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Abstract

A zero-dimensional, non-isothermal analytical framework was developed to assess solid
oxide fuel cell (SOFC) performance across a broad range of operating conditions. The model
integrates the anode, electrolyte, interlayers, and cathode, while resolving the distinct
physicochemical processes within each layer. Electrochemical impedance spectroscopy
(EIS), followed by distribution of relaxation times (DRT) analysis, was implemented to
probe relevant cell polarization resistances under open-circuit and load conditions. The
modeling framework couples mass and charge transport, electrochemical reactions, and
non-isothermal heat transfer, with multilayer discretization applied to capture localized
material properties and operating conditions. It enables the estimation of electrolyte ionic
conductivity and total ohmic resistance by accounting for microstructural and geometric
parameters, while also quantifying activation energies, exchange current densities, and
gas-diffusion-related polarization resistances. Simulations were conducted for an SOFC
operating on pure hydrogen with varying oxygen concentrations at 700 °C, 660 °C, 620 °C,
and 580 °C. The results were validated against experimental data. The analysis revealed that
ohmic overpotential dominates total cell losses, even at high current densities, underscoring
the importance of minimizing ionic resistance to improve overall SOFC performance.

Keywords: solid oxide fuel cell; electrochemical impedance spectroscopy (EIS); polarization
losses; distribution of relaxation times (DRT); modeling

1. Introduction
Solid oxide fuel cells (SOFCs) have garnered considerable attention for their ability to

achieve high efficiencies while operating without expensive precious-metal catalysts [1,2].
These devices enable the direct utilization of a wide range of fuels, including hydrogen, syn-
gas, and heavier hydrocarbons [3], owing to their high operating temperatures (typically
600–1000 ◦C) [4,5]. The use of yttria-stabilized zirconia (YSZ) as a solid electrolyte provides a ro-
bust oxygen-ion-conducting medium that is critical for maintaining high ionic conductivity [6].
In addition to their high conversion efficiency [7,8], SOFCs offer environmental benefits due
to low emissions and fuel flexibility without the extensive need for reforming [9,10]. Despite
these advantages, challenges remain that impact the long-term reliability and performance
prediction of SOFC systems, including degradation mechanisms such as anode coking [11], gas
poisoning [12,13], nickel migration in Ni–YSZ anodes [14–16], and thermal expansion mismatch
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between ceramic components [17–19]. The high operating temperatures (typically above 700 ◦C)
required by YSZ-based electrolytes further lead to increased costs, slow thermal cycling, per-
formance degradation, and system complexity [4,20,21]. These issues complicate the accurate
modeling of different transport mechanisms and processes, which are critical for optimizing
SOFCs’ performance and durability.

Extensive experimental research has focused on improving the performance and
longevity of SOFCs by optimizing key component materials, particularly Ni-YSZ cermet
anodes and LSCF-based cathodes, which play critical roles in electrochemical activity
and thermal compatibility [22]. Beyond conventional Ni–YSZ and LSCF architectures,
exsolution-based perovskite electrodes have demonstrated enhanced durability by form-
ing multimetallic nanoparticles with dopant-dependent exsolution kinetics that enhance
catalytic stability [23]. Studies have also systematically explored the effects of varying
operating conditions, including fuel and oxidant compositions, humidity levels, and op-
erating temperatures, to mitigate degradation and maximize efficiency [24]. While these
experimental efforts have provided valuable insights into electrochemical kinetics, mass
transport behavior, and degradation mechanisms, they are often limited by high costs,
extensive testing durations, and the inherent difficulty of isolating individual loss processes.
To overcome these limitations, modeling has become an essential complementary approach
for SOFC research, enabling the rapid exploration of parameter effects and decoupling
overlapping loss mechanisms.

Considerable modeling efforts have been devoted to understanding electrochemical
and transport phenomena in SOFCs. Numerical and computational methods, such as
finite element modeling (FEM) and computational fluid dynamics (CFD), have been widely
employed to simulate the coupled effects of mass, charge, and heat transport within the cell
architecture [25,26]. The three-dimensional models developed by Wang et al. [27], Yakabe
and Sakurai [28], and Gubner [29,30] have provided detailed spatial predictions of SOFC
behavior under various operating conditions.

While numerical models offer detailed insights, they are computationally inten-
sive and often require extensive material-property datasets. To address this, analyt-
ical models have been developed based on simplifying assumptions that retain key
physics while allowing for closed-form solutions. One-dimensional analytical models
along the electrode thickness have been proposed by Aloui et al. [31], Bao et al. [32],
Zhao et al. [33], and Hussain et al. [34], enabling the separation and quantification of acti-
vation, diffusion, and ohmic losses. Microstructurally resolved models, such as those
by Costamagna et al. [35] and Chan and Xia [36], emphasize the role of finite reaction
zones and electrode morphology in performance. Pramuanjaroenkij et al. [37] further
demonstrated the influence of electrolyte material and operating temperature, while
Grimes et al. [38] highlighted the potential of microstructural modifications to enhance
durability. Compact 0-D and isothermal models have also been used effectively for system-
level predictions. Leonide et al. [39] proposed a zero-dimensional isothermal model for
fuel-electrode-supported SOFCs and demonstrated its validity through experimental com-
parison. Compared with numerical approaches, analytical models offer substantial ad-
vantages for early-stage design, rapid parametric studies, and independent diagnosis of
dominant polarization losses. Their lower computational demand and their ability to
separately model activation, ohmic, and diffusion losses make them especially suitable for
understanding SOFCs’ performance under varying temperatures and gas compositions,
as demonstrated in this study.

Electrochemical impedance spectroscopy (EIS) combined with distribution of relax-
ation times (DRT) analysis has become a powerful approach for analyzing the complex po-
larization processes in SOFCs. By mathematically deconvoluting the impedance spectrum,

https://doi.org/10.3390/app16031497

https://doi.org/10.3390/app16031497


Appl. Sci. 2026, 16, 1497 3 of 27

DRT separates overlapping electrochemical phenomena with high resolution, allowing
direct identification of individual polarization mechanisms [40]. This method has been
applied to attribute distinct frequency peaks to physical processes, such as gas diffusion
through porous anodes or charge transfer at electrode–electrolyte interfaces. For instance,
Leonide et al. [39] resolved multiple electrode-specific processes using combined DRT
and equivalent-circuit analysis. A low-frequency peak below approximately 1–10 Hz was
attributed to gas-phase diffusion in the porous electrodes, while a mid-frequency feature in
the ∼10–100 Hz range was associated with cathode activation polarization governed by
oxygen surface exchange and bulk oxygen-ion transport in LSCF. At higher mid-frequencies
(∼102–103 Hz), an additional contribution was linked to anode gas diffusion within the
anode functional layer, whereas high-frequency features (∼103–104 Hz) were assigned
to anode activation (charge transfer) polarization. Primdahl and Mogensen [24] used
EIS and microstructural modeling to link anode gas diffusion behavior to porosity and
tortuosity, findings later confirmed through DRT-based parameter extraction. Further-
more, DRT has been used to monitor degradation mechanisms in SOCs. Riegraf et al. [41]
demonstrated that the evolution of specific DRT peaks over time could pinpoint dominant
aging processes. Notably, DRT analysis improves SOFC modeling by extracting physi-
cally meaningful parameters that can be directly incorporated into equivalent-circuit or
distributed models [42]. This integration enables the accurate decomposition of multistep
electrode processes and strengthens model validation against experimental data across
varying operating conditions.

