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A B S T R A C T

Coupling with solid oxide fuel cells, methane dry reforming is a promising pathway for energy production from
two greenhouse gases. However, the influence of carbon dioxide and electrochemical reactions on the internal
dry reforming reaction within the fuel cells remains debatable, requiring accurate kinetic models to describe the
internal reforming behaviors. In this study, we investigated the Power-Law and Langmuir Hinshelwood–Hougen
Watson models in an electrolyte-supported solid oxide fuel cell with a NiO-GDC-YSZ anode to get accurate
models for internal dry methane reforming. The current density used in this study ranges from 0 to 1000 A/m2 at
973 K to 1173 K to estimate various kinetic parameters. The influence of the electrochemical reactions on the
adsorption terms, the equilibrium of the reactions, the activation energy, the pre-exponential factor of the rate
constant, and the adsorption equilibrium constant were studied. Furthermore, the adsorption enthalpy and en-
tropy were investigated for the first time to understand the Gibbs free energy of CO2 adsorption. The accuracy of
kinetic models for estimating kinetic parameters was also evaluated. The dual-site models show better estima-
tions than the other models and are then utilized to predict the reaction rate in the fuel cell. The derived kinetic
parameters were consistent with values reported in the literature, confirming the reliability and general appli-
cability of the developed models. For the first time, the adsorption enthalpy, entropy, and Gibbs free energy of
CO2 adsorption were quantified in a DRM–SOFC system, providing new thermodynamic insight into electro-
chemically influenced adsorption behavior. However, the dual-site LHHWmodels’ accuracy was still insufficient,
indicating a need for further research to develop a comprehensive kinetic model for internal dry reforming in fuel
cells. This study provides essential parameters for future simulations and highlights the need for a more detailed
examination of reforming kinetic models.

1. Introduction

In 2021, governments reasserted their commitment to attempt to
limit global warming to 1.5 ◦C as outlined in the Glasgow Climate Pact
[1]. However, in 2023, the Earth experienced its highest recorded
average surface temperature since 1880 [2]. Reliable actions are
required to significantly and rapidly reduce the production and con-
sumption of coal, oil, and gas [3]. CO2 significantly impacts long-term

climate change, while methane immediately impacts climate change.
Methane is a potent greenhouse gas that causes global warming, with
human activities contributing to an estimated 60 % of current emissions
[2]. Thus, both gases necessitate attention and comprehensive mitiga-
tion strategies to address their contributions to global warming effec-
tively. Solid Oxide Fuel Cells (SOFCs) directly convert these two
greenhouse gases (CO2 and CH4) into H2, CO and electricity [4], which
holds substantial promise for immediate contributions to limiting global
warming. A primary advantage of SOFCs is the high combined heat and
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power efficiency, enabling simultaneous electricity and heat production
[5,6], while emitting substantially lower carbon than conventional en-
ergy systems by refeeding the anode off-gas to the inlet [7,8]. However,
the rapid internal endothermic reforming process within SOFCs can
result in severe local thermal stress, leading to long-term performance
degradation[9]. Besides that, high catalytic activity at the anode’s sur-
face may increase the carbon deposition rate, further impose cell stress
and potentially cause cracks over extended periods of operation[5,7].
Since the performance of a SOFC is significantly influenced by the type
of anode and the fuel being employed, an anode with a balance of
electronic conductivity, redox stability, and resistance to sulfur and
cocking are needed [10]. Understanding the mechanism and kinetics of
this process is the critical strategy to guide the improvement of anode
materials, ultimately leading to fabricating more cost-effective and
robust SOFCs.

Studies on the kinetics and mechanism of dry reforming of methane
(DRM)[4,11–13] have been conducted; however, they are still limited.
More comprehensive studies are needed to better understand the various
mechanisms involved, particularly with different catalysts and oper-
ating conditions[11]. Furthermore, there is still considerable debate
about applying those models for internal DRM inside SOFCs (DRM-
SOFC). Consequently, various kinetic models, such as the Power-Law
(PL), Eley-Rideal (ER), Langmuir Hinshelwood (LH), and Langmuir
Hinshelwood–Hougen Watson (LHHW), have been proposed in the
literature[11,14–16]. The PL model has been widely utilized for deter-
mining the kinetics of DRM[17] because of its straightforward applica-
tion in determining reaction orders. However, the PL models did not
consider the multiple steps involved in the reaction mechanism on the
catalyst surface [18]. The ER model proposes a mechanism wherein the
reaction occurs between substances adsorbed on the catalyst surface and
those in the gas phase, ultimately producing the desired products [19].
The LH model has garnered significant attention due to its alignment
with experimental findings[20], such as recent studies by Li et al.[21],
Nakajima et al.[22],andWittich et al.[23], where both reactants initially
adsorb onto the catalyst surface before undergoing a reaction between
the adsorbed species to generate the desired products [11]. This

approach has led to the development of different kinetics equations
within the LH mechanism, including the single-site and dual-site models
[19]. The LH model is more straightforward, focusing only on the
bimolecular reaction steps[15]. The LHHWmodel extends the LH model
by considering the surface concentrations of the species participating in
the reaction, and it relates the surface species to the observed species’
partial pressures in the gas phase.

Fan et al. [24] conducted experiments on Ni-GDC anodes, exploring
various gas compositions, operating temperatures, and current densities
to gather kinetic data for Computational Fluid Dynamics (CFD)
modeling of methane steam reforming (SRM) inside SOFCs (SRM-SOFC).
They employed a power-law kinetic model due to its simplicity and
compatibility with CFD models. Their findings indicated a slight in-
crease in SRM reaction rate with current density application and a
positive correlation with methane concentration enhancement. While
the obtained kinetic parameters are suitable for integration into CFD
simulations, their study lacked consideration of alternative kinetic
models for a more precise evaluation of kinetics over SRM-SOFC.
Thallam Thattai et al.[25] emphasized the necessity of developing
readily applicable kinetic models, building upon intrinsic models pre-
viously reported. Their study compared PL and LH models in SRM-SOFC
to analyze the limitations of previously proposed rate expressions by Fan
et al.[24] on Ni-GDC anodes. Both proposed kinetic models predict
distinct SRM reaction rates and species partial pressure distributions
along the normalized reactor length, highlighting the need for addi-
tional experimental and modeling verifications. To cover the gaps
mentioned earlier in the research, Fan et al. [26] conducted experiments
on a Ni-YSZ anode to investigate the impact of operating parameters on
SRM kinetics for both PL and LH kinetic models. The evaluation of the
models revealed that the additional parameters in the LH model led to a
lower mean absolute percentage error and a higher coefficient of
determination (R2). This finding supports the idea that the LH kinetic
model describes the reaction rate more accurately than the PL model in
SRM-SOFC. Zhou et al. [27] also mentioned that the impact of steam and
current density on SRM-SOFC has been a subject of ongoing debate.
Developing appropriate kinetic models to describe SRM behavior under
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various temperatures and current densities accurately is crucial. The LH
model proposed in their study demonstrated better accuracy in
describing reforming rates and kinetics at a current density of 600 A/m2

