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Abstract. Nowadays, proton exchange membrane fuel cells (PEMFCs) are acknowledged as promising energy solutions toward reaching net-zero
emissions by 2050 due to their highlighted properties, such as high energy efficiency, high power density, low operating temperature, fast start-up,
and zero emissions. To enhance electrochemical reactions and improve hydrogen utilization, the dead-end anode (DEA) configuration was employed
to investigate the voltage and energy efficiency of an open-cathode PEMFC stack (100 W-20 cells) at optimal fan speed under varying purge intervals
and operating current load levels with the step-by-step method. The hydrogen purge operation optimization was proposed by fitting experimental
data and deriving the governing equation, considering voltage stability and hydrogen consumption. The results show that when the operating current
and purge interval increased, the stack voltage decreased owing to impurities, water, and nitrogen buildup in the flow field anode channel. At optimal
purge intervals of 540, 360, 280, and 60 s, the energy efficiency was achieved at 45.55%, 45.31%, 43.11%, and 35.05%, respectively. Compared to a
previous study, these values represent increases of 25.22%, 12.91%, 9.15%, and 2.09% for operating currents of 1, 3, 5, and 8 A, respectively. These
improvements were achieved by optimizing the fan speed, purge interval, and microcontroller unit power consumption. At a low load level of 1 A,
the voltage decay rate decreased from 0.45 mV s™! to 0.07 mV s/, allowing for stable cell performance and higher hydrogen utilization at longer
purging intervals. However, at higher load levels, both the voltage change of the stack and the voltage decay rate of the stack increased significantly
compared to the 1 A case, with a steeper slope corresponding to higher current levels. This indicated that at higher reaction rates, the amount of
water generated from the oxygen reduction reaction increases significantly. Consequently, the back diffusion phenomenon from the cathode to the
anode, along with nitrogen buildup, leads to adverse conditions such as anode channel flooding and fuel starvation. This study provides meaningful
insights into optimizing the energy efficiency of open-cathode PEMFC stacks across various load levels and purge operations.

Keywords: dead-end anode, energy efficiency, purge strategy, purge operations, purge interval, purge duration, open-cathode PEMFC stack, voltage
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1. Introduction Generally, the open-cathode PEMFC stack uses an electric
fan to provide oxygen from the atmosphere. Additionally, the
electric fan was used to cool the heat generated from the stack’s
reaction in the electrochemical cell. Therefore, the PEMFC
stack's temperature plays a crucial role in the performance.
(Zeng et al. 2019) examined the stack performance under
various load levels and fan speeds via the duty cycle ratios.
Their result shows that fan speed significantly impacted the
voltage, distribution of the temperature, voltage uniformity, and
energy efficiency. (Sasmito et al. 2012) designed the stack and
evaluated the performance under varying fan configurations.
They concluded that the fan configuration, including the power
of the fan, connected in series or single fans, and the type of
fans, affected the performance. (Yu et al. 2023) conducted an
experiment to investigate the stack performance and self-
regulation under varying electric fan operating conditions,
including the suction mode and blow mode. They revealed that
the suction mode is superior to the blow mode in the mechanism
of self-regulation capability. Similarly, (Ling et al 2016)
evaluated the stack performance with the drawing and blow
modes. They indicated that the performance was improved by

