the outlet manifold. In addition,
it is able to model both laminar and turbulent flow. However its
accuracy relies on the quality of the expressions used to compute the
pressure losses. The pressure losses considered in this model are
depicted in Fig. 4.

The system of algebraic equations for a U-type manifold in a
stack of ncells cells, each composed of nRU RUs, numbered from
bottom to top with the inlet and outlet being at the bottom, is as
follows:
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with ptot = p+ ρ u2/2, p k
tot,in and p k

tot,out the total pressures before and

after the k-th cell, Q k
RU j the flow rate through the j-th RU of the k-th

cell, Δpk
cell j the pressure loss across the j-th RU of the k-th cell,

ΔpCS and ΔpSC the turning losses in T-junctions at the inlet and
outlet of the stack, ΔpCSt and ΔpStC straight passage losses in T-
junction at the inlet and outlet of the stack, ΔpB,in and ΔpB,out
turning losses at the top of the stack, ΔpW the wall friction losses in
a straight Section of the inlet or outlet manifold, P0 the static
pressure at the outlet of the stack and Qtot the total flow rate fed to
the stack.

Figure 4. Schematic of the stack flow with a visualization of flow features
for which the pressure losses are considered in the manifold model. The
labels C, S and St are used to differentiate the common channel, side channel
and straight passage of tee junctions. Adapted from Furst et al.60
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The system of equations is solved iteratively using the secant
method. This extension of a previously published model60 is
designed to consider the flow maldistribution between the RUs of
a same cell, which is caused by variations in the properties of the
fluid due to temperature differences. Examples of pressure loss
coefficients used to compute the pressure losses in this set of
equations can be found in Eqs. 83–90.

In order to map the results of the network model to a computa-
tional cell of the homogenized stack model, especially the inlet flow
velocities, a bilinear interpolation from the four closest channels to
the center of the computational cell is performed. Conversely, the
fluid properties inside the homogenized model are mapped to the
channels of the flow model through barycentric interpolation of the
three closest computational cell centers to the centerline of a
channel.

Results and Discussion

Cell model parametrization.—In this section, it is explained how
the model described in the previous Sections is parametrized in order
to model the fuel-electrode-supported LSM-YSZ/YSZ/Ni-YSZ cell
manufactured and characterized by Ebbesen, Knibbe and
Mogensen.61

Cell structure.—In the referenced publication, the composition of
the layers of the MEA and their approximate thickness is provided.
Since no detailed description of the electrode microstructure is
provided, some educated guesses have to be made about the exact
construction of the electrodes. The supporting fuel electrode was
assumed to have been manufactured as a thick but more porous
support layer and a thin functional layer optimized for the electro-
chemical reaction. Assumed structural parameters of the cell are
listed in Table I. From these parameters, the additional structural
parameters required to solve the full set of differential equations is
derived using the microstructure model for cermet electrodes
presented before.

Electronic and ionic conductivities of common SOC materials
can be found in the literature. Therefore, DETCHEMSOC includes
built-in expressions for the ionic and electronic conductivities of
such materials, as well as the option to define custom conductivities
as functions of temperature and gas partial pressures. The electrical
properties of all the materials comprised in the present SOC model
are listed in Table II.

EIS simulations.—The greatest advantage of a transient SOC
model is the intrinsic ability to reproduce EIS, which are inherently
transient. Herein, EIS are determined according to the potential step
and current relaxation method outlined by Bessler.65 EIS are a
popular characterization tools for electrochemical devices because

they provide information about individual physical phenomena,
instead of characterizing the overall performance of the cell.
While polarization curves allow to measure the ASR of a cell as a

Figure 5. Fit of the button cell model to EIS of the cell of Ebbesen et al.61 for operation with (a) H2, H2O and Ar and with (b) CO, CO2 and Ar.

Table I. Structural parameters of the cell assumed in this study.

Layer Parameter Unit Value

Air electrode Thickness μm 20
Porosity % 35

LSM volume fractiona) % 50
YSZ volume fractiona) % 50

Particle diameter μm 1
Tortuosityc) — 3.9

Electrolyte Thickness μm 15

Fuel electrode
Functional layer Thickness μm 15

Porosity % 20
Ni volume fractiona) % 50
YSZ volume fractiona) % 50

Particle diameter μm 1
Tortuosityc) — 21

Support layer Thickness μm 300
Porosityb) % 32

Ni volume fractiona) % 50
YSZ volume fractiona) % 50

Particle diameter μm 10
Tortuosityc) — 5.3

a) In the solid phase b) This parameter was adapted in order to reach the
correct concentration overpotentials. c) Computed according to Eq. 46

Table II. Conductivities of the SOC materials used in this study.

