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ABSTRACT

This work presents a comprehensive multiscale model for Solid Oxide Fuel Cells (SOFCs), inte-
grating microscale and macroscale simulations to analyze internal reforming and its impact on
overall cell performance. The microscale model [1], [2] captures the intricate mass and charge
transport phenomena at the pore scale of porous electrodes, resolving electrochemical reactions
at the triple-phase boundaries and modeling chemical reactions at pore spaces. Simultaneously,
the macroscale model provides a broader view of the entire cell's behavior by solving the same
transport equations on a coarser computational mesh. The multiscale approach is particularly use-
ful for addressing the challenges posed by simultaneous chemical and electrochemical reactions
at the anode, which complicate the modeling of internal reforming. To overcome these challenges,
a novel approach is introduced [3], spatially separating the regions of chemical and electrochem-
ical activity in the pore scale domain by taking the electrochemical active layer thickness into con-
sideration. The integrated multiscale model is applied to a complete internal reforming SOFC to
explore how electrode morphology, particularly the use of gradient microstructures, influences cell

performance.
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INTRODUCTION

Fuel cells are electrochemical devices that convert
the chemical energy of a fuel directly into electricity,
heat, and water through a reaction with oxygen, typically
without combustion. They are highly efficient, scalable,
and environmentally friendly, making them suitable for
various applications, including power generation, trans-
portation, and portable energy solutions. Among the dif-
ferent types of fuel cells, the choice depends on factors
such as operating temperature, efficiency, and fuel flexi-
bility.

Solid Oxide Fuel Cells (SOFCs) are a type of high-
temperature fuel cell that operates at temperatures be-
tween 600°C and 1000°C. They use a solid ceramic elec-
trolyte to conduct oxygen ions from the cathode to the
anode, where they react with a fuel—such as hydrogen,
natural gas, or biogas—to generate electricity. SOFCs are

https://doi.org/10.69997/sct.188842

known for their high efficiency, fuel flexibility, and ability
to use waste heat for additional power generation in
combined heat and power (CHP) systems [4].

To use hydrocarbon fuels like methane (CH.) in
SOFCs, a reforming process, such as steam reforming,
converts them into hydrogen-rich gas. SOFC high oper-
ating temperatures enable internal reforming, which sim-
plifies system design and improves efficiency but re-
quires careful management to prevent carbon deposition
and ensure stable operation.

Internal reforming can be categorized into indirect
and direct methods. Indirect reforming places the re-
former outside the fuel cell but in thermal contact, using
SOFC-generated heat to drive the reaction and minimiz-
ing carbon deposition risks [5]. Direct reforming occurs
within the anode, where fuel and steam react together,
streamlining the system and boosting efficiency but de-
manding precise control of temperature gradients to
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prevent material degradation.

SOFCs exhibit defining features across various
length scales, from the microscale structure of the po-
rous electrodes to the macroscale design of the entire
system. To predict their performance, different types of
models have been developed, each focusing on a spe-
cific length scale. Microscale models focus on reactions
and mass transport processes within the porous anode
and cathode. At the macroscale, models address the
transport phenomena within a single cell. By combining
these models, researchers can better understand and
enhance the performance of SOFCs across all relevant
scales.

The microstructure design of the porous electrodes
plays a critical role in defining the performance of SOFCs.
Electrochemical reactions primarily occur at the triple-
phase boundary (TPB), where the electrolyte, electrode,
and gas phase meet. A high TPB density is essential for
maximizing reaction sites and enhancing performance.
Additionally, the tortuosity of the porous structure signif-
icantly affects gas and ion diffusion [6]. High tortuosity
can hinder mass transport by increasing the effective
path length for reactants and ions, leading to concentra-
tion gradients and performance losses. Optimizing the
microstructure to balance TPB density and tortuosity is
crucial for achieving efficient gas diffusion, ionic conduc-
tivity, and overall cell performance.

