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Solid oxide electrolyzer cells offer a promising solution for sustainable syngas production via high-temperature
co-electrolysis of water and CO2. However, their long-term performance is limited by structural degradation,
including cathode sintering, electrolyte phase transitions, anode delamination, and interconnector oxidation,
which degrade electrochemical stability and efficiency. These degradation effects are often simplified in existing
modeling studies. To address this, a material-specific degradation model was developed in Aspen Custom
Modeler to simulate SOEC behavior under varying conditions. The model incorporated nickel sintering, yttria-
stabilized zirconia phase changes, and interconnector oxidation. Simulation results revealed that inter-
connectors degrade faster, reducing the triple-phase boundary length, critical for electrochemical activity.
Applying a lanthanum strontium cobaltite coating to interconnectors reduced degradation by 40.34 %,
enhancing SOEC durability. These findings underscore the potential of predictive modeling combined with
advanced coatings to improve SOEC performance for sustainable syngas production.

1.0. Introduction sources. In this direction, significant research efforts are already un-

derway to advance CO: reduction and conversion technologies in par-

Global energy and environmental concerns have increased due to
rapid industrialization and population growth, leading to rise in
greenhouse gas emissions, with carbon dioxide (CO2) being a major
contributor, reaching 37.8 Gt in 2024 (0.8 % above 2023), and atmo-
spheric levels at 422.5 ppm [1-3]. This issue has consequently received
widespread environmental and energy attention in recent years. Fossil
fuel combustion remains the primary driver of global warming and en-
ergy imbalance, leading the Intergovernmental Panel on Climate Change
(IPCC) to emphasize the need for net-zero emissions by 2050 [4-6]. This
underscores the need to transition our focus towards renewable energy

allel with clean alternatives such as solar and wind energy, aiming to
meet energy demands while mitigating climate impacts [7]. Given these
considerations, reducing CO emissions and converting them into
value-added products is a promising solution [8].

Among decarbonization pathways, electrochemical CO2 conversion
offers a viable pathway by transforming waste carbon into fuels and
chemicals [9]. This method is highly attractive as it combines energy
efficiency with cost-effectiveness by enabling hydrocarbon fuel pro-
duction from CO2, water, and renewable sources. It offers precise process
control, compact and easily integrable design, high efficiency, modular
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scalability, on-demand operation, and the flexibility to utilize diverse
clean energy resources and surplus electricity [10,11]. Within this
framework, solid oxide electrolyzer cells (SOECs) represent a particu-
larly promising electrochemical process, as they operate at higher
temperatures where both thermodynamic and kinetic conditions are
highly favorable. This allows the simultaneous co-electrolysis of CO2 and
H:0 to produce syngas, a tailored mixture of carbon monoxide (CO) and
hydrogen (H:z). Syngas is a critical intermediate that can be further
upgraded into synthetic fuels, such as methanol, Fischer-Tropsch hy-
drocarbons, and ammonia, as well as other value-added chemicals
[12-15]. However, their commercial adoption is hindered by long-term
degradation of the cell operations, including Ni coarsening in fuel
electrodes [16], interconnect oxidation [17], oxygen electrode delami-
nation [18], and phase changes in the electrolyte [19], which limit ef-
ficiency and commercialization [10,20].

SOEC stacks consist of series-connected cells with dense electrolytes,
fuel, and oxygen electrodes, linked by ferritic stainless-steel in-
terconnects that ensure electrical continuity, gas separation, and sta-
bility. Interconnectors such as Crofer 22 APU and Haynes 230 are widely
used due to their conductivity, thermal expansion compatibility, and
cost-effectiveness [12,21-23]. However, at high operating temperatures
(700-850 °C), chromium in these alloys reacts with oxygen to form a
chromium oxide (Crz0s) scale at the interconnect-anode interface. While
this oxide layer initially provides protection, its continuous growth in-
creases electrical resistance and reduces efficiency. Moreover, volatile
chromium species can migrate to the oxygen electrode, where they block
active sites, a process known as chromium poisoning, which further
accelerates SOEC degradation [10,17,24,25]. Therefore, interconnect
materials must combine high electrical/thermal conductivity, corrosion
resistance, thermal expansion compatibility, and cost-effectiveness [26].
Metallic alloys, particularly ferritic stainless steels, are preferred over
ceramics due to superior manufacturability, mechanical strength,
cost-effectiveness, and higher conductivity [27-29]. Ferritic stainless
steels such as AISI 430 [30], Crofer 22 APU [31,32], Crofer 22 H [33],
E-Brite [34], Haynes 230 [35]. Among these, Crofer 22 APU offers
optimal coefficient of thermal expansion (CTE) matching,
high-temperature stability, low cost, and strong electrical performance
[36-38].

To further enhance the durability of the interconnector, protective
coatings have been explored. While Mn-Co spinel coatings are widely
used for SOEC interconnect protection, their lower conductivity
(~40-60 S cm™) and higher long-term area-specific resistance (ASR) can
limit current collection efficiency [39,40]. Noble metals offer excellent
conductivity but are costly and prone to migration during operation
[25]. In contrast, perovskite coatings such as lanthanum strontium
cobaltite (Lao.sSro.2C003, LSC) provide high conductivity (>200 S cm ! at
800 °C), strong chemical stability, oxidation resistance, and effective
suppression of chromium evaporation, making them attractive for SOEC
interconnect protection [18,30,41-45].

Although previous studies have made efforts to model SOEC degra-
dation, significant limitations persist, particularly in capturing the in-
teractions among microstructural changes and degradation linked to
interconnectors, such as chromium oxide scale formation, volatilization,
and interactions with electrode surfaces, which remain insufficiently
represented in most models, despite their critical influence on overall
stack performance and durability. Kamkeng et al. [46] incorporated Ni
coarsening and LSM-YSZ phase degradation into a COMSOL-based 2D
co-electrolysis model, yet their work focused on short-term operation
without coupling multiple degradation mechanisms. Similarly, Xia et al.
[47] quantified performance loss due to LSM-YSZ phase coarsening
using an experimental model hybrid approach, but interconnect oxida-
tion and long-term effects were not considered. Yang et al. [48] inves-
tigated ferritic stainless-steel interconnect oxidation under accelerated
testing, identifying Cr:0s scale growth rates, though the study was
limited to < 3000 h and did not address breakaway corrosion. Luo et al.
[49] analyzed electrolyte phase transitions through microstructural
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characterization, linking them to reduced ionic conductivity, but this
was not integrated into stack-level co-electrolysis simulations. Wang
et al. [50] developed a 3D multi-physics COMSOL model to simulate
heat, mass, and charge transfer, yet assumed constant material proper-
ties without degradation coupling. Zhang et al. [13] demonstrated that
LSC coatings could reduce oxide scale growth on interconnects, though
voltage stability and syngas yield impacts were not evaluated.

