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Abstract. Nowadays, proton exchange membrane fuel cells (PEMFCs) are regarded as a promising energy source for future applications due to their
relatively low operating temperature, high efficiency, high power density, fast start-up capability, and zero emissions. During PEMFC operation,
performance is influenced by numerous factors, including the key operating conditions. Therefore, developing a mathematical model to evaluate the
effects of key operating conditions on PEMFC performance and energy efficiency is both necessary and significant in the PEMFCs. In this study, a
mathematical model was developed using MATLAB/Simulink software and subsequently validated through a series of experiments to assess its
accuracy. The results demonstrate that PEMFC performance is strongly affected by operating conditions, including operating temperature, operating
pressure, membrane thickness, cathode gas type, cell active area, and the number of cells in the stack. In addition, water, heat generation, energy
efficiency, and gas consumption were also considered and discussed detailed in the model. The findings indicate that operating temperature and
pressure are the most influential parameters affecting PEMFC performance and energy efficiency. When the operating temperature increased, the
cell performance improved due to enhanced electrochemical reaction kinetics and improved electrical conductivity. However, when the PEMFC
operates at temperatures above 70 °C, a deterioration in performance is observed. This behavior can be attributed to membrane dehydration at
elevated temperatures, which reduces proton conductivity and, consequently, lowers the output cell voltage. Increasing pressure reduces membrane
resistance and interface contact resistance, leading to a decrease in voltage losses and an improvement in cell voltage. Therefore, the optimal
operating tempearature was achieved at 70 °C in this study. At a current density of 0.5 A cm™?, the cell voltages are 0.550, 0.559, 0.564, 0.568, 0.571,
and 0.574 V for anode operating pressures of 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 atm, respectively. Overall, this study provides a reliable and precise tool
for predicting PEMFC performance under varying operating conditions.

Keywords: Proton exchange membrane fuel cell; Fuel cell voltage; Fuel cell power; Energy efficiency; Water generation; Heat generation; Hydrogen
utilization; Oxygen utilization.
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1. Introduction operating temperature and pressure on PEMFC performance
degradation. Their results showed that membrane drying and
cracking occurred at 80 °C after 100 h of operation, leading to
significant performance degradation. (Zhao et al, 2025)
investigated the temperature distribution of the PEMFC under
various operating conditions. Their results showed that the
distribution of the temperature was non-uniform when the fuel
cell load level increased. Hot spots occurred near the anode and
cathode inlets and outlets and expanded to the center region of
the fuel cell. (Murthy et al, 2002) examined the effects of
operating temperature and pressure on PEMFC performance
while considering CO concentration and catalyst poisoning.
They reported that the poisoning rate was reduced by a factor
of four during their experiments. (Belkhiri ez al., 2011) evaluated
PEMFC voltage under varying operating temperatures and
membrane water contents, demonstrating that both parameters
significantly affect cell performance. (Arat & Ceper, 2025)
investigated the instantaneous temperature variations on the
PEMFC performance under cold climate conditions. They
revealed that when the PEMFC operated at —13, —14, and —15
°C, the cell voltage was reduced by 19%. (Giner-Sanz et al.,

Nowadays, proton exchange membrane fuel cells (PEMFCs) are
considered one of the most promising energy sources for future
applications due to their outstanding characteristics, such as
high energy density, high power density, high efficiency,
relatively low operating temperature, fast start-up capability,
and zero emissions (Barbir, 2012). PEMFCs have been widely
applied in portable power systems, stationary power systems,
unmanned aerial vehicles (UAVs), and unmanned underwater
vehicles (UUVs) (Boas et al., 2022; Carrette et al., 2001; Dyer,
2002).

The performance of proton exchange membrane fuel cells
(PEMFCs) is influenced by numerous factors, including
operating conditions and structural design. (Li et al, 2025)
studied the dynamic performance of the PEMFC under varying
operating conditions based on the electrical-thermal-water
integrated model. They indicated that the equipment operating
states, time scales, and operating conditions influenced the
operating efficiency and characteristics of internal safety of the
PEMFC. (Rohendi et al, 2015) investigated the effects of
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T-TDo et al