Nowadays, with the decline of fossil fuel resources and the
increasing impacts of greenhouse gases, proton exchange
membrane fuel cells (PEMFCs) emerge as an appealing
alternative to the conventional engine because PEMFCs have
attractive properties such as a lack of moving parts, less noise,
zero emissions, high efficiency, high density, and fast start-up
(Abdelkareem et al. 2021; Barbir et al. 2012). Additionally, it was
applied to stationary power, portable stations (Wilberforce et al.
2016), energy storage systems (Paul et al. 2016), unmanned
aerospace vehicles (UAVs) (Wang et al. 2020), unmanned
underwater vehicles (UUVs) (Sezgin et al. 2022), automobiles
(Wilberforce et al. 2017), railways (Lee et al. 2024), and maritime
(Van Biert et al. 2016). Therefore, PEMFCs have the potential to
significantly reduce reliance on fossil fuels while simultaneously
minimizing the environmental impact associated with
traditional energy systems. As such, they are regarded as a
crucial technology for contributing to net-zero emissions by
2050 (Khokhar et al. 2023).
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16% when the drawing air mode was used in their system. To
optimize the stack temperature, (Yu et al. 2024) proposed a
control strategy with a constraint-generalized predictive
algorithm for the rated power stack of 1000 W. The result
provides a highlight control strategy to achieve the highest
performance stack in the kW class. (Zhao et al. 2021) designed
the fuel cell stack and spoiler in the fan system to investigate the
voltage, distribution of the temperature, and voltage uniformity
with an 11-cell under different fan mechanisms, including
spoiler-drawing air mode, spoiler-blowing air mode, and the
distance between the stack and fan. The results show that the
performance was increased with a fan distance of 80 mm for the
spoiler-drawing air mode by 7.9% and spoiler-blowing by 7.3%,
respectively. (Kandidayeni et al. 2019) proposed a fan speed
control strategy to optimize the system efficiency using the
fuzzy logic technique. The results show that the system
efficiency improved from 13% to 16%. Recently, (Chen et al.
2019) experimented to evaluate the voltage under the blow
mode and exhaust mode for the stack with 19 cells. They
revealed that the performance and voltage uniformity with the
blow mode are superior to the exhaust mode. (Song et al. 2020)
experimented to discuss the stack performance with 60 W, 19
cells, and self-regulation under varying air flow rates. They
indicated that the stack temperature ability was regulated when
the load level was changed. (Guo et al. 2024) experimented to
analyze the dynamic response of temperature and stack voltage.
The result indicated that the fan’s duty cycle of 0.4 is suitable
for low load current, and 0.6 at medium and high current. (Zhou
et al. 2023) examined the parameters of fans on the performance
under load currents and fan duty cycles. They concluded that
the fan parameters should be chosen depending on the
applications. (Mus et al. 2025) experimented to evaluate the
effect of the air ambient on the open-cathode PEMFC
performance. They indicated that the best power of the fuel cell
was achieved at a relative humidity of 75% and a temperature
of 35 °C.