Collectively, these studies highlight that while individual degrada-
tion phenomena have been investigated, comprehensive long-term
modeling that couples structural, electrochemical, and interconnect-
related degradation under co-electrolysis conditions remains lacking.
Many simulations address pure H20 or CO: electrolysis, leaving co-
electrolysis durability underexplored [51-54]. Recent efforts have
begun to incorporate structural degradation into co-electrolysis
modeling, but remain limited in scope [47,55,56]. Degradation linked
to LSM-YSZ phase coarsening affects long-term stack performance, and
although interconnect oxidation has been studied over short durations,
typically a few thousand hours, the longer-term effects, such as break-
away corrosion and oxide scale spallation, remain insufficiently
addressed [10,24,25,48,57-60]. Structural degradations such as
LSM-YSZ phase coarsening and long-term interconnect oxidation remain
insufficiently modeled [14,21,61-63], with COMSOL-based 1D, 2D
models often overlooking degradation in co-electrolysis [18,50,64,65].
Durability remains the key barrier to SOEC commercialization since
progressive degradation directly impacts electrochemical performance
by increasing resistive and kinetic overpotentials. Hypothetically, an
integrated framework that couples all major degradation mechanisms
over extended operating periods could enable more accurate lifetime
prediction and guide the design of next-generation SOEC stacks with
enhanced durability.

This study presents a validated electrochemical model for solid oxide
electrolysis cells developed in Aspen Custom Modeler, integrating per-
formance and degradation mechanisms under CO2/Hz20 co-electrolysis
conditions. The physics-based framework enables long-term prediction
of SOEC behavior and systematically evaluates the effects of operating
parameters such as current density, temperature, gas composition, and
flow rate on durability and syngas production efficiency. Multiple
degradation mechanisms, including nickel particle sintering, electrolyte
ionic conductivity degradation, electrode delamination, and chromium
oxide scale growth at the interconnect, are incorporated within a unified
simulation platform. In addition, the impact of lanthanum strontium
cobaltite coatings on Crofer 22 APU interconnects in mitigating corro-
sion and oxidation-induced degradation is quantitatively assessed.
Model predictions are validated against experimental data and extended
to industrially relevant operating times, providing insight into
durability-limiting mechanisms in SOEC co-electrolysis systems and
demonstrating the potential of interconnect surface engineering to
enhance long-term stability and support the design of high-efficiency
syngas production systems.

2.0. Mathematical modelling
2.1. Cell description

The model SOEC is a planar, single-cell configuration designed to
operate under HoO/CO3, co-electrolysis conditions, simulating long-term
electrochemical performance and degradation behavior. A simple
schematic description of the SOEC is presented in Fig. 1 (a). The cell
comprises a Ni-YSZ fuel electrode (cathode), a dense YSZ electrolyte, an
LSM-YSZ oxygen electrode (anode), and Crofer 22 APU ferritic stainless-
steel interconnects [66]. The model, developed in ACM, breaks the cell
into parts: cathode, electrolyte, anode, and interconnects. It helps study
charge transfer, gas flow, and structural damage. This approach allows
for a detailed analysis of each component's behavior. Electrochemical
reactions occur primarily at the cathode, where CO5 and HyO are
reduced to form CO and Hy, releasing oxygen ions (0%) that migrate
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Fig. 1. Schematic of (a) SOEC Description and (b) SOEC Configuration.

through the YSZ electrolyte to the anode. At the anode-electrolyte
interface, oxygen ions recombine to produce molecular oxygen. The
water-gas shift reaction (WGSR) influences the Hy/CO ratio at higher
temperatures. At the high operating temperatures investigated in this
study, the water gas shift reaction is assumed to be at thermodynamic
equilibrium. Accordingly, WGSR kinetics are not explicitly modeled;
instead, equilibrium constraints are applied to determine the cathode
gas-phase composition in conjunction with the electrochemical reduc-
tion of CO2 and H20 [51,67]. This assumption is widely adopted in
high-temperature SOEC co-electrolysis modeling, where gas-phase re-
actions are significantly faster than electrochemical processes. The
model integrates experimentally validated degradation mechanisms,
including nickel particle coarsening, LSM-YSZ delamination, electrolyte
phase transitions, oxide scale growth on interconnects, and the protec-
tive effects of LSC coatings to mitigate chromium volatilization and
contact resistance. The model considered steady-state, isothermal
operation with ideal gas behavior, uniform current density, and uniform
reactant distribution at the electrode, while neglecting contact resis-
tance and additional mechanical failures [68,69]. Gas transport was
considered through the Stefan-Maxwell equations, and electrochemical
kinetics were captured by the Butler-Volmer relation. Degradation was
considered as triple phase boundary (TPB) length reduction due to Ni
agglomeration, electrolyte phase transitions, delamination, and inter-
connect oxidation. Consequently, the SOEC operating voltage is defined
as the sum of the equilibrium voltage and these overpotentials, as shown
in Eq. (1) [12,68].

V = Eeq + np_V¢ + Nopmic c + Nohmic, gject +np-Va+ Nohmic.a @

Here, V represents the cell voltage, E.q is the equilibrium voltage,
np_V., and np_V, are the polarization overpotentials of the cathode and
anode, respectively, fonmic,c and #onmic,« represent the ohmic losses at the
cathode and anode, and 7onmic,elec: denotes the ohmic resistance of the
electrolyte.

A schematic of the SOEC configuration, illustrating gas flow, elec-
trochemical reaction sites, oxygen ion transport, and degradation-prone
interfaces, is presented in Fig. 1 (b).

This comprehensive model enables realistic prediction of SOEC
performance and degradation under co-electrolysis conditions,
capturing the interplay of electrochemical performance and multiple
degradation pathways over extended operational periods.

The equilibrium or open cell voltage was determined using Egs. (2)
and (3), representing the theoretical minimum electrical potential
required to drive the co-electrolysis reactions [10]. This voltage reflects
the thermodynamic threshold at which electrochemical splitting of CO2
and H20 becomes feasible. Since numerous electrochemical reactions
take place at the TPB, the equilibrium voltage is assessed using the
mixed theory potential, which is the superposition of potentials arising
from the co-electrolysis of CO5 and HoO [13,69].