2015) developed a statistical model to analyze PEMFC voltage
under different operating conditions and concluded that the
model showed good agreement with experimental results.
(Santarelli & Torchio, 2007) conducted a series of experiments
to investigate the influence of variable operating conditions on
PEMFC voltage, providing valuable insights into their significant
impact on cell performance. (Mohtadi et al., 2005) studied the
effect of operating temperature on hydrogen sulfide adsorption
at the anode and found that sulfur species are more strongly
adsorbed at lower temperatures. (Zhao et al., 2015) analyzed
local temperature distribution and parameter sensitivity in a
PEMFC system, showing that temperature not only affects the
output voltage but also has a significant impact on membrane
water content. (Mus et al., 2025) experimented to evaluate the
effect of the ambient on the PEMFC performance. They
revealed that the best performance was achieved at 35 °C and
relative humidity of 75%. (Chugh et al, 2020) combined
modeling and experiments to evaluate the effects of operating
temperature, pressure, and humidity on PEMFC performance,
achieving model prediction errors in the range of 7-15%. (Kim
& Hong, 2008) investigated the effects of humidity and
temperature on PEMFC voltage and revealed that cell
performance is strongly influenced by operating temperature
and humidity. (Park & Li, 2006) developed a mathematical
model to analyze the effects of temperature and flow
distribution on PEMFC output voltage. Their results indicated
that, under sufficiently uniform reactant flow conditions,
temperature becomes the dominant factor affecting voltage
variation when flow non-uniformity is minimal. (Atak et al,
2023) examined the effects of operating pressure and
temperature on PEMFC performance by analyzing key
thermodynamic parameters, including entropy generation,
exergy destruction, exergy efficiency, and thermal efficiency. At
a current density of 1 A cm~2, the exergy efficiency increased
by 13.17% as the operating temperature rose from 303 to 363
K. (Lu et al.,, 2019) developed a PEMFC model using ANSYS
FLUENT, which showed good agreement with experimental
data. (Wang et al, 2025) optimized the distribution of the
temperature in a PEMFC under six configurations of cooling
plates using the computational method. They indicated that the
serpentine design achieved the lowest variation of the pressure,
resulting in the best configuration, while (Gonzélez et al., 2025)
studied the distribution of the temperature and current density
on the PEMFC performance under different flow field channels.
Their results show that the tapered design configuration is the
best performance owing to the uniform current density and
temperature. (Ozen et al., 2016) evaluated PEMFC performance
under various operating temperatures and reactant gas
humidities, concluding that higher operating temperatures and
inlet gas humidities significantly enhance performance. (Laribi
et al., 2018) investigated the effects of air temperature ranging
from 60 to 140 °C on PEMFC performance by measuring
impedance and employing artificial neural networks (ANNs).
They demonstrated that the proposed model can be used to
diagnose PEMFC operating conditions, such as flooding and
membrane drying. (Shan & Choe, 2006) developed a three-
dimensional computational fluid dynamics (CFD) model to
simulate the influence of operating temperature on PEMFC
performance, focusing on its effects on cathode humidity and
membrane water content. (Amirfazli et al., 2018) studied the
influence of manifold geometry on temperature distribution and
found that reducing flow-field channel dimensions improves
temperature uniformity. (Faddeev et al., 2021) developed a CFD
model to analyze the effects of ambient conditions on the
performance of open-cathode PEMFCs. Their model showed
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good agreement with experimental results, with errors below
10%, and indicated that optimal performance was achieved at
ambient temperatures below 20 °C. Finally, (Lee & Chu, 2007)
investigated the effect of operating temperature on liquid-gas
distribution within PEMFCs and reported that excessive water
accumulation leads to channel blockage, deteriorating mass
transport, and reducing overall performance.