In this work, a 0-D non-isothermal analytical model is developed to predict the perfor-
mance of an anode-supported SOFC employing a Ni-YSZ fuel electrode and a composite
LSCF-based air electrode. The model calculates activation, diffusion, and ohmic losses by
incorporating kinetic and transport parameters extracted from EIS and DRT analyses under
varying operating temperatures and inlet gas compositions. The model also incorporates a
non-ideal ohmic loss term, accounting for interfacial and contact resistances that become
significant at low operating temperatures and high current densities, thereby improving the
accuracy of predicted cell performance. The residual difference between the total interfacial
resistance and the measured ohmic resistance is treated as an effective interfacial term
due to non-idealities and used for empirical fitting. In line with the impedance-based
modeling framework established by Leonide et al. [43] and further implemented in sub-
sequent works [44–46], this approach provides a physically grounded decomposition of
performance losses based on experimentally derived parameters and combined EIS–DRT
analyses, rather than relying solely on empirical polarization-curve-fitting. Model valida-
tion is conducted by comparing the model predictions with measured cell performance
across multiple temperatures (700 °C, 660 °C, 620 °C, and 580 °C) and oxygen concentrations
(100%, 50%, 20%, and 10% O2). Key parameters, including ohmic resistances, activation
energies, and diffusion coefficients, are extracted through regression of impedance spectra
rather than empirical fitting, ensuring a rigorous, physics-based description of the system.

2. Materials and Methods
2.1. Experimental Cell Preparation and Assembly

All measurements were conducted on anode-supported solid oxide cells fabricated
from commercially available half-cells (Kceracell, Boksu-myeon, Republic of Korea), which
were sectioned into square specimens with dimensions of 2 cm × 2 cm. The resulting
electrochemically active area was 0.1781 cm2. Each cell comprised a multilayer architecture
consisting of a 600 µm coarse composite NiO–YSZ support, a finer 26 µm NiO–YSZ anode
functional layer, and a dense 5 µm yttria-stabilized zirconia (YSZ) electrolyte. On the air
electrode, a dual-layer cathode configuration was employed. A mixed ionic–electronic con-
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ducting composite layer composed of (La0.6Sr0.4)0.95Co0.2Fe0.8O3−σ and (Gd0.2Ce0.8)O3−σ

(LSCF–GDC, 40 µm) served as the functional layer, while a pure LSCF layer (37 µm) func-
tioned as the current-collector layer. To mitigate chemical interaction between the YSZ
electrolyte and the strontium-containing cathode, a thin gadolinium-doped ceria interlayer
(5 µm, 20% Gd) was introduced at the electrolyte–cathode interface. This interlayer sup-
presses the formation of insulating zirconate phases such as LaZrO3 and SrZrO3, thereby
improving long-term electrochemical stability [47,48]. The schematic of the cell and the
SEM of the cross-sectional area are presented in Figure 1.

Figure 1. Schematic of the cell, and the cross-section’s SEM showing each layer’s thickness. Arrows
indicate the directions of oxide-ion (O2−) and electron (e−) transport.

The GDC interlayer was fabricated using a screen-printing approach. The correspond-
ing slurry was prepared by first dispersing a polymeric dispersant (Hypermer KD-1, Croda,
Princeton, NJ, USA) in terpineol and stirring the mixture at 50 ◦C for 24 h. Subsequently,
GDC nanopowder (20 mol% Gd, FuelCellMaterials, Lewis Center, OH, USA) and ethyl
cellulose (Sigma-Aldrich, St. Louis, MO, USA) were incorporated, followed by an addi-
tional 24 h of stirring at the same temperature. The final composition of the slurry consisted
of 40 wt% terpineol, 10 wt% Hypermer KD-1, 2 wt% ethyl cellulose, and 48 wt% GDC
nanopowder. Slurries for the LSCF and LSCF–GDC cathode layers were prepared using
an analogous procedure, with adjusted compositions , terpineol, 5 wt% Hypermer KD-1,
3 wt% ethyl cellulose, and 57 wt% of either LSCF or LSCF–GDC powder (FuelCellMaterials,
Lewis Center, OH, USA). The GDC slurry was first screen-printed onto the YSZ electrolyte
and subsequently sintered at 1150 ◦C for 5 h at a heating rate of 3 ◦C min−1. Intermediate
dwell steps at 80 ◦C (1 h) and 500 ◦C (30 min) were included to facilitate solvent evaporation
and binder burnout. The LSCF–GDC layer was then printed atop the GDC interlayer and
sintered at 1050 ◦C for 3 h under identical thermal conditions, followed by deposition and
sintering of the LSCF current-collecting layer at 850 ◦C for 3 h. The LSCF–GDC nanocom-
posite functions as a graded transition layer that enhances interfacial connectivity relative
to a single-phase LSCF cathode by increasing the density of electrochemically active sites
and promoting efficient oxygen transport and charge transfer across the cathode–electrolyte
interface [49,50]. The incorporation of the LSCF–GDC nanocomposite as a graded transition
layer provides enhanced interfacial connectivity relative to a single-phase LSCF cathode.
Electrical contact was established using a platinum mesh (Goodfellow, Pittsburgh, PA, USA)
on the O2/air electrode and a porous nickel foam on the fuel electrode. To ensure reliable
mechanical and electrical contact between the electrodes and the current-collecting Pt mesh
and Ni foam, a compressive load of 3 kg was applied uniformly across the cell assembly.
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2.2. Physical and Electrochemical Characterizations

Microstructural characterization was carried out using field-emission scanning elec-
tron microscopy (FE-SEM, Zeiss Gemini 500, Zeiss, Oberkochen, Germany) operated at an
accelerating voltage of 3 kV. FE-SEM was used to verify layer integrity and quantify the
thickness of individual cell components. Prior to electrochemical testing, the cells were
heated to 700 ◦C at a rate of 2.5 ◦C min−1 under a continuous flow of dry hydrogen at
100 sccm supplied to the fuel electrode. The reduction process was considered complete
once the open-circuit voltage stabilized near 1.1 V, indicating full conversion of NiO to
metallic Ni. Fuel cell performance was subsequently evaluated at operating temperatures
of 580, 620, 660, and 700 ◦C. During these measurements, the oxygen electrode was sup-
plied with O2/N2 mixtures containing 10–100% O2 at a fixed total flow rate of 100 sccm,
while the fuel electrode received 100 sccm of dry hydrogen. Following fuel cell operation,
the same cells were tested under electrolysis conditions across the same temperature range.
The influence of steam content on electrolysis performance was examined by controlling
the relative humidity of the hydrogen feed gas. Steam was introduced by passing hydrogen
through a temperature-regulated water bubbler to achieve relative humidities of 3%, 30%,
and 50%. To avoid condensation, the entire fuel delivery line was maintained at elevated
temperatures of 160 ◦C at the inlet and 170 ◦C at the outlet. On the air electrode, dry
air was supplied (21% O2 and 79% N2) at a total flow rate of 100 sccm. Electrochemical
measurements were performed using a Bio-Logic SP-200 potentiostat (BioLogic, Seyssinet-
Pariset, France). Impedance spectra were collected under various applied overpotentials
using a 10 mV AC perturbation over a frequency range spanning from 3 MHz to 200 mHz.
Current–voltage characteristics were obtained via linear sweep voltammetry at a scan
rate of 20 mV/s between 2.0 and 0.3 V. Distribution of relaxation times (DRT) analysis
was conducted using Tikhonov regularization with a regularization parameter of 10−5,
implemented through the DRTtools framework developed by Wan [51].

3. Modeling
In an SOFC, hydrogen is supplied to the anode, while oxygen, often from the ambient

air, is delivered to the cathode through the flow channels. At the cathode, oxygen molecules
are reduced to negatively charged oxygen ions, which are transported across the solid
electrolyte to the anode. At the anode, oxygen ions participate in the electrochemical
oxidation of hydrogen, forming water and liberating electrons that travel through the
external circuit to the cathode [52]. The corresponding half-cell electrochemical reactions
for the solid oxide cell are listed below [53]:

H2 + O2− → H2O + 2 e− (1)

1
2

O2 + 2 e− → O2− (2)

3.1. Governing Equations

The SOFC was simulated using a 0-D, single-phase, steady-state, and non-isothermal
model. The model incorporates electrochemical reactions as well as mass, heat, and charge
transport, as depicted in Figure S1. The cell performance was calculated using the gov-
erning equations based on the Butler–Volmer relationship, Fick’s law, and Ohm’s law to
capture kinetics, gas diffusion, and charge transport, respectively. The analytical model
was developed using Python 3.11.4. The subsequent sections describe the mathematical
formulation of the model, along with the associated parameters and implementation ap-
proach. The determination of all model parameters was primarily based on open-circuit
conditions, except for the charge-transfer coefficients (αFE and αAE), which were calculated
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from impedance measurements under load. Electrochemical impedance measurements,
combined with the distribution of relaxation times (DRT), were employed to resolve the
individual polarization and transport losses and to examine their sensitivity to operating
conditions. Distinct features observed in the DRT spectra, together with their character-
istic responses to variations in operating parameters, were used to establish a linearized
equivalent-circuit model (ECM) representation. Fitting of this model enabled the extraction
of key material and kinetic properties, such as the ionic conductivity of the electrolyte,
activation energy, exchange current density, and effective gas diffusion coefficients (Deff

i ).