Py, (P’m)OT

Plh,o

RT

Ep, =1.253 — 0.00024516T+ﬁln 2)

T
Eco = 1.4671 — 0.0004527T+%ln 3

@ (ﬁoz)"'T
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Here, and E¢o are the equilibrium potentials for hydrogen and
carbon monoxide electrode reactions, respectively. T is the absolute
temperature (K), R is the universal gas constant, and F is the Faraday
constant. Plgs, P! co, Ploz, Plaao, and Plco2 represent the partial pres-
sures of hydrogen, carbon monoxide, oxygen, water vapor, and carbon
dioxide, respectively.

Multicomponent gas transport within the porous electrodes is
modeled using the Stefan-Maxwell equations under steady-state,
isothermal conditions [52,53]. For species in a multicomponent gas
mixture, the governing equation is expressed as:

XjNi—XiNj P _ .

- = ——Vxi 4)
; D;#  RT
Dy = ;Dij ()

Where xi and xj are the mole fractions of species i and j, Ni is the
molar flux of species i, Dijeff is the effective binary diffusion coefficient in
the porous electrode, P is the total pressure, R is the universal gas con-
stant, and T is the operating temperature ¢ is the electrode porosity, T is
the tortuosity factor, and Dj; is the bulk binary diffusion coefficient. The
boundary conditions are specified as follows: (i) fixed gas compositions
and total flow rates at the cathode and anode inlets, (ii) zero diffusive
flux at impermeable boundaries such as the electrolyte interface, and
(iii) species consumption or generation at the triple-phase boundary
determined by local electrochemical reaction rates.

Under CO2/H20 co-electrolysis conditions, the equilibrium cell
voltage is evaluated using the mixed potential theory [13]. In this
framework, the overall equilibrium voltage Eaq is defined as the su-
perposition of the equilibrium potentials associated with the H.0/H-
and CO2/CO redox couples, as expressed in Egs. (2) and (3), respectively.
Thus, the equilibrium voltage used in Eq. (1) is given by Eq. (6):

Eeq = EH2 + Eco (6)

This formulation assumes that both electrochemical reactions occur
simultaneously at the triple-phase boundary under steady-state condi-
tions, and that their contributions to the equilibrium potential are
governed by local gas-phase partial pressures. Weighting by partial
currents is therefore not required in the present model, consistent with
previous high-temperature co-electrolysis studies. The present model
focuses on electrochemical performance, mass transport, and time-
dependent degradation kinetics under prescribed operating tempera-
tures. Heat conduction and thermo-mechanical stress evolution are not
modeled explicitly [54,70]. Thermal effects are incorporated implicitly
through temperature-dependent material properties and Arrhenius-type
degradation kinetics. The inclusion of fully coupled thermal and me-
chanical models, which would enable the resolution of local tempera-
ture gradients and stress-induced degradation, is beyond the scope of
this study and will be addressed in future work.
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The present model assumes uniform temperature and stress-free
operating conditions and does not explicitly resolve thermal gradients
or thermo-mechanical stress evolution. Gas-phase side reactions are
treated under equilibrium assumptions, and microstructural evolution
within the electrodes is not modeled explicitly. While these assumptions
are appropriate for long-term trend analysis, they represent limitations
of the current framework. Despite these limitations, the proposed
framework provides a physically consistent and computationally effi-
cient tool for assessing long-term degradation behavior in SOEC co-
electrolysis systems. The results offer practical insight into the role of
interconnect oxidation on voltage degradation and syngas production,
which is directly relevant for SOEC stack design, operating strategy
optimization, and durability assessment.

2.2. Cathode degradation modelling

A key factor in SOEC longevity is the modeling of material-specific
structural changes, which enables the prediction of performance
decline over time. This insight allows optimization of operating condi-
tions to reduce degradation and extend cell life. Controlling cathode
degradation, primarily caused by Ni sintering and particle growth, is
vital for durable and efficient syngas production. Ni agglomeration,
driven by the production of Ni-OH in the rich environment of H-0, leads
to reduced electronic conductivity and decreased TPB length, both of
which reduce cell performance [71]. The growth in Ni particle size over
time is quantitatively described using Eq. (7), which is used to derive the
evolving Ni radius [72,73].

X 7 Xni x t Yu,0 Egin
rNi = | nio + Cm (YHZO'S)EXP (_ﬁ>

Here, rNi represents the average N; particle radius after time t, and
rNi,o is the initial Ni particle radius. C is an empirical constant, Xy;
and Xysz are the molar fractions of N; and YSZ in the electrode, and
Aysz  is the specific surface area of YSZ. Yyoo and Ypo denote the
mole fractions of steam and hydrogen in the gas phase, respectively.
Esn  isthe activation energy for N; sintering, the other symbols have the
same meaning as previously defined.

To further quantify the impact of Ni particle growth on cathode
microstructure, Egs. (8) and (9) have been deployed to describe the
evolution of TPB length and Ni particle volume over time, respectively,
as the cathode consists of randomly packed spherical particles [71].

1/7

)

Lpp_2m X N X ryi; Lippo-2m X No X TInio ®

V=418 x NPy, Vo =4.18 x Nry; | 9

To ensure mass conservation during particle growth, the initial and
final Ni particle volumes are equal under constant density conditions.
Based on this, Eq. (10) expresses the resulting change in TPB length due
to Ni particle growth.

Lreg _ nio 10)

2
L1ppo rni

To relate the impact of microstructural degradation to electro-
chemical performance, the simplified high-field version of the Butler-
Volmer equation was employed. Under large overpotential conditions,
this approximation simplifies the nonlinear current-voltage relationship
into a more tractable exponential form, facilitating analysis of
degradation-induced changes in polarization behavior. In this context,
the time-dependent behavior of polarization voltage is captured by the
following Eq. (16) [71,74]. The electrochemical reaction kinetics at the
electrodes are described using the Butler-Volmer formulation. For a
generic electrode k (k = an for anode and k = cat for cathode), the local
current density is expressed in Eq. (9).
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Where jo « is the exchange current density, o, x and o are the anodic
and cathodic charge-transfer coefficients, 7,k is the polarization over-
potential at electrode k, and remaining are the same as mentioned
above.

Under typical SOEC operating conditions, the polarization over-
potential is sufficiently large such that one exponential term dominates
the Butler-Volmer expression. Accordingly, the Butler-Volmer equation
can be simplified using the Tafel approximation. For the cathode, where
the electrochemical reduction reaction dominates, the second expo-
nential term governs the kinetics, yielding.