(Ghasemi et al., 2017) developed a three-dimensional (3D)
model to investigate the effects of six different cooling flow-field
designs on PEMFC performance, including conventional
serpentine, conventional parallel, conventional spiral, parallel-
serpentine, typical MPSFFs, and typical serpentine
configurations. They concluded that the conventional spiral
flow field provides superior performance. (Lee et al, 2023)
experimentally evaluated PEMFC performance degradation
under various operating temperatures and humidity levels.
Their results showed that performance degradation accelerated
at a relative humidity of 10%, and the degradation rate
increased from 25.2% to 75.71% as the temperature rose to 90
°C. (Tiss et al., 2013) developed a model based on mass and
energy conservation equations to analyze the effect of operating
temperature on PEMFC voltage, demonstrating good
agreement with real-time control data. (Hu et al, 2021)
investigated and optimized operating temperature effects on
PEMFC performance for electric vehicle applications, reporting
an efficiency improvement ranging from 15% to 28.7%. (Waller
et al., 2016) evaluated PEMFC performance under different
operating temperatures, pressures, and hydrogen dilution
levels, and found that these parameters significantly influence
the output voltage. (Tang et al, 2023) proposed a Takagi-
Sugeno fuzzy model combined with model predictive control to
analyze and regulate the influence of operating temperature on
the output voltage of an 80 kW PEMFC system, achieving
enhanced dynamic performance under varying operating
conditions. (Chen et al.,, 2019) investigated gas diffusion layer
(GDL) characteristics, focusing on the influence of
polytetrafluoroethylene  (PTFE) content on PEMFC
performance, and reported increased hydrophobicity with
higher PTFE loading. In contrast, Flick et al. (Flick et al., 2014)
examined PEMFC material characteristics and demonstrated
that voltage has a significant impact on overall performance.
(Ding et al., 2023) analyzed the effects of pinhole size on PEMFC
performance and revealed that the capillary pressure associated
with a 10 ym pinhole is lower than that of a 100 pm pinhole. (Xia
et al., 2021) optimized GDL properties by focusing on porosity
and thickness, achieving a 7.7% performance improvement at
optimal cathode and anode thicknesses of 140 — 170 pm and 40
— 120 pm, respectively, with an optimal porosity range of 35 —
45%. (Santarelli et al., 2006) developed an analytical model to
estimate PEMFC voltage over an operating temperature range
of 50 — 80 °C and concluded that temperature significantly
affects output voltage. (Hao et al., 2023) investigated the effects
of current density distribution, water content, humidity, inlet gas
pressure, and temperature on PEMFC voltage, reporting
optimal water content and humidity at 0.2 MPa and 100%,
respectively. (Noorkami et al., 2014) evaluated the cell voltage
under the effect of the operating temperature uncertainty. They
indicated that the operating temperature was the key parameter
to evaluate the cell performance. To improve the performance
of the PEMFC, the humidity and temperature should be
managed. The PEMFC performance is enhanced with control
and conducted by (Ou et al., 2017). Their results show that the
improvement of PEMFC increased up to 10%, while (Chen et al.,
2024) proposed a temperature control strategy to achieve high
performance of the PEMFC using intelligent algorithms.
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(Neyerlin et al, 2005) studied the effect of humidity on the
reduction of oxygen. They revealed that the cell voltage lost
about 20 mV at a relative humidity of 30%. (Jomori et al., 2012)
studied the degradation of the fuel cell performance under the
effect of the oxygen transport. They indicated that the
performance decayed at high load levels owing to an increase
in the transport overpotential. (Radhakrishnan & Haridoss,
2011) evaluated the PEMFC performance under the condition
of GDL compression. Their results indicated that the GDL
compression significantly affected the pressure drop on the
parallel channel flow field and the serpentine channel flow field.
(Chang et al., 2007) investigated the effect of clamping pressure
on the PEMFC performance. They revealed that when the
clamping pressure increased, the ohmic resistance reduced,
resulting in improved performance. Similarly, (Bates et al., 2013)
was also studied the effect of clamping pressure. (Larbi et al.,
2013) studied the porosity characteristics and pressure on the
output voltage of the PEMFC. They indicated that the porosity
increased, leading to the electrical conductivity decreased.
(Zhou & Wu, 2007) developed a model to evaluate effect of the
compression of GDL porosity on PEMFC performance. Their
results show that the when the compression deformation
increased, the output performance reduced.

In the last study (Diab et al, 2025) developed the
mathematical model of the PEMFC using the Newton—-Raphson
iterative method. Their model achieves high accuracy with a
relative error of 0.5%. However, the influence of operating
conditions on the PEMFC is not considered. Based on the
aforementioned literature, PEMFC performance is influenced
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by numerous factors during operation. Although many studies
have investigated these effects, comprehensive reports that
simultaneously consider multiple operating and design
parameters remain limited. Therefore, this study develops a
mathematical model to evaluate the influence of operating
conditions on PEMFC performance while accounting for
various factors, including operating temperature, operating
pressure, membrane thickness, water content, cell active area,
cathode gas type, exchange current density, and the number of
cells in a stack. In addition, gas consumption and energy
efficiency of the PEMFC are analyzed in detail. First, the
mathematical model is developed using MATLAB/Simulink.
The model is then validated against experimental data to verify
its accuracy. Finally, the effects of different operating conditions
on PEMFC performance are systematically discussed and
analyzed. This study provides a reliable and high-precision
approach for predicting PEMFC performance under varying
operating conditions.

2. Method

2.1 System description

Fig. 1(a) depicts the PEMFC operation in this study. The PEMFC
converts the chemical energy into electrical energy directly. In
addition, the products consisted of water and heat generation
owing to the electrochemical reaction. The hydrogen gas and
oxygen gas or air were supplied at the anode and cathode sides,
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Fig. 1 Illustration of the PEMFC operation (a); Schematic of the PEMFC components (b); and exploded view of the PEMFC components (c)
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Table 1
The function of the PEMFC components
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Position Component Function

(1) Electric load It was used to apply the load to the PEMFC

(2) Membrane Here occurred the electrochemical reaction between the anode and cathode
sides.

(3) Catalyst layer It was employed to enhance and catalyse the electrochemical reaction in
PEMFC.

(4) Gasket It was used to prevent the gas leak.

(5) Bipolar plate The gas was conducted in the flow field channel. The hydrogen and oxygen were
supplied at the anode and cathode side, respectively.

(6) Current collector It was used to conduct electricity.

(7) End plate It was assembled at the most outside of the anode and cathode sides.