To save the hydrogen utilization and enhance the
effectiveness of hydrogen utilization, enhance the
electrochemical reaction, the dead-end anode (DEA)
configuration and recirculation configuration were used in the
system. The recirculation configuration used the solenoid valve,
pump, and ejector, resulting in increasing system cost, complex
system, complicated strategy control, and consumption of more
energy (Kurniaa et al. 2019; Chen et al. 2013). The dead-end
configuration just used only a purge valve to block the hydrogen
gas at the outlet pipe, resulting in a simple system, reduced cost,
and easy control, consuming less energy. Thus, the DEA mode
presents a simplified approach to optimize hydrogen utilization
(Kurniaa et al 2019; Yu et al. 2014). In the DEA mode,
performance will decrease gradually due to flooding and
hydrogen starvation (Baumgartner et al. 2008; Abbou et al. 2015;
Ohs et al. 2011). As the solenoid valve is opened, the impurities,
water, nitrogen diffusion from the cathode to the anode, and
unreacted hydrogen are exhausted to the ambient environment,
and the performance is recovered immediately (Lee et al. 2009;
Meyer et al. 2016; Mokmeli et al. 2010). Despite its efficiency
advantages, DEA can negatively affect the lifespan of critical
components, especially the membrane and gas diffusion layer.
Indeed, (Hu et al. 2016) pointed out that flooding results not only
from water diffusion but also from nitrogen accumulation, which
blocks hydrogen from reaching the reaction zone, causing
hydrogen starvation further downstream. (Pei et al 2022)
researched the formation of liquid water in a transparent
PEMFC; the buildup of water in the anode channel is shown to
obstruct hydrogen transport, increasing the risk of physical
degradation, especially under dynamic operating conditions.
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The local degradation in PEMFCs operating under DEA
configuration was investigated by (Yang et al. 2020). Their study
revealed that flooding conditions can lead to increased
mechanical stress on the components of the fuel cell,
particularly negatively affecting the catalyst layers and
membrane. Therefore, the selection of the purging interval is
crucial to last a long time of membrane duration and enhance
energy efficiency (Baz et al. 2024). The water transport in the
stack using the visualization method was studied by (Rahimi-
Esbo et al. 2020). They indicated that the water accumulation
can be caused by the non-uniformity of the volatge reduce
performance. While (Li et al 2024) used a visualization
combined with artificial intelligence to recognize the water in
the fuel cells. (Xu et al. 2025) proposed the purge control
strategy to improve the performance of the fuel cell. They
revealed that the PSO-BP-PID control strategy to achieve high
hydrogen utilization of 99.7%. (Shi et al. 2025) optimized the fuel
cell performance and shutdown purge strategy based on
machine learning. Their results show that the effectiveness of
the optimization strategy optimized conditions increases the
high-frequency resistance value by 0.79 m(Q. (Xiao et al. 2025)
studied the performance of the open-cathode PEMFC stack in
the DEA mode. Their results revealed that the cyclic exhaust
can reduce the degradation of the fuel cell voltage. (Liu et al.
2026) studied the anode internal purge on the open-cathode
PEMFC. Their results indicated that the system efficiency
improved from 25.71% to 48.29%.

The nitrogen gas diffusion phenomenon from the cathode
to the anode leads to voltage degradation during the DEA
configuration. (Baik et al. 2008; 2011) studied the nitrogen
crossover phenomenon in the fuel cell stack. Their results show
the nitrogen diffusion under varying operating conditions.
(Miiller et al. 2010) created a model to estimate the nitrogen
buildup in the stack channel. They indicated that the nitrogen
caused the voltage performance and should be removed,
considering the voltage decay and hydrogen utilization.
Similarly, (Kocha et al. 2006) studied the characterization of gas
crossover and developed a model to estimate nitrogen
accumulation. Their model was validated by experiment, and
they concluded that the nitrogen accumulated around 5% to
10% at the anode outlet. (Ahluwalia et al. 2007) discussed the
nitrogen diffusion and accumulation in the anode channel in the
stack for the automotive 90-kW. Their results discussed in detail
the nitrogen gas accumulation under various operating
conditions. (Meyer et al. 2014) investigated the nitrogen buildup
in the channel during the DEA mode using thermal imaging and
electrochemical impedance spectroscopy methods. The result
shows that there is higher nitrogen accumulation at higher load
levels. (Manokaran et al. 2011) experimented to investigate the
inert gas during the DEA mode. They revealed that the inert gas
percentage occupied 57%, 45%, and 35% under load currents of
600, 300, and 150 mA cm™. (Yang et al. 2025) predicted the
nitrogen content at the anode side and proposed the purge
strategy to optimize the fuel cell performance. Their results
show that the energy efficiency improved by 0.5-1%.

In summary, the temperature and hydrogen utilization of
the open-cathode PEMFC stack impacted a majority of the
stack's performance and energy efficiency during its operation.
Therefore, the optimization of the purge valve operation and the
electric fan speed play a key role in optimizing the performance
and energy efficiency of the stack. In our previous publication
(Do et al. 2024), the fan speed was optimized under various fan
duty factors and operating currents. On the other hand, the
purge operation holds significant importance in removing the
water, impurities, and nitrogen to recover the performance and
save the hydrogen utilization. Frequently purging leads to more
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unreacted hydrogen being purged, resulting in wasted hydrogen
and consuming more auxiliary power, while longer purging
leads to voltage deterioration. Therefore, the purge strategy
should consider voltage stability and hydrogen utilization. The
objective of this study was investigated and evaluated the stack
performance and energy efficiency under varying purge
operations at optimal fan speed. Additionally, the hydrogen
purge strategy was proposed to optimize energy efficiency,
considering voltage stability and hydrogen consumption.