3.1.1. Reversible Potential

The operating cell voltage (Vcell) was obtained by accounting for activation (ηact),
ohmic (ηohm), and concentration losses (ηconc), which were subtracted from the reversible
potential Erev, as expressed in Equation (3):

Vcell,SOFC = Erev − ηact − ηohm − ηconc (3)

The reversible potential Erev [V] was calculated from the Nernst equation [54]:

Erev = −∆Ĝ
nF

+
∆Ŝ0

nF
(T − Tref +

∆Ĉ0
p

nF

[
T ln

(
T

Tref

)
− (T − Tref)

]
− RT

nF
ln

 PH2O

PH2

( PO2
Pref

)0.5

 (4)

where ∆Ĝ [J/mol], ∆Ŝ [J/(mol·K)], and ∆Ĉp [J/(mol·K)] represent the changes in Gibbs free
energy, entropy, and specific heat capacity at constant pressure at the reference temperature
and pressure, respectively. n denotes the number of electrons transferred, F [C/mol] is
Faraday’s constant, T [K] is the absolute operating temperature, and Tref [K] is the reference
temperature (298.15 K). R is the universal gas constant. PH2 , PO2 , and PH2O [kPa] are the
supplied pressures of hydrogen, oxygen, and water vapor, respectively, while Pref is the
reference pressure (1 atm).

3.1.2. Activation Overpotential

The activation overpotential arises from the energy barriers that must be overcome
for electrochemical reactions to proceed. In this model, the activation overpotential (ηact)
represents the activation loss associated with HOR at the fuel electrode (FE) and ORR at
the air electrode (AE). The gas concentrations used in these calculations correspond to the
supplied gas compositions.

ηact = ηact,FE + ηact,AE (5)

The Butler–Volmer equation establishes the relation between the reaction rate and the
activation overpotential for both the fuel-side HOR and the air-side ORR [55].

j = j0,FE/AE

[
exp

(
αFE/AEzFE/AEFηact

RT

)
− exp

(
− (1 − αFE/AE)zFE/AEFηact

RT

)]
(6)

where j0,FE/AE [A/cm2] represents the exchange current density on the fuel and air electrodes.
αFE/AE is the charge-transfer coefficient and indicates the comparative magnitudes of the
activation barriers for the forward and reverse reactions at the interface [25]. zFE/AE represents
the number of electrons transferred (specifically, zFE = 2 and zAE = 4). A common modeling
assumption is to adopt a symmetric charge-transfer coefficient, αFE/AE = 0.5, within a Butler–
Volmer-type formalism [56]. The corresponding expressions for j0,FE and j0,AE, together with
their parameter definitions [57,58], are provided in the Supplementary Materials (Section S2).
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3.1.3. Ohmic Overpotential

Ohmic losses originate from resistances associated with both electronic and ionic trans-
port. These include bulk and contact resistances arising from electron conduction through
the electrodes, interlayers, and current collectors, as well as ionic resistance associated
with oxide ion transport across the multilayer electrolyte, consisting of YSZ, GDC, and the
GDC/YSZ interdiffusion zone [59–63]. The resulting ohmic overpotential, ηohm, can be
expressed using Ohm’s law as follows:

ηohm = j · ASRohm (7)

where j is the operating current density and ASRohm represents the combined effective
area-specific resistance.

In an SOFC, the ohmic resistance is predominantly governed by ionic conduction
within the electrolyte layer. Under the assumption that electronic and contact resistances
are negligible, the electrolyte ohmic overpotential can be approximated as follows [31]:

ηohm = j
(

Le

σionic,e

)
(8)

where Le is the effective electrolyte thickness and σionic,e denotes the temperature-dependent
effective ionic conductivity. Equation (8) represents an effective formulation intended to illus-
trate Ohm’s law. Although ionic transport occurs through a three-layer structure comprising
YSZ, GDC, and a GDC/YSZ interdiffusion zone with distinct conductivities, the resulting
non-idealities are incorporated into an effective ohmic resistance rather than resolved as
separate layers. The influence of the interdiffusion zone and interfacial contact losses is
therefore captured implicitly through model validation against experimental electrochemical
performance. A more detailed discussion of ohmic losses is provided in Section 3.2.5.

3.1.4. Concentration Overpotential

The concentration overpotential results from deviations between bulk gas composition
and local TPB concentrations. While these concentrations are identical under open-circuit
conditions, electrochemical operation induces gradients due to reactant consumption and
product formation. Gas transport within the electrode pores, dissolution of reactants and
products into and out of the electrolyte, and species diffusion collectively govern concentration
polarization, which becomes more pronounced at higher current densities. The concentration
overpotential is calculated using the following relations:

ηconc = ηconc,thermo + ηFE
conc,kinetic + ηAE

conc,kinetic (9)

ηconc,thermo =
RT

zFEF
ln

 PCH
H2

PTPB
H2O

PTPB
H2

PCH
H2O

(
PCH

O2

PTPB
O2

)0.5
 (10)

The thermodynamic concentration loss describes the overpotential arising from con-
centration differences between the gas channel and the triple-phase boundary (TPB), as de-
scribed by the Nernst equation. The channel partial pressures, PCH, are determined from the
supplied gas composition, while the TPB partial pressures are obtained from steady-state
mass conservation combined with Fickian diffusion [64]. The governing equations for the
fuel and air electrodes, together with the resulting expressions for the TPB partial pressures
PTPB

H2
, PTPB

H2O, and PTPB
O2

, are provided in the Supplementary Materials (Equations (S5)–(S9)).
Meanwhile, concentration overpotential due to activation can be summarized as follows:

ηconc,KE = ηTPB
act − ηAE/FE

act (11)

https://doi.org/10.3390/app16031497

https://doi.org/10.3390/app16031497


Appl. Sci. 2026, 16, 1497 8 of 27

Incorporating Equations (S1)–(S3) into Equation (11) yields explicit expressions for the
kinetic concentration overpotentials at both electrodes.

3.1.5. Heat Transport

For a solid oxide cell, the total heat generation per unit area is given by [65]

q′′total =

(
|∆H|

2F
− Vcell

)
× i (12)

where ∆H denotes the enthalpy change of the overall reaction. Heat is generated at the
electrode surfaces due to electrochemical overpotentials, while additional Joule heating
arises from electronic and ionic transport under load. Accordingly, heat dissipation is
assumed to occur in three primary regions: the anode, the cathode, and the electrolyte.
Temperature distributions are obtained by applying energy conservation and solving the
resulting differential equations, accounting for reaction enthalpy and heat conduction,
which are assumed to dominate thermal transport. The governing energy conservation
equation for a porous medium is expressed as follows:

∂

∂x

(
ki

∂T
∂x

)
+ q̇ = 0 (13)

where ki [W/mK] denotes the effective thermal conductivity of the solid parts of the cell,
with reported values available in the literature [66]. The volumetric heat source, q̇ [W/m3],
represents the irreversible heat generation due to charge transport as well as electrochemical
reactions occurring in the electrodes.