(8) Bolts and nuts To keep the components tight in a fuel cell stack.

respectively. The electrochemical reaction occurred inside the
membrane with the oxidation and reduction process,
corresponding to the anode and cathode side, as follows the Eqs
(1) and (2):

H, —» 2H* + 2e” (1)
1
502 + 2H* + 2¢” > H,0 )

1
Hy, + 502 - H,0 + Electricity + Heat

Fig. 1(b) and (c) present a schematic diagram and exploded
view of the PEMFC components considered in this study. The
PEMFC components consist of a membrane, catalyst layers,
bipolar plates, current collectors, and end plates. In addition, the
functions of the individual PEMFC components are summarized
in Table 1.

2.2 Model development

In this study, the mathematical model of the PEMFC was
developed in MATLAB/Simulink environment software. The
description of the performance, water and heat generation, gas
utilization, energy efficiency, and boundary conditions were
presented in detail as follows.

2.2.1 Cell voltage in PEMFC

The cell voltage consists of a reversible voltage and irreversible
voltage losses. The irreversible voltage accounts for various
losses, including activation, ohmic, and concentration voltage
losses. Accordingly, the cell voltage can be expressed as
follows:

Vcell = ENernst ~ Nact — Nohmic — Mconc (4)

Where: Vcell ’ ENernst > Nact > Mohmic » and Tconc TEPresent the cell
voltage, reversible voltage, activation voltage loss, ohmic
voltage loss, and concentration voltage loss, respectively. All
these values are in units of V.

2.2.2 Reversible voltage

The reversible voltage represents the maximum theoretical cell
voltage when the PEMFC operates under standard conditions
(25 °C and 1 atm). Eq. (5) is used to calculate the reversible
voltage of the PEMFC:

—AG 237340 (5)
=1.229 (V)

Er=—F = 296485

Where: AG represents the Gibbs free energy of the
electrochemical reaction, in (J mol™'); n denotes the number of
electrons exchanged, n = 2; and F refers to Faraday’s constant
(F = 96485 ] mol™?).

During the PEMFC operation in applications, the
temperature and pressure were varied and were different from
the standard conditions. Thus, the reversible voltage of PEMFC
can be determined through the Nernst equation, which is
represented by the relationship between operating temperature
and pressure, as follows:

RT (szp?)f) (6)

AS
Enernst = Er — nF (T —To) + ﬁln

PH,0
Where: AS is the entropy change of the electrochemical reaction
(J mol™ K™); T denotes the operating temperature, in K; T,
represents the reference temperature, in K; R is the ideal gas
constant (R =8.314 ] mol™'K™1); py, refers to the partial
pressure of the hydrogen (atm); py,is the partial pressure of the
oxygen (atm); and py, o denotes the partial pressure of the water
(atm).

The partial water vapor pressure depends on the operating
temperature of the fuel cells. It was calculated by Eq. (7):

log(pu,0) = —2.1794 + 0.02953(T — 273.2) (7)
—9.1837 x 1075 (T — 273.2)?
+1.4454 x 1077(T — 273.2)3

The partial pressure of the hydrogen and the partial pressure of
the oxygen, in atm, were determined corresponding to Egs (8)
and (9):

1 (8)

Py
Pu, =5 :

1.653i
e T133%

— PH,0

Pair (9)

4.192i
eT133%

Po, = — PH,0

Where: Py, and P,;,- denote the operating pressure at the anode
side and cathode side, respectively.

2.2.3 Activation voltage loss

The activation voltage loss occurred when the PEMFC operated
at low current density. The activation voltage loss represented
the kinetics of the electrochemical reaction for both the anode
side and the cathode side. It was calculated based on Tafel’s
equation by Eq. (10)
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RT i RT i (10)
Nact = Nacte T MNacta = QC—Fln E + a F In E

Where: 1, denotes the activation voltage loss at the cathode
side, in V; 1, is the activation voltage loss at the anode side,
in V; a, denotes the coefficient of the charge transfer at the
cathode side; a, refers to the coefficient of the charge transfer
at the anode side; i is the operating current density (A cm™); ig .
represents the exchanged current density at the cathode side (A
cm™); and iy, denotes the exchanged current density at the
cathode side (A cm™).

2.2.4 Ohmic voltage loss

The ohmic voltage loss of the PEMFC represents the voltage
loss due to resistance in the membrane, and resistance in the
interconnector, such as bipolar plates, current collectors. Eq.
(11) was employed to determine the ohmic voltage loss of the
PEMFC.

Nohmic = i(Rm + ri) (11)

Where: R, and r; denote the resistance in the membrane, in Q;
and the resistance in the interconnector, including the bipolar
plates, current collectors, in Q, respectively.