Inj — In (,L) - akan (1 1(t) =11, 1(0)) (16)

050

where i denote the current density at time ¢, j is the instantaneous cur-
rent density, and jg , denotes the anode exchange current density at the
reference state. The term o represents the charge transfer coefficient, n is
the number of electrons participating in the electrochemical reaction,
and F, R, and T denote the same as described in Eq. (1). np, q@ and 1p,q(0)
correspond to the anode overpotential at time t and at the initial state,
respectively.

Eq. (10) quantifies the rate of change of polarization voltage with
respect to time and serves as a key element in modeling how electro-
chemical performance evolves during prolonged SOEC operation. By
linking current density variation to overpotential enables the prediction
of degradation effects stemming from microstructural changes such as
TPB reduction, active area loss, or interfacial resistance growth.

To establish a direct link between cathode microstructural evolution
and electrochemical performance, the polarization voltage is further
expressed as a function of TPB length. Eq. (17) describes the polarization
voltage as a function of TBP length, taking into account that the ex-
change current density is directly proportional to its length [71,75] and
TPB length change due to Ni particle growth is expressed in Eq. (10).

RT . Nio
mln [In(]) 7ln< )} a7

i

1y, cat(t) =

In this equation, #p,cat (t) represents the cathode overpotential at
time t, the other symbols have the same meaning as previously defined.
In modeling the cathode electrical behavior, it is assumed that only
the Ni phase undergoes significant structural changes, while YSZ parti-
cles remain stable due to their high thermal resistance [71]. The ohmic
overpotential on the cathode side at time t, denoted as Uy qp, is
calculated based on Ohm’s law as follows Eq. (18) [76]. Where d.q
represents the thickness of the cathode and o4 represents the conduc-
tivity of the cathode.
U . dCd[ .
s.cat(t) - X] (18)

Ocact
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2.3. Electrolyte degradation modelling

In addition to cathode side effects, degradation also occurs within the
electrolyte, impacting its ionic conductivity over time. Electrolyte
degradation driven by such material-specific structural transformations
plays a significant role in the overall performance decline of SOECs.
Accurately modeling these long-term effects is therefore essential for
predicting performance losses, optimizing durability, and ensuring sta-
ble and efficient syngas production. The reduction in ionic conductivity
occurs because YSZ undergoes a phase transition from cubic to tetrag-
onal under high temperatures and reducing conditions, a process driven
by cation diffusion [77,78]. This gradual decrease in electrolyte con-
ductivity (Usgp) results in an increase in ohmic voltage, as expressed by
Ohm's law Eq. (19). The time-dependent ionic conductivity of the
electrolyte is accounted for using the established model from [78-80],
which is calculated using Eq. (20), where the time constant (z), a
function of dopant radius, serves as an indicator of structural stability. In
the equation below, dEl and ocat represent the thickness and conduc-
tivity of the electrolyte, respectively. ¢ELO is the initial ionic conduc-
tivity, 6EL oo is the stabilized conductivity after long-term aging, and  is
the characteristic time constant associated with cation diffusion and
phase stabilization in YSZ. The value of depends on the dopant radius
and temperature, as reported in [78-80].

. dg
Us,(t) =2 19
s,m1(t) ]Gsz(t) 19)
GBI() = 0L oo + (oFLo — oL, o)exp(— ) (20)

2.4. Anode degradation modelling

Beyond electrolyte degradation, structural instability at the anode
contributes significantly to the limited durability of SOECs under high-
temperature operation. One major issue is the delamination of LSM-YSZ
anodes, primarily caused by three degradation mechanisms: particle
coarsening, chromium contamination, and the formation of lanthanum
zirconate [69,81]. These mechanisms compromise the
electrode-electrolyte interface, necessitating deeper investigation into
the microstructural evolution of the anode under co-electrolysis condi-
tions. Modeling these interactions, especially how gas composition in-
fluences structural degradation, offers predictive insights for minimizing
performance loss and guiding more durable anode designs.

At the anode interconnect interface, chromium within the alloy ox-
idizes under high-temperature conditions, leading to the formation of a
chromium oxide scale (Cry03), at the anode-interconnect interface as
described by Reaction (21) and illustrated in Fig. 2 [60,82,83].

2Cr +1.5 05 — Cry03 (21)

Interconnector

SOEC STACK

Sealant
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This oxide layer, while protective, increases electrical resistance and
contributes to additional ohmic overpotentials, ultimately reducing
SOEC:s efficiency. These overpotentials negatively impact overall system
efficiency, making interconnect degradation a concern for long-term
SOECs performance [68].

To evaluate the long-term impact of this degradation, the growth of
the chromium oxide scale (d¢os) is modeled based on the diffusion of
Cr®*" and 0% ions through the scale. The evolution of the oxide layer is
described using the Wagner parabolic oxidation kinetics, as reported in
Eq. (22), which consists of a weight gain rate (Kg) and an activation
energy (Ecos ) modified by the universal gas constant (R) and absolute
temperature (T). This growth is also influenced by the initial size
(Xo,cos), density (pcos) of the scale, and growth rate that depends
exponentially on temperature via the Arrhenius term exp (-Ecos/RT) [83,
84]. As the oxide layer thickens, it increases interfacial resistance. This
effect was quantified through Eq. (24), which links to rising ohmic losses
during SOEC operation [85]. The growth of the chromium oxide scale
introduces an additional ohmic resistance at the anode interconnect
interface. The area-specific resistance of the chromium oxide scale
represents this contribution, R¢os, which is defined in Eq. (15). Where
des is the time-dependent oxide scale thickness, and 6., is the
temperature-dependent electrical conductivity of Cr20s, expressed using
an Arrhenius relation as reported in [12,60]. The resistance is treated as
an area-specific resistance (Q-cm?), assuming uniform oxide growth and
ideal interfacial contact over the active cell area. The growth of the
chromium oxide scale is modeled using Wagner’s parabolic oxidation
law, which assumes diffusion-controlled growth of a compact and
adherent oxide layer under isothermal conditions.

Poos) — Kgcos X t _ ( Ecos) 22)
(Xo.cos X ﬂcos) RT
deos(t)
= 2
Reos(t) e (T) (23)
UsyAn(t) = Reos ><j 24)

Alongside chromium oxidation, performance decline in SOECs is also
driven by microstructural changes in the anode, especially at the critical
electrolyte interface region. At high temperatures, the anode micro-
structure, particularly near the electrolyte/anode interface, tends to be
coarser and denser, leading to a decrease in the TPB length on the anode
side [62]. The degradation of LSM-YSZ is primarily attributed to the
coarsening of the LSM phase, as YSZ coarsening occurs very slowly and
is thus considered negligible [86,87]. This LSM coarsening happens due
to the diffusion of Mn? ions along the LSM surface toward the LSM-YSZ
interface, where they interact with active TPB sites [62,81]. The
movement of these diffusing particles was represented through a

Sealant Interconnector

Frame Frame

2Cr+150, -

C COATING ON Crofer 22 APU

Q

Fig. 2. Summarize the materials and degradation phenomenon in order to facilitate understanding.
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one-dimensional mass transport model using Fick's second law, Eq. (25),
with the TPB length serving as a measure of the concentration of the
diffused species.