As illustrated in Figure S2, a mass balance loop is used for the non-isothermal heat
transfer calculations. Heat transfer perpendicular to the fuel cell plane can then be rep-
resented by a network of thermal resistances arranged in series. These conduction paths
include both bulk conduction through solid domains and contact resistance at interfaces.
In particular, interfacial joints such as those between the porous Ni mesh and the SOFC
anode (Ni–YSZ) (Rth,c1), as well as between the cathode and the Pt mesh and intercon-
nector (Rth,c2), play a dominant role. The resistance values were obtained from experi-
mental data at 650 ◦C and 800 ◦C using linear fitting of reported measurements for the
anode side, and for the cathode side they were estimated based on [67]. Accordingly,
the thermal contact resistances were determined as Rth,c1 = 5.87 × 10−2 cm2 K W−1 and
Rth,c2 = 1.032× 10−1 cm2 K W−1.

3.2. SOFC Model Parameter Extraction from EIS and DRT Analysis

DRT analysis resolved four primary relaxation features (P1–P4) in the SOFC spectra
(Figures 2). The low-frequency feature P1, with its associated resistance R1, was attributed
to gas conversion effects. It should be emphasized that this process is not intrinsic to the
electrochemical cell itself but, rather, arises from the test-bench configuration and the low
gas flow rate employed (100 sccm) [24], under which fuel depletion and gas composition
changes along the flow field become significant. The intermediate-frequency feature P2

corresponds to gas-transport-related processes. The higher-frequency features (P3 and
P4) can be attributed to electrode polarization phenomena. Following a more detailed
interpretation reported by Grosselindemann et al. [45], P1 (<1 Hz) primarily arises from
fuel-side gas conversion under low-flow-rate conditions. In contrast, P2 (∼10 Hz) can
be attributed to gas diffusion limitations within the Ni-YSZ anode substrate at the fuel
side, with the associated resistance denoted as R2. This process reflects concentration
polarization arising from gas transport through the porous anode support rather than
intrinsic electrochemical kinetics. The higher-frequency features P3 and P4 likely reflect
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overlapping contributions from electrochemical processes occurring at both the air and
fuel electrodes.

Impedance spectra were analyzed using complex nonlinear least-squares fitting im-
plemented in EC-Lab software (v11.50) The ECM was constructed based on the dominant
relaxation features identified from DRT analysis. Figure 2 illustrates the impedance spec-
trum acquired at 700 °C and 100% O2 under open-circuit conditions, together with the
corresponding DRT spectrum and the fitted ECM response. Although the Nyquist plot ex-
hibits overlapping arcs that obscure direct process identification, the DRT analysis resolves
four distinct relaxation peaks (P1–P4), each associated with a dominant electrochemical
process. These features guided the selection and arrangement of circuit elements, with the
first element representing the ohmic resistance and the remaining processes modeled using
RQ elements, whose physical significance was inferred from their characteristic frequency
ranges and systematic response to operating conditions.

As evident in Figure 2, the Nyquist semicircles appear flattened. This behavior results
partly from the disproportionate compression of the imaginary axis relative to the real
axis, and partly from intrinsic non-ideal relaxation behavior. As described in Refs. [68–70],
the impedance responses of real electrochemical systems arise from a superposition of
processes with distinct time constants. Replacing an ideal capacitor with a constant-phase
element (CPE) introduces a dispersion exponent nRQ < 1, which broadens and flattens the
semicircle. In this study, the fitted CPE exponents range from 0.50 to 1.0.

Figure 2. (a) Impedance spectrum measured at 700 °C, 100% H2, and 100% O2 at OCV, with peak
frequencies identified from the DRT spectrum; (b) the corresponding DRT showing four resolved
processes; and (c) EIS fit using the ECM constructed from the DRT assignments.

3.2.1. Activation Overpotential Exponent Parameters a, b, and m

This step determines the parameters required to estimate the activation overpotential.
To calculate the exponents a and b, the concentrations and partial pressures of hydrogen and
water were varied independently while maintaining a constant temperature. The combined
use of impedance spectroscopy and an ECM enables evaluation of the anode activation
polarization resistance as a function of the partial pressures of hydrogen and steam under
OCV conditions.

In this study, the value of a was adopted from the literature. However, the exponent b
was estimated by varying the water concentration in the fuel electrode under reversible
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solid oxide cell (SOC) mode, assuming constant a = −0.1 [39] and a hydrogen concentration
defined as xH2 = 1 − xH2O at OCV.

Equation (14) outlines how the exchange current density correlates with the activation resistance:

dηact,AE/FE

dj

∣∣∣∣
j=0

=
RT

zAE/FEFj0,AE/FE
= ASRact,AE/FE (14)

The parameter b is determined by fitting the impedance-derived values of Ract,FE. The full
analytical form of the fuel-side activation resistance, derived by substituting Equation (S1)
into Equation (14), is presented in Equation (S3). The impedance spectra and their corre-
sponding DRTs are shown in Figure 3 for reversible SOEC measurements at controlled
water vapor pressures of 50 kPa, 30 kPa, and 3 kPa.

Based on DRT deconvolution and equivalent-circuit fitting of the EIS data, the re-
sistances R3 and R4 were extracted under open-circuit conditions. The correspond-
ing DRT features, P3 and P4, modeled using two RQ elements, were attributed to
fuel-electrode activation processes associated with charge transfer at the triple-phase
boundaries and oxygen-ion conduction within the YSZ matrix of the anode func-
tional layer during the H2/H2O redox reaction. Accordingly, the combined resistance
R3 + R4 was defined as the fuel-side activation resistance, Ract,FE(PH2O/Pref), and was
analyzed as a function of water partial pressure. The water vapor pressures used in this
analysis correspond to the leakage-corrected, OCV-derived equilibrium values presented
in Table S3, rather than nominal inlet conditions, ensuring a physically consistent interpre-
tation of the pressure-dependent activation behavior.

Figure 3 presents a log–log analysis of R3 as a function of PH2O/Pref, revealing an
inverse power-law dependence consistent with the adopted semi-empirical model. The cor-
responding slope, denoted b, was extracted at each operating temperature. At 700, 660,
and 620 °C, the slopes were comparable, yielding an average value of b ≈ 0.338. In contrast,
the slope at 580 °C was markedly lower (b = 0.0497), indicating a significant deviation
from this trend. As shown in Figure 3i, the 580 °C data exhibit a noticeably flatter slope,
reflecting a weaker dependence on steam’s partial pressure. A similar behavior is observed
in the Arrhenius representation (Figure 3j), where the 580 °C data cluster across all steam
concentrations, indicating minimal variation in R3. This convergence suggests that al-
ternative rate-limiting mechanisms, such as modified electrode kinetics, mass transport
limitations, or steam adsorption effects, may dominate at lower temperatures. Conse-
quently, the 580 °C dataset was excluded from the calculation of the average b value used
in subsequent analyses.

A similar analysis was applied to the air electrode to determine the exponent m, which
characterizes the dependence of cathodic activation polarization on the partial pressure
of oxygen at constant temperature. Impedance spectra collected under varying PO2 /Pref

conditions reveal the sensitivity of air-electrode kinetics to oxidant availability, with the
corresponding DRT results shown in Figure 4. Among the resolved features, P3 exhibits the
strongest dependence on oxygen’s partial pressure, indicating its association with surface
oxygen exchange and oxygen-ion diffusion within the air electrode. The corresponding
resistance R3 therefore represents cathodic polarization losses dominated by oxygen in-
corporation and transport rather than gas-phase diffusion. Following the same procedure
used to extract the fuel-side exponent b, the air-electrode reaction order m was obtained by
fitting impedance-derived activation resistance data to a logarithmic model, with the full
formulation provided in the Supplementary Materials.