Material Electronic Ionic References
conductivity conductivity

σel σio
S cm−1 S cm−1

Ni 32700 − T · 10.653 K−1
— 62

YSZ — −e334 T
10300 K 63

LSM − −
e

T
RT

885500 K 9000 J mol 1 — 64

Crofer 22H e6950 T
307.7 K — 14
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function of its polarization, an EIS allows to distinguish how much
of the ASR is due to the electrochemical reaction kinetics, as
opposed to mass transport inhibition.66 Therefore, EIS are an
invaluable tool for the calibration of cell models.

Despite the described modeling methodology being fully para-
metrized by physical parameters, some physical properties of SOC
cannot be measured directly and need to be determined through
fitting of simulation results to the experiments. This is typically the
case for the coefficients of the Butler-Volmer equation, such as
activation energy and pre-exponential factors in the exchange
current density.

Reproducing experiments from literature also often requires
determining some of the microstructural properties of the cell
through fitting, since this data is often not included in publications.
In the present case, reproducing the experiments of Ebbesen et al.,61

only electrode thicknesses are provided and at least the support layer
porosity needs to be determined due to its large impact on
concentration overpotentials.

Fortunately, despite the multitude of fitted variables, calibrating
the cell model on EIS prevents overfitting in multiple ways:

1. The contributions of polarization resistance, ohmic resistance
and mass transport inhibition on the total cell ASR can be fitted
individually.

2. The double-layer capacitance of an electrode has no influence
on the local activation overpotential, only on the frequency
response. The capacitance and exchange current density can
therefore be fitted independently.

3. The very thin electrodes, such as the oxygen electrode in the
present cell, have a minor influence on mass transport. In
electrode-supported cells, the porosity and tortuosity of the
support layer have a dominant influence on concentration
overpotentials. In such cases where nothing of the cell micro-
structure is known, the microstructure of thin layers may thus be
guessed without introducing significant errors, and the concen-
tration overpotentials fitted solely based on the support layer.

4. Theoretically, the triple phase boundary length λ V
TPB of the

electrodes have a major impact on the cell performance, but in
practice, this parameter cannot be separated from the exchange
current density pre-exponential factor through fitting (see
Eq. 22). When fitting the pre-exponential factor of the exchange
current density, it is actually the product of pre-exponential
factor and triple phase boundary length (or electrode/gas
boundary area in the case of mixed electronic-ionic conducting
electrodes) which is fitted.

Figure 5 depicts the finalized cell model compared to the
experimental EIS data of Ebbesen et al.61 Overall, the agreement
between the model and the experiments is excellent.

As outlined by the authors of the experimental study, the open
circuit voltage (OCV) observed during the experiments is different
than the OCV computed from the gas compositions, which is likely
the result from a gas or current leak through the MEA. Herein, it was
assumed to be fully caused by a current leak and an electronic

conductivity of ( )−0.4 exp
T

9500 S cm−1 in the electrolyte was found

to accurately reproduce the measured OCV.
The ohmic resistance of the cell, determined by the real part of

the leftmost point of the spectrum, can be reproduced with great
accuracy. Only a small contact resistance of 0.045 Ω cm2 was
determined through fitting, while literature data for material con-
ductivities accounts for most of the ohmic ASR. On the experimental
EIS plots, the high frequency data points exhibit a positive
imaginary part, which is only due to the inductance of the
measurement setup,67 and is therefore not desired in the cell model.
Since such an inductance does not contribute to the cell resistance, it
does not impact the fitting procedure significantly.

An excellent fit was also achieved on the activation over-
potentials. This requires fitting a greater number of values, namely
the pre-exponential factor, activation energy and pressure exponents
of the exchange current densities. Fortunately, the experimental
dataset includes experiments at different temperatures, allowing to
fit the activation energy, and different partial pressures in the feed
gas, allowing to fit the pressure exponents reliably. These parameters
need to be determined independently for the oxygen evolution
reaction/oxygen reduction reaction (OER/ORR), hydrogen oxyda-
tion reaction/water reduction reaction (HOR/H2ORR) and CO
oxidation reaction/CO2 reduction reaction (COOR/CO2RR) inde-
pendently, which is fortunately not too challenging since they can be
distinguished as significantly distinct arcs in the EIS. The fitted
exchange current densities are listed in Table III. The charge transfer
coefficients βa and βc are the last remaining parameters of the
Butler-Volmer equation that need to be fitted, but their influence is
most noticeable at higher current densities. Therefore, in the absence
of EIS measured under higher polarization, the present charge
transfer coefficients were fitted using polarization curves, although
the simulation results were noted to be rather insensitive to changes
in charge transfer coefficients.

