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ARTICLE INFO ABSTRACT

Keywords: This paper evaluates the computational risks of using Equilibrium-Based Models (EBMs) and Kinetics-Based
SOFC Models (KBMs) interchangeably for simulating the external reformer in Solid Oxide Fuel Cell (SOFC) Balance
Hydrogen of Plant (BoP). Various reforming processes, including steam reforming, partial oxidation, and autothermal
Fuel Reforming . . . . .
Kinetics model reforming of hydrocarbons are assessed. The study systematically investigates the effect of reformers operating
Equilibrium model parameters, such as temperature, pressure, steam-to-carbon ratio, and oxygen-to-carbon ratio, on SOFC perfor-
mance captured by EBM and KBM. In contrast to EBM, the KBM consistently provided a more detailed and
accurate measures of system behaviour. This is more evident, especially under conditions where reaction kinetics
play a crucial role, such as in high-pressure scenarios or significant variations in the steam-to-carbon ratio. The
KBM captured the details of reaction kinetics and mass transfer limitations that the EBM, with its inherent
assumption of near-instantaneous equilibrium, could not fully replicate. While EBM is computationally effective
for minimising modelling complexity/time at the system level, it has limitations in scenarios that require detailed
reaction kinetics due to the nature of reaction or fuel mixture. EBM and KBM results deviations are quantified to

identify regions where these risks are either significant or tolerable.

1. Introduction

SOFCs are appealing for diverse applications such as automotive,
aviation, marine, power generation, and residential due to their high
efficiency, lack of moving parts, fuel flexibility, and capacity range [1].
Introducing cogeneration and optimising fuel and oxidant use can
further enhance efficiency; for instance, using exhaust heat in a com-
bined heat and power (CHP) system can raise SOFC efficiency to over 90
% [2-4]. Despite their advantages, SOFC systems face challenges in
balancing performance and durability, leading to trade-offs that limit
widespread adoption [5]. Most research has focused on material and
catalyst issues [6,7], but system-level improvements are crucial for
longevity, as SOFC health depends on BoP design and performance. For
example, an external fuel reformer significantly impacts SOFC efficiency
and lifespan, meaning even a well-designed SOFC may underperform in
a suboptimal BoP.

Fuel sustainability and reliability are key system-level challenges,
especially when using hydrogen carriers like ammonia and methane to
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ensure long-term SOFC performance [8,9]. The variety of reforming
routes (SR, POX, ATR, DR) and models introduces risks to the reliability
of multi-fuel system simulations. Several studies have compared internal
and external reforming in SOFC systems. Chitsaz et al. [10] found that
internal reforming reduces CO2 emissions by 1.4 % compared to external
reforming. Chen et al. [11] reported better performance with internal
reforming at high fuel utilisation, while external reforming enhances
stack efficiency and reduces size at lower utilisations. Cocco and Tola
[12] showed that external reforming is preferable with methanol to
reduce system temperatures. Limited studies address reforming effects
on SOFC and BoP efficiency; however, Liese et al. [13] found 8 % higher
efficiency with internal reforming, and Authayanun et al. [14] simulated
biogas reforming to assess S/C ratio, temperature, and pressure effects
on SOFC performance. Liso et al. [15] compared POX and SR perfor-
mance in SOFCs fuelled by natural gas.

With numerous fuel options and operating conditions for SOFCs,
identifying optimal fuel mixtures, reforming routes, and conditions is
challenging. This paper addresses the main gaps, including the need for
a systematic and efficient evaluation strategy within the SOFC BoP. It
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Nomenclature

G Molar flow rate (mol/hr)

I. Current density (mA/cm?)

K Voltage variation constant (—)
LHVgy Lower heating value (J/mol)

N2 equivalen: Equivalent hydrogen flow rate (mol/hr)
TNpresh fuet  Fresh fuel flow rate (mol/hr)
P Operating pressure (bar)

Pres Reference-operating pressure (bar)

Poo Average oxygen partial pressure at the cathode (bar)

Pooref Average oxygen partial pressure at the cathode under
reference condition (bar)

T Operating temperature (K)

Us Fuel utilisation (—)

\Y% Cell voltage (V)

Viet Reference voltage (V)

AVanode Anode voltage change (V)

AVcathode Cathode voltage change (V)

AVp Voltage changes as a function of pressure (V)
AVr Voltage changes as a function of temperature (V)
Greek letters

n The gross AC efficiency (—)

Acronyms

ATR Auto thermal reforming

BoP Balance-of-plant

CHP Combined heat and power
DR Dry reforming

HC Hydrocarbon

0/C Oxygen-to-carbon ratio
PFD Process flow diagram
POX Partial oxidation

S/C Steam-to-Carbon ratio
SOFC Solid oxide fuel cell

SR Steam reforming

Table 1

The reforming reactions rate equations and parameters.
Reactions Rate equation Reference

1 = 18,19
SRCyHp, + nH,0 < (n +§m>H2 +nco L koeR? PicPho (18,19]
HC — 1 ¥ QPZZ
1 1 E, (1 20,21
POXCnHm + <§n) 0, <§m> H, + nCO In(re) = In(ko) —E“ (T) + aln(Pyc) + fn(Po,) L !
- - 19

ATRC,H,, + (% n> H,0 + (% )0, o (%N+% m) H, + nCO Combination of SR and POX kinetics [19]
wasCO + H,0 < CO, + Hy ¥ & 200377 L/mols (M [19]

E = 47.4 kJ/mol

Table 2
Input data for steam reforming route [19].
Fuel T (°C) Ko (mol/kPa**P, Ea (kcal/ o )] )
mZ.hr) mol)
CH, 623-673 1525 14.3 096 —0.17 025
C,Hs 583-623 30,488 19.2 0.95 —0.46 0.38
CsHs  583-623  2.1428 x 10'* 45.3 093 —0.53 0.86

leverages the extensive use of both equilibrium and kinetic models from
the literature in simulating reforming routes to improve SOFC viability
for clean energy.

This paper addresses the unquantified impact of reforming models on
SOFC system behaviour by proposing a system-level approach to assess
SR, POX, and ATR routes using both equilibrium-based (EBM) and
kinetic-based models (KBM). Leveraging commercial thermodynamics
databases available in commercial process simulators (Aspen Plus), this
method enables evaluation of various fuels and mixtures, contributing
by (i) filtering fuel mixtures for optimal performance and identifying
promising reforming routes, and (ii) determining the most suitable
reforming model for real-life BoP conditions.