Figure 4 shows that, in addition to P3, the DRT features P1, P2, and P4 also shift with
increasing partial pressure of oxygen. Such behavior is consistent with the strongly coupled
nature of electrochemical and transport processes in SOFC electrodes, in which variations
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in oxygen activity can simultaneously affect multiple impedance contributions [71]. Ad-
ditional shifts may also originate from parasitic phenomena, including oxygen crossover
or gas leakage from the air to the fuel electrode, particularly under non-ideal contact
conditions [72,73]. Elevated PO2 /Pref is known to enhance leakage, potentially influencing
impedance features over a broad frequency range; this effect was qualitatively assessed
by comparing theoretical and measured open-circuit voltages. Despite these coupled
responses, the cathodic reaction order m was extracted based on the dominant oxygen sen-
sitivity of P3, while the multi-peak response reflects non-ideal impedance behavior under
these conditions. The fitted value, m = 0.236, obtained from the logarithmic dependence
of ASRact,AE on oxygen’s partial pressure (Figure 4i,j), indicates a strong dependence of
air-electrode kinetics on local oxygen availability. This result complements the fuel-side
analysis and highlights asymmetric kinetic behavior between the electrodes.

Figure 3. EIS spectra and corresponding DRTs from reversible SOC experiments at 700 °C (a,b),
660 °C (c,d), 620 °C (e,f), and 580 °C (g,h) under controlled vapor fractions PFE

H2O/Pref = {0.03, 0.3, 0.5}
and PFE

O2
/Pref = {0.21}. (i) Determination of parameter ’b’. lnASRact,FE [Ω · cm2] as a function of

vapor partial pressures obtained from OCV values, ln(PFE
H2O/Pref). (j) Determination of the fuel-electrode

activation energy Eact,FE in Equation (15).
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Figure 4. EIS spectra and corresponding DRTs from SOFC experiments at 700 °C (a,b), 660 °C (c,d),
620 °C (e,f), and 580 °C (g,h) for PAE

O2
/Pref = {0.1, 0.2, 0.5, 1} and PAE

H2
/Pref = {1}. (i) Determination

of parameter ’m’ at different oxygen concentrations (PAE
O2

/Pref = 0.1, 0.2, 0.5, 1). (j) Determination of
the air-electrode activation energy Eact,AE, based on DRT peak shifts extracted from the EIS spectra.

3.2.2. Activation Energies and Pre-Exponential Parameters γFE and γAE

The calculation of the kinetic activation energies Eact,FE and Eact,AE, along with the
parameters γFE and γAE, as described in Equations (S1) and (S2), requires impedance mea-
surements under OCV conditions at different operating temperatures while maintaining a
fixed gas composition. In this context, the DRT results shown in Figures 3 and 4 were used
to extract the activation polarization resistance from the EIS regression of the corresponding
impedance spectra. Subsequently, the temperature-dependent resistances were fitted to the
Arrhenius equation to determine the kinetic parameters.

ASRact,AE/FE(T) = BAE/FE · exp
(

Eact, AE/FE

RT

)
(15)
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The temperature-dependent air-electrode activation resistance, ASRact,AE(T), was
obtained by isolating the electrochemical process associated with Peak 3 in the DRT
analysis. Linear regression of the temperature-dependent resistance yielded the cath-
ode activation energy and pre-exponential factor for each oxygen concentration. The air
electrode exhibited an activation energy of Eact,AE = 116.8 kJ/mol (1.21 eV), along with a
concentration-dependent pre-exponential factor BAE, as listed in Table S1. The reported
activation energies for SOFC systems typically fall in the range of 0.7–3 eV [74–80]. In this
study, the cathodic pre-exponential factor γAE was found to scale linearly with temperature
and was approximated as γAE ≈ 7.1 × 103T over the investigated oxygen concentrations,
indicating that the temperature dependence of the cathode kinetics is primarily captured
through this proportionality.

γAE =
RT

2FBAE

(
PO2

Pref

)−m
(16)

The same procedure was used to determine the fuel-electrode activation energy, Eact,FE.
As illustrated in Figure 3j, the 580 °C data exhibit pronounced clustering at low steam
fractions, resulting in minimal resistance variation and an anomalously low Arrhenius
slope. Consequently, the activation energy extracted at 3% H2O can be considered an outlier.
This behavior suggests a decoupling of the expected kinetic response from steam’s partial
pressure, likely due to suppressed surface exchange or dominant diffusion limitations
under low-hydration and low-temperature conditions. Therefore, only data obtained at
higher steam contents (30% and 50% H2O) were used to determine the effective Eact, FE, en-
suring consistency with the pressure-dependence trends observed at higher temperatures.
This yielded a representative activation energy of Eact,FE = 99.857 kJ.mol−1 (1.035 eV),
which falls within the reported range of 70–189 kJ.mol−1 for Ni-based anodes [81–90].
A concentration-dependent pre-exponential factor BFE was obtained accordingly, as sum-
marized in Table S2. The temperature-scaled pre-factor for the fuel electrode, γFE, was
subsequently derived as follows:

γFE =
RT

2FBFE

(
PH2

Pref

)−a(PH2O

Pref

)−b
(17)

Analogous to the air-electrode formulation, this expression confirms that γFE exhibits a
linear dependence on temperature. To ensure consistency with the kinetic trends observed
at higher steam contents, only the fitted BFE values obtained at 30% and 50% H2O were
included, while the 3% H2O case was excluded due to its previously noted deviation from
Arrhenius behavior. Based on the averaged values in Table S3, the exchange current density
pre-factor was approximated as γFE ≈ 1.0227 × 105T [A/m2].

3.2.3. Charge-Transfer Coefficients, αFE and αAE

Impedance measurements under load conditions were employed to determine the
charge-transfer coefficients for the anode and cathode, denoted as αFE and αAE, respec-
tively. These experiments were performed at fixed partial pressures of PH2,FE = 1 atm and
PO2,AE = 1 atm, across operating temperatures of 700 °C, 660 °C, 620 °C, and 580 °C. EIS
spectra were collected under varying load conditions.

To determine the charge-transfer coefficient, αel, for both electrodes, the differential ac-
tivation resistance under load conditions was extracted from the DRT analysis. Specifically,
the resistance associated with Peak 3 was used for the air electrode based on SOFC EIS
spectra, while the same relaxation feature was analyzed for the fuel electrode using SOEC
EIS spectra. This peak can be attributed to electrode activation polarization dominated by
charge-transfer and surface-reaction kinetics, as expressed by
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dRact,AE/FE =
dηact,AE/FE

dj
(18)

The corresponding current densities j at each applied voltage were then calculated,
and the relationship between dRact,AE/FE and j was fitted using a second-order polynomial:

dRact,AE/FE(j) = aj2 + bj + c (19)

The estimated ηact,AE/FE(j) values were then fitted using the Tafel equation to obtain
the charge-transfer coefficient:

ηact,AE/FE(j) =
RT
αzF

ln
(

j
j0

)
(20)

Figure 5a presents the EIS spectra collected under varying voltage loads at 700 ◦C,
while Figure S3 shows the complete set of EIS spectra acquired under load at different
temperatures, highlighting the changes in impedance response with increasing current
density. Figure 5b displays the corresponding DRTs, where the peak evolution under
load provides insights into the electrode-specific polarization behavior. Figure 5c shows
the extracted differential activation resistances, dRact,AE and dRact,FE, plotted against the
current density j. From this analysis, the charge-transfer coefficients were determined to be
αFE = 0.65 for the fuel electrode and αAE = 0.46 for the air electrode.

Figure 5. Determination of the charge-transfer coefficients αan and αcat: (a) EIS spectra mea-
sured at various cell voltages (V = 0.4, 0.6, 0.8, 1.0 V, and OCV) under PH2,FE/Pref = 1 atm and
PO2,AE/Pref = 1 atm, and at T = 700 ◦C; (b) corresponding DRTs; (c) dRact,AE and dRact,FE [Ω · cm2]
plotted against current density j, along with corresponding second-order polynomial fits.