than open-circuit and 1000 A/m2 conditions. A recent article by Wojcik
et al. [28] has emphasized that more complex equations for methane
reforming do not necessarily result in more accurate outcomes.
Furthermore, they concluded that such mathematical models for the
SRM are often applicable within a very narrow temperature range,
which should be the primary consideration when selecting an equation
for a specific fuel cell. However, SRM-SOFCs have garnered significant
attention in the literature, and limited information regarding the influ-
ence of electrochemical reactions on the kinetics parameters of DRM-
SOFC is available. The authors of this study recently explored the ef-
fects of temperature, gas composition, and current density on the ki-
netics parameters of DRMwithin an electrolyte-supported NiO-GDC-YSZ
button cell, employing both PL and simplified LH kinetic models[4]. We
found that the CH4 partial pressure has a more pronounced effect on
DRM reaction rate than CO2, especially at higher temperatures where
reaction rates are enhanced by facilitating chemical bond breakdown.
Furthermore, increased current density leads to higher CO2 adsorption
equilibrium constants and enhanced methane conversion. The changes
in reaction orders, activation energy, pre-exponential factors, and
adsorption kinetic parameters under the influence of electrochemical
reactions for DRM-SOFC were studied. Numerous studies have been
conducted on the kinetics and mechanism of the SRM-SOFC. However,
there is still no agreement on a common kinetic model for DRM-SOFC
systems, indicating that the reaction kinetics strongly depend on the
process and anode material used. To facilitate the widespread applica-
tion of the DRM-SOFC technology in industry, understanding the
mechanism of this process is essential[24,28–30]. Furthermore, internal
DRMmechanisms in SOFC have not been extensively studied. This study
investigates different kinetic models with various parameters, including
reaction orders, adsorption equilibrium constants, and activation en-
ergies, that best describe the DRM reaction over the NiO-GDC-YSZ anode
in an SOFC. Also, previous kinetic investigations of DRM and SRM in
SOFCs have primarily focused on reaction orders, rate constants, and
activation energies, while the thermodynamic characteristics of gas
adsorption on the anode surface have rarely been examined. In contrast,
this study provides the first systematic estimation of the adsorption
enthalpy, entropy, and Gibbs free energy of CO2 adsorption in a DRM-
SOFC systems. These parameters reveal how temperature and electro-
chemical reactions influence the spontaneity and strength of CO2
adsorption on the Ni–GDC–YSZ anode, thereby linking surface thermo-
dynamics with kinetic behavior. This combined thermodynamic and
kinetic approach offers a new perspective for understanding electro-
chemically driven adsorption phenomena inside fuel cells and distin-
guishes this work from earlier reforming studies.

2. Methodology

2.1. Experiment

The experimental data utilized in this study were acquired from an
electrolyte-supported button cell with NiO-GDC-YSZ anode, as detailed
in our prior research[4]. The developed model describes intrinsic DRM
kinetics on anode side, with rate expressions derived under conditions
minimising heat andmass transfer effects. A button cell with a geometric
area of 0.95 cm2, featuring a 1 cm diameter and 50 μm thickness, was
employed using a catalyst mass of 14.3 mg in accordance with Inter-
national Confederation for Thermal Analysis and Calorimetry (ICTAC)
recommendations (<1 g) to avoid transport limitations[31,32]. Before
experimentation, the anode was reduced with hydrogen following
heating to 1173 K in a nitrogen atmosphere. Subsequently, the anode
was gradually exposed to a reducing atmosphere for 4 h using hydrogen
while maintaining a total flow rate of 8 ml/min. The cathode was
exposed to ambient air throughout the whole experiment. Then, the

experiments were conducted at open circuit and current densities of 500
A/m2 and 1000 A/m2, employing varying gas inlet flow rates containing
CH4 and CO2. Gas flow to the fuel cell was regulated by mass flow
controllers (MFC). The current density range of utilized in this study
corresponds to total currents of 0.095 A for the present geometry, or 2.5
A and 10 A for cell areas of 25 cm2 and 100 cm2, respectively. Moisture
contained in the anode outlet was removed by a condenser and silica gel
desiccant bed, followed by gas composition analysis using a Shimadzu
Nexis Gas Chromatograph (GC-2030). Two additional temperature sets
were incorporated into the previous study to enhance the accuracy of the
kinetic models [4]. As a result, the data in this study related to the five
selected temperatures from 973 K to 1173 K. Five different biogas
compositions were considered in this study, as outlined in Table 1, and
methane conversions under various working conditions are available in
Table 2.

Additional information supporting this study is provided in the
Supplementary Material (Appendix A). This includes a detailed
description of the experimental setup and test station, inlet gas com-
positions and methane conversion data under various operating condi-
tions, and the complete MATLAB® scripts used for kinetic parameter
estimation. The supplementary file also outlines the thermodynamic
validation criteria and calculation guidelines applied to evaluate
adsorption equilibrium constants and rate expressions.

2.2. Kinetic models

In catalytic studies, fixed-bed reactors are widely used to evaluate
intrinsic activity under controlled conditions, as they allow precise
temperature control and isolation of the chemical reaction from elec-
trochemical effects. However, they do not replicate the coupled cata-
lytic–electrochemical environment presents inside a SOFC. In contrast,
the narrow porous paths in the SOFC anode and low back-mixing allow
the system to be approximated as an ideal plug-flow reactor (PFR),
enabling the direct study of dry reforming kinetics under simultaneous
electrochemical operation. Although a continuous stirred-tank reactor
(CSTR) model would assume complete mixing, the unidirectional gas
transport through the porous anode makes such behavior unlikely in this
configuration. In this work, the cumulative catalyst mass Wcat is treated
as the equivalent reactor length, and a steady-state mole balance is
applied across small catalyst elements. The small catalyst mass (14.3
mg) and high inlet gas flow rates minimize transport effects in accor-
dance with ICTAC recommendations, while the 0.95 cm2 button cell
geometry ensures a short diffusion path and directional gas transport.
The inlet gas flow rates were intentionally set much higher than the
electrochemical consumption rate, ensuring a non-equilibrium status in
the SOFC. Also, in small-scale SOFCs, not all inlet gas reaches triple-
phase boundary sites due to flow distribution, porosity, and limited
penetration, so some fuel bypasses unreacted[33]. Short diffusion paths
also promote rapid gas-phase homogenization, reducing concentration
gradients[34,35]. While this benefits intrinsic kinetic measurements,
larger commercial cells often exhibit less uniform gas/electrode contact
and more pronounced gradients, affecting apparent reaction rates[35].
Full details of the PFR assumption, partial pressure calculations, and side
reaction treatments are provided in the Supplementary Material. This
approach allows realistic assessment of reaction behavior under actual

Table 1
Inlet biogas compositions[4].

Case No. Composition (%) Total flow rate CH4 / CO2

CH4 CO2 N2 nml/min R

i 30 60 10 8 0.5
ii 30 40 30 8 0.75
iii 40 40 20 8 1
iv 50 40 10 8 1.25
v 50 33.3 16.7 8 1.5
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cell operating conditions.
Syngas, which contain H2 and CO, could be generated during the

catalytic oxidation reaction of biogas (CO2 and CH4) in the DRM, in
reaction (1)[8].

CH4 +CO2⇄2CO+2H2 (1)

The hydrogen produced in DRM reacts with oxygen ions (O-2) from the
electrolyte to produce water molecules (H2O), release electrons and
generate electricity[36,37]. Proper derivation, evaluation, and report-
ing of rate data for DRM-SOFC are essential based on reaction models,
which depend on both anode material and process conditions. Due to the
conformity of most of the mechanical steps in Langmuir models with
experimental data of DRM[15,28], LHHW theory can be conducted for
the kinetic modeling of DRM-SOFC in this study. According to this
theory, reactive molecules are adsorbed onto the active sites of the
catalyst on the anode surface, where they undergo surface reactions to
form products. Subsequently, when these weak bonds are broken, the
reaction products are released from the active sites. In this model, either
the substance adsorption step or the surface reaction of the adsorbed
species is accepted as the rate-determining step (RDS). For the catalytic
DRM, the reaction occurs according to the following five stages: (1) CH4
adsorption, (2) CO2 adsorption, (3) surface reaction of adsorbed species,
(4) desorption of CO, and (5) desorption of H2[11]. In this mechanism,
we assume that the adsorption of CH4 and CO2 at the catalyst surface
(step 3) is considered the RDS[15] which assumes that it is the slowest
step, while the others are in thermodynamic equilibrium while deter-
mining the overall kinetics.