The paper is structured as follows: A base BoP simulation was

developed in Aspen Plus and validated with literature data [16,17]. Due
to the Lack of a built-in SOFC model, semi-empirical equations were
combined with conventional reactor models. Given these constraints,
this study adopts an external reforming approach, allowing for inde-
pendent process simulation of fuel conversion before entering the SOFC
anode. This ensures the system will be capable to test various hydrogen
carriers reforming while mitigating carbon deposition risks, thermal
stress, and operational instability. BoP modifications were then applied
to assess SR, POX, and ATR effects on SOFC performance, with dominant
parameters specific to each route evaluated using both EBM and KBM to
quantify modelling assumption impacts.

2. Modelling and simulation
2.1. The base simulation and validation

Inspired by Zhang et al. [16], a system model was developed in
Aspen Plus to capture various external reforming routes performances.
The reforming rate equations and input parameters used for the KBM,
and the process flow diagram (PFD) for the base case are presented in
Table 1, Table 2, Table 3 and Fig. 1, respectively.

Where 0 (= 1.0kPa®[19]) represents the empirical inhibition factor

Table 3
Input data for partial oxidation route.
Fuel T (°C) ko E, o 1] Reference
(cm®/mol.s* ) (kcal/mol)
CHy4 697-780 1.25 x 10° 26.96 + 0.2 1.00 + 0.05 0.0 + 0.05 [22]
CoHg 473-543 3.49 x 10° 19.14 +£ 0.2 1.0 £0.1 0.0 £ 0.1 [23]
CgHg 423-463 1.20 x 10° 23.00 £ 0.2 1.1 £ 0.05 —0.6 £ 0.1 [23]
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Table 4
Iterative SOFC performance equations using BoP data [16,28].
Set Equations set No. Description / Reference
Cell voltage V = Vi + AVp + AVr + AVanode + AVeathode 1 —
Voltage variation function of pressure AVp(mV) = 59 x log (P/Pref) 2 1am < P < 10 atm
[23].
Voltage changes as a function of temperature AVr(mV) =K x (T — Tpf) X I 3 K is T dependent
[23].
The voltage difference due to a change in fuel utilisation AVanoge(mV) =172 x log {(PH /Pi0)/ (Prty [P0 4 -
The voltage variation due to a change in oxidant utilisation AVigode(MV) = 92 x log (Po /Po ) 5) 0.16 <Po, /Po,,, < 0.2
cathode 2 '2.ref
[12].
The equivalent hydrogen flow rate N, equivalent (Mol /hr) = (0.018655 x I) /Uy 6) —
The fresh fuel flow rate _ NH, equivalent @ _
eshfuet (MOL/hr) =
pestfuet (mol/Fr) Ch, + Cco +4Ccn, + 7Ccony + -
The gross AC efficiency P ®

"= Nfreshfuel X LHV el

that accounts for the suppressing effect of Hy on the reforming reaction
rate.

Since Aspen Plus does not offer a built-in SOFC model, an iterative
computation approach was employed to simulate the unit deploying
equations presented in Table 4. The model adopts an experimental curve
published in the Fuel Cell Handbook [24] as the reference curve to
define the reference voltage (V.f) under the specified operating condi-
tions (inlet fuel composition: 67 % Hs, 22 % CO, 11 % H50, fuel utili-
zation (Ug) = 85 %, air utilization (U,) = 25 %, T = 1000 °C,and P =1
bar). The cell voltage is calculated as the sum of the reference voltage
and voltage variations due to pressure (AVp), temperature (AVr), anode
reaction (AVgde), and cathode reaction (AVcamode), as detailed in
Equations (1) to (5) in Table 4. Alternative methods have also been
developed and successfully applied for modelling objectives such as fuel
cell thermal management [25-27]. As adopted from Zhang et al.’s [16]
model, a splitter recirculates a fraction of the anode exhaust to the
ejector, mixing with fresh fuel to preheat it and supply steam for external
reforming before entering the reformer. The split ratio is dynamically set
in Aspen Plus via a Design-spec function to maintain a desired steam-to-
carbon (S/C) ratio of 2.5 for base case and for scenarios where it is not
specified, while another Design-spec function calculates the required
fresh fuel inlet pressure (Pgesh) for anode gas recycling. The flowsheet

data served as inputs for the SOFC equation set in an interactive
spreadsheet calculation. To initiate the computation, the process pa-
rameters and conditions were first guessed, for a 120 kW base case
system. The voltage, and current were estimated using Equation (1) and
P/V, respectively. The fresh fuel, subsequently, was estimated by using
Equations (6) and (7). The new voltage value was then computed using
Equations (1) to (8). Subsequently, the power was calculated and
compared to the targeted power. If these two power values demon-
strated good agreement within a specified tolerance, the computation
could be terminated. Otherwise, the iteration process continued until
the error met the tolerance.

The results of the base simulation were compared to the data pro-
vided by Zhang et al. [16] and Doherty et al. [17], and a good agreement
was observed (Table 5). It should be noted that the fuel feedstock used in
[16,17] differed slightly from the one used in this study. Specifically,
minor butane present in the fuel was removed to minimise the error that
its reaction kinetics uncertainty may cause in a rate-based simulation.

The adjustment in the fuel composition could contribute to the small
deviations observed in Table 5, particularly in the parameters directly
influenced by the reforming process, such as the reformer methane
conversion, reformer temperature, the anode inlet and exhaust gas
compositions. For instance, the removal of butane likely led to slight
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Table 5
Base case simulation validation against literature data.
Parameters Ref. [13] Ref. [14] This Average
work deviation %
Voltage (V) 0.70 0.68 0.70 1.28
Current density (mA/cm?) 1780 1828 1776 1.24
Reforming temperature (°C) 536 535 531 0.37
Cathode inlet temperature (°C) 821 823 821 0.11
Reformer methane conversions (%) 25.9 25.0 23.3 3.86
Reformer C; ., conversions (%) 100 100 100 0.00
Anode inlet molar composition (%) 10.1 10.4 11.3 4.40
CHy4 27.0 26.9 26.5 0.75
H, 27.9 27.8 27.6 0.40
H,0 5.60 5.60 5.30 2.42
CcOo 23.1 23.1 23.0 0.19
CO, 6.20 6.20 6.30 0.71
N2

Anode exhaust gas molar composition (%)

11.650.97.4024.95.10

11.650.97.4024.95.10

11.251.47.1025.25.10

1.550.441.830.530.00

CHy4
Hy
H,0
Cco
CO,
N2
Cathode exhaust gas molar composition (%) 82.3
0Oy
N2
Gross AC efficiency (LHV) 52.0

82.3 82.3 0.00

51.3 52.2 0.69

changes in the reformer and anode gas compositions, contributing to the
reported deviations of 3.86 % in methane conversion and 2.42 % in CO
composition at the anode inlet which could stem slight alteration of the
overall reaction dynamics and heat balance within the system. Despite
these deviations, the overall agreement with the literature data remains
strong, indicating that the simulation assumptions were reasonable and
that the results are reliable.