3.2.4. Ohmic Resistance and Ionic Conductivity

Ohmic resistance values were obtained from the high-frequency intercepts of the
Nyquist plots under OCV conditions. Ionic conductivity was then derived from the
extracted ASRohm values using an Arrhenius-type model. A simplified ECM, consisting
of an inductance (L1) and a resistance (R1) element, was employed for fitting. The fitted
ohmic resistance values across temperatures and oxygen conditions, presented in Figure 4,
are listed in Table S4. The pronounced linearity observed in the Arrhenius plot (Figure 6)
confirms the thermally activated nature of ionic conduction. Regression analysis yielded
adjusted R2 values exceeding 0.998 for all oxygen concentrations, indicating an excellent fit
to the Arrhenius relationship. Following the extraction of ASRohm, the ionic conductivity
of the electrolyte at each temperature was calculated using

σionic,e(T) =
Le

ASRohm(T)
(21)

where Le is the known electrolyte thickness. The ionic conductivity exhibits an Arrhenius-
type temperature dependence, increasing with temperature due to enhanced ion mobility
within the dense electrolyte layer. The temperature dependence of the extracted ASRohm

values was fitted to an Arrhenius-type relationship [91,92]:
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σionic,e(T) =
Aohm

T
exp

(−Eact, ohm

RT

)
(22)

where parameters Aohm (cell-specific constant) and Eact, ohm (activation energy for ionic
conduction) were determined, yielding the following fitting results:

Aohm = 105, 303 S · K/cm, Eact, ohm = 79.944 kJ/mol (0.829 eV)

Figure 6. (a) EIS spectra for 100% O2 and 100% H2 at 580, 620, 660, and 700 °C. (b) Determination of
the ohmic resistance, ASRohm [Ω · cm2], from EIS data fitting at 580, 620, 660, and 700 °C for 100%,
50%, 30%, and 10% O2 and 100% H2; and estimation of the parameters Aohm and Eact,ohm at different
O2 concentrations by fitting Equation (22).

3.2.5. Non-Ideal Ohmic Losses and Interfacial Resistances

In practice, the experimentally measured high-frequency intercept (Rohm) cannot
fully capture the non-ideal losses present in the cell. To reconcile the model predic-
tions with the impedance measurements under all operating conditions, an additional
lumped ohmic contribution was considered, accounting for interfacial and contact re-
sistances at the current collectors, electrode–electrolyte interfaces, and geometric con-
striction effects within porous electrodes. These contributions are not intrinsic material
properties of the electrolyte but represent unavoidable non-idealities and are therefore
incorporated as an effective ohmic resistance in the analysis. These contributions include
(i) contact resistances between the porous materials and the current collector [93]; (ii) local
degradation of electrolyte conductivity near the Ni–YSZ interface, caused by Ni diffusion
under reducing conditions [94,95]; (iii) an interdiffusion zone resulting in low conductiv-
ity of the GDC layer [96]; and (iv) possible SrZrO3 formation in the cathode/electrolyte
interface region, which may further contribute to ohmic or polarization resistance, de-
pending on its microstructure [97–99]. Similar situations are also documented in low-
temperature fuel cells, where the catalyst layer’s ionic resistance contributes to the total
ohmic polarization [100,101]. In addition to these interfacial effects, a finite ionic conduc-
tion path may exist within the composite electrodes when the electronically conducting
backbone (Ni or LSCF) becomes discontinuous due to agglomeration or microstructural
degradation. To account for the cumulative effect of these processes, the total effective
area-specific resistance is expressed as the sum of the electrolyte contribution and a residual
non-ideal resistance term, as given in Equation (23). As shown in Figure 7, the effective
total resistance increasingly deviates from the electrolyte contribution with decreasing tem-
perature, highlighting the growing impact of non-ideal interfacial and contact resistances.

ASReff,tot(T) =
Le

σionic,e(T)
+

Leff
κ(T)

(23)

where ASReff,tot denotes the effective total resistance, Le is the electrolyte thickness, and
σionic,e(T) is the electrolyte ionic conductivity derived in Section 3.2.4. Here, Leff and
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κ(T) are empirical fitting parameters representing the aggregate interfacial and contact
resistances. Unlike a physical conduction path, Leff does not correspond to a measurable
thickness but serves as a scaling factor linking the apparent interfacial area to the observed
temperature dependence. The parameter κ(T) follows an Arrhenius-type relation.

Figure 7. (a) Area-specific ohmic and total resistances based on non-idealities, showing the grow-
ing discrepancy between effective total resistance and the electrolyte contribution as temperature
decreases. (b) Arrhenius plot of the residual non-ideal resistance contribution (ASRresidual(T)); the
linear fit yields a slope of 30.4357 with R2 = 0.944, supporting the chosen κ(T) model.

The detailed functional form of κ(T) and the expression for the electrode’s resistance
contribution, ASRresidual(T), are provided in Equations (S19) and (S20). These relation-
ships explain the observed sharp increase in electrode resistance at lower temperatures,
emphasizing the importance of including this term when modeling SOFC ohmic losses at
intermediate and low temperatures.

3.2.6. Structural Parameters, ψFE and ψAE

This section establishes a methodology for accurately extracting the structural pa-
rameters ψFE and ψAE from impedance spectroscopy data. These parameters are critical
for quantifying the mass transport overpotential, thereby enabling a comprehensive char-
acterization of the system’s electrochemical behavior, especially at the mass transport
region. To determine ψFE and ψAE, the humidity level at the fuel electrode and the oxygen
concentration were varied. To quantify this contribution, the low-frequency diffusion resis-
tance, Rdiff,FE, corresponding to mass transport limitations in the porous Ni/YSZ anode
substrate, was isolated from the EIS spectra. To accurately capture its dependence on
humidity and temperature, the concentration overpotential model for the fuel electrode
was considered. Using the expressions for the concentration gradient and overpotential
(Equations (S5)–(S16)) [102], the model was reformulated into an explicit expression for
the diffusion resistance by linearization and rearrangement, yielding Equation (24). In this
formulation, the porosity-to-tortuosity ratio, ψFE = εFE

τFE
, was treated as an unknown fitting

parameter to be extracted from experimental data.

Rdiff,FE =

(
RT
2F

)2 LFE

ψFE

1
DH2O−H2

(
1

pH2O
+

1
1 − pH2O

)
1

Pcorr
(24)

where Pcorr is a correction factor of 101,325 Pa/atm. At elevated temperatures (700 °C
and 660 °C), the contribution of thermally activated polarization processes is significantly
reduced, allowing a more direct assessment of diffusion-related resistances. Under these
conditions, the extracted values of R2,FE are therefore predominantly governed by gas-
phase transport through the anode substrate. To facilitate parameter extraction and trend
analysis, Equation (24) was subsequently simplified into logarithmic form, resulting in the
following proportional relationship:

ASRdiff,FE = C Pn
H2O (25)
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where C is a fitting constant and n represents the power-law dependence of the diffusion
resistance on the partial pressure of water vapor. Using least-squares fitting in logarithmic
space, the experimentally extracted ASRdiff,FE data were fitted to the diffusion model de-
rived from Fick’s law, as given in Equation (25). From this fitting procedure, the porosity-to-
tortuosity factor ψFE was extracted, providing quantitative insight into the microstructural
characteristics of the fuel-electrode substrate. The extracted parameters, along with the
corresponding porosity-to-tortuosity factors at each operating temperature, are presented
in Figure 8 and Table 1. Averaging these values yields ψFE = 0.198.

Table 1. Extracted slopes and porosity-to-tortuosity factors ψFE at different temperatures.

Temperature [°C] DH2,H2O [cm2· s−1] C Slope (n) ψFE ψFE,avg

700 6.9619 0.01442 −0.496 0.18965 0.19793660 6.4689 0.01427 −1.128 0.20620

Note: ψFE,avg represents the average porosity-to-tortuosity factor calculated across both temperatures.

Figure 8. Fuel-electrode diffusion resistance from EIS regression: ASRdiff,FE at 660 and 700 °C, 50, 30,
and 3 kPa H2O and 21% O2.