Finally, a satisfactory fit was achieved regarding concentration
overpotential by fitting the fuel electrode support layer porosity.
However, a slight mismatch in the influence of the temperature on
the low frequency arc can be observed, as the concentration
overpotential is slightly overestimated at high temperatures. This
is likely due to the low flow rate of 20 sL/h used in the experiments,
which is inconsistent with the assumption of perfectly mixed gas
phase above the electrode. This suggests the need for a more detailed
gas compartment model.

Due to the wealth of experimental data available, four datasets
could be conserved as validation data. These remaining experiments
all include gases that react on the surface of the nickel electrode, so
that the heterogeneous chemistry model needs to be activated in
those cases. A 42-step elementary reaction mechanism for methane
reforming and water-gas shift on Ni-YSZ is used.39 It provides 42
reaction rate equations for the thermocatalytic heterogeneous chem-
istry model (expressed in generic form as Eq. 19), which in turn
influences species conservation through the species production rate
̇sm of Eq. 15. No additional calibration is needed. Comparison
between experiments and simulations is shown in Fig. 6.

Table III. Parameters of the electrochemical model.

Reaction Exchange current density
Charge-transfer coefficients

i0/A cm−1 βa βc

OER/ORR ( )· −
−

3 10 exp
R T

p6 253769 J mol

1 Pa

0.18
O1

2 0.5 1.5

HOR/H2ORR ( )− −−
250 exp

R T

p p160000 J mol

1 Pa

0.1

1 Pa

0.33H H O1
2 2 0.5 0.5

COOR/CO2RR ( )· −
−−

7 10 exp
R T

p p3 180000 J mol

1 Pa

0.25

1 Pa

0.25
CO CO1

2 1.5 0.5
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The agreement between experiments and simulations on this
validation dataset is very good, and showcases that the mixed
H2O/CO2 electrolysis model works without need for additional
fitting or other special treatment. In addition, the heterogeneous
chemistry model is also demonstrated to work adequately in this
case, although a case that is more strongly influenced by surface
reaction kinetics would be required for proper testing, as the low
flow rates used in the experimental setup lead to a composition of the
gas phase close to equilibrium in the active layer of the fuel
electrode.

Validation of polarization curves.—While the EIS data is the
most useful for fitting the unknown parameters of the model, the
polarization curves remain a useful tool to verify the adequacy of the
fitted parameters under different polarization conditions, especially
since the published dataset on which the present model is based
provides only EIS measured at OCV, which is common practice.
Comparison between simulated polarization curves and the experi-
mental data of Ebbesen et al.61 under conditions with mixed
H2ORR/HOR and CO2RR/COOR charge-transfer reactions and
surface reactions on the Ni-YSZ electrode is shown in Fig. 7.

Excellent agreement between the simulated and experimental
polarization curves is reached for all cases over most of the
simulated potential range. Notably, the OCV is predicted reliably
despite the current leakage. The agreement is weakest at high current
densities, negative and positive, which is where concentration
overpotential dominates the losses in the cell. This is congruent
with the flow model at the surface of button cells showing larger
errors at low flow rates, as identified in the previous section.

Overall, this verification step confirms the ability to calibrate the
cell model using solely EIS measured at OCV.

Stack model parametrization.—In this study, a stack of the LSM-
YSZ/YSZ/Ni-YSZ cells is considered, on which the cell model was
calibrated in the previous section.

A stack of 40 cells with an active area of 90×175 cm2 is
considered. In this arrangement, the number of cells in the stack is
high enough so that flow maldistribution due to friction losses in the
manifold can be expected, but not high enough to have turbulent
flow in parts of the manifolds under reasonable operating conditions.

The interconnects are assumed to be made of Crofer 22 H, and
the stack is insulated on all sides by a 5 cm layer of the Promalight-
1000X material. The effect of the gaps in the insulation due to the

inlets and outlets of the manifolds is neglected. The electric
conductivity of Crofer 22 H is shown in Table II, and no additional
contact resistance was considered.