2.2. Simulation platform upgrading

To enhance the accuracy and realism of the fuel reforming subsystem
in the BoP, a rigorous and flexible approach was adopted to replace the
equilibrium-based SR model used in the base simulation. The objective
was to provide reactions inputs to capture the real-life characteristics of
the reforming process. As a result, it became possible to simulate each
reforming route using EBM and KBM. This platform enables the analysis
of numerous system-level scenarios that are technically important.
Thanks to Aspen process analysis tools, an efficient computation of these
scenarios became feasible. Each reforming route has its specific pa-
rameters, such as the S/C ratio for SR and the O/C ratio for POX. The
upgraded platform proved to be highly effective and efficient in inves-
tigating a wide range of parameters within a single BoP with minimal
modifications. Aspen Plus allows specifying a reference temperature
(T,) for KBM, calculated as the average temperature from the recom-
mended range in References [19,22], and [23] for each kinetic param-
eter. This ensures model accounts for temperature variability, making
the parameters applicable across different temperatures.

With reference to Fig. 2, R-Equil and R-Plug reactors models, oper-
ating adiabatically, were deployed to simulate the EBM-based and KBM-
based SR process simulation, respectively. The reformer geometry pa-
rameters reported by Doherty et al. [17] were considered as constant
parameters for all the studied cases. This assumption is reasonable given
the comparative nature of this study.

Fig. 3(a) and (b) show the PFDs for the EBM and KBM used in the
simulation of BoP with a POX pre-reformer.

As POX is an exothermic reaction, the heat integration configuration
is considerably different compared to the system with an endothermic
SR subsystem. The stoichiometric reaction for POX was used in the
reactor block, along with their respective operating conditions.

The stream ‘O’ shown in both configurations (Fig. 3) was added as an

oxidant to provide the oxygen feedstock, replacing the steam stream
(W). The Design Specification tool was used to adjust the O/C ratio.
Fig. 4(a) and Fig. 4(b) show the PFDs for the EBM and KBM, respec-
tively, used in the simulation of the system with an ATR pre-reformer
where steam and oxygen streams are added simultaneously.

3. Results and discussion
3.1. Steam reforming route

The input parameters for the SOFC model were obtained from Zhang
et al. [16], except that the cell operating temperature is set to 910 °C
instead of the 1000 °C used by Zhang et al. [16].

Fig. 5 illustrates the impact of the reformer temperature on the SOFC
operating parameters. As observed, both the EBM and KBM models
predict a discernible increase in voltage, rising from 0.6 V to 0.74 V and
from 0.76 V to 0.80 V, respectively, which corresponds with variations
in partial pressures, particularly the water partial pressure. As shown in
Table 6, an increase in temperature correlates with a reduction in water
partial pressure from 2.91 to 1.52 for EBM. The EBM model suggests that
a drier reformate promotes more efficient electrochemical reactions,
resulting in an overall increase in voltage and LHV efficiency. Further-
more, the rise in hydrogen partial pressure with increasing temperature
contributes to improved electrochemical kinetics, augmenting the
overall voltage output. The KBM model mirrors these trends to a varying
extent, with a decrease of 0.56 in water partial pressure and an increase
of 0.49 in hydrogen partial pressure, resulting in a more moderate in-
crease in voltage (AV) of from 0.04 V.

Moreover, utilising Equation (4) and the data from Table 6, the
average partial pressure ratio between hydrogen and water is observed
to increase with a reformer temperature rise from 475 to 725 °C by 300
% for the EBM model and 97 % for the KBM model. As this is a semi-
empirical relationship, the increase in ratio translates into a positive
voltage change from the reference voltage, indicating an increase in
voltage with temperature for both models.

For the impact of reformer pressure, as shown in Fig. 6, the voltages,
current density, and LHV efficiency of both the EBM and KBM show
better agreement at low pressures, with deviations increasing as the
pressure increases. For EBM model, the voltage decreases from 0.74 V to
0.69 V. This trend stems from the effect of pressure on system voltage
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output, as described by the Nernst equation. To gain further insight into
this, Table 7 presents the partial pressures of relevant species and Py, /
Pu,0 at the anode inlet, which decreases from 1.31 to 0.75 for the EBM
model, which as expected lead to a reduction in voltage. Simultaneously,
the increase in current density from 169 mA/cm? to 180 mA/cm?, im-
plies that higher pressure is enhancing mass transport to the electrode
surface. The observed decrease in efficiency from 55 % to 52 %, with
reference to Equation (6) to (8), a greater amount of hydrogen is
required to meet the power demand of the system, thus in turn,
increasing the amount of fresh fuel required leading to a reduction in the
system LHYV efficiency.

Contrastingly, the KBM model demonstrates different outcomes in
response to pressure variation. The KBM model indicates an increase in
voltage from 0.75 to 0.8 V, aligning more closely with the anticipated
impact of pressure on activation polarisation, gas transport, and ohmic
losses. This increase in voltage is attributed to the positive influence of
higher pressure on electrochemical reactions. As expected, due to

operating at constant power, the KBM model exhibits a decrease in
current density from 166 mA/cm? to 157 mA/cm? The observed in-
crease in efficiency from 56 % to 59 % with higher pressure in the KBM
model indicates an improvement in overall performance. Table 7 in-
dicates that increasing pressure increases the hydrogen partial pressure
and Py, /Pu,0, suggesting an enriched fuel stream that enhances the
reaction at the stack, which increases from 1.53 to 2.97 for the KBM
model. Consequently, the voltage and efficiency increase in accordance
with the observed changes in partial pressures.