The full derivation and fitting procedure for the air-side diffusion resistance model are
summarized in Table S5. The observed deviation between the extracted resistance values
and those reported in the literature suggests that the resistance associated with the P2

feature cannot be attributed to pure gas-phase diffusion alone. Instead, P2 represents a
lumped polarization process that incorporates gas transport within the porous LSCF-based
electrode together with additional electrochemical contributions. This interpretation is
further supported by the pronounced temperature dependence of the P2 feature, which
cannot be explained only by gas-phase diffusion mechanisms and instead indicates the
involvement of thermally activated electrochemical processes. Such lumped behavior
is consistent with previous studies on porous mixed ionic–electronic conductor (MIEC)
cathodes, where mass-transfer-related impedance features were shown to overlap with
surface oxygen exchange and bulk oxygen-ion diffusion processes. In these systems,
oxygen transport is governed by coupled electrochemical and transport mechanisms that
are more appropriately described by a Gerischer-type response rather than by a purely
diffusive element. Consequently, the extracted ψAE values obtained by treating P2 as a
diffusion-dominated process cannot be interpreted as intrinsic indicators of the cathode’s
microstructural diffusion properties. In particular, the characteristic R2 feature attributed to
gas-phase diffusion in the LSCF electrode is convoluted with additional kinetic processes,
leading to a systematic underestimation of the effective porosity-to-tortuosity factor when
fitted directly from P2, as illustrated in Figure S4.

An additional factor contributing to the underestimated ψAE values is the limited
experimental resolution of gas-phase diffusion under the investigated partial pressure of
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oxygen range. Previous analyses of similar LSCF cathode structures have demonstrated
that gas-phase diffusion can only be unambiguously resolved in the DRT spectrum at very
low partial pressures of oxygen (PO2,AE/Pref < 0.05) [39,45]. At higher oxygen concentra-
tions, the diffusion-related contribution merges with adjacent electrochemical processes,
further complicating the separation and promoting underestimation of ψAE. In the present
study, the use of pure oxygen at the cathode further suppressed gas-phase diffusion [103]
by minimizing oxygen concentration gradients within the porous electrode, making the
appearance of a distinct diffusion-related DRT peak unlikely.

To avoid non-physical parameter compensation, and to ensure a realistic represen-
tation of air-electrode transport in subsequent modeling and analysis, a literature-based
value of ψAE = 0.048 reported by Grosselindemann et al. [45] was therefore adopted. This
value is representative of comparable LSCF-based cathode microstructures and provides
a physically consistent estimate for air-side mass transport under the present operating
conditions. Thus, under ideal cathode contact conditions, the contribution of air-side gas
diffusion to the overall SOFC performance is negligible. This is consistent with previous
studies showing that, for well-contacted LSCF-based air electrodes, gas-phase diffusion
becomes performance-relevant only at very low partial pressures of oxygen. Under an ideal
small-scale single-cell configuration, air-side gas transport is not a dominant limitation
for well-contacted LSCF-based cathodes. However, under a stack-like design employing
a channel–rib flow-field, lateral oxygen transport beneath the cathode ribs can become
significantly constrained. Multiphysics modeling of planar SOFC stacks has demonstrated
that such in-plane transport limitations lead to oxygen depletion at cathode triple-phase
boundaries beneath wide ribs, thereby increasing the cathode concentration polarization
and degrading cell performance. Consequently, in these configurations, in-plane gas diffu-
sion beneath air-side ribs may become performance-limiting [104,105]. Since the porosity
and tortuosity of the air electrode in the present cell were not characterized in detail, and ad-
ditional transport limitations may arise from the contacting configuration, the effective
air-side gas diffusion resistance may be larger than that of an ideally contacted cathode.

4. Results
This section evaluates the model’s predictive accuracy by comparing simulated polar-

ization curves (I–V curves) to experimental measurements under varying partial pressures
of oxygen and temperatures. As shown in Figure 9, the model captures performance trends
across four oxygen concentrations (10%, 20%, 50%, and 100%) and four temperatures
(580 ◦C, 620 ◦C, 660 ◦C, and 700 ◦C).

At higher temperatures, ohmic losses decrease due to enhanced ionic conductivity,
consistent with Arrhenius behavior. A slight reduction in OCV is also observed, resulting
from the thermodynamic shift in the Nernst potential. The model predicts limiting-current
behavior at low partial pressures of oxygen, especially at 10% O2 and 700◦C, where cathodic
diffusion limitations lead to a pronounced voltage drop at relatively low current densities.

Figure 10a presents the decomposition of each overpotential component as a function
of the applied current density. Ohmic resistance becomes the dominant contribution at high
current densities. Activation overpotentials, particularly for HOR, are significantly smaller.
Contributions from ORR kinetics and gas diffusion are minor under the tested conditions
but can increase under more oxygen-limited environments or stack-level configurations.
To assess non-isothermal effects, the local temperature distribution at 1 and 2.2 A cm−2 is
shown in Figure 10b. Although higher current density leads to a measurable increase in
temperature, the maximum temperature difference across the cell remains below 1 K. This
magnitude is comparable to the uncertainty range of industrial thermocouples, indicating
that temperature gradients in the present cell configuration are negligible. Consequently,
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under the investigated operating conditions, the cell can be considered quasi-isothermal,
and thermal non-uniformities are not expected to significantly influence the electrochemical
response. Nonetheless, the non-isothermal framework provides a consistent basis for
extending the model to larger-area cells or higher current densities, where thermal gradients
may become more pronounced.

Figure 9. Simulated (lines) and experimental (symbols) polarization curves for 100%, 50%, 30%,
and 10% O2 and 100% H2 at (a) 700 °C, (b) 660 °C, (c) 620 °C, and (d) 580 °C.

Model parameters, including anodic and cathodic gas partial-pressure dependencies
(b, m), activation energies (Eact,FE, Eact,AE), and charge-transfer coefficients (αFE, αAE), were
independently extracted through impedance and DRT analyses. The porosity-to-tortuosity
factor ψFE was determined, and the ohmic resistance ASRohm was derived from the high-
frequency intercept at OCV and validated via Arrhenius fitting.

Separate methodologies were applied for the determination of structural parameters
in the fuel and air electrodes. The porosity-to-tortuosity factor of the fuel electrode, ψFE,
was extracted directly from EIS–DRT analysis by isolating the low-frequency diffusion
resistance associated with gas transport through the porous Ni/YSZ substrate. In con-
trast, a direct experimental extraction of the air-electrode structural parameter, ψAE, was
not feasible under the present operating conditions. As discussed in Section 3.2.6 and
demonstrated in the Supplementary Materials, the DRT feature associated with the air
electrode represents a lumped polarization process dominated by coupled surface oxygen
exchange and bulk oxygen-ion diffusion in the LSCF-based MIEC cathode, rather than
pure gas-phase diffusion. The use of pure oxygen and high partial pressures of oxygen
further suppresses cathode gas-diffusion limitations, rendering ψAE non-identifiable from
impedance data. To avoid non-physical parameter compensation and overestimation of
diffusion-related losses, a literature-based value of ψAE = 0.048 was therefore adopted
for the air electrode. Importantly, this methodological asymmetry does not affect the pri-
mary conclusion regarding loss partitioning. Under the investigated operating conditions,
the total cell resistance is dominated by ohmic losses, as evidenced by the overpotential
decomposition shown in Figure 10a.
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Figure 10. (a) The individual overpotential contributions under SOFC operation, namely, the
ohmic overpotential ηohm, the activation overpotential ηact, and the concentration (gas diffusion)
overpotential ηconc, are shown as functions of current density j. The operating conditions were 100%
H2 (dry) and 10% O2 at T = 700 °C. (b) Temperature distribution within the cell. (c) Concentration
distribution within the cell.

Together, these experimentally grounded parameters enabled the model to predict perfor-
mance with high fidelity, without reliance on empirical curve-fitting. This highlights the model’s
robustness and the physical relevance of the loss mechanisms across various operating regimes.