Figure 6. Fit of the button cell model to EIS of the cell of Ebbesen et al.61

under conditions with mixed HOR/H2ORR and COOR/CO2RR charge-
transfer reactions and thermocatalytic surface reactions on the Ni-YSZ
electrode.

Figure 7. Fit of the button cell model to experimental polarization curves of
Ebbesen et al.61 under conditions with mixed HOR/H2ORR and
COOR/CO2RR charge-transfer reactions and thermocatalytic surface reac-
tions on the Ni-YSZ electrode.

Figure 8. Sectional view of the SOC stack showing the geometry of the
interconnects (in gray), sealing gaskets (in orange) and the SOC (in green) in
its guide frame (in black). Measurements are annotated according to the
numbered labels of Table IV.
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The geometry of the stack is illustrated in Fig. 8 and measure-
ments are provided in Table IV. The thermal properties of all the
materials comprised in the SOC stack are listed in Table V.

The pressure loss coefficients, required to characterize the
geometry of the stack manifold in the flow model (Eqs. 78–82),
are computed using the expressions listed as Eqs. 83–90 uncovered
in a previous study.60
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Pressure losses in the channels are evaluated using analytical
solutions for Poiseuille flow in rectangular channels.76

Simulation of the start-up of ammonia-fed repeating units.—
Since no cell-specific calibration is needed for the heterogeneous
chemistry model as long as the catalyst surface area is known or
estimated well, it is possible to study the performance of the cell
when it is fueled with ammonia by simply adopting a validated
mechanism for ammonia decomposition on Ni-YSZ for from the
literature such as the thermodynamically consistent 6-step elemen-
tary kinetic mechanism from Appari et al.77

The performance of a perfectly insulated RU fed with 0.65 sL/h
mixture of 97% NH3/3% H2O at 1023 K is discussed in this section.
The cell is operated at 0.8 V, in which case it reaches a fuel
conversion of approximately 90%. 6.5 sL/h of 79% N2/21% O2 is
fed to the air channel.

Figure 9 depicts the evolution of the average current density and
MEA average temperature in the cell during the start up process,
starting from a pre-heated cell at 873 K. Initially, the cell heats up
through heat transport from the hot gas to the MEA and a small
amount of resistive heating due to the electric conductivity of the
MEA. Once the MEA reaches a sufficient ionic conductivity, the
electrochemical reaction starts contributing to the temperature rise of
the cell. In the steady state, the gas flow cools down the cell which
produces heat through resistive heating and the electrochemical
reactions. Ammonia cracking, which is an endothermic reaction,
also helps to cool down the cell at high temperatures.

Interestingly, the highest average current density is not reached in
the steady state where the average electrolyte temperature is highest.
Therefore, the performance of the RU once it reaches steady

Table IV. Dimensions of the SOC stack. The dimensions of the
manifold are adopted from a prior publication presenting a flow
model for this specific geometry.60

# Dimension Value Unit

1 Cell length 90 mm
2 Cell width 175 mm
3 MEA thickness 350 μm
4 Air and fuel channel height 1 mm
5 Air and fuel channel width 4.75 mm
6 Interconnect rib width 1.5 mm
7 Interconnect total height 4.1 mm
8 Manifold channel width 17 mm
9 Manifold channel depth 17 mm
10 Inlet & outlet header length 17 mm
11 Sealing width 8 mm

Table V. Thermal properties of the stack components. Their values
were assumed to be constant and evaluated at 1100 K.

Material
Specific
heat Thermal Density References

capacity conductivity
cp λ ρ

J/kg/K W/m/K kg/m3

Ni 561.0 68.1 8900 68, 69
YSZ 620 2.1 5938 70, 71
LSMa) 610 3.4 6300 72, 73
Crofer 22H 660 26.1 7800 14, 74
Promalight-
1000X

1070 0.036 280 75

a) In the absence of published data, the thermal properties of LSM were
assumed to be similar to those of LSCF.

Figure 9. Evolution over time of the average electrolyte temperature and
current density in a repeating unit starting at a constant temperature of 873 K
being fed with humidified ammonia and air at 1023 K under a potential of
0.8 V.
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operating conditions is studied in further detail and compared to its
performance at its peak current density through the axial profiles of
the MEA temperature, current density and gas channel species
concentrations depicted in Fig. 10.