Comparatively, drawing conclusions from Table 7, it is observed
that, for the EBM model, the partial pressures of hydrogen and water at
the anode increase linearly with increasing reformer pressure at nearly
the same rate, being grounded in equilibrium principles. However, there
is a slight tilt toward a higher water partial pressure as reformer pressure
increases above 15 bar for this simulation, which leads to a decrease in
Py, /Pn,0 and a subsequent decline in fuel cell voltage, conflicting with
the expected result.
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In contrast, the KBM model shows that increasing reformer pressure
results in hydrogen partial pressure rising at a significantly greater rate
than water, thereby increasing Py, /Pu,0 and, correspondingly, the cell
voltage (also confirmed from Nernst equation). Hence, the KBM model
appears more suitable and accurate than the EBM model for simulating
pressurised operation.

For the impact of steam-to-carbon ratio (S/C) at the reformer inlet on
both models, the simulation results in Fig. 7 indicate a decline in SOFC
performance with increasing S/C ratios at 5 bar and 475 °C in both the
KBM and EBM models, albeit to varying degrees. This observation is
somewhat counterintuitive, as one might expect that an increase in the
S/C ratio, resulting in a cleaner reformate, would enhance both voltage
and efficiency. However, the trends observed suggest otherwise, indi-
cating that diluting the fuel with water leads to a decline in both voltage
(as per the Nernst equation) and efficiency. Meanwhile, current density
increases, as all other parameters, including fuel flow, remain constant.

For the EBM, the voltage decreases from 0.60 V to 0.56 V as the S/C

ratio increases from 1 to 4.5, with efficiency also declining from 44.60 %
to 41.85 %. Similarly, in the KBM, the voltage drops from 0.75 V to 0.63
V, and efficiency decreases from 56.04 % to 47.04 %. Drawing insights
from the partial pressure trends in Table 8, the KBM shows a more sig-
nificant reduction in hydrogen partial pressure, decreasing from 2.22
bar to 1.05 bar, which corresponds to a substantial decline in both
voltage and efficiency. In contrast, the EBM, due to its equilibrium-
driven nature, shows limited variation, with hydrogen partial pressure
decreasing only slightly from 1 to 0.86 across the investigated S/C range.
However, this reduction is still enough to lower Py,/Pn,0, which
consequently leads to a decrease in fuel cell voltage and efficiency.
John Bggild Hansen emphasised [29] that increasing the S/C ratio
typically shifts the equilibrium of the water—gas shift (WGS) reaction
(CO + H0 < CO2 + Hy) towards more CO3 and Hy production. How-
ever, there is a limit to this benefit, as excess steam can dilute the
hydrogen concentration and lower the partial pressure of reactants or
affect the thermodynamics of the system by lowering the temperatures
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in the reformer [30], thereby reducing the reforming reaction rates and
leading to lower hydrogen production than expected. This can nega-
tively impact the SOFC voltage and efficiency, consistent with the results
observed in the KBM and EBM simulations. Consequently, while EBM
can provide a stable baseline, it may not capture the kinetic effects of
changing conditions as effectively as KBM. This aligns with the obser-
vation that EBM showed less sensitivity to changes in S/C ratio
compared to KBM. Hence, the KBM, which accounts for reaction ki-
netics, may better reflect the real-time kinetics of the reforming process,
but it may also be sensitive to the specific kinetic parameters and as-
sumptions used in the simulation.

3.2. Partial oxidation reforming route

Fig. 8 shows the effect of POX process temperature on SOFC per-
formance for both EBM and KBM models. With the KBM, fuel cell voltage

rises exponentially as temperature increases from 500 °C to 750 °C, due
to enhanced reaction kinetics and a rapid rise in Hy partial pressure in
the anodic composition. Conversely, the EBM model shows a parabolic
voltage increase, reflecting its assumption of instant equilibrium,
resulting in gradual changes in reactant and product partial pressures.
Table 9 confirms the higher sensitivity of the KBM, as Py, /Py,0 signif-
icantly increases with temperature, while the EBM sees an initial sharp
H, rise that stabilises at higher temperatures.

The trend observed in EBM indicates efficient initial reforming but
limited enhancement at temperatures above 675 °C, as higher temper-
atures reduce hydrocarbon conversion rates. Due to the exothermic
nature of the POX reaction, increased temperature shifts the equilibrium
towards reactants, decreasing hydrogen production for anode electro-
chemical reactions, as shown by the plateau in voltage in Fig. 8. To
determine which model better reflects the true behaviour of the POX
reaction across increasing temperatures, a comparison of the trends
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Table 6
Species partial pressure (bar) vs temperature at 5 bar.
SR Component Temperature [C]
Model 475 500 525 550 575 600 625 650 675 700 725
EBM H,0 2.91 2.72 2.54 2.36 2.19 2.03 1.88 1.76 1.65 1.57 1.52
Hy 1.00 1.14 1.29 1.43 1.57 1.70 1.81 1.91 2.00 2.06 2.10
Cco 0.03 0.06 0.09 0.12 0.17 0.23 0.30 0.38 0.45 0.51 0.57
CO, 0.64 0.69 0.73 0.75 0.76 0.76 0.74 0.71 0.68 0.64 0.6
I\ 0.42 0.39 0.36 0.33 0.31 0.28 0.26 0.24 0.23 0.22 0.21
Py, /Pu,0 0.34 0.42 0.51 0.61 0.72 0.84 0.97 1.09 1.21 1.31 1.38
KBM Hy0 1.45 1.29 117 1.08 1.01 0.96 0.93 0.91 0.9 0.9 0.89
Hy 2.22 2.36 2.46 2.54 2.61 2.65 2.67 2.69 2.7 2.70 2.71
co 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
CO, 1.06 1.09 1.12 1.14 1.16 1.17 1.17 1.18 1.18 1.18 1.18
Ngy 0.25 0.23 0.22 0.21 0.20 0.20 0.20 0.19 0.19 0.19 0.19
Py, /Pu,0 1.53 1.83 2.10 2.36 2.59 2.76 2.88 2.95 3.00 3.02 3.03
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Fig. 6. Effect of SR-based reformer pressure on SOFC performance, predicted by EBM and KBM.
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Table 7
Reformer outlet partial pressures at varying SR pressures.