Furthermore, the RDS often involves the adsorption or desorption of
reactants or intermediates on the anode surface, which can vary
depending on the nature of the catalyst[17]. The forward water–gas shift
(WGS) reaction was not considered because the system operates under
dry reforming conditions with no steam addition, at temperatures above
973 K and in a CO2-rich environment. Thermodynamically, these con-
ditions strongly favor the Reverse Water-Gas Shift (RWGS) reaction,
making the forward WGS rate negligible. The RWGS pathway, which
consumes H2 and produces CO and H2O, was therefore included in the
model and assumed to be at equilibrium, with the formulation and
equilibrium constant correlations provided in the Supplementary Ma-
terial. Additionally, we assume that the RWGS reaction is much faster
than the DRM reaction and is at equilibrium. By considering the as-
sumptions mentioned above, the general rate expression for the LHHW
model can be described by Eq. (1)[25,27]:

r =
(Kinetic Factor)

(AdsorptionTerm)
(Driving Force ) (2)

In the current study, we aim to investigate the influence of individual
parameters in rate expression, such as kinetic factors, adsorption terms,
and driving force, on the estimation accuracy of kinetic parameters for
DRM-SOFC. The driving force (df) is the coefficient that accounts for the
inverse reaction and indicates the direction of the equilibrium reaction,
is provided by Eq. (2) [4,11,15]:

df = 1 −
pCO2pH2

2

Keq
DRMpCH4pCO2

(3)

Where pCO, pH2 , pCH4 and pCO2 are the partial pressures (bar) for CO, H2,
CH4, and CO2, respectively. The term Keq

DRM is the DRM equilibrium
constant which is determined by Eq. (3)[16]:

Keq
DRM = 6.78⋅1014⋅exp(

− 259660
RT

) (4)

Where R is the Universal gas constant, and T is Temperature in K. Since
this model assumes the presence of different active sites, including
metallic single-site or dual-sites, researchers have proposed several
alternative and occasionally conflicting kinetic models for DRM. Since
intrinsic kinetic parameters are independent of electrode geometric
area, the rate constants and adsorption coefficients determined here can
be applied directly to larger commercial-scale cells, provided that
appropriate transport and thermal management models are included for
stack-level simulations. It is crucial to thoroughly investigate these
models for their accuracy and applicability in electrochemical devices
such as SOFCs. The kinetic models derived from the literature based on
the abovementioned reaction pathways are summarized in Table 3.

For clarity, in this study, LHHW-1 and LHHW-2 refer to single-site
models (without and with inverse reaction terms, respectively),
whereas LHHW-3 and LHHW-4 correspond to dual-site models (without
and with inverse reaction terms).

The actual DRM reaction rate in a flow system in the gas phase from
experiment data is represented by the actual reaction rate in Table 3.
FinletCH4

represents the methane flow rate (in mol/s) in the inlet gas mixture,
XCH4 denotes the methane conversion, and Wcat stands for the mass of
catalyst loading on the anode (in grams). In the DRM rate expression, for
PL and LHHW models, ’a’ represents the reaction order for methane,
while ’b’ denotes the reaction order for carbon dioxide. These co-
efficients indicate how gas concentrations influence the reaction rate. In
single site-LHHW models, θ represents the surface coverage. When the
steady-state surface coverage of a reactant molecule is nearly complete
and represents high surface coverage, this term equals 1 (θ = 1). This
situation is typical for strongly adsorbing species or under high-pressure
conditions.

In contrast, the value of θ = 0.5 indicates that the reaction occurs in
the medium coverage region, which is typical for weakly adsorbing
species or under low-pressure conditions. Tri Nguyen et al. [11] utilized

Table 2
Methane conversions under various operational conditions[4].

Overall Methane Conversion (%)
Temperature
[K]

Current
Density
[A/m2]

i Ii Iii Iv v

973 0 0.174 0.161 0.139 0.128 0.127
500 0.189 0.177 0.150 0.142 0.136
1000 0.213 0.201 0.174 0.158 0.154

1023 0 0.209 0.193 0.171 0.161 0.161
500 0.219 0.209 0.182 0.179 0.171
1000 0.245 0.234 0.206 0.190 0.188

1073 0 21.90 20.60 18.40 17.30 17.20
500 23.40 22.20 19.50 18.70 18.10
1000 25.80 24.60 21.90 20.30 19.90

1123 0 24.10 22.80 20.10 19.00 18.90
500 25.20 24.00 22.20 20.40 19.90
1000 27.40 26.20 23.90 22.00 21.60

1173 0 22.10 21.90 21.80 21.60 21.40
500 23.00 22.80 21.90 21.70 21.60
1000 26.20 25.10 24.00 22.80 22.50

Table 3
Selected PL and LHHW Models for NiO-GDC-YSZ anode for SOFC.

Model Kinetic Model Rate Expression

AC Actual reaction rate
rActual =

FinletCH4

Wcat
XCH4

PL Power Law rPL = k
(
pCH4

)a ( pCO2

)b

LHHW-
1

Single site
rLHHW− 1 =

k
(
pCH4

)a ( pCO2

)b

[1+ KCH4 pCH4
a + KCO2 pCO2

b]
2θ

LHHW-
2

Single site with inverse
reaction rLHHW− 2 =

k
(
pCH4

)a( pCO2

)b

[1+ KCH4 pCH4
a + KCO2 pCO2

b ]
2θ (df)

LHHW-
3

Dual site
rLHHW− 3 =

k
(
pCH4

)a( pCO2

)b

[
1+ (KCH4 pCH4 )

a]
[1+(KCO2 pCO2 )

b
]

LHHW-
4

Dual site with inverse
reaction

rLHHW− 4 =

k
(
pCH4

)a ( pCO2

)b

[
1+ (KCH4 pCH4 )

a]
[1+(KCO2 pCO2 )

b
]
(df)

S. Moarrefi et al.



Fuel 407 (2026) 137517

5

the least-squares optimization method to compute DRM reaction orders
and kinetic constant values using the single-site LHHW model with
varying θ values from 0 to 1. The root-mean-square error (RMSE) and R2

values of the calculated reaction rates indicated the best fit with the
experimental data when assuming the reaction occurs in the medium
coverage region (θ = 0.5). Furthermore, the gas pressure inside the fuel
cell remains low, approximately at atmospheric pressure conditions.
Therefore, the medium surface coverage assumption was adopted in this
study.

In the LHHW models, the adsorption terms are described by the
adsorption coefficients of carbon dioxide (KCO2 ) andmethane (KCH4 ). For
this study, the CH4 adsorption coefficient is assumed to depend solely on
temperature. The change of adsorption enthalpy
ΔH0

CH4
= − 38.28 (kJ/mol) and pre-exponential factor of methane

adsorption ACH4 = 0.000665 were used in this study[4,26,27]. Given
that the DRM reaction primarily takes place on the outer surface of the
anode, with CH4 diffusing into the anode from the bulk flow, the
adsorption parameters for CH4 are considered unaffected by the
changing current density in this study[27]. The optimized parameters
were determined, including the reaction order of carbon dioxide (b), the
adsorption coefficient, and the reaction rate constant (k). Most DRM
modelling studies typically assume a first-order reaction rate for
methane to simplify calculations. In this study, the coefficient ’a’ in the
rate expressions for LHHW models equals 1[38]. The adsorption coef-
ficient was calculated by using the Van’t Hoff equation (Eq.(4)) as fol-
lows[25]:

KCO2 = ACO2 ⋅exp(−
ΔH0

ad
RT

) (5)

Where ACO2 represents the pre-exponential factor for the CO2 adsorption
constant, ΔH0

ad denotes the enthalpy change for the adsorption of CO2.
The adsorption constant must be thermodynamically consistent, which
requires meeting three thermodynamic rules and two guidelines avail-
able in the Supplementary Materials[27]. The change in entropy for CO2
adsorption,

ΔS0ad, is subsequently calculated utilizing the adsorption constants in
Eq.(5)[26]:

ΔS0ad = log(ACO2 ) × R (6)

The change in Gibbs free energy of adsorption, ΔG0
ad, indicates the

spontaneity of a chemical adsorption reaction, making it a crucial cri-
terion in determining spontaneity. Both adsorption enthalpy and en-
tropy factors are necessary for calculating the Gibbs free energy of
adsorption using Eq.(6)[19,26]. Adsorption reactions proceed sponta-
neously at a given temperature or current density when ΔG0 is negative
and a non-spontaneous process if it is positive[19].