A multiscale model combines the strengths of these
individual models to assess SOFC performance more
comprehensively. By integrating physics across different
length scales, such a model can capture detailed electro-
chemical and transport processes at the microscale while
also considering cell-level features at the macroscale.

In the current study, a direct internal reforming
SOFC is modelled using a multiscale framework. The
model solves transport, chemical reactions, and electro-
chemical reactions at the microstructure level and
transport equations, and chemical reactions at the cell
level, syncing information between these two scales. Dif-
ferent microstructure configurations—conventional, lat-
tice, and fibrous—are tested for both the anode and
cathode to evaluate the benefits of each design.

METHODOLOGY

The methodology employs a multiscale framework
that integrates two distinct models: a microscale model
and a macroscale model. The microscale model focuses
on the processes occurring within the porous microstruc-
ture of the electrodes. The macroscale model captures
the transport behaviour at the cell level, addressing over-
all performance metrics. The computational domain is
schematically shown in figure 1.
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Figure 1. Schematic domain of the problem

(microstructures and the entire cell)

Here only small “patches” of the microstructural do-
main are actually solved, as in the gap-tooth scheme
[7,8] to reduce computational cost. The vertical arrows in
fig 1 represent the fluxes between the microstructure
patches.

To ensure consistency between the two scales, an
iterative algorithm is employed. This algorithm minimizes
discrepancies between the outputs of the microscale and
macroscale models by iteratively adjusting parameters in
the macroscale model. More specifically, the electro-
chemical reaction rates in the macroscale model are
modified to better align with the detailed microscale pre-
dictions since there is a more fundamental definition for
the kinetics of electrochemical reactions at the mi-
croscale. To describe the rate of electrochemical reac-
tions at microscale we have used a lineal exchange cur-
rent density, which is per length of TPB. Whereas for the
macroscale model the kinetics of electrochemical reac-
tions could only be described based on area or volume.
Since electrochemical reactions are essentially heteroge-
neous and take place on the TPB lines in space (as op-
posed to a homogeneous reaction that take place in
space) a lineal exchange current density is fundamentally
more accurate than an area-averaged or volume-aver-
aged definition.

By iterating between the models, the framework
converges to a solution that harmonizes the behaviour
across scales. This idea is explained in more detail in our
recent work [2].

The convective and diffusive mass transport is dic-
tated by the following equation:

diffusive convective
V- (DEVC) =V (VC) + 5= 0 (1)

Here, Df is the effective diffusivity of component i into
the gaseous mixture, C; is mass density of i, gaseous
component, V is fluid velocity. The term S; is the non-
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linear source term that exists due to chemical and elec-
trochemical reactions that consume or produce a partic-
ular component in the mixture. In the microscale model
the convective term is disregarded due to the small pore
sizes in the porous electrodes.

The ion conduction is modeled using this equation:

V- (05 Vpion) + Sion = 0 (2)

Here, o is the effective diffusivity of ions in the ion con-

ductive material and S, is the non-linear source term due
to electrochemical reactions.

The two main chemical reactions considered for in-
ternal reforming are Steam-Methane Reforming (SMR)
and the Water-Gas Shift (WGS) reaction. In SMR, me-
thane reacts with steam to produce hydrogen and carbon
monoxide: CH, + H,O > CO + 3H,. The WGS reaction
further converts carbon monoxide and steam into addi-
tional hydrogen and carbon dioxide: CO + H,O - CO, +
H,. These reactions are crucial for generating the hydro-
gen necessary for electrochemical reactions at the an-
ode. The following equations describe the rate of SMR
and WGS [9]:

EA
TSMR = KsMRPcH4 €XP (— %) (3)
Twes = kwesPeo (1 _ Pcozpﬂi/:copﬂzo) (4)

Here, E4 g is the SMR reaction activation energy, keug is
pre-exponential factor of SMR. For WGS, ky.s is the re-
action rate constant, and K., is the equilibrium constant.