SR Model Component Pressure [bar]
5 7 9 11 13 15 17 19 21 23 25
EBM H,0 1.57 2.33 3.14 3.98 4.87 5.78 6.72 7.68 8.65 9.64 10.7
H, 2.06 2.78 3.45 4.10 4.71 5.30 5.87 6.43 6.97 7.50 8.02
Cco 0.51 0.67 0.80 0.92 1.03 1.13 1.22 1.31 1.39 1.46 1.54
CO, 0.64 0.91 1.18 1.46 1.73 2.00 2.28 2.54 2.81 3.08 3.34
Ny 0.22 0.32 0.43 0.54 0.66 0.79 0.92 1.05 1.18 1.32 1.46
Py, /Pu,0 1.31 1.19 1.10 1.03 0.97 0.92 0.87 0.84 0.81 0.78 0.75
KBM H,0 1.45 1.76 2.05 2.34 2.63 2.93 3.24 3.55 3.87 4.19 4.53
H, 2.22 3.35 4.48 5.62 6.76 7.90 9.02 10.2 11.3 12.4 13.5
Cco 0.02 0.04 0.05 0.06 0.07 0.09 0.10 0.11 0.12 0.13 0.15
COy 1.06 1.54 2.03 2.52 3.00 3.49 3.97 4.45 4.93 5.41 5.88
Ny 0.25 0.32 0.39 0.46 0.53 0.60 0.67 0.75 0.82 0.89 0.97
Py, /Pu,0 1.53 1.90 2.19 2.40 2.57 2.70 2.78 2.86 291 2.95 2.97
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Fig. 7. Effect of fuel feed S/C ratio in an SR-based reformer on SOFC system performance predicted by the EBM and KBM models.
Table 8
Components partial pressure (bar) variations with steam-to-carbon ratio.
SR Model Component S/C Ratio
1 1.5 2 2.5 3 3.5 4 4.5
EBM H,0 2.90 3.14 3.30 3.42 3.51 3.57 3.63 3.68
Hy 1.00 0.98 0.96 0.94 0.92 0.90 0.89 0.86
Cco 0.04 0.03 0.02 0.01 0.01 0.01 0.01 0.01
CO, 0.64 0.53 0.46 0.41 0.37 0.35 0.33 0.31
Ny 0.42 0.32 0.26 0.21 0.19 0.17 0.15 0.13
Py, /Pu,0 0.34 0.31 0.29 0.28 0.26 0.25 0.24 0.23
KBM H,0 1.46 1.84 2.20 2.52 2.81 3.05 3.27 3.46
H, 2.22 2.04 1.84 1.64 1.47 1.31 1.17 1.05
Cco 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01
COy 1.05 0.89 0.74 0.64 0.54 0.47 0.40 0.35
Ny 0.25 0.22 0.20 0.18 0.16 0.15 0.14 0.13
Py, /Pu,0 1.53 1.11 0.84 0.65 0.52 0.43 0.36 0.30

observed in the reformer results was performed against several experi-
mental data found in the literature. It was found that at a pressure of 5
bar and above with a catalyst, the methane conversion curve follows the
trend observed in the KBM [31,32]. At atmospheric pressure without a
catalyst or at very low catalyst loading, the methane conversion curve
also follows the trend observed in the KBM [33]. Conversely, at atmo-
spheric pressure with a catalyst, the methane conversion curve follows

the trend observed in the EBM [32-35].

The observed trends indicate that the presence of a catalyst and the
operating pressure significantly influence whether the reaction is
kinetically, or equilibrium limited. This behaviour stems from the fact
that at higher pressures, reaction kinetics are often the limiting factor (i.
e., kinetic dominance). The presence of a catalyst enhances the reaction
rate by providing active sites, leading to higher conversion rates that
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Table 9
Reformer inlet/outlet partial pressures by KBM and EBM vs temperatures.

Effect of temperature on a POX-based reformer on SOFC system performance predicted by KBM and EBM.

POX Model Component Temperature [°C]
500 525 550 575 600 625 650 675 700 725 750
EBM co 0.32 0.29 0.26 0.22 0.19 0.16 0.13 0.10 0.06 0.03 0.00
H,0 0.25 0.33 0.40 0.47 0.54 0.62 0.69 0.76 0.84 0.91 0.98
H, 0.16 0.29 0.41 0.54 0.66 0.79 0.92 1.04 1.17 1.29 1.42
CO, 0.00 0.13 0.25 0.38 0.50 0.63 0.76 0.88 1.01 1.13 1.26
CH, 2.97 2.74 2.50 2.27 2.03 1.80 1.56 1.33 1.09 0.86 0.62
CoHe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C3Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 0.77 0.74 0.70 0.67 0.63 0.60 0.56 0.53 0.49 0.46 0.42
N, 0.52 0.50 0.48 0.45 0.43 0.41 0.39 0.37 0.34 0.32 0.30
Py, /Pu,0 0.64 0.88 1.04 1.14 1.22 1.28 1.33 1.37 1.40 1.42 1.45
KBM co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0 0.68 0.66 0.66 0.64 0.62 0.60 0.57 0.53 0.46 0.39 0.31
H, 1.63 1.66 1.68 1.70 1.74 1.78 1.85 1.94 2.06 2.20 2.37
CO, 1.22 1.22 1.23 1.24 1.24 1.26 1.27 1.29 1.32 1.36 1.40
CH, 0.76 0.75 0.75 0.74 0.72 0.70 0.66 0.62 0.57 0.50 0.42
CoHe 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C3Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 0.39 0.38 0.38 0.37 0.36 0.35 0.34 0.32 0.29 0.25 0.21
N, 0.32 0.32 0.31 0.31 0.31 0.31 0.31 0.31 0.30 0.30 0.29
Py, /Pu,0 2.40 2.50 2.56 2.65 2.78 2.97 3.26 3.69 4.45 5.61 7.61

align with the KBM, which focuses on reaction kinetics. In the absence of
a catalyst, there are no surface-mediated reactions to alter the conver-
sion dynamics, so the reaction relies solely on the inherent kinetic en-
ergy of the reactants provided by the reaction temperature. At
atmospheric pressure, the reaction progresses according to the kinetic
parameters intrinsic to hydrocarbon and oxygen interactions at the
specified temperature, which aligns with KBM predictions. Meanwhile,
at atmospheric pressure, the presence of a catalyst facilitates surface
reactions that rapidly drive the system towards equilibrium (i.e., equi-
librium control). The catalyst lowers activation energies and promotes
the attainment of equilibrium conditions more rapidly, which aligns
with EBM predictions.