ΔG0
ad = ΔH0

ad − TΔS0ad (7)

For each model, the reaction rate constant was calculated by using Eq.
(7) as follows[27]:

k =
FinletCH4

Wcat

∫ XoutletCH4

0

1
rPL or LHCH4

dXCH4 (8)

The Arrhenius equation for the rate constant of DRM is represented by
Eq.(8)[39]:

k = k0exp(
− EDRMa
RT

) (9)

ln(k) = ln(k0) −
EDRMa
R

⋅
1
T

(10)

In the equation, EDRMa represents the activation energy, and k0 is the pre-
exponential factor for the DRM-SOFC reaction, respectively. The values

of Ea and k0 were determined through an iterative approach in MAT-
LAB®, using the calculation algorithm and developed code provided in
the SupplementaryMaterials. For the LHHW and PLmodels, the reaction
orders were constrained to lie within the range of − 2 to + 2 to obtain
results that fall within a reasonable range compared to values reported
in the literature[40]. As observed from the comparison between Eq. (8)
and rate expression in Table 3, respectively, k for the PL model depends
on optimizing a and b, while for the LHHWmodel, k relies on optimizing
a, b, KCO2 and KCH4 . In this study, the variation of CH4 and CO2 reaction
order with current density was obtained directly from the kinetic
parameter fitting. No explicit electrochemically activated reaction
pathway was included in the model; instead, the effect of current density
is reflected as a change in the apparent kinetic constant, capturing the
influence of electrochemical operation on the observed kinetics.

3. Results and discussion

Complexmodels capture intricate details in chemical reaction kinetic
studies, while simple models often yield meaningful insights compared
to complex models. Simplicity allows us to focus on essential features,
aiding our understanding of reaction pathways and rates[41]. This study
evaluates how well kinetic models align with experimental data for
DRM-SOFCs. The PL model ignores surface chemistry, while the all
LHHWmodels (LHHW-1 to LHHW-4) includes reactant adsorption. Both
models and their derivatives were used to examine the impact of elec-
trochemical reactions on CO2 adsorption on a NiO-GDC-YSZ anode. Due
to the lack of data on different kinetic models for DRM-SOFCs, direct
comparisons with other studies are limited, indicating a critical research
gap. Comparing these models would improve our understanding of ki-
netic factors and reaction rates. Arrhenius plots are essential for vali-
dating models, predicting reaction rates, and optimizing fuel cell
operations.

Fig. 1(a) to 1(c) show the Arrhenius plots for each proposed model,
illustrating the relationship between the rate constant, temperature,
current density, and activation energy, with corresponding R2 values
indicating the precision and reliability of the estimates. The derived
kinetic parameters, including the reaction order of CO2 and various ki-
netic factors, are presented in Table 4. The results, discussed in the
following sections, highlight that the dual-site models exhibit the
highest R2 values, and generally provide a better fit than the PL model,
with LHHW-3 and LHHW-4 models performing the best at 1000 A/m2.

3.1. Carbon dioxide reaction order

The CO2 reaction order (b) in the rate equation describes the math-
ematical relationship between the rate of the reforming reaction and the
CO2 concentration, and it indicates to what extent the concentration of
CO2 affects the reaction rate.

Fig. 2 shows the current density dependence of the CO2 reaction
order predicted by each model. Results indicate this parameter ranges
from 0.29 to 0.32 across temperatures from 973 K to 1173 K and current
densities from open circuit to 1000 A/m2. The PL model shows a sig-
nificant increase in CO2 reaction order with current density, peaking
near 500 A/m2. In contrast, the single-site (LHHW-1, LHHW-2) and
dual-site (LHHW-3, LHHW-4) models show similar reaction order values
display similar reaction order values up to 500 A/m2, with differing
trends at higher currents. Single-site models show a decrease followed
by a slight increase in CO2 reaction order, while dual-site models exhibit
a decreasing trend across all current densities. The lack of CO2 reaction
order data for DRM-SOFC prevents direct comparisons, but similar non-
uniform trends have been observed in SRM-SOFC studies by Thattai
et al.[25], Fan et al.[26] and Zhou et al.[27] in SRM-SOFC. Analysis of
our recent study[4] revealed a decrease in CO2 reaction order with
increasing current at temperatures from 1073 K to 1173 K. Dual-site
models may provide better estimations across a wider temperature
range. Differences between single-site and dual-site models are reflected
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in their adsorption terms, but current density minimally impacts CO2
reaction order. The equilibrium or reverse reaction has negligible effects
on model estimations.

To assess the validity of the derived kinetic parameters, the results
obtained in this study were compared with those reported in previous
DRM and SRM kinetic studies over Ni-based catalysts. The activation
energies for DRM-SOFC (17.9–––24.8 kJ mol− 1) fall within the reported
ranges for Ni-ceria and Ni-YSZ systems [11–13,15,17]. Similarly, the
CO2 reaction orders (0.29–––0.32) observed here correspond well with
those found in SRM-SOFC studies by Thattai et al. [25], Fan et al. [26],
and Zhou et al. [27], which ranged between 0.25 and 0.40. The esti-
mated adsorption enthalpy and entropy are consistent with values re-
ported for CO2 adsorption on Ni-based catalysts [15,19,35]. This
agreement demonstrates that the kinetic parameters derived in the
present work are physically realistic and comparable to those in the
literature.

3.2. Activation energy (Ea)

Fig. 3 illustrates the influence of current density on the activation
energy, showing a decrease from OCV to 1000 A/m2 in all proposed
models. The LHHW-3 and LHHW-4models yield lower activation energy
values compared to the PL model with the same current density,
reflecting its consideration of surface reaction mechanisms[17]. Differ-
ences in the “adsorption term” between single-site and dual-site LHHW
models result in varying activation energies at higher current densities.
The reverse reaction has negligible effects on the obtained activation
energies, aligning with trends observed in previous studies on DRM[4]
and the SRM [24–26]. The decrease in activation energy in an SOFC is
due to the current, which drives non-spontaneous reactions by lowering
the activation energy. Electrochemical reactions serve as electro-
catalysts, providing alternative pathways for hydrogen production with
lower energy requirements [42]. This study does not expand upon the
potential reasons for this research and does not delve into the reasons for
the decreasing activation energy with increasing current density. Still,
more details can be found in our recent study[4].

3.3. Pre-exponential factor of the reaction rate constant (k0)

In chemical kinetic studies, the pre-exponential factor is an essential
constant in the Arrhenius equation (Eq. (8)[43]. This factor signifies the
frequency of collisions between CO2 and CH4 molecules [44]. It varies
with temperature due to its connection to molecular collisions, which
fluctuate accordingly [45]. Our results indicate that, in addition to
temperature, k0 may exhibit current density dependence, and its units
may vary based on the CO2 and CH4 reaction orders.

Fig. 4 illustrates the impact of current density on the k0, demon-
strating a decrease from OCV to 1000 A/m2 across all four LHHW
models (LHHW-1 to LHHW-4), with no significant difference observed.
The PL model estimates a higher reaction order for CO2 at 500 A/m2,
causing k0 to peak at this point and decrease with a higher current
density. The numerator and denominator in the LHHW model(s) rate
expressions have a negligible effect on the estimation accuracy of k0 for
DRM-SOFC systems. Both PL and all four LHHW models (LHHW-1 to
LHHW-4) exhibit non-uniform trends across the investigated current
densities, with similar values at higher current densities. Due to the
absence of data on k0 dependency on current density, direct comparisons
with other literature are limited. Future work is needed to gather more
experimental data on k0 dependency for DRM-SOFCs.