2

7} J

—Lpg = Dysy——L 2
or B LsM 2 TPB (25)
Ls 1 5, (My (26)
Lrpso 7T

To capture the cumulative impact of electrochemical and transport-
related degradation, the polarization voltage at the anode was calcu-
lated by combining Egs. (19) and (26) into a single expression, which is
represented in Eq. (27). This process involves integrating the relevant
electrochemical and transport factors from both Equations to obtain a
measure of the voltage required to overcome the polarization effects at
the anode. This combined Equation provides a more accurate under-
standing of the voltage characteristics under different operating condi-
tions. Where Dy, represents the surface diffusion of the anode, the other
symbols have the same meaning as previously described.

1/2
RT__l0G) —n1 — 2. (%) } @7)

Upanll) = o n < F

2.5. Process efficiences analysis

The degradation rate serves as a critical metric for assessing the
performance of the SOEC stack, while syngas production efficiency is a
primary measure of the overall system effectiveness. For sustained, high-
efficiency operation, it is essential to consider both factors. In this sec-
tion, the validated model is applied to forecast the SOECs syngas pro-
duction and electrochemical performance over time. A process
efficiency analysis of the intended lifespan for SOEC stacks is carried out
after 50,000 h of operations [88].

To quantify these performance metrics, Eq. (28) calculates the
average degradation rate of the SOEC over time, in terms of cell voltage
variations [89,90] where AU is the relative voltage degradation, U(ty) is
the initial voltage at time ty, and U(t) is the voltage at a later time t.
Meanwhile, Eq. (29), derived from the Faraday law, estimates the
reactant conversion (RC) fraction, which directly relates to syngas pro-
duction efficiency [10,91]. Where I is the total current, n is the number
of electrons transferred per mole of reactant, F is the Faraday constant,
Ny, is the molar inlet flow rate of the reactant, A..; is the active cell

area, N is the number of cells, and j is the operating current density.
U(t) — U(to)
AU=—"+""+ (28)
U(to)
RC I o Acell X Ncell ><j (29)

:n><F><Ni,,_ n x F x Ny,

In this study, the electrochemical performance related to syngas
formation is quantified using reactant conversion fractions derived from
Faraday’s law. It is noted that these quantities represent the effective-
ness of electrochemical conversion rather than thermodynamic or en-
ergy efficiencies. Accordingly, the term “conversion fraction” is used to
describe the fraction of supplied reactants converted to Hz> and CO via
electrochemical reactions.

For clarity, Table 1 summarizes the oxidation kinetic parameters
used in the model for uncoated and LSC-coated ferritic stainless-steel
interconnects, together with their literature sources. This comparison
highlights the effectiveness of the LSC coating in suppressing chromium
oxide scale growth and reducing the associated area-specific resistance.

Fig. 3. illustrates the effect of surface coating on chromium oxide
scale growth after long-term oxidation at 1123 K for 1000 h. For the
coated interconnect, the coating microstructure remains stable during
annealing, while a thin and continuous oxide scale forms at the steel-
—coating interface, with a thickness of approximately 2-3 pm (Fig. 3(a)).
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Table 1
Comparison of oxidation kinetic parameters for uncoated and LSC-coated
interconnects.

Parameter Uncoated (Cn) Coated (Ct) Unit Source
Interconnector Interconnecttor
Weight Gain 2.40 * 107 1.15x1071° g/ecm*hr  [82]
Rate of
Growth
Parabolic rate ~ 18.9 16.1 10" kp/
constant g%em?s”
K, (CB) 0.85
/Kp(Un)
Oxide Scale 2-3 10 um [92]
thickness
Growth Law Parabolic Parabolic
(Suppressed Rate)

Oxide scale

~ Coating

Fig. 3. The microstructure of LSM-coated (a) and uncoated (b) Crofer 22 APU
after oxidation at 1123 K for 1000 h in O,. The location of the EDX linescan is
indicated in Fig. 3a by a dashed line. (Reproduced with permission from
Ref. [82]. Copyright 2012, Elsevier Ltd).

In contrast, the uncoated steel develops an oxide scale exceeding 10 um
under identical conditions (Fig. 3(b)). This substantial reduction in
oxide thickness confirms the protective role of the coating and justifies
the use of distinct parabolic oxidation rate constants for coated and
uncoated interconnects in the present model [82].

3.0. Results and discussion
3.1. Model validation

The developed SOEC framework was validated against published
experimental data sets to assess both performance and degradation
predictions. Emphasis was placed on long-term co-electrolysis studies,
ensuring that simulated voltage trends, syngas yields, and degradation
rates closely aligned with reported experimental results, thereby con-
firming the model's reliability. After its validated accuracy and robust-
ness makes it a reliable tool for conducting further parametric analyses
aimed at improving SOEC performance and degradation over the period.
Therefore, the model was used for further sensitivity analysis.

3.1.1. Model validation for SOEC performance analysis

To ensure reliability, the SOEC performance model was validated
using experimental data reported by Ciniti et al. [93]. In their study, a
stack comprising four planar cells, was operated under COy/H20
co-electrolysis mode. Detailed stack specifications and test parameters
applied during validation are listed in Table 2.
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Table 2
Performance metrics and laboratory testing parameters [93].
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Table 3
Observation of relative errors.

Parameter UoM
Input gas composition mol %

Values
H,0:70, CO»:20, Hx:10

Cathode inlet flow rate mol/hr 8.50

Thickness of porous cathode mm 0.008

Anode inlet flow rate mol/h 8.95
Thickness of porous anode mm 0.012
Thickness of dense electrolyte mm 0.008

Stack operating temperature K 1023
Operating pressure kPa 100

Cell geometric surface area of a single cell cm? 100 (10 * 10)
Effective electrode surface area per cell cm? 80

Total number of cells in the stack - 4x1

The validation results, presented in Fig. 4, Compare the simulated
outlet mole fractions of CO2, Hz, and CO with experimental data under
varying current densities. These comparisons were made based on the
conditions specified in Table 2, allowing for an assessment of the model
accuracy in predicting the gas composition at different operating points.