Therefore, it can be mentioned that at high pressures with a catalyst,

10

the POX reaction is kinetically controlled, making the KBM more accu-
rate for predicting hydrocarbon conversion and product distributions.
The KBM is also preferable at atmospheric pressure without a catalyst or
with minimal catalyst loading, where reaction dynamics remain kinet-
ically limited. Conversely, at atmospheric pressure with a catalyst,
equilibrium conditions dominate, favouring the EBM for accurate hy-
drocarbon conversion and product distribution predictions.

The observed results using KBM, as shown in Fig. 9, conducted at
700 °C with a S/Cratio of 0.9 and an O/C ratio of 0.5, indicate that as the
pressure increases from 1 to 10 bar, the fuel cell voltage, current density,
and LHYV efficiency progressively improve.

This trend is attributed to the fact that increased pressure enhances
the reaction kinetics, leading to more effective reforming of hydrocar-
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Fig. 9. Effect of pressure on a POX-based reformer on SOFC system performance predicted by KBM and EBM.

Table 10

Reformer inlet/outlet partial pressure by KBM and EBM vs pressures.

POX Component Pressure [bar]
Model
1 2 3 4 5 6 7 8 9 10

EBM Cco 0.05 0.09 0.14 0.18 0.23 0.27 0.32 0.36 0.41 0.45
H>0 0.36 0.71 1.07 1.42 1.78 2.13 2.49 2.85 3.20 3.56
H, 0.32 0.64 0.95 1.27 1.59 1.91 2.23 2.55 2.87 3.19
CO, 0.18 0.36 0.54 0.72 0.91 1.09 1.27 1.45 1.64 1.82
CHy4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CzHg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(023 0.06 0.12 0.18 0.25 0.31 0.37 0.43 0.49 0.56 0.62
Ny 0.04 0.08 0.11 0.15 0.18 0.22 0.25 0.29 0.32 0.36
Py, /Pu,0 0.89 0.89 0.89 0.89 0.90 0.90 0.90 0.90 0.90 0.90

KBM Cco 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H>0 0.13 0.23 0.32 0.40 0.46 0.52 0.56 0.59 0.61 0.63
Hy 0.34 0.73 1.15 1.59 2.06 2.55 3.06 3.60 4.16 4.72
CO, 0.24 0.51 0.77 1.04 1.32 1.61 1.90 2.19 2.49 2.80
CHy4 0.14 0.27 0.38 0.48 0.57 0.64 0.71 0.76 0.80 0.84
CzHeg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oy 0.07 0.14 0.19 0.24 0.29 0.33 0.36 0.39 0.41 0.43
Ny 0.06 0.12 0.18 0.24 0.30 0.36 0.41 0.47 0.52 0.58
Py, /Pu,0 2.70 3.17 3.56 3.97 4.45 4.95 5.47 6.11 6.79 7.52

bons and greater hydrogen production. The increase in the Py, /Pp,0 (as
seen in Table 10) directly improves the electrochemical reactions in the
SOFC, leading to higher voltage and efficiency. This improvement
originates from an increased anodic voltage change (Equation (4)) and a
decreasing current density (as shown in Fig. 9). The linear increase in
voltage with KBM reflects enhanced reaction rates at higher pressures,
which is typical in kinetic-dominated processes.

In contrast, the EBM-based simulations show that pressure changes
in the reformer have no significant impact on the SOFC performance
indicators, with the voltage, current density, and LHV efficiency
remaining constant across all pressures, as shown in Fig. 9. This obser-
vation is rooted in the fact that EBM assumes the system rapidly reaches
equilibrium, regardless of pressure. Since the reactions are assumed to

11

be at equilibrium instantly, increasing pressure does not significantly
affect the equilibrium compositions, as shown in the unchanging Py, /
Py,o ratio across pressures from 1 bar to 10 bar in Table 10, leading to
constant SOFC performance.

Consequently, it is preferred to use KBM for POX-based reformers
operating at higher pressures, as this model more accurately reflects the
improvements in SOFC performance due to enhanced reaction kinetics.
On the other hand, EBM should be employed for simplified or rapid
assessments where quick, equilibrium-based evaluations are preferred,
and pressure is not a critical variable. However, EBM should be applied
cautiously when pressure changes are expected to significantly influence
reaction dynamics.

The investigation of the effect of the O/C ratio on a POX-based
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Fig. 10. Effect of O/C ratio of a POX-based reformer on SOFC system performance predicted by KBM and EBM.

Table 11
Reformer inlet/outlet partial pressures by KBM and EBM vs O/C ratios.
PoX Component 0/C Ratio
Model
0.50 0.60 0.70 0.80 0.90 1.00
EBM Cco 0.05 0.05 0.05 0.05 0.05 0.05
H>0 0.35 0.35 0.35 0.35 0.35 0.35
H, 0.37 0.36 0.35 0.33 0.32 0.31
CO4 0.19 0.19 0.19 0.18 0.18 0.18
CH4 0.00 0.00 0.00 0.00 0.00 0.00
CoHg 0.00 0.00 0.00 0.00 0.00 0.00
C3Hg 0.00 0.00 0.00 0.00 0.00 0.00
(023 0.00 0.02 0.03 0.05 0.06 0.08
Ny 0.04 0.04 0.04 0.04 0.04 0.04
Py, /Pu,0 1.06 1.03 1.00 0.94 0.91 0.89
KBM Cco 0.02 0.02 0.02 0.02 0.02 0.02
H>O 0.07 0.07 0.07 0.08 0.08 0.08
Hy 0.47 0.45 0.43 0.42 0.39 0.38
CO, 0.26 0.25 0.25 0.24 0.23 0.22
CHy4 0.08 0.08 0.09 0.09 0.09 0.10
CoHg 0.00 0.00 0.00 0.00 0.00 0.00
C3Hg 0.00 0.00 0.00 0.00 0.00 0.00
[e2% 0.04 0.06 0.08 0.11 0.13 0.16
Ny 0.06 0.06 0.06 0.06 0.05 0.05
Py, /Ph,0 6.92 639 58 542 497 457

reformer at 900 °C, with a S/C ratio of 0.9 and a pressure of 1 bar, as
presented in Fig. 10, reveals that as the O/C ratio increases from 0.5 to
1.0 for KBM, the SOFC voltage and LHV efficiency gradually decrease.
This decline in voltage and efficiency can be attributed to the changing
composition of the reformate gases. With higher O/C ratios, more oxy-
gen is available, leading to more complete oxidation reactions. This
results in lower hydrogen production and an increased presence of steam
in the reformate, as seen in the reformer outlet partial pressures
(Table 11).