The resistance in the membrane depends on operating
temperature and water content in the membrane. Eq. (12) can
be used to calculate the ohmic voltage loss of the PEMFC:

2 m (12)

" A7c(0.005142 — 0.00326) exp [1268 (% - %)]

Where t,,, represents the thickness of the membrane, in cm; and
Ay denotes the activation area of the PEMFC, in cm?.

The water content in the membrane depends on the water
activity. It can be determined following Eq. (13).

{A =0.043 + 17.81a,, — 39.95a% +36.0a}, 0<a,<1 (13)
A=140 + 1.4 (an,—1) am > 1

Where: a,, denotes the water activity. Generally, the water
activity was selected as 0.5 (Zhu et al, 2019), which was
calculated as the average water activity at the anode and
cathode sides.

2.2.5 Concentration voltage loss

The concentration voltage loss refers to the voltage drop caused
by mass transport limitations when the reactant concentration,
especially oxygen at the cathode, becomes insufficient at high
current densities. It was determined by Eq. (14):

Ncone = = In (L_L) (14)

nF ip—i

Where: i, represents the limiting current density of the PEMFC,
inAcm™.

The limiting current density of the PEMFC in this study was
defined by Eq. (15):

(15)

. Cin_Cout
=t ]
Cout
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Where: h,,, Ciy, and C,,,; refer to the mass transport coefficient
at the cathode, in m s7*; inlet oxygen concentration, in mol m=3;
and outlet oxygen concentration, in mol m™3, respectively.

2.2.6 Stack voltage and power

In practice, the single cell was connected to multiple cells to
increase the voltage and power. It was called a PEMFC stack.
The stack voltage and stack power of the PEMFC were
determined by Eq. (16) and Eq. (17), respectively.

Vst = Neen X Veen (16)
Pgp = Teey X Vg (17)

Where: Vg, is the stack voltage, in V; N,,; denotes the number
of cells in a stack; Pg; represents the stack power, in W; and I,
refers to the operating current of the PEMFC stack, in A.

2.2.7 Water and heat generation

During the PEMFC under load levels, the chemical energy from
the fuel and oxidant is converted to generate electricity directly.
In addition, the water and heat are produced owing to the
electrochemical reaction. Thus, the water and heat generation
of a PEMFC are considered in this study. Equations (18) and (19)
expressed the amount of water and heat generation in PEMFC,
respectively, as follows:

. Nce XICE
o = %MHZO (18)
Qst = Ncell(1'25 - Vcell)lcell (19)

Where: My,, denotes the molar mass of water, (My,o =
18 g mol™1).

2.2.8 Gas utilization and energy efficiency of the PEMFC

During PEMFC operation, the hydrogen and oxygen (or air)
were supplied to the anode and cathode side, respectively. At
the anode side, the hydrogen consumption flow rate owing to
the electrochemical reaction was determined by Eq. (20):

. Ncell X Icell (20)
My, = 2F MHz

Where: My, denotes the molar mass of hydrogen, (My, =
2 gmol™1).

At the cathode side, the oxygen or air flow rate is consumed
for the electrochemical reaction, which was calculated by Eqgs.
(21) or (22), respectively:

. Ncell X Icell (21)
Mo, = AF Moz

. _ Ncell X Icell (22)
Mair = %021 @r

Where: My, and Mg, represent the molar mass of oxygen,
(Mo, =32gmol™"), and molar mass of air (Mg =
29 g mol™1), respectively.

To evaluate the cell performance and hydrogen utilization
during PEMFC operation, the energy efficiency was employed
and defined following the lower heat value (LHV) and higher
heating value (HHV), corresponding to Egs. (23) and (24):

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE
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Table 2
Input parameter for the model in this study
Parameter Value Unit Reference
foe 10 Acm™ (Larminie et al., 2003)
0 1073 Acm™ (Larminie et al., 2003)
Ola, Oc 0.5 - (You et al., 2017)
t 178 pm (Xue et al., 2006)
Acar 25 cm? Well know
L 0.0003 Q (Xue et al., 2006)
2 0.5 - (Zhu et al., 2019)
T 303-353 K Well know
Py, 1.0-35 atm Well know
P,, 1.0-35 atm Well know
ms! (Reshetenko & St-Pierre,
hm 0.01284 2014)
Ca 40 mol m™3 Assumed
Cout 5 mol m™3 Assumed
M T 2 n
- ST L - N
(] pH20 -+ Cout
-IE ’—'Ij Nernst Voltage Concentration volatge loss
}— :
A7 Cout iL
Convert “Activation voltage loss Concentration voltage loss.
i fc E’
i | ] .T 4 v omm - S —@
o IR | : -
m -
- SheeEaTee ’7 Veell Concentration volaige
AicE“ :3 L | ‘;m ] T-Dul Veell
r \_.‘ Cell voltage
prrey [ S pvregy I W [ ]
Number of cells
Fig. 2 Mathematical model in Matlab/Simulink for this study
Nfe nny = Veeu (23) (1) The cell operating temperature is uniform throughout
B 148 the PEMFC during operation at a given temperature.
Veeu (24) (2) The operating pressure is identical along the flow-field
NfeLnv = 75¢ channels.