In the steady state, studying the species mole fractions reveals
that ammonia is decomposed rapidly as soon as it enters the cell,
allowing for a high current density right from the inlet. Still, as the
hydrogen concentration continues to increase, so does the current
density. However, the highest current density is not reached where
the hydrogen concentration is highest. Since the temperature of the
cell increases over its length due to the exothermic electrochemical
reaction, so does the activity of the cell. Therefore, the highest
current density, 0.56 A/cm2, is reached approximately 17 mm into
the cell, while the cell has reached a higher temperature but the
hydrogen concentration is still high.

At the end of the cell, the current density drops to 0 A/cm2 as the
equilibrium potential reaches 0.8 V due to the low hydrogen
concentration and high temperature. At this point, a hydrogen
conversion of 89.8% is achieved. At the outlet, both the electrolyte
and gas temperature reaches 1130 K, with the highest temperature
gradient in the electrolyte being 14.2 K/mm directly at the inlet.

At the point in time where the maximum current density is
reached, the MEA is significantly cooler, with a maximum tempera-
ture of 1090 K at the end of the cell. The decreased temperature
toward the inlet leads to a lower peak current density where the
hydrogen concentration is high, likely due to the increased ohmic
overpotential. However, the lower temperature toward the outlet
compared to the steady state ensures that the equilibrium potential
does not drop too strongly. The current density does not drop to zero
at the outlet and on average a slightly higher current density is
achieved.

In order to provide a better understanding of the chemical
reactions inside of the anode, the gas composition and catalyst
surface coverage is shown in Fig. 11 at the inlet of the cell, at the 10
mm mark where the hydrogen concentration reaches its maximum
and at the end of the cell. Therein, the active layer of the electrode
can be clearly distinguished from the support layer by the sudden
change in mole fraction gradients at a depth of 300 μm caused by the
increased catalytic surface area. At the inlet of the cell, the high
ammonia decomposition rate results in an increase in hydrogen mole
fraction even close to the electrolyte, in spite of the competing
electrochemical reaction. With the decreasing ammonia fraction
along the channel length, this trend quickly inverts. At first, the
hydrogen mole fraction increases throughout the support layer and
decreases inside of the active layer. Once the maximum hydrogen
fraction in the channel is achieved, approximately 10 mm from the
inlet, the flow of hydrogen inverts and its mole fraction decreases
monotonously over the thickness of the anode.

Figure 10. Axial current density, fuel channel species mole fraction and
MEA temperature profiles of a RU fed with 0.65 sL/h mixture of 97%
NH3/3% H2O at 1023 K under 0.8 V. Continuous lines represent the steady
state while the dashed lines represent the state of highest current density
during the heat-up of the cell.

Figure 11. Gas species mole fractions along the length of the fuel channel at the steady state, accompanied by mole fractions and surface coverages through the
thickness of the anode at the inlet, 10 mm from the inlet and at the end of the cell.
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Figure 11 also reveals good coverage of the Ni surfaces by N(s) and
H(s) at the inlet, while the coverages by NH3(s), NH2(s) and NH(s) were
not depicted because they are negligible due to their fast reaction rates.
While the coverage by N(s) decreases as the ammonia depletes along the
channel and through the anode, the coverage by H(s) is instead more
greatly influenced by the hydrogen concentration. The increase in open
Ni(s) sites toward the end of the channel seems therefore to be a result of
the fuel depletion as well as the increased temperature.

Evaluation of the influence of flow maldistribution on stack
performance.—By virtue of the stack flow model described by
Eqs. 78–82, the influence of the manifold on the performance of a
stack of 40 cells of the type manufactured by Ebbesen et al.61 can be
studied. The geometry of the stack considered herein was described
in Table IV.

In this section, the analysis is performed on an electrolysis stack
fed with a steam mixture of 90 vol% H2O and 10 vol% H2 at 1023 K.
The fuel flow rate is adjusted to an average 7.78 sL/h, which amounts
to a total fuel flow rate to the stack of 8709 sL/h, distributed to the
individual channels according to the manifold model. A mixture of 21
vol% O2 and 79 vol% N2 is fed to the air channels with an average
flow rate per channel of 15.6 sL/h, a relatively high sweep gas flow
rate used for temperature management. The stack is operated at an
average current density of −2.11 A cm−2 in the active area, resulting
in an average cell potential of 1.40 V and a steam conversion rate of
72.5%. Of the achieved current density of −2.11 A cm−2, −0.10
A cm−2 does not contribute to the electrolysis process due to the
current leak of the electrolyte observed previously.