Modelling internal reforming presents a significant
challenge when it comes to simultaneously simulating
chemical and electrochemical reactions. These two pro-
cesses occur in tandem, but their interplay complicates
the formulation of the problem. One specific issue is the
modelling of concentration overpotential, which is tradi-
tionally defined in terms of the bulk pressure of hydrogen.
In the case of internal reforming SOFCs, if the hydrogen
pressure at the inlet is zero, the concentration overpo-
tential would theoretically become infinite, which is phys-
ically unrealistic and resulting in zero-division error. This
presents a fundamental problem because it suggests an
unbounded overpotential. To address this, we propose a
solution that involves artificially separating the regions
where electrochemical and chemical reactions occur.

In our model, the anode side of the microstructure is
divided into two distinct zones: the region closer to the
electrolyte, where electrochemical reactions dominate, is
treated as an electrochemical-only zone, while the region
farther away from the electrolyte, where chemical reac-
tions dominate, is treated as a chemical-only zone. This
separation allows us to avoid the unphysical infinite con-
centration overpotential by ensuring that each region is
simulated with the appropriate reaction mechanism. This
is schematically shown in Figure 2.
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Figure 2. Separation of anode side into two regions

Electrochemical reactions are dominant in a very
thin layer close to the electrolyte called the “electro-
chemical active layer”. The length of this layer is reported
to be smaller than 50 um [10]. The concept is that the rate
of electrochemical reactions is negligible on the left side
of Figure 2, while the rate of chemical reactions is negli-
gible on the right side. Therefore, it is assumed that these
negligible rates are effectively zero.

Different microstructure designs tested in this study
are shown in Figure 3. The reasoning behind why each
design is selected is further explained in our recent man-
uscript [11].

RESULTS AND DISCUSSION

Model Validation

The model is firstly validated against experimental
measurements of Rogers et al.12]. The polarization curve
is selected for the basis of the comparison, and it is
shown in Figure 4. In this figure the experimental data
points are shown with black dots, and results of the mac-
roscale and multiscale models are shown with red and
green lines, respectively. The red area shows the region
where the polarization curve varies with a +10% change
in the calibration parameter of macroscale model.

From figure 4, it is obvious that both the calibrated
macroscale model, and multiscale model, are capable of
explaining the polarization curve of the cell. However, the
two models differ in terms of calibration requirements.
The macroscale model requires calibration using experi-
mental data, with the calibration parameter being the
area-averaged exchange current density, which ac-
counts for the overall electrochemical activity in the cell.
In contrast, the multiscale model does not require such
calibration. This is because it uses a more fundamental
definition of exchange current density, namely the lineal
exchange current density. As a result, the multiscale
model offers a more fundamental approach without the
need for calibration, while the macroscale model relies on
fitting to ample experimental data to accurately represent
the system’s behaviour.

It is also important to note that the point of using a
multiscale model is not to achieve a better match with
experimental results for a given set of datapoints on the
polarization curve. Rather, the goal here is to explore

Syst Control Trans 4:376-381 (2025) 378



Conventional

Figure 3. Different microstructure designs

different designs with varying microscopic and macro-
scopic features, especially for which no measured exper-
imental data is available. This allows for the investigation
of new designs and configurations that are not con-
strained by the existing experimental dataset.
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Figure 4. Polarization curve of different
compared with experimental measurements [9]

models

Spatial Distribution of Field Variables Across
the Anode

Variation of concentration of different components
across the anode is shown in figure 5. This figure is for
the case of conventional microstructure (refer to figure
2). Five different components exist in the gaseous mix-
ture in the anode side.