The quantitative validation based on percentage deviation further
supports the predictive capability of the model. Over the evaluated
operating points, deviations remain within 6.0-12.5 % for CO,
3.33-7.41 % for Hy, and 3.33-9.09 % for CO,. The tight deviation band
for Hyp demonstrates that the model accurately describes steam elec-
trolysis contributions and the resulting hydrogen enrichment of the
outlet stream under increasing current density. Similarly, the deviation
range for CO2 confirms that the model captures the progressive deple-
tion of CO4 associated with enhanced electrochemical reduction, with a
tendency toward underprediction at higher current density reflected by
negative deviations. This behavior is consistent with operating regimes
where transport and polarization effects become more influential,
leading to local departures from ideal mixing or equilibrium assump-
tions. CO exhibits the widest deviation range, which is expected because
CO is a minor component throughout the operating window and
therefore more sensitive to small absolute differences in conversion,
local equilibrium, and measurement uncertainty. In co-electrolysis, CO
can originate from both direct electrochemical CO, reduction and the
reverse water-gas shift pathway, so even modest mismatches in the local
H,0/H, balance, residence time, or temperature distribution can
translate into larger relative deviations in CO fraction compared with
the major components.

Despite minor discrepancies as shown in Table 3 the SOEC model
demonstrates strong predictive capability for syngas composition pro-
files. The simulated H> and CO concentrations closely follow experi-
mental trends, indicating that the electrochemical degradation
framework effectively captures the key reaction and transport phe-
nomena under co-electrolysis conditions.

70  |Feed Composition (CO, + H,0 + H,) : 20% + 70% + 10%

m C
——CO (Simulated)
= H,

——H, (Simulated)

7]
S
1

Mole Farction (%)

T T T T T
0 100 200 300 400 500
Current Density (mA/cm?)

Fig. 4. Model predictions for input feed compositions vs experimental values of
output syngas composition.

Current Density (mA/cm?) Relative Error (%)

H, Cco CO,
0 3.3 14 10.1
100 8.1 12.5 1.9
200 10.1 7.2 5.7
300 14.6 7.6 8.1
400 11.4 5.2 4.1
500 10.2 4.2 3.57

3.1.2. Model validation for SOEC degradation analysis

Experimental data reported by Ebbsesn et al. and Sun et al. were used
to validate the integrated model for SOEC structural degradation,
respectively [21,61]. All operating parameters from these experiments,
including cell geometry, gas compositions, flow rates, temperatures, and
current densities, were directly applied in the simulations. These, along
with the corresponding experimental conditions, are summarized in
Table 4. The durability of SOECs during co-electrolysis at both low and
high current densities was assessed in a single experiment, with
comprehensive specifications provided for model validation.

The model was simulated under the operating conditions specified in
Table 4 to generate the results presented in this section. Due to the
unavailability of certain input data, values were estimated within
reasonable limits, drawing on existing data from the current body of

Table 4
DTU energy conversion SOEC properties and test parameters [21,61] and
reference properties for validating SOEC simulations.

Parameter UOM  Values Parameter uoM Values
Cathode inlet mol 45: 45: System pressure bar 1.0
gas ratio % 10
(H20/C0O2/Hz2)

Cathode gas m®/h  0.25 Single cell cm? 5x5

flow rate geometric area

Cathode layer um 10 Effective electrode cm? 16

thickness area

Cathode % 40 Number of cells in — 2

porosity stack

Ni volume ratio — 40 YSZ volume ratio — 60

Nickel particle um 4.5 Activation energy J/mol 332,000

radius for Ni sintering
[94]
Initial YSZ um 4 YSZ ionic J/mol 80,000
particle radius conductivity
activation energy
[78,95]

YSZ surface area ~ m?/g 0.41 Pre-exponential S/cm 360,000
constant for YSZ
[78,95]

Anode inlet gas mol 100 Ionic radius of the A 1.01

composition % YSZ cation [78]
(02)

Anode gas flow L/h 50 Surface diffusivity cm2 1.12 x

rate of LSM [81] /hr 10°°

Anode layer um 20 Density of g/cm3 5.255

thickness chromium oxide
scale (Cr20s) [82,
83]

Anode porosity % 35 Mass gain rate g2 6.84 x
during Crz0s scale /em4. 1071
formation [21,61] hr

LSM to YSZ — 50: 50 Activation energy J/mol 220,000

volume ratio for Crz0s scale
growth [21,61]
Electrolyte layer ~ pm 12 Conductivity J/mol 86,200
thickness activation energy
for Cr20s [21,61]

Operating °C 850 Pre-exponential S/cm 320,000

temperature constant for Cr20s

conductivity [21,
61]
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literature. These approximations were necessary to complete the model
inputs and ensure its applicability under the given operational param-
eters, which provide the calculated values based on these reasonable
assumptions. The agreement between experiment and simulation is
supported by the percentage-deviation analysis. At 500 mA cm™, the
deviation lies within 0.90 % to 1.31 %, and at 1000 mA cm-2 it lies
within 0.81 % to 1.12 %. These narrow bounds indicate that the model
captures both the magnitude of the voltage rise and the rate of degra-
dation over time, without systematic drift relative to the measurements.
Minor point-to-point differences are expected in long-duration SOEC
testing due to operational variability and transient effects (temperature
fluctuations, gas-composition variations, and contact resistance
changes), yet the deviations remain close to unity across the full dura-
tion. Fig. 5 and Table 5, shows a strong agreement between the model
predictions and experimental observations, with the discrepancies
consistently remaining below 2.0 %. This indicates that the model
accurately replicates the experimental results, with minimal error.

The results presented in this section were obtained by simulating and
developing a model using the ACM. This model effectively captures the
structural degradation behavior of the SOEC stack across a range of
input conditions.

3.2. Sensitivity analysis

After the model validated accuracy, a sensitivity analysis was con-
ducted to investigate how key operating parameters influence both
syngas production efficiency and the degradation rate of the SOEC stack.
Specifically, the study examined the effects of varying intake tempera-
tures, current densities, and feed ratios. These parameters were selected
due to their significant influence on electrochemical reactions, heat
distribution, and gas-phase transport within the system. By systemati-
cally altering these inputs, the analysis aimed to gain a deeper under-
standing how the designed SOEC system behaves under realistic
operating conditions. The following discussion provides detailed in-
sights into how each of these operating variables impacts the degrada-
tion trend, stack voltage, and overall syngas production efficiency over
time.