(3) The operating current density is uniformly distributed
across the current collectors.

2.2.9 Boundary conditions for the model (4) During fabrication of the membrane—electrode

In this study, PEMFC performance is investigated under steady- assembly (MEA), the catalyst layer is uniformly
state operating conditions. To simplify the model and facilitate distributed over the active cell area.
its evaluation, several assumptions are made, as follows: (5) The reactant gases are treated as ideal gases during

PEMFC operation.
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To perform the simulations, the input parameters used in the
model are summarized in Table 2. These parameters include all
the necessary inputs required for model implementation.
Additionally, the mathematical model in MATLAB/Simulink
software for this study is illustrated in Fig. 2. The basic blocks
from the MATLAB/Simulink library were used to develop this
model, including the Transfer Function block, Constant block,
Mux block, Sum block, and Display block. To obtain the model
results, the Go To block was employed, and the data were
extracted to the Workspace environment.

3. Results and discussion

3.1 Validation of the model in this study

To evaluate the accuracy of the proposed model, validation was
performed by varying the operating temperature and current
density. Under steady-state conditions, the resulting cell
voltage characteristics are presented in Fig. 3(a) in the form of
polarization curves. It can be observed that an increase in
operating temperature leads to a higher cell voltage due to
enhanced electrochemical reaction kinetics and improved
electrical conductivity. The obtained polarization curves are
consistent with those reported in previous studies (Dannenberg
et al., 2000; Diab et al., 2025; Ge & Yi, 2003; Omran et al., 2021;
Santarelli & Torchio, 2007; Tsai et al., 2006). Therefore, the
model developed in this study is validated and shows good
agreement with the results reported in the literature.
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o
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~
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3.2 Effect of operating temperature on PEMFC performance

During PEMFC operation, the operating temperature has a
significant impact on cell performance. In this section, to
investigate the effect of operating temperature on PEMFC
performance, the operating pressures at the anode and cathode
are fixed at 1 atm and 1.5 atm, respectively. The cell active area
is set to 25 cm?.

Fig. 3 presents the cell voltage behavior under varying
operating temperatures ranging from 30 to 80 °C. It can be
observed that operating temperature has a significant influence
on PEMFC performance. Fig. 3(a) illustrates the polarization
curves of PEMFC performance under varying operating
temperatures. It can be observed that an increase in operating
temperature generally enhances cell performance due to
improved electrochemical reaction kinetics, increased thermal
efficiency, and higher physical exergy efficiency of hydrogen
and oxygen (Atak et al., 2023). At moderate temperatures, both
activation and ohmic voltage losses decrease significantly with
increasing operating current density and temperature, which
contributes to improved cell performance. However, when the
PEMFC operates at temperatures above 70 °C, a deterioration
in performance is observed. This behavior can be attributed to
membrane dehydration at elevated temperatures, which
reduces proton conductivity and, consequently, lowers the
output cell voltage (Bose et al., 2011). Therefore, effective
thermal management is critical for maintaining optimal PEMFC
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70 °C
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Fig. 3 Effect of operating temperature on cell voltage (a); Activation voltage (b); Ohmic voltage (c); and concentration voltage (d)
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performance and preventing performance degradation at high
operating temperatures.

Specifically, as the operating temperature increases, the
activation voltage loss decreases, as shown in Fig. 3(b). This
improvement can be attributed to enhanced electrochemical
reaction kinetics and shortened activation time at higher
temperatures (Park et al, 2021; Qi & Kaufman, 2002, 2003),
which benefit from increased membrane water uptake and
improved ionic conductivity (Alberti et al., 2008; Christmann et
al., 2021; Silva & Rouboa, 2012). In addition, the ohmic voltage
loss also decreases with increasing operating temperature, as
illustrated in Fig. 3(c). This behavior is mainly due to the
reduction in ohmic resistance associated with key components,
such as bipolar plates and current collectors, at elevated
temperatures. In other words, the electrical conductivity of
these components improves at higher operating temperatures.
By contrast, the concentration voltage loss shows a slight
increase with operating temperature, although the effect is not
significant, as depicted in Fig. 3(d). This minor increase can be
explained by the reduction in gas concentration at higher
temperatures, which leads to reactant gas dilution and a
marginal rise in concentration-related losses.

(a)
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3.3 Effect of operating pressure on PEMFC performance

Operating pressure significantly affects PEMFC performance
and is therefore considered in this study. To evaluate the
influence of operating pressure on PEMFC performance, the
operating temperature is fixed at 60 °C. The pressures at the
anode, cathode, and both electrodes are then varied to examine
their respective effects on cell performance.