5. Discussion and Conclusions
A comprehensive analytical model was developed to predict the electrochemical

performance of an anode-supported SOFC. The model demonstrated strong agreement with
experimental polarization data across a wide range of operating temperatures (580–700 ◦C)
and oxygen concentrations (10–100% O2), validating its predictive capability. Activation
polarization was modeled using the Butler–Volmer equation, gas diffusion losses were
evaluated using Fick’s law through extraction of the structural parameters ψFE = 0.198
and ψAE = 0.048 (the latter referenced from [45]), and ohmic losses were quantified using
Ohm’s law, accounting for both electrolyte ionic and interfacial non-ideal contributions.

Key model parameters, including anodic and cathodic Tafel slopes, activation energies,
and exchange current densities, were extracted through impedance spectroscopy and DRT
analysis performed under OCV conditions. These measurements systematically varied key
operating factors, including the fuel composition at the anode, oxidant composition at the
cathode, and operating temperature. The resulting impedance spectra were analyzed using
an established ECM, enabling the separation of different loss contributions. The extracted
resistances were employed to derive the temperature and partial-pressure dependencies of
the anodic and cathodic exchange current densities by fitting to semi-empirical power-law
expressions. Specifically, the exponents a and b characterize the anodic exchange current
density’s dependence on the partial pressures of hydrogen and water vapor, while the
exponent m captures the cathodic exchange current density’s dependence on the partial
pressure of oxygen. Charge-transfer coefficients (αFE = 0.65, αAE = 0.46) were determined
from fitting activation overpotentials under load.

A significant advancement of this study is the explicit treatment of non-ideal ohmic
losses through an effective interfacial resistance term. By analyzing the temperature depen-
dence of the experimentally measured ohmic resistance (ASRohm) and comparing it with the
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electrolyte-only contribution predicted from bulk ionic conductivity, a systematic discrepancy
was observed, particularly at intermediate and low temperatures. This deviation cannot be
attributed solely to electrolyte conduction and instead reflects the cumulative impact of inter-
facial and contact resistances arising from current-collector interfaces, electrode–electrolyte
contact regions, and microstructural non-idealities within the composite electrodes. These ef-
fects were captured by extending the ohmic model to include an effective interfacial resistance
characterized by an Arrhenius-type temperature dependence, enabling accurate reproduction
of the measured ohmic losses across the investigated temperature range.

The second low-frequency peak (P2) in the impedance spectra of the air electrode does
not exclusively reflect gas-phase diffusion resistance through the LSCF–GDC structure
but rather a lumped process involving gas diffusion, surface exchange, and charge trans-
fer. As a result, the porosity-to-tortuosity factor (ψAE) extracted from P2 is significantly
underestimated. This discrepancy further stems from the limited resolution of gas-phase
diffusion under the investigated partial pressures of oxygen. As shown in prior analyses of
similar cathode structures, gas-phase diffusion can only be distinctly resolved in the DRT
spectrum at very low oxygen levels (PO2,AE/Pref < 0.05) [39]. To ensure physical accuracy,
a literature-based value of ψAE = 0.048 was adopted, thereby avoiding misattribution of
kinetic contributions to mass transport limitations. For the fuel electrode, the structural
parameter ψFE was extracted by varying humidity at the anode side and analyzing the
resulting mass transport resistances. To ensure that thermally activated kinetic processes
did not interfere with the pure diffusion analysis, ψFE was calculated only at elevated
temperatures (660 ◦C and 700 ◦C), where activation losses become negligible compared
with diffusion limitations. This extraction methodology, based on linearized forms of
the concentration overpotential equations, allowed for a clean extraction of the anode
microstructural properties, minimizing artifacts due to kinetic effects.

A non-isothermal formulation was included to assess thermal effects under load;
however, the predicted temperature gradients remained below 1 K across the investigated
current-density range, confirming quasi-isothermal behavior for the button-cell configu-
ration. Unlike conventional SOFC modeling approaches that rely heavily on empirical
curve-fitting, this methodology enables an independent and physically meaningful quan-
tification of each loss mechanism across the full current-density range. This comprehensive
analysis facilitates a more precise evaluation of optimization strategies. It enables direct,
parameter-based performance comparisons across different regimes based on measurable
material and structural properties, offering a robust platform for cell and stack optimization
studies. Nevertheless, the current model assumes uniform current density and temperature
distributions across the active electrode area, an assumption that is valid primarily for
small-area single cells. Deviations from this assumption in larger or segmented cells may
lead to inaccuracies in loss prediction and require future extension to more detailed one-,
two-, or three-dimensional modeling frameworks.

Future work will focus on expanding the model to capture spatial gradients, degrada-
tion phenomena such as electrode delamination or microstructural coarsening, and tran-
sient operating conditions. These extensions will further enhance the model’s applicability
for practical SOFC system design and performance forecasting.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app16031497/s1, including Figures S1–S4 and Tables S1–S5.
Figure S1: Schematic of the SOFC model domain, transport processes, and the equivalent thermal-
resistance network with heat sources. Figure S2: Mass balance and temperature distribution
calculation algorithm. Figure S3: Determination of charge-transfer coefficients αan and αcat.
Panels (a,c,e,g): EIS spectra at V = {0.4, 0.6, 0.8, 1.0, OCV} under 100% O2 and 100% H2, and
T = {700, 660, 620, 580} C. Panels (b,d,f,h): corresponding DRT spectra. Figure S4: Air-electrode
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lumped resistance from EIS regression: ASRdiff,AE at 660 and 700 °C, 100%, 50%, 20%, and 10%
O2 and 100% H2. Table S1: Concentration-dependent pre-exponential factor BAE. Table S2: Pre-
exponential factor BFE for different controlled H2O concentrations. Table S3: Variation of water
vapor molar fraction, XH2O, and γFE with different controlled H2O concentrations at various oper-
ating temperatures. Table S4: Extracted ohmic resistance values from EIS regression at OCV under
different O2 concentrations. Table S5: Extracted slopes and porosity-to-tortuosity factors ψAE at
different temperatures.
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Nomenclature
A Cell-specific constant (K cm−1)
ASRO2− ,ohm Ionic resistance through the electrolyte
ASRcontact Contact resistance at interfaces
ASRe− ,ohm Electronic resistance across the electrodes
ASRohm Total ohmic resistance
B Concentration-dependent pre-exponential factor (Ω cm2)
Ci Molar concentration of species i (mol cm−3)
Di Diffusion coefficient of species i (cm2 s−1)
Eact Activation energy of the reaction (kJ mol−1)
Erev Thermodynamic reversible voltage (V)
F Faraday constant (C mol−1)
Mi Molar mass of species i (kg mol−1)
N′′

i Molar flux of species i
P Operating pressure (Pa)
Pre f Reference pressure (1 atm)
R Universal gas constant (8.314 J mol−1 K−1)
Re− Electronic resistance (Ω cm2)
Rm Thermal resistance of the electrolyte (K W−1)
Rth,a Thermal resistance of the anode (K W−1)
Rth,c Thermal resistance of the cathode (K W−1)
T Operating temperature (K)
Ta Local temperature at anode–electrolyte interface (K)
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Tc Local temperature at cathode–electrolyte interface (K)
Tm Local temperature at the center of the electrolyte (K)
Tre f Reference temperature (298 K)
Vcell Cell voltage (V)
a Exponent: dependency on hydrogen partial pressure
b Exponent: dependency on water vapor partial pressure
α Charge-transfer coefficient
δ Thickness (cm)
∆Ĉp Specific heat capacity at constant pressure (J mol−1 K−1)
∆G Gibbs free energy of reaction (kJ mol−1)
∆H Enthalpy of reaction (kJ mol−1)
∆S Entropy of reaction (J mol−1 K−1)
ϵ Porosity
η Overpotential (V)
γ Pre-exponential factor (A m−2 K−1)
κ Ionic conductivity at electrode (S cm−1)
ki Thermal conductivity of solid material i (W m−1 K−1)
ψ Multiplier for τ/ε in the diffusion medium
ρ Density (kg m−3)
σ Electrolyte ionic conductivity (S cm−1)
τ Tortuosity factor
x Partial pressure of a species
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