3.4. Pre-exponential factor of the adsorption constant (ACO2 )

The pre-exponential factor, often denoted as Aad in the context of the
van ’t Hoff in Eq.(4), relates to the temperature dependence of the
adsorption equilibrium constant. This constant accounts for the fre-
quency of adsorption–desorption events at a standard concentration and

Fig. 1. Arrhenius plots used to determine and fit reaction parameters, including
the coefficient of determination (R2), for (a) the Power-Law model, (b) LHHW
single site models (LHHW-1, LHHW-2), and (c) LHHW dual site models (LHHW-
3, LHHW-4).
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reflects how often adsorbed CO2 species transition between the surface
and the gas phase[19]. Researchers use the van ’t Hoff equation and the
pre-exponential factor to understand how adsorption behavior changes
with temperature [46]. In this study, ACO2 is also influenced by the
current density in the fuel cell.

Fig. 5 illustrates the current density-dependence of ACO2 , indicating
that current density significantly affects adsorption–desorption of CO2
molecules on the anode surface. This suggests that both temperature and
electrochemical reactions could influence these adsorption–desorption
of CO2. In both proposed LHHWmodels, the frequency of adsorption at a
current density near 500 A/m2 slightly increases and then decreases at a
current density of 1000 A/m2. However, these changes are more sig-
nificant in dual-site models, as observed in Table 4 and Fig. 5.
Furthermore, in all four LHHW models, the direction of equilibrium or
reverse reaction direction may not significantly influence the frequency

of adsorption. Similar trends were observed in SRM-DRM studies[26,27]
related to the AH2O. However, it is important to note that no references
support this observation in DRM-SOFC, highlighting the need for future
experimental works using various models to investigate further and
confirm these findings.

3.5. Adsorption equilibrium constant (KCO2)

Adsorption activates reactants by binding them to the catalyst sur-
face, while products leaves the surface by desorption. KCO2 is the
Langmuir adsorption constant for CO2, where a higher KCO2 indicates
stronger adsorption under specific conditions, influencing reaction rate
and selectivity, and is the key for designing efficient anodes [19,44].

Table 4
Derived kinetic parameters for proposed models across different current densities from 973 K to 1173 K. LHHW-1 and LHHW-2 (single-site) and LHHW-3 and LHHW-4
(dual-site) model predictions.

Kinetic Parameters Current Density [A/m2] PL LHHW-1 LHHW-2 LHHW-3 LHHW-4

Reaction order (b) Open-Circuit 0.29 0.31 0.31 0.31 0.31
500 0.38 0.31 0.31 0.31 0.31
1000 0.31 0.32 0.32 0.30 0.30

Ea (kJ/mol) Open-Circuit 24.8 23 23.1 22.9 22.9
500 23 19.7 19.7 19.6 19.6
1000 19.7 17.9 17.9 18.9 18.9

K0 (mol/s g bar(a+b)) Open-Circuit 1.1E-01 1.0E-01 1.0E-01 1.0E-01 1.0E-01
500 1.3E-01 7.8E-02 7.8E-02 7.7E-02 7.7E-02
1000 8.0E-02 7.2E-02 7.2E-02 7.3E-02 7.3E-02

ACO2 Open-Circuit − 3.1E-06 3.1E-06 4.0E-06 4.0E-06
500 − 4.7E-6 4.7E-6 5.2E-06 5.2E-06
1000 − 2.6E-06 2.6E-06 1.0E-10 1.0E-10

KCO2 Open-Circuit − 8.6E-03 8.5E-03 1.1E-03 1.1E-03
500 − 1.3E-10 1.3E-10 1.4E-03 1.4E-03
1000 − 7.2E-04 7.2E-05 1.0E-10 1.0E-10

ΔH0
CO2
(kJ/mol) Open-Circuit − − 50.2 − 50.2 − 50.2 − 50.2

500 − − 50.2 − 50.2 − 50.1 − 50.1
1000 − − 50.1 − 50.1 − 4.5E-03 − 2.3E-03

ΔS0CO2
(J/mol. K) Open-Circuit − − 10.5 − 10.5 − 10.3 − 10.3

500 − − 10.2 − 10.2 − 10.1 − 10.1
1000 − − 10.7 − 10.7 − 19.1 − 19.1

R2 Open-Circuit 0.874 0.930 0.930 0.929 0.929
500 0.871 0.925 0.925 0.925 0.925
1000 0.890 0.938 0.938 0.942 0.942

​

Fig. 2. The trend analysis of the current density effects on CO2 reaction orders
in each proposed model. The grey dashed line corresponds to the PL model, the
black solid line represents the single-site models (LHHW-1, LHHW-2), and the
grey solid line corresponds to the dual-site models (LHHW-3, LHHW-4).

Fig. 3. The trend analysis of the current density effects on the activation energy
for the DRM-SOFC process. The grey dashed line corresponds to the PL model,
the black solid and dashed line represent single-site models (LHHW-1, LHHW-2)
respectively, and the grey solid line corresponds to the dual-site models
(LHHW-3, LHHW-4).
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CH4 is known to be more competitive than CO2 for active metal sites on
the catalyst surface [7]. Temperature enhances the adsorption and
dissociation of reactants, reducing carbon deposition and suppressing
catalyst deactivation [13,15,40]. In this study, the adsorption isotherm
for CH4 is assumed not to be influenced by current density, given that
CH4 mostly adsorbs on the catalyst surface. However, the impact of
current density on KCO2 is depicted in Fig. 5. The trend of KCO2 changes
with current density shows that, unlike temperature, current density
exhibits non-uniform trends. The values of the adsorption constant reach
their maximum near a current density of 500 A/m2 and decrease as
further current is drawn from the fuel cell. According to van ’t Hoff Eq.
(4), the adsorption equilibrium constant depends on its pre-exponential
factor, reflecting the frequency of adsorption–desorption events on the
catalyst surface. Dual-site models, which consider more active sites, are
expected to show more significant changes in KCO2 with current density

compared to single-site models. This study confirms the expectation.
However, a recent study [4] using the simplified LH model found that
increasing current density from OCV to 1000 A/m2 significantly raised
the CO2 adsorption equilibrium constant, highlighting a positive current
density effect. This contrasts with the current study’s non-uniform KCO2

trends, suggesting that high current density might exceed limits where
CO2 dissociative adsorption assumptions are valid, indicating a need for
further research.

SRM and DRM in SOFCs are different processes but share similarities,
as both reform methane with oxidants (CO2 and H2O). Fan et al. re-
ported a decreasing adsorption constant for steam in SRM-SOFCs [26],
while Zhou et al.[27] observed a significant drop in the adsorption co-
efficient at 600 A/m2, with a slight increase at 1000 A/m2. These con-
tradictory results for DRM and SRM suggest that more tests at smaller
intervals are needed to validate these phenomena. Understanding the
variations in chemical and electrochemical reactions in SOFC anodes is
still evolving. These findings represent progress, but further research is
necessary to grasp the full impact of current density on adsorption
isotherms.

Beyond adsorption effects, electrochemical reactions significantly
influence DRM–SOFC kinetics through their interaction with charge
transfer and oxygen ion transport. The applied current density governs
the flux of O2– ions from the electrolyte to the anode surface, altering the
local oxygen chemical potential and reaction energetics. These oxygen
ions participate in the oxidation of H2 and CO near the TPB, facilitating
electron transfer and shifting the equilibrium of surface reactions. As a
result, variations in current density modify apparent activation energies
and reaction rates, reflecting the strong coupling between electro-
chemical processes and catalytic reforming.

3.6. Change of CO2 adsorption enthalpy (ΔH0
CO2

) and entropy (ΔS0CO2
)

The influence of current density on the CO2 adsorption enthalpy and
entropy in all four LHHW models is illustrated in Fig. 6. Changes in the
ΔH0

CO2
and entropy ΔS0CO2

indicates a robust role of electrochemical re-
action during the adsorption process[38,47]. A negative ΔH0

CO2
indicates

exothermic CO2 adsorption, while ΔS0CO2
’s sign and magnitude reveal

whether the adsorption is associative or dissociative. Negative ΔS0CO2

suggests an associative mechanism [11,19]. ΔH0
CO2

is similar across all

Fig. 4. The trend analysis of the current density effects on the pre-exponential
factor of the rate constant for the DRM-SOFC process. The black solid line
corresponds to the PL model, the grey solid line represents the single-site
models, and the black dashed line corresponds to the dual-site models.