3.2.1. Impact of current density on degradation and syngas efficiency
Current density was selected as a primary sensitivity parameter
because it directly influences reactant conversion rates, syngas yield,
and degradation progression in SOECs. For this analysis, all other
operating conditions were fixed to isolate the impact of current density,
cathode flow rate of 0.36 m®/h, feed composition of 45 % CO2, 45 %
H:0, and 10 % Hz, operating temperature of 800 °C, and cell properties
listed in Table 4. A range of 500-1000 mA/cm? was investigated to
represent typical industrial and high-load operating regimes [96]. Fig. 6

1600 -

m j=500 mAlem?
—— Simulated (500mA/cm?)
1500 + ® j=1000 mAlcm?
Simulated (1000mA/cm?)

1400 —R

1300

Voltage of Cell (mV)
N
S
!
\
\

1100

1000 T T T T T T
0 200 400 600 800 1000

Operating Time (Hr)

Fig. 5. Comparison of model predictions with experimental measurements of
SOEC degradation.
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Table 5
Observation of relative errors.

Operating Time (Hrs) Relative Error (%)

0 0.85
200 0.80
400 0.41
600 0.78
800 1.14
1000 0.52

illustrates that after 50,000 h of operation, efficiency declined from 55.4
% to 36.8 % at 500 mA/cm? and from 53.5 % to 23.0 % at 1000 mA/cm?,
corresponding to efficiency loss rates of 0.39 %/1000 h and 0.61
%,/1000 h, respectively. Voltage degradation followed the same trend,
with average increases of 2.42 % and 5.57 % per 1000 h at the lower and
higher current densities. Elevated current densities accelerated ohmic
and polarization losses, consistent with prior experimental findings by
Graves et al. [14] and Sun, et al. [61], where high current operation
intensified Ni coarsening, TPB loss, and interconnect oxidation. This
trade-off between high initial output and long-term stability underscores
the need for optimized current density selection and material/coating
strategies to maintain durability under industrial-scale loads.

3.2.2. Impact of temperature on syngas efficiency and degradation

Temperature was selected for sensitivity analysis due to its strong
influence on adsorption, mass transfer, and electrochemical kinetics in
SOECs [5]. Simulations were run from 750-850 °C at 1000 and 1500
mA/cm? fixed gas composition and flow, Table 3, to assess trade-offs
between conversion efficiency and durability. Higher temperatures
reduced equilibrium voltage and increased initial syngas efficiency
Fig. 7(a) and (b) due to faster electrochemical reaction rates, consistent
with Menon et al. [95]. However, long-term performance declined faster
at elevated temperatures: at 1000 mA/cm?, efficiency dropped from
54.0 % to 37.4 % at 850 °C (5.86 %,/1000 h), from 53.0 % to 41.1 % at
750 °C (4.06 %/1000 h). This accelerated degradation is linked to the
temperature-driven Ni agglomeration (described by Equation (04),
which models the coarsening rate of Ni particles) and Cr20s scale growth
Eq. (12), which intensifies with heat and reduces effective TPB length.
Results confirm that while higher temperatures improve short-term ef-
ficiency, lower-temperature operation better supports long-term SOEC
durability.

3.3.3. Impact of feed gas composition and flow rate on degradation and
syngas efficiency

Feed gas composition and cathode flow rate are critical parameters
influencing both syngas quality (H2/CO ratio) and SOEC long-term
performance. For Fischer-Tropsch synthesis (FTS), the optimal H2/CO
ratio is 1.7-2.1 [97], making it essential to evaluate how inlet gas
composition and flow rate affect performance and durability. In this case
study, the SOEC was operated at 750 °C and 1000 mA/cm?, with two
cathode feed compositions: Feed 1 (F1: 30 % COz, 60 % Hz0, 10 % Ha)
and Feed 2 (F2: 60 % CO2, 30 % H20, 10 % H-), both at a flow rate of 0.36
m3/h.

Over 50,000 h of operation, Hy/CO production efficiency for F1
decreased from 53.0 % to 41.9 % (average degradation rate 4.21
%,/1000 h), while for F2 it dropped between 50.8 % to 39.65 % (3.08
%/1000 h). As shown in Fig. 8, Higher H20 fractions reduced the
operating voltage and increased the H2/CO ratio, enhancing efficiency.
Conversely, higher CO: fractions increased operating voltage due to
greater concentration overpotentials from slower CO: diffusion
compared to H20 [14]. Flow rate variation revealed that increasing feed
velocity improved efficiency by increasing reactant supply to the TPB,
consistent with Menon et al. [95]. However, excessively high flow rates
provided no additional benefit due to current density-limited conver-
sion, potentially wasting feedstock and increasing raw material costs.
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Fig. 6. Efficiency of syngas and Stack cell voltage as a function of operating time (a) At 500mA/cm? and (b) At 1000mA/cm?.
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Fig. 7. Effect of temperature (a) SOEC stack voltage and (b) syngas efficiency.
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Fig. 8. (a) Effects of feed gas composition on stack voltage and (b) Effects of feed Flow rate on stack voltage.

The long-term trends suggest that high H-O concentrations, while
initially improving efficiency, may accelerate degradation via Ni
re-oxidation or enhanced Ni sintering at the cathode [94]. These results
highlight the trade-off between short-term efficiency gains and
long-term stability.

3.3. Impact of structural degradation on SOEC long-term operation

This section was included in this study to investigate the causes of
structural damage in SOEC materials. Based on the findings, a strategic
approach was developed to improve the durability and syngas efficiency
of SOECs under given conditions.

3.3.1. Structural degradation of cathode
In this study, all material components were considered stable, with
only the component under investigation subjected to variation. The

operating conditions were set at 750 °C, 1000 mA/cm?, with a gas
mixture consisting of 30 % CO2, 60 % H:0, and 10 % H, along with a
cathode flow rate of 0.36 m>/hr. The properties of the materials used in
the base scenario are detailed in Table 2 and Table 4. Fig. 9 shows the
influence of Ni particle growth on cathode behavior. As particles
coarsen, the TPB length decreases, reducing electronic conductivity.
This degradation results in higher overpotential and reduced SOEC
performance. The results show that Ni radius increases from 4.50 to 5.18
um after 50,000 h, lowering the TPB length ratio (Ltpp/1TpB,) from 1.00
to 0.747 and the electronic conductivity from 1292 to 1029 S/cm. The
cathodic overpotential increases from 17.8 to 30.65 mV due to this Ni
agglomeration, which interprets to an average rate of cell degradation of
0.026 % per 1000 h.