At the anode inlet, only CH4 and H,0 have non-zero
concentrations. Due to SMR, the concentration of CH,
decreases monotonically toward the electrolyte side.
Based on the chemical reactions, the concentration of
H,O would be expected to decrease monotonically be-
cause it is consumed in both SMR and WGS. However,
due to the production of H,O in the electrochemically
Abbasi et al. / LAPSE:2025.0211
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active layer, its concentration levels off as it approaches
this layer and then begins to increase. A similar explana-
tion, but with the opposite reasoning, applies to the hy-
drogen concentration. Due to SMR and WGS, its concen-
tration increases as it approaches the electrochemically
active layer, only to level off and then decrease upon en-
tering this layer.

To validate the assumption of a negligible chemical
reaction rate near the electrolyte and a negligible elec-
trochemical reaction rate in the remaining of the porous
anode, these rates are compared in Figure 6, which is
based on the case of a conventional microstructure. It
can be observed that the rate of electrochemical reac-
tions levels off after the first 50 um near the electrolyte.
This occurs because the electrochemical activity be-
comes limited by the availability of reactants in this re-
gion. Similarly, the rate of the SMR reaction drops signif-
icantly as it approaches this region, which can be at-
tributed to the limited availability of CH, approaching the
electrochemically active layer.
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width of the anode surface for the case of no IR and IR.

Different Morphologies and Gradient
Microstructures

Gradient microstructures are designed so that the
volume fraction of the ion-conducting phase (YSZ, in this
case) linearly decreases as we move further from the
electrolyte. If the volume fraction of the ion-conducting
phase behaves in the opposite manner, the resulting mi-
crostructure does not offer any benefits. This phenome-
non is discussed in more detail in our recent manuscript
[11]. Gradient microstructures have been synthetically
generated using the framework discussed in our previous

work [11] with f; being defined as f; = w
vy

The results in figure 8 shows the TPB density and
current density of IR cell performing under V = 0.4 [V].
The figure indicates that a microstructure with a stronger
gradient of volume fraction leads to a greater reduction
in TPB density. This occurs because, at both ends of a
gradient microstructure, the volume fractions of the three
phases deviate significantly from each other. Such imbal-
ance makes the microstructure less optimal for TPB for-
mation, as TPB density in conventional designs is
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maximized when the volume fractions of the three
phases are nearly equal. While TPB density decreases as
the gradient strength increases, the current density (a
measure of the cell's overall performance) initially rises
(in the G* region) before eventually declining (in the G-
region). The decrease in current density in the G~ region
corresponds to the drop in TPB density. However, the in-
itial rise in current density in the G* region, despite the
reduction in TPB density, can be explained by improved
ion conduction. This enhanced ion conduction promotes
higher rates of electrochemical reactions at the remain-
ing TPB sites, leading to better overall performance ini-
tially.
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Figure 8. Performance of gradient microstructures

Different designs are tested for the microstructure
of porous anode and cathode. Each design is tested for
both sides of the cell—anode and cathode. In other
words, the microstructural designs of the anode and
cathode are assumed to be identical. To compare the
performance of different designs, current density was
measured at an operating voltage of 0.4 volts. Results in-
dicate that the fibrous design increased current density
by approximately 48%, from 2.74 A/cm? (conventional
design) to 4.05 A/cm?2. In contrast, lattice structures sig-
nificantly enhanced performance, increasing current
density by roughly 4.4 times, from 2.74 A/cm? to 12.05
A/cm?2. It is important to acknowledge that the lattice
structures depicted in Figure 3 represent a highly opti-
mized theoretical design. Current state-of-the-art fabri-
cation techniques cannot achieve the precise, highly or-
dered placement of nanoparticles required to realize
these structures.
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CONCLUSIONS

This study employed a multiscale model to predict
the performance of direct internal reforming solid oxide
fuel cells, eliminating the need for calibration typically re-
quired with macroscale models. The model was used to
evaluate various microstructure designs, including gradi-
ent microstructures, to assess their potential benefits.
Results demonstrate the successful application of the
multiscale model in predicting the polarization curve of a
complete cell. Furthermore, the study revealed that cer-
tain gradient microstructures can outperform the coun-
terpart non-gradient designs.
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