Fig. 5. The trend analysis of current density effects on the adsorption constant
(ACO2 ) and adsorption equilibrium constant (KCO2 ) for the DRM-SOFC process in
each proposed model. In the graph, the black solid line represents ACO2 calcu-
lated by single-site models, the black dashed line corresponds to ACO2 calculated
by dual-site models, the grey solid line represents KCO2 calculated by single-site
models, and the grey dashed line corresponds to KCO2 calculated by dual-
site models.

Fig. 6. The effect of the current density effects on the adsorption enthalpy
(ΔH0

CO2
) and entropy (ΔS0CO2

) for the DRM-SOFC process. The black solid line
represents ΔH0

CO2
in the single-site models, the black dashed line corresponds to

ΔH0
CO2

in the dual-site models, the grey solid line represents ΔS0CO2
in the single-

site models, and the grey dashed line corresponds to ΔS0CO2
in the dual-

site models.
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models at open-circuit conditions, decreasing slightly and increasing
with current density in dual-site models while remaining stable in
single-site models. ΔS0CO2

increases by 10 J/(mol⋅K) in dual-site models
with current density, indicating a stronger CO2 attachment. This shows
that the driving force minimises CO2 adsorption enthalpy and entropy
across all LHHW models (LHHW-1 to LHHW-4). Since dual-site models
(LHHW-3 to LHHW-4) assume more active sites, changes in adsorption
enthalpy and entropy with current density are more significant than in
single-site models. Similar trends for H2O have been reported by Fan
et al.[26] and Zhou et al.[27], but further research with diverse models
and current densities in DRM-SOFCs is needed. A summary of the
derived kinetic parameters in comparison with previously reported
values for Ni-based catalysts is presented in Table 5, demonstrating that
the parameters obtained in this study fall within the literature-reported
ranges and thereby validate the accuracy of the proposed kinetic models.

3.7. Gibbs free energy changeΔG0
CO2

For significant adsorption, Gibbs free energy change of adsorption,
ΔG0, must be negative[19]. As a general guideline, significant adsorp-
tion requires a negative change in Gibbs free energy, and a decrease in
the negative value of ΔG0 with increasing current density from the cell
suggests that the adsorption process becomes more favorable at higher
current densities and vice versa[48]. This is often attributed to the
increased mobility of adsorbate ions through the triple phase boundary
(TPB) and the higher affinity of the CO2 for the adsorbent at elevated
current densities[4]. A negative ΔG0 indicates a spontaneous process,
whereas a positive ΔG0 suggests a non-spontaneous process[38,42].

Fig. 7 shows that the values of ΔG0
CO2

are similar across all models
under open-circuit conditions. The single site models show constant
ΔG0

CO2
across all current densities investigated in this study. However, in

dual-site models, there is a significant decrease in ΔG0
CO2

with a small
current density, indicating an increase in the possibility of spontaneous
CO2 adsorption. Conversely, with a higher current density, the ΔG0

CO2

increases, suggesting a non-spontaneous CO2 adsorption. This implies
that CO2 adsorption is a non-spontaneous process in higher current
densities and has an optimum current density level when a dual-site
assumption is used. The reason for such changes lies in the fact that
the Gibbs free energy of the adsorption equation is a function of
adsorption enthalpy and entropy, as shown in Eq. (6). Since the sensi-
tivity of adsorption enthalpy and entropy to changes of current density
in dual site models are more significant than in single-site models, this
effect on the Gibbs free energy changes similarly. These findings
represent the first discussion of Gibbs free energy of CO2 adsorption in
DRM-SOFC. Further investigation is needed to understand the reasons
behind these observations fully.

3.8. DRM reaction rate (rDRM)

As detailed in our previous study [4], Fig. 8 compares DRM reaction
rates at 1000 A/m2 and 1073 K, calculated using kinetic models, with
experimental data. Similar earlier study [4], the current results confirm
that higher methane partial pressure enhances the DRM reaction rate.
This suggests that the competition between CH4 and CO2 for adsorption
sites on the catalyst, reduces the impact of CO2 partial pressure. The

greater adsorption equilibrium constant for CH4 than CO2 may also
contribute to this effect. Dual-site models (LHHW-3 to LHHW-4) showed
the highest accuracy but performed poorly at lower R ratios. Zhou et al.
[27] reported similar SRM-SOFC trends. However, the PLmodel failed to
estimate the DRM reaction rate accurately. Our trend analysis shows
that single-site models also deviate when fitting estimated reaction rates
to actual data. Similar to other parameters, the direction of equilibrium
or reverse reaction direction term in the rate expression has minimal
impact on DRM-SOFC reaction rate estimation accuracy. Various re-
searchers have used LHHW models for kinetic parameter extraction in
DRM with different catalysts [11,13,15,17,19]. However, insufficient
comprehensive studies on DRM-SOFC make comparisons challenging.

Table 5
Comparison of some kinetic parameters derived in this study with values pre-
viously reported for dry reforming of methane over Ni-based catalysts.

Parameter This Study Reported Range
(Literature)

References

Activation Energy (Ea, kJ
mol− 1)

17.9–24.8 18–27 [11–13,15,17]

CO2 Reaction Order (b) 0.29–0.32 0.25–0.40 [25–27]

Fig. 7. The trend analysis of the current density effects on the Gibbs free energy
change of CO2 adsorption (ΔG0

CO2
) for the DRM-SOFC process. The grey solid

line represents ΔG0
CO2

in the single-site models, and the black dashed line cor-
responds to ΔG0

CO2
in the dual-site models.

Fig. 8. DRM reaction rate calculation at 1073 K with a current density of 1000
A/m2 to R ratios (CH4 to CO2 ratio) for DRM-SOFC process using proposed
models. In the graph, the grey solid line represents actual reaction rate data, the
black solid line corresponds to dual-site model estimation, the grey dashed line
represents single-site model calculation, and the black dotted line corresponds
to PL model estimation.
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3.9. Model fitting and error evaluation

After determining the reaction rate constants at different tempera-
tures, the activation energy was obtained by fitting the linearised
Arrhenius equation (derived from Equation (9). The main aim of this
study is to compare the PL and LH kinetic models and evaluate how their
underlying assumptions affect the results. One of the criteria used was
the coefficient of determination (R2) from Equation (8). Kinetic pa-
rameters were estimated using non-linear regression in MATLAB®,
minimising the root-mean-square error (RMSE) between experimental
and predicted values. The RMSE was calculated as:

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

i=1

(
yexp,i − ypred,i

yexp,i

)2
√
√
√
√ (11)

Where yexp,i and ypred,i are the experimental and model-predicted values,
respectively, and n is the number of data points. Tri Nguyen et al.[11]
compared calculated and experimental CH4 consumption rates in DRM,
finding that dual-site models yielded a lower RMSE and better fit than
single-site models. Many studies also support the adsorption and acti-
vation of CH4 and CO2 on two distinct sites [19]. Table 6 summarizes
model performance metrics for R2, adjusted R2, and RMSE.

The analysis of the models revealed significant performance differ-
ences. The PL model had a lower R2 of 0.778 and an adjusted R2 of
0.769, indicating a poorer fit to the data than the LHHW models. The
LHHW models showed much higher R2 values, ranging from 0.983 to
0.984, reflecting a better fit. Among them, dual-site models achieved the
highest R2 and adjusted R2 values of 0.984 and 0.983, respectively.
LHHW models had a lower RMSE than the PL model, with LHHW-3 and
LHHW-4 showing the smallest RMSE of 4.78E-04. This indicates that
LHHW models fit the data more accurately and offer better predictive
precision, especially with dual-site models, which showed lower devi-
ation from experimental data under the studied conditions.