Fig. 4(a) presents the PEMFC polarization curves under
various anode operating pressures, increased in increments of
0.5 atm. It can be observed that cell performance improves as
the anode operating pressure increases. This improvement can
be attributed to the increase in partial pressures of reactants and
products, which enhances the Nernst potential at higher
pressures (Santarelli & Torchio, 2007). In addition, a higher
anode operating pressure promotes proton production from
hydrogen, thereby enhancing electrochemical reaction kinetics.
Moreover, increasing pressure reduces membrane resistance
and interface contact resistance, leading to a decrease in
voltage losses and an improvement in cell voltage. At a current
density of 0.5 A cm™2, the cell voltages are 0.550, 0.559, 0.564,
0.568, 0.571, and 0.574 V for anode operating pressures of 1.0,
1.5, 2.0, 2.5, 3.0, and 3.5 atm, respectively.
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To evaluate the effect of cathode operating pressure on
PEMFC performance, the cathode pressure is varied from 1.0 to
3.5 atm in increments of 0.5 atm. Fig. 4(b) illustrates the
relationship between operating current density and cell
performance under different cathode operating pressures.
Similar to the anode pressure case, an increase in cathode
operating pressure leads to improved cell performance due to
enhanced electrochemical reaction kinetics and an increase in
the Nernst voltage. However, compared with the anode
pressure case, the cell voltage achieved under varying cathode
operating pressures is lower. This behavior can be attributed to
the sluggish kinetics of the oxygen reduction reaction (ORR) at
the cathode (Stacy et al., 2017).

Fig. 4(c) illustrates the relationship between operating
current density and cell voltage under simultaneous variation of
both anode and cathode operating pressures. It can be observed
that increasing the operating pressure results in a higher cell
voltage. This behavior can be explained by the same
mechanisms discussed in the previous cases. The results clearly
indicate that cell performance improves as the operating
pressure increases.

3.4 Effect of membrane thickness on PEMFC performance

To evaluate the effect of membrane thickness on PEMFC
performance, the operating temperature is fixed at 50 °C, while
the anode and cathode operating pressures are set to 1 atm and
1.5 atm, respectively. Fig. 5 illustrates the influence of
membrane thickness on cell performance and ohmic voltage
loss. It can be observed that increasing membrane thickness
leads to a decrease in cell voltage, as shown in Fig. 5(a). This
behavior is primarily caused by an increase in ohmic voltage
loss. As the membrane thickness increases, proton transport
from the anode to the cathode becomes more difficult, resulting
in higher ionic resistance and a reduction in the PEMFC output
voltage, as depicted in Fig. 5(b). To further clarify the effect of
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membrane thickness on cell voltage and ohmic resistance, the
corresponding values for different membrane thicknesses are
summarized in Table 3. The results indicate that ohmic voltage
loss increases with increasing membrane thickness. Among the
membranes considered, Nafion 117 has the greatest thickness
and therefore exhibits the highest ohmic voltage loss of 0.046 V,
resulting in a reduced cell voltage of 0.412 V.

3.5 Effect of cathode gas type on PEMFC performance

Under an operating temperature of 50 °C, with anode and
cathode pressures of 1.0 atm and 1.5 atm, respectively, and a
cell active area of 25 cm?, the effect of different cathode supply
gases on PEMFC performance is investigated. Hydrogen is
supplied to the anode, while either pure oxygen or air is supplied
to the cathode.

Fig. 6(a) compares the PEMFC performance when using
pure oxygen and air at the cathode. It can be observed that the
cell performance with pure oxygen is higher than that with air.
This improvement is attributed to the higher oxygen
concentration, which enhances the electrochemical reaction
kinetics at the cathode. In contrast, when air is supplied to the
cathode, the lower oxygen concentration leads to slower
oxygen reduction reaction kinetics, thereby reducing -cell
performance (Stacy et al,, 2017).

3.6 Effect of the number of cells in a stack on PEMFC performance

In practical applications, single PEMFCs are connected in series
to achieve a higher output voltage, forming what is known as a
PEMFC stack. Therefore, the effect of the number of cells in a
stack on PEMFC performance is evaluated in this study. The
operating temperature is fixed at 60 °C, while the anode and
cathode pressures are set to 1.0 atm and 1.5 atm, respectively.
A cell active area of 25 cm? is employed, and air is supplied to
the cathode.