3.3.2. Structural degradation of electrolyte
The phase change of the electrolyte from cubic to tetragonal lattice
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Fig. 9. (a) Evolution of TPB length and conductivity and (b) Variation in cathodic overpotential.

and its influence on the electrolyte overpotential and ionic conductivity
are shown in Fig. 10. During the first one thousand hours of operation,
the ionic conductivity drops quickly from 0.0371 to 0.0292 S/cm and
then remains constant at 0.0288 S/cm. This is consistent with YSZ ionic
conductivity data obtained with varying Y203 mol % [83]. After 50,000
h of operation, the corresponding overpotential exhibits a minor alter-
ation in pattern, ranging from 48.8 to 63.93 mV, having a degradation
rate of 0.07 %/1000 h. The short-range order-disorder change occurring
in the crystal lattice is the cause of the drop in YSZ conductivity during
the first one thousand hours. These structural rearrangements disrupt
the regular pathways for oxygen ion migration, thereby hindering ionic
transport and leading to a measurable decrease in conductivity. Once
equilibrium is achieved, YSZ conductivity stays constant with oxygen
ions still flowing easily after the phase transformation [98].

3.3.3. Structural degradation of anode

Over time, both ohmic and polarization voltages increase, as shown
in Fig. 11. primarily due to two degradation mechanisms: the thickening
of the chromium oxide scale (COS) and the coarsening of the LSM-YSZ
phase. The COS layer, growing between 0 and 5.7 x 10~ c¢m over
50,000 h, causes the ohmic voltage to rise between 0 and 2290 mV due
to increased internal resistance. Simultaneously, the TPB length de-
creases over the range of 1.0 to 0.129, while the polarization voltage
increases from 18 to 333.6 mV. The TPB degrades at a rate of 1.76 % per
1000 h, identifying LSM-YSZ anode delamination as the dominant long-
term degradation factor in SOECs.

To mitigate this, the rate of COS growth can be effectively slowed by
applying an antioxidant coating to the anode side connection surface.
Applying a Lag gSrg 2CoOg coating on a Crofer 22 APU interconnect, for
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Fig. 10. YSZ electrolyte phase transition and its effect on cell performance.

instance, significantly reduces the COS growth rate (Kg,cos) from 2.42 x
10°t0 1.10 x 10710 (gz.cm’4~hr'1) [82]. This slower development rate
causes the COS thickness to drop considerably after 50,000 h of opera-
tion, to just 1.2 x 10~* cm as seen in Fig. 10 (a). As a result, the increased
ohmic and polarization voltages caused by the LSM-YSZ material were
significantly reduced, with TPB degradation improving by 40.34 %, and
the ohmic and polarization voltages decreasing by 57.6 % and 60.4 %,
respectively, as shown in Fig. 10 (b).

3.4. Overall performance and durability of SOEC

The impact of structural changes in the Ni-YSZ/YSZ/LSM-YSZ ma-
terial system on syngas production efficiency and SOEC performance
degradation is shown in Fig. 12. For the baseline SOEC operating at 1000
mA/cm?, syngas generation performance drops from 51.2 % down to
22.2 % over 50,000 h. This decline is associated with various degrada-
tion mechanisms, including a 0.55 %,/1000 hrs reduction in TPB length
due to Ni agglomeration, negligible degradation from the YSZ electro-
lyte phase transition, and a dominant 1.76 %,/1000 hrs degradation rate
attributed to anode delamination. These factors collectively contribute
to the observed performance decline over time.

Following optimization of operating conditions and material en-
hancements, the total degradation rate is substantially reduced to 0.70
%/1000 hrs., with syngas production efficiency maintained between
53.1 % and 45.5 % after 50,000 h. These results underscore the critical
importance of operating SOECs within optimal temperature ranges and
tailored cathode feed compositions to minimize degradation and maxi-
mize syngas quality and yield. Furthermore, selecting appropriate
compositions for the cathode and anode, coupled with antioxidant
coatings on interconnects, is vital to reaching low degradation rates.
This demonstrates that SOECs employing conventional, cost-effective
materials can achieve sufficient long-term stability for large-scale ap-
plications. Despite the fact that the measured rate of degradation of 0.70
%/1000 hrs. meets commercial viability thresholds (targeting <1.0
%/1000 hrs), further investigations are required to address other
degradation mechanisms, including mechanical failures and
component-level issues such as sealing integrity.

4.0. Conclusion

An integrated planar SOEC model was developed in ACM to simulate
the electrochemical performance and long-term degradation during
high-temperature CO2/H20 co-electrolysis. Model validation against
experimental measurements demonstrates reliable predictive perfor-
mance for both composition and durability. For syngas composition, the
model reproduces the current-density-dependent trends of CO, Hj, and
CO9, with percentage deviations confined to 6.0-12.5 % (CO),
3.33-7.41 % (Hy), and 3.33-9.09 % (CO-) across the tested operating
points. For degradation, the model accurately captures the progressive
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Fig. 12. Comparison of syngas generation efficiency, SOEC degradation, and TPB length degradation rate for the original and upgraded parameter sets.

increase in cell voltage with operating time at 500 and 1000 mA cm™,
with deviations restricted to 0.90-1.31 % and 0.81-1.12 %, respectively.
These results confirm that the proposed framework predicts both
instantaneous syngas quality and long-term performance decay within a
single unified platform. Validated against experimental polarization
data across current densities from 100 to 1000 mA/cm?, the model
quantifies the effects of operating conditions and material degradation
on both syngas production efficiency and cell durability. Simulation
results highlight that while higher current densities and temperatures
boost initial performance, they also accelerate voltage increases and
efficiency losses due to intensified degradation mechanisms, most
notably interconnect oxidation and LSM-YSZ anode delamination. Over
50,000 h of operational period at 750 °C and 1A/cm?, the TPB length
degrades at a rate of 1.76 % per 1000 h. To address this, the imple-
mentation of a single-layer LSC coating was applied to Crofer 22 APU
interconnects, serving as an effective oxygen transport barrier. This
modification reduced anode corrosion and decreased the TPB length
degradation rate by 40.34 %, thereby significantly improving SOEC
stability. These findings demonstrate a synergistic approach that com-
bines predictive modeling with advanced material engineering to opti-
mize SOEC durability and performance, paving the way for their
practical deployment in sustainable industrial syngas production. Future
work will extend the present model to include coupled thermal and
mechanical effects, non-equilibrium reaction kinetics, and spatially
resolved stack-level simulations, enabling a more comprehensive
assessment of degradation mechanisms under realistic operating
conditions.
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