Although the dual-site LHHW models (LHHW-3 to LHHW-4) per-
formed best, their predictive capability remains limited by mechanistic
simplifications. They primarily describe adsorption–desorption and
surface reactions while neglecting carbon deposition, surface hetero-
geneity, and electrochemical effects. Carbon formation via methane
cracking or the Boudouard reaction, and its partial gasification under
electrochemical oxidation, can dynamically alter active sites and affect
apparent kinetics. Variations in Ni–GDC–YSZmicrostructure and oxygen
ion flux near the triple-phase boundary further contribute to non-
uniform behavior, meaning the derived parameters represent effective
rather than purely intrinsic values.

The obtained kinetic models and parameters are directly applicable
to system-level analyses and can be implemented in Computational
Fluid Dynamics (CFD) or process simulation tools to model internal
reforming in practical SOFC stacks. Their intrinsic nature and geometry
independence allow prediction of methane conversion, temperature
gradients, and electrochemical performance under varying fuel com-
positions and current densities. Integrating this kinetic framework into
stack or system-scale simulations will support optimization of reactor
design, operating conditions, and thermal management for large-scale
DRM–SOFC applications.

4. Conclusions

We investigated DRM-SOFC kinetics by considering various kinetic
models, such as PL, LHHW and their derivations in an electrolyte-
supported SOFC with a NiO-GDC-YSZ anode from 973 K to 1173 K,
and a current density range from 0 to 1000 A/m2. The current densities
of employed in this study were intentionally chosen to ensure mea-
surements in the intrinsic kinetic regime, thereby avoiding artefacts
from mass and heat transfer limitations or ohmic losses. Using a small-
area button cell (0.95 cm2, 1 cm diameter, 50 μm electrolyte) and a
catalyst mass of 14.3 mg in line with ICTAC recommendations further
minimised transport effects. Although these values are lower than the
operating current densities of commercial DRM-SOFCs, the kinetic pa-
rameters obtained are independent of cell size and operating current.
They can therefore be applied to larger-scale system models when
combined with transport and thermal management considerations,
making them directly relevant to practical SOFC operation.

In terms of kinetic models, the PL model shows a notable increase in
CO2 reaction order with a small current density, followed by a decrease
at higher current density levels. All LHHW models exhibit similar re-
action order values up to 500 A/m2, but the single-site models diverge at
higher current densities, with dual-site models displaying a decreasing
trend. The inverse reactions or dfminimally affect LHHW estimations of
reaction order, and current density has an insignificant impact on CO2
reaction order within the investigated current density and temperature
range.

Moreover, all four LHHW models (LHHW-1 to LHHW-4) has a lower
activation energy than the PL model with the same current densities,
probably due to its incorporation of surface reaction mechanisms. Dif-
ferences in proposed mechanisms between single-site and dual-site
LHHW models result in different activation energies, particularly at
higher current densities. Furthermore, the reverse reaction minimally
affects the activation energies. Depending on the reaction orders of the
reactants, this study also reveals that the current density influences the
pre-exponential factor (k0). The PL model shows a peak in k0 at a current
density of 500 A/m2 corresponding to higher CO2 reaction orders, fol-
lowed by a decrease with a higher current density. Despite non-uniform
trends across the investigated current density range, we have also found
that both PL and all LHHW models exhibit similar values at higher
current densities.

The current density-dependent behavior of ACO2 indicates the sig-
nificant influence of electrochemical reaction on CO2 adsorp-
tion–desorption over the anode surface. Both LHHW models exhibit
fluctuations in adsorption frequency, particularly in the dual-site
models, showing peaks near 500 A/m2 and declines at 1000 A/m2.
Moreover, the inverse reaction shows minimal impact on the adsorption
frequency across all LHHWmodels. The analysis of this study reveals the
non-uniform trends in KCO2 changes with current density. The adsorp-
tion equilibrium constant peaks near 500 A/m2 and decreases with a
higher current density. Dual-site assumptions are expected to magnify
these changes because more active sites are assumed, yet findings
contradict expectations and previous studies. Conducting additional
tests with smaller intervals may clarify these discrepancies and validate
the observed trends in the dependency of the adsorption equilibrium
constant on the current density.

Also, we found that the values of ΔH0
CO2

remain consistent across all
proposed models under open-circuit conditions while fluctuating with
current density, particularly in dual-site models. The single-site models
exhibit stable trends, and the dual-site models show a notable increase in
ΔS0CO2

with higher current densities. ΔG0
CO2

remain consistent in all
models under open-circuit conditions. The single-site models maintain a
constant ΔG0

CO2
across the investigated current density range, whereas

the dual-site models show a notable increase in ΔG0
CO2

at higher current
densities, indicating an increased spontaneous CO2 adsorption. Similar
to other kinetic parameters, the direction of equilibrium or reverse

Table 6
Model performance metrics for R2, adjusted R2, and RMSE.

Model R2 R2 Adjusted RMSE

PL 0.778 0.769 1.52E-03
LHHW-1 0.983 0.982 6.18E-04
LHHW-2 0.983 0.982 6.18E-04
LHHW-3 0.984 0.983 4.78E-04
LHHW-4 0.984 0.983 4.78E-04
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reaction direction (driving force df) as the numerator in reaction rate
expression has negligible effects on the CO2 adsorption enthalpy and
entropy and Gibbs free energy of CO2 adsorption in all LHHW models.
However, further exploration of different models with a broader range
of current densities is recommended to understand these observations in
DRM-SOFC better.

Additionally, comparing the simulated and experimental reaction
rates at a current density of 1000 A/m2 and T = 1073 K reveals that the
dual-site models offer the highest accuracy with various methane-to-
carbon dioxide ratios. While dual-site models show improved accuracy
at higher methane-to-carbon dioxide ratios, they exhibit relatively low
accuracy at lower methane-to-carbon dioxide ratios. Conversely, the PL
model fails to estimate DRM reaction rates accurately in this study. The
LHHW models, especially the dual-site variants, significantly outper-
form the PL model. All four LHHW models (LHHW-1 to LHHW-4) ach-
ieved much higher R2 values (0.983 to 0.984) and lower RMSE (4.78E-
04) than the PL model, 0.778 and higher RMSE. This indicates that the
LHHW models, with their dual-site versions, provide a more accurate fit
and better predictive precision for kinetic parameters in DRM-SOFC. The
trend analysis suggests that the single-site models deviate when fitting
estimated reaction rates to the experimental data. The inverse reaction
term in the LHHW model rate expressions in Table 3 has a negligible
effect on the estimation accuracy of the reaction rate in the DRM-SOFC.
Our findings provide essential parameters for future simulation studies.

This study uniquely quantifies the adsorption enthalpy, entropy, and
Gibbs free energy of CO2 adsorption in a DRM–SOFC system, intro-
ducing a thermodynamic perspective that distinguishes it from previous
kinetic studies. Although the dual-site LHHW models ((LHHW-3 to
LHHW-4) showed the best agreement with experiments, their accuracy
remains limited due to unaccounted carbon deposition effects at the
triple-phase boundary, indicating a need for further refinement of ki-
netic/electrochemical models. The derived parameters are directly
applicable to CFD and system-level SOFC simulations, providing vali-
dated inputs for optimizing reforming performance, temperature man-
agement, and fuel utilization in practical DRM–SOFC systems.

5. Future studies

Future studies will expand the current intrinsic kinetic framework to
address additional complexities relevant to practical DRM-SOFC oper-
ation. These include side reactions (e.g. methane cracking), hydrogen
consumption via electrochemical oxidation, catalyst deactivation
mechanisms (e.g., carbon deposition, Ni coarsening), and long-term
durability under realistic load cycles. Such factors will be incorporated
into coupled kinetic–transport models and validated through extended
experimental campaigns. This approach will enable a more compre-
hensive prediction of DRM-SOFC performance and bridge the gap be-
tween intrinsic kinetics and long-term system behaviour. Future work
will compare kinetic behaviour under fixed-bed and plug-flow as-
sumptions, assess the impact of including the forward WGS reaction at
lower temperatures or under steam reforming conditions, and explicitly
model an electrochemically assisted CH4 and CO2 activation pathway to
clarify how electrochemical effects influence intrinsic DRM kinetics.
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Sbirrazzuoli N. ICTAC Kinetics Committee recommendations for performing kinetic
computations on thermal analysis data. Thermochim Acta 2011;520(1):1–19. 10
.1016/j.tca.2011.03.034.