Consequently, the decrease in Py,/Py,0 from 6.9 to 4.6 reduces
voltage and efficiency in SOFC anode reactions. While the EBM model
also shows declining voltage and efficiency with increasing O/C ratio
(Fig. 10), changes are minimal, with voltage consistently around 0.80 V,

12

reflecting the EBM’s equilibrium assumption and limited sensitivity to
reformate composition. Hydrogen production decreases slightly, along
with the Py, /Py,o ratio (Table 11), resulting in consistent but lower
performance than the KBM.

3.3. Autothermal reforming route (ATR)

The autothermal model combines steam reforming and partial
oxidation, enhancing heat and temperature management over other
models [36]. Key operating variables include temperature, pressure, S/C
ratio, and O/C ratio.

As shown in Fig. 11, the SOFC voltage increases progressively from
0.718 V at 620 °C to 0.832 V at 1000 °C in the KBM as well as the ef-
ficiency. This behaviour can be attributed to enhanced reaction kinetics
at higher temperatures, which promote more efficient hydrocarbon
reforming, resulting in higher hydrogen production. The rise in the Py, /
Py,0 in the KBM, as shown in Table 12, facilitates higher cell voltages
and improved efficiency.

Table 13 shows increasing CH4 conversion with increasing temper-
ature, supporting the kinetic dominance predicted by the KBM and its
accurate capture of enhanced reaction kinetics at higher temperatures.
In contrast, Fig. 11 shows that, for EBM, the cell voltage remains stable
between 0.759 V and 0.748 V from 620 °C to 1000 °C, indicating its
lower sensitivity to temperature.

This behaviour is expected, as the EBM assumes near-instant equi-
librium, resulting in limited temperature sensitivity. Although Table 13
shows higher CH4 conversion for the EBM than the KBM, at lower
temperatures, hydrogen production increases less effectively at higher
temperatures, suggesting that the EBM high CH4 conversion does not
accurately capture hydrogen production kinetics, thereby reducing
cell’s performance.

The KBM CH4 conversion trends align with experimental findings,
where temperature critically influences CH4 reforming kinetics. For
example, Karakaya et al. [37] observed significant increases in CHy
conversion and CO selectivity with temperature, highlighting kinetic
dominance. Similarly, Ayabe et al. [38] found that 10 wt% Ni/Al,O3
catalysed CH4 reforming matched KBM predictions during heating,
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Fig. 11. Effect of temperature of an autothermal-based reformer on SOFC performance, predicted by KBM and EBM at 1 bar, 0.50/C and S/C of 0.9.

while cooling followed equilibrium, consistent with EBM data obtained
in this study. Arguably, the EBM data may be less representative of real-
world behaviour due to its assumption of ideal equilibrium conditions

rarely achieved in practice. Thus, the KBM is recommended for accurate
SOFC performance prediction at high temperatures, whereas the EBM is
suitable for quick assessments or equilibrium-dominant conditions.

The study also examines the impact of pressure on ATR and SOFC
performance using the KBM and EBM models at 620 °C, with an S/C
ratio of 0.9 and O/C ratio of 0.5 (Fig. 12). The KBM model predicts that
as pressure increases from 1 to 10 bar, SOFC efficiency increases from
0.54 to 0.70, voltage from 0.73 V to 0.94 V, and current density de-
creases from 172.0 to 133.2 mA/cm?, indicating that higher pressures
lead to an increase in Py, /Pn,0 (Table 12), consistent with the ther-
modynamic principle favouring higher hydrogen partial pressure at the
anode.

Conversely, the EBM model shows efficiency decreasing from 0.56 to
0.50 and voltage from 0.76 V to 0.67 V with increasing pressure,
aligning with findings that high methane partial pressure can inhibit
reforming reactions and reduce hydrogen yield, as supported by litera-
ture on methane retention and incomplete reforming at high pressures
[39-41].

Fig. 13 shows that SOFC performance declines with increasing S/C
ratios (0.5 to 1.5) at 620 °C, 1 bar, and an O/C of 0.5 for both KBM and

EBM models, with a negative correlation in voltage and LHV efficiency
due to the WGS reaction.

Higher S/C ratios push WGS equilibrium towards COz and Hy pro-
duction, increasing water partial pressure, diluting hydrogen, and

reducing Py, /Ph,o (Table 14), which lowers the cell voltage as described
by Equation (1) to (8) [37]. This effect is more pronounced in the KBM,
with sharper voltage drops from 0.837 V to 0.672 V, while EBM shows a

Table 12
Reformer outlet partial pressures by KBM and EBM vs temperatures and
pressures.
ATR Model Component Temperature [°C] Pressure [bar]
620 820 1000 1 5 10
EBM Cco 0.09 0.15 0.17 0.09 0.25 0.36
H,0 0.28 0.28 0.30 0.28 1.80 4.02
Hy 0.43 0.43 0.41 0.43 1.51 2.43
CO, 0.14 0.10 0.08 0.14 0.73 1.45
CH4 0.02 0.00 0.00 0.02 0.46 1.25
CoHg 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.00 0.00 0.00
(02} 0.00 0.00 0.00 0.00 0.00 0.00
Ny 0.04 0.04 0.04 0.04 0.23 0.49
Py, /Pi,0 153 151 136  1.54 084  0.60
KBM Cco 0.00 0.00 0.00 0.01 0.01 0.01
H,0 0.23 0.18 0.12 0.25 0.73 0.71
H, 0.25 0.33 0.43 0.23 1.95 5.07
CO, 0.10 0.12 0.15 0.09 0.68 1.70
CH4 0.21 0.17 0.12 0.22 0.72 0.85
CoHg 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.00 0.00 0.00
(023 0.15 0.14 0.13 0.16 0.69 1.26
Ny 0.05 0.05 0.04 0.05 0.22 0.41
Py, /Pu,0 1.08 1.79 3.55 0.94 2.68 7.19
Table 13
CH4 conversion and Hy output vs. reformer temperature by EBM and KBM.
ATR Model KBM EBM
Temperature (°C) CH,4 (%) H, (%) CH4 (%) Hs (%)
620 6.17 - 87.59 -
660 8.26 7.81 95.07 6.95
700 10.75 7.84 98.27 1.83
740 13.62 8.15 99.40 -0.37
780 16.84 8.61 99.78 —0.89
820 20.38 8.52 98.66 -1.28
860 24.18 8.38 99.97 —-0.94
900 28.23 8.43 99.98 -1.18
940 32.42 7.96 99.99 —0.82
980 36.72 7.54 100.0 -1.01
1000 38.82 3.20 100.0 —0.30