This shows that high current densities may be achieved with the
present cell architecture under optimized operating conditions.
However, such operating conditions also accelerate the degradation
of the cell, which must be studied experimentally or with comple-
mentary simulation methods. In addition, the scale-up of single cells
to full stacks introduces multiple engineering challenges such as
ensuring good electrical contact between electrodes and intercon-
nects, as well as preventing gas leakage. In the present simulation,
no additional contact resistance nor gas leakage was introduced.

The flow distribution to the individual air channels of the stack is
shown through a contour plot of the velocity at the inlet of the
repeating units in Fig. 12. Therein, flow maldistribution is noticeable
both in the vertical and horizontal direction.

Flow maldistribution along the height of the SOC stack can be
expected due to the geometry of a U-type manifold such as the one
studied herein. The previous study on an isothermal flow using an
identical stack geometry showed that the friction inside the manifold

generally causes a decrease in flow rates through cells more distant
from the inlet of the manifold.60 However, in the present case, the
temperature distribution observed in Fig. 13 also introduces a slight
maldistribution in the horizontal direction in which no geometric
pressure losses are considered. Since the viscosity of gases increase
with temperature, the flow in the central, hotter region of the stack
suffers from an increased hydraulic resistance. Conversely, the
highest flow velocities are found in the coldest corners of the stack.

In the present case, maldistribution in the vertical direction,
which is mostly due to the manifold geometry, is much larger in
scale than the maldistribution in horizontal direction which is solely
due to the temperature distribution.

The temperature distribution in the stack is depicted in Fig. 13.
The temperature within the stack increases by 75 K over the active
area in flow direction while the temperature gradients in other
directions are negligible in comparison. This is due to the highly
exothermic operation of the stack, with the gases in the channel
outlets 121 K above the inlet temperature on average.

Comparison with a simulation using homogeneous flow distribu-
tion shows no significant change in temperature distribution nor in
conversion rate, despite a variation of 18% in sweep gas velocity.
Fuel maldistribution has a magnitude of only 4% and the results
indicate that it is not enough to meaningfully impact the stack
performance through concentration overpotentials. As can be seen in
the plot of cell potentials along the height of the stack shown in
Fig. 14, only minute differences in cell performance are caused by

Figure 12. Contour plot of the inlet flow velocity of the air channels through
all the repeating units of the stack.

Figure 13. Temperature profiles of the SOEC stack at steady state. 5
equidistant slices are taken from the front to the back of the stack and the x-
axis is stretched by a factor 3 for a better visualization.

Figure 14. Cell potentials as a function of the height of the stack. The stack
simulation with manifold model is compared to a simulation with uniform
flow distribution.
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the flow maldistribution in this case. Even then, the loss in
performance at the bottom of the stack, manifested through an
increase in cell potential of 3 mV in order to reach a current density
of −2.11 A cm−2, is compensated by an equivalent increase in cell
performance at the top. The averages of cell potentials is therefore
only different by 0.06 mV, or 0.004%.

Conclusions

The multi-scale framework for the transient simulation of solid
oxide button cells, repeating units and stack modules integrated in
DETCHEM was presented. This model was shown to effectively
bridge the gap between button cell experiments and performance
predictions of large-scale stacks, providing a comprehensive tool for
analyzing SOC performance under various operating conditions.

The workflow of using such a model was demonstrated, starting
with the calibration and validation using experimental EIS and
polarization curves of a Ni-YSZ/YSZ/LSM-YSZ button cell fol-
lowed by a performance analysis of the scaled-up repeating unit and
stack.

The versatility of the tool was demonstrated by providing EIS of
button cells, replicating experiments with both common fuel-side
electrochemical reactions, validating the model on experimental data
of a case that includes thermocatalytic chemistry, performing
transient simulations of repeating units and simulating the flow
maldistribution and potential field in a stack module.

The main shortcomings of the presented methodology is the
limited geometry it is able to model. Tubular cells, as well as cross-
flow and counter-flow stack configurations are widespread, but
cannot yet be simulated by DETCHEMSOC. In addition, the
simplified geometry assumed by a two-dimensional cell model and
homogenized stack model induces a loss of information on small-
scale phenomena caused by tree-dimensional geometrical features.

The multi-scale SOC modeling framework integrated in
DETCHEM not only enhances our understanding of cell perfor-
mance but also paves the way for the scale-up of the SOC
technology. By bridging the gap between experimental data and
large-scale applications, such models stand as pivotal tools for
researchers and engineers alike. The demonstrated versatility and
robustness of the framework underscore its potential to drive
innovation and optimize SOC systems for a wide range of industrial
applications.
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