[32] Karabanova A, Berdiyeva P, van der Pal M, Johnsen RE, Deledda S, Blanchard D.
Intrinsic kinetics in local modelling of thermochemical heat storage systems. Appl
Therm Eng 2021;192:116880. 10.1016/j.applthermaleng.2021.116880.

[33] Priest CM, Gomez JY, Kane NJ, Hartvigsen JL, Wang L, Ding D, et al. Challenges in
practical button cell testing for hydrogen production from high temperature
electrolysis of water. Front Energy Res 2023;11–2023. https://doi.org/10.3389/
fenrg.2023.1278203.

[34] Machaj K, Kupecki J, Niemczyk A, Malecha Z, Brouwer J, Porwisiak D. Numerical
analysis of the relation between the porosity of the fuel electrode support and
functional layer, and performance of solid oxide fuel cells using computational
fluid dynamics. Int J Hydrogen Energy 2024;52:936–51. 10.1016/j.ijhydene.20
23.06.166.

[35] Guerra C, Lanzini A, Leone P, Santarelli M, Brandon NP. Optimization of dry
reforming of methane over Ni/YSZ anodes for solid oxide fuel cells. J Power
Sources 2014;245:154–63. 10.1016/j.jpowsour.2013.06.088.

[36] Fan L, Qu Z, Pourquie MJBM, Verkooijen AHM, Aravind PV. Computational
Studies for the Evaluation of Fuel Flexibility in Solid Oxide Fuel Cells: A Case with
Biosyngas. Fuel Cells (Weinheim an der Bergstrasse, Germany) 2013;13(3):410–27.
https://doi.org/10.1002/fuce.201200138.

[37] Fan L, Dimitriou E, Pourquie MJBM, Liu M, Verkooijen AHM, Aravind PV.
Prediction of the performance of a solid oxide fuel cell fuelled with biosyngas:
Influence of different steam-reforming reaction kinetic parameters. Int J Hydrogen
Energy 2013;38(1):510–24. 10.1016/j.ijhydene.2012.09.061.

[38] W. Winkler, P. Nehter, Thermodynamics of Fuel Cells, in: R. Bove, S. Ubertini
(Eds.), Modeling Solid Oxide Fuel Cells: Methods, Procedures and Techniques,
Springer Netherlands, Dordrecht, 2008, pp. 13-50. https://doi.org/10.1007/978-1-
4020-6995-6_2.

[39] van Biert L, Godjevac M, Visser K, Aravind PV. Dynamic modelling of a direct
internal reforming solid oxide fuel cell stack based on single cell experiments. Appl
Energy 2019;250:976–90. 10.1016/j.apenergy.2019.05.053.

[40] Faheem HH, Abbas SZ, Tabish AN, Fan L, Maqbool F. A review on mathematical
modelling of Direct Internal Reforming- Solid Oxide Fuel Cells. J Power Sources
2022;520:230857. 10.1016/j.jpowsour.2021.230857.

[41] O. Levenspiel, Chemical reaction engineering, John wiley & sons1998.
[42] Wang W-Y, Wang G-C. The first-principles-based microkinetic simulation of the dry

reforming of methane over Ru(0001). Cat Sci Technol 2021;11(4):1395–406.
https://doi.org/10.1039/D0CY01942A.

[43] Peleg M, Normand MD, Corradini MG. The Arrhenius Equation Revisited. Crit Rev
Food Sci Nutr 2012;52(9):830–51. https://doi.org/10.1080/
10408398.2012.667460.

[44] Minette F, Lugo-Pimentel M, Modroukas D, Davis AW, Gill R, Castaldi MJ, et al.
Intrinsic kinetics of steam methane reforming on a thin, nanostructured and
adherent Ni coating. Appl Catal B 2018;238:184–97. 10.1016/j.apcatb.2018.07.01
5.

[45] Christov SG. Collision Theory and Statistical Theory of Chemical Reactions. Berlin
Heidelberg: Springer; 2012.

[46] Yusuf M, Beg M, Ubaidullah M, Shaikh SF, Keong LK, Hellgardt K, et al. Kinetic
studies for DRM over high-performance Ni–W/Al2O3–MgO catalyst. Int J
Hydrogen Energy 2022;47(100):42150–9. 10.1016/j.ijhydene.2021.08.021.

[47] Lima EC, Gomes AA, Tran HN. Comparison of the nonlinear and linear forms of the
van’t Hoff equation for calculation of adsorption thermodynamic parameters (ΔS◦
and ΔH◦). J Mol Liq 2020;311:113315. 10.1016/j.molliq.2020.113315.

[48] Du X, Cheng Y, Liu Z, Yin H, Wu T, Huo L, et al. CO2 and CH4 adsorption on
different rank coals: A thermodynamics study of surface potential. Gibbs free
energy change and entropy loss, Fuel 2021;283:118886. 10.1016/j.fuel.2020.11
8886.

S. Moarrefi et al.

https://doi.org/10.1002/ceat.270200602
https://doi.org/10.1016/j.jclepro.2017.05.176
https://doi.org/10.1016/j.fuel.2025.134413
https://doi.org/10.1016/j.fuel.2025.134413
https://doi.org/10.1016/j.ces.2024.119906
https://doi.org/10.1016/j.ces.2024.119906
https://doi.org/10.1002/cctc.201902142
https://doi.org/10.1002/cctc.201902142
https://doi.org/10.1016/j.jpowsour.2017.09.082
https://doi.org/10.1016/j.jpowsour.2021.230276
https://doi.org/10.1016/j.fuel.2022.125973
https://doi.org/10.1016/j.ijhydene.2023.08.293
https://doi.org/10.1016/j.jpowsour.2010.06.091
https://doi.org/10.1016/j.jpowsour.2010.06.091
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.1016/j.applthermaleng.2021.116880
https://doi.org/10.3389/fenrg.2023.1278203
https://doi.org/10.3389/fenrg.2023.1278203
https://doi.org/10.1016/j.ijhydene.2023.06.166
https://doi.org/10.1016/j.ijhydene.2023.06.166
https://doi.org/10.1016/j.jpowsour.2013.06.088
https://doi.org/10.1002/fuce.201200138
https://doi.org/10.1016/j.ijhydene.2012.09.061
https://doi.org/10.1016/j.apenergy.2019.05.053
https://doi.org/10.1016/j.jpowsour.2021.230857
https://doi.org/10.1039/D0CY01942A
https://doi.org/10.1080/10408398.2012.667460
https://doi.org/10.1080/10408398.2012.667460
https://doi.org/10.1016/j.apcatb.2018.07.015
https://doi.org/10.1016/j.apcatb.2018.07.015
http://refhub.elsevier.com/S0016-2361(25)03243-0/h0225
http://refhub.elsevier.com/S0016-2361(25)03243-0/h0225
https://doi.org/10.1016/j.ijhydene.2021.08.021
https://doi.org/10.1016/j.molliq.2020.113315
https://doi.org/10.1016/j.fuel.2020.118886
https://doi.org/10.1016/j.fuel.2020.118886

	Accurate internal methane dry reforming kinetic models for solid oxide fuel cells
	1 Introduction
	2 Methodology
	2.1 Experiment
	2.2 Kinetic models

	3 Results and discussion
	3.1 Carbon dioxide reaction order
	3.2 Activation energy (Ea)
	3.3 Pre-exponential factor of the reaction rate constant (k0)
	3.4 Pre-exponential factor of the adsorption constant (ACO2)
	3.5 Adsorption equilibrium constant (KCO2)
	3.6 Change of CO2 adsorption enthalpy (ΔHCO20) and entropy (ΔSCO20)
	3.7 Gibbs free energy changeΔGCO20
	3.8 DRM reaction rate (rDRM)
	3.9 Model fitting and error evaluation

	4 Conclusions
	5 Future studies
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