smaller decline (0.802 V to 0.754 V). Consequently, KBM kinetic
sensitivity offers a detailed view of SOFC response under variable S/C
reformer conditions, making it ideal for applications with variable feeds,
while the stability of EBM favours scenarios with steady feeds.

Fig. 14 shows that increasing the O/C ratio decreases SOFC voltage
and LHV efficiency in the KBM due to higher oxidation, which reduces
hydrogen and CO while increasing water and CO5 production. As the O/
C ratio increases from 0.5 to 1.0, hydrogen partial pressure drops (0.29
bar to 0.17 bar), and Py, /Py, 0 declines from 2.93 to 1.16 (Table 14). The

EBM, however, shows stable voltage and efficiency, reflecting its
equilibrium-based assumptions that ignore Kkinetic variations in
hydrogen production. Experimental studies by Karakaya et al. [37] and

13



C.-T.N. Batista et al.

Energy Conversion and Management 332 (2025) 119733

1.00

o
©
=}

0.50

Voltage (V) and Efficiency

0.40
- ¢« - KBM: Voltage

0.30

r'S
- % — KBM: LHV Efficiency —»— EBM: LHV EffiCiency
—e— EBM: Voltage Sa
- « — KBM: Current Density —&— EBM: Current Density

0 1 2 3 4 5

180

N
~
o

N
[e)
o

~

Current Density (mA/cm2)

—
N
o

130

6 7 8 9 10 M

Pressure (bar)

Fig. 12. Effect of pressure on an autothermal-based reformer on SOFC performance, predicted by KBM and EBM (at T = 620 °C, O/C = 0.5 and S/C = 0.9).

0.90
0.85
0.80

0.75

iency

0.70
0.65
0.60

190

180

170

160

0.55

Voltage (V) and Effic

0.50

0.45
- + - KBM: Voltage

- » = KBM: LHV Efficiency —s«— EBM: LHV Efficiency
—e— EBM: Voltage

Current density (mA/cm?)

150

0.40

0.4 0.6 0.8

1

140

1.2 1.4 1.6

Steam/Carbon ratio (S/C)

Fig. 13. Effect of S/C on an autothermal-based reformer on SOFC performance, predicted by KBM and EBM (at T = 620 °C, O/C = 0.5 and P = 1 bar).

Matheus et al. [41] support KBM accuracy, making it suitable for dy-
namic systems, while EBM is useful for equilibrium-dominant cases.

4. Conclusion

This study provides a detailed comparison of EBM and KBM in
simulating SOFC performance integrated with different reforming
routes including SR, POX, and ATR within the BoP system. The objective
was to evaluate the accuracy and reliability of each model in predicting
system-level effects on SOFC performance across varying operating
conditions, including temperature, pressure, S/C, and O/C ratios.

The results show that KBM provides a more detailed representation
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of SOFC varying behaviour, especially in kinetically driven scenarios.
For example, in the SR route, KBM displayed a sharper voltage increase
with temperature than EBM, which showed a smoother response.
Similarly, in the POX route, KBM effectively captured the exponential
voltage rise with temperature, unlike a more gradual, linear-parabolic
trend observed for EBM. While EBM offers a quick assessment of ther-
modynamic equilibrium, it has limitations under varying pressure and
feed conditions due to its instant equilibrium assumption, impacting
accuracy in kinetically influenced conditions. The distinct differences
between the models highlight their suitability for different scenarios:
EBM is ideal for conditions favouring equilibrium, such as atmospheric
pressure with catalysts that quickly reach equilibrium, while KBM is
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Table 14
Reformer outlet partial pressures by KBM and EBM vs S/C and O/C ratios.
ATR Model Component S/C ratio 0/C ratio
0.5 1 1.5 0.5 0.7 1
EBM co 0.13 0.10 0.08 0.25 0.24 0.23
H,0 0.18 0.24 0.30 0.10 0.10 0.09
H, 0.46 0.45 0.44 0.29 0.28 0.26
CO, 0.12 0.13 0.13 0.11 0.11 0.10
CH,4 0.06 0.04 0.02 0.00 0.00 0.00
CoHs 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.01 0.01 0.01
0, 0.00 0.00 0.00 0.18 0.21 0.25
N, 0.05 0.04 0.04 0.06 0.06 0.05
Py, /Pi,0 2,52 1.86 1.46 2.90 2.90 2.89
KBM co 0.01 0.00 0.00 0.01 0.01 0.01
H,0 0.09 0.24 0.35 0.10 0.12 0.14
H, 0.32 0.26 0.21 0.29 0.24 0.17
CO, 0.12 0.10 0.08 0.11 0.10 0.12
CH,4 0.25 0.22 0.20 0.25 0.24 0.21
CHs 0.00 0.00 0.00 0.00 0.00 0.00
CsHg 0.00 0.00 0.00 0.00 0.00 0.00
0, 0.15 0.13 0.11 0.18 0.00 0.30
N, 0.06 0.05 0.05 0.06 0.05 0.05
Py, /Pro 3.78 1.06 0.59 2.93 1.98 1.16
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Fig. 14. Effect of O/C on an autothermal-based reformer on SOFC performance, predicted by KBM and EBM (at T = 620 °C, S/C = 0.5 and P = 1 bar).

preferable in systems where reaction kinetics and mass transport limi-
tations are critical, such as high-pressure operations or without
catalysts.

Given these findings, KBM is the preferred model for accurately
predicting SOFC performance with SR, POX, and ATR reforming routes,
especially in varying operating conditions. While EBM is useful for
initial assessments, it should be applied cautiously in scenarios where
kinetic effects are significant.
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