Table 3
Ohmic voltage loss and cell voltage under varying membrane types at a load level of 1.2 A cm™
Nafion code Thickness / cm Nohmic / V Veen /V
Gore-Select 0.003 0.008 0.449
112 0.0051 0.013 0.444
1135 0.0091 0.024 0.434
115 0.0127 0.033 0.425
117 0.0178 0.046 0.412
(a) b
1.2 e 0.06 ( )
— (Gore-Selec
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1.14 Bon-112 —— Nafion-112
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Fig. 5 Effect of membrane thickness on cell voltage (a) and ohmic voltage (b)

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE



T-TDo et al

Cathode used oxygen
Cathode used air

Cell voltage / V
e o

e

Operating current density / A cm™

12{©)

00 03 06 09 12 15

Int. J. Renew. Energy Dev 2026, 15(5), 909-922

| 918
25 (b) e
—1 cell
— 3 cells
204 ——— 5 cells
—— 10 cells
> e 15 cells
o 15 —— 20 cells
[=)]
el
=l
>
0

00 03 06 09 12 15

Operating current density / A cm™

Cell voltage / V
o [en] —_
> ® 2

<
S
:

0.0

5 cm?
—— 10 cm?
20 cm?
—— 30 cm?

40 cm?
—— 50 cm?

00 03 06

09 12 15

Operating current density / A cm

Fig. 6 PEMFC performance under different supplied oxygen or air at the cathode sides (a); Number of cells (b); and cell activation area (c)

The number of cells in the stack is varied as 1, 3, 5, 10, 15,
and 20. Fig. 6(b) illustrates the relationship between the number
of cells and the PEMFC output voltage. It can be observed that
the output voltage increases with the number of cells connected
in series. Specifically, as the number of cells increases, the
voltage slope becomes steeper due to the cumulative effect of
overpotentials across the stack.

3.7 Effect of cell activation area on PEMFC performance

The cell active area has a significant effect on PEMFC
performance. Fig. 6(c) illustrates the cell voltage under various
active areas of 5, 10, 20, 30, 40, and 50 cm?. It can be observed
that increasing the cell active area leads to an improvement in
cell voltage. This improvement can be attributed to the larger
reaction area available for electrochemical processes, which
facilitates more effective utilization of the reactant gases.
Consequently, for a given operating current density, increasing
the cell active area enhances the output voltage of the PEMFC.

3.8 Effect of load level on water management and heat generation in
PEMFC

In this section, water and heat generation resulting from the
electrochemical reactions in the PEMFC are analyzed. To
evaluate water and heat generation, the operating conditions
are set with a cell active area of 25 cm?, a stack consisting of 20
cells, and an operating temperature of 50 °C. During PEMFC
operation under load, water and heat are generated as a result

of electrochemical reactions. Fig. 7 illustrates the relationship
between load level and water generation. It can be observed
that water production increases with increasing load level,
which can be attributed to intensified electrochemical reactions
at higher currents. In general, moderate heat and water
generation can enhance PEMFC performance by maintaining
adequate membrane hydration and promoting electrochemical
reaction kinetics. However, excessive operating temperature
may lead to membrane dehydration, resulting in reduced proton
conductivity and a decline in output voltage. Conversely, at high
operating current densities, excessive water generation may
cause flooding within the PEMFC, obstructing reactant
transport and reducing cell voltage. Therefore, effective water
and thermal management are critical for achieving optimal
PEMFC performance.

3.9 Discussion on the gas consumption and energy efficiency

In this study, the consumption of hydrogen, oxygen, and air
during PEMFC operation is analyzed, and the corresponding
energy efficiency is also evaluated. In this section, the anode
and cathode operating pressures are fixed at 1.0 atm and 1.5
atm, respectively. Fig. 8(a) illustrates the gas consumption of the
PEMFC under different load levels. As the load increases, gas
consumption rises accordingly to sustain the electrochemical
reactions. When the load current increases from 0 to 25 A,
hydrogen consumption increases from 0 to 0.0052 g s™!, oxygen
consumption ranges from 0 to 0.0415 g s™!, and air consumption
ranges from 0to 0.1789 g s7'.
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Fig. 8(b) illustrates the energy efficiency of the PEMFC
under varying current densities and operating temperatures. It
can be observed that energy efficiency decreases with
increasing current density, primarily due to enhanced voltage
losses. In particular, when the operating temperature exceeds
70 °C, a noticeable decline in energy efficiency occurs. This
behavior can be attributed to membrane dehydration at
elevated temperatures, which increases overpotential, reduces

cell voltage, and consequently decreases overall energy
efficiency.

4. Conclusion

In this study, a mathematical model was developed using the
MATLAB/Simulink environment to investigate the effects of

operating conditions on PEMFC performance under steady-
state conditions. Several conclusions can be drawn in this study.
Indeed, a high-precision mathematical model was successfully
developed to analyze and discuss PEMFC performance. The
key operating temperature and pressure were found to have a
significant impact on PEMFC performance. On the other hand,
water and heat generation resulting from electrochemical
reactions play a critical role in influencing PEMFC performance
in this study. Aditionally, the gas utilization and energy
efficiency were analyzed in detail to provide further insight into
PEMFC operation.

In summary, the developed model provides a reliable tool
for accurately predicting PEMFC performance under various
steady-state operating conditions.
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