2. Experimental setup
2.1. Experimental setup

Fig. 1 depicts the scheme of an experimental setup for
this research. It consists of the supplied hydrogen gas
components, the stack of open-cathode PEMFC integrated with
an electric fan, a purge valve, a hydrogen supply valve, sensors,
recording devices, and an electric load machine. A commercial
stack of open-cathode PEMFC (MT185248-100, Horizon Fuel
Cells Technologies, Singapore) was used for the experiment.
Additionally, Table 1 details the technical characteristics of the
open-cathode PEMFC stack.

At the anode side, dry hydrogen (99.999%) was fed and
depressurized using a pressure-reducing valve (IR4004, Parker,
Taiwan). Additionally, a pressure regulator (R06-221, Norgren,
Mexico) was employed to maintain a stable hydrogen inlet
pressure. A pressure gauge (Wika Model 131.11 Bourdon,
Netherlands) was installed to intuitively display the hydrogen
inlet pressure. A check valve (SS-4C 521571001, Swagelok,
USA) was used to prevent backpressure from the hydrogen in a
stack from entering the hydrogen mass flow meter during purge
valve operation. To enhance the electrochemical reaction and
achieve cost-effective hydrogen utilization, the solenoid valve,
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which was called the purge valve, was used to block the
hydrogen outlet during DEA mode. At the cathode side, an axial
electrical fan, integrated into the stack, was employed to
dissipate heat generated by the stack and supply air from the
environment.

The electric load machine (PLZ164WA, Kikusui, Japan)
was utilized to apply load levels to the stack during the
experimental process. The direct current (DC) power source
(UB001A, Keysight, USA) was employed to supply electrical
power to the auxiliary equipment. In this research, a
microcontroller unit (MCU) was designed and fabricated to
control the auxiliary components, including the hydrogen
supply valve, purge valve, and electric fan. The specifications of
the MCU are tabulated in Table 2. Furthermore, the control
program was developed using the MATLAB/Simulink software
environment and embedded into the MCU. A hydrogen mass
flowmeter (Alicat, SLPM10-D/5M-M, USA) was installed to
determine the flow rate of hydrogen. A shunt current sensor
(SH-0010A-50mV, CPU Co., Ltd, Taiwan) was used to measure
the auxiliary currents and stack currents. To monitor the stack
temperature, a thermocouple (WTC-TT-T-36, IOThrifty, USA)
was placed at the center of the stack. Data acquisition was
managed using a data acquisition card (DAQ, NI 1991, USA),
which communicated with and processed signals via LabVIEW
software. The DAQ recorded key parameters, including the
hydrogen flow rate, stack voltage, stack current, auxiliary
current, and stack temperature.

The power consumption of the MCU of 1 W in this study,
compared to previous studies using the commercial NI my-RIO
(Do et al. 2024), is 6 W for the NI my-RIO. Therefore, the
improvement of the MCU in this study significantly contributed
to reducing the auxiliary power consumption, resulting in
energy efficiency increased.
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Fig. 1 Experimental setup schematic in this study

Table 1
Technical characteristics of the open-cathode PEMFC stack
Specifications Values
Cell number 20
Cell activation area 22.5 (cm?)
Nominal output power 100 W
Maximum power 93A @12V
Dimensions of the stack 118 x 104 X 94 mm
Weight of stack 1290+ 50 g
Inlet pressure 0.45 - 0.5 bar
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Table 2
Specifications of the MCU in this study
Specification Description
Host architecture AVR/ATMega2560
Input voltage 12V
Clock speed 16 MHz
Dimension compact 100 x 80 X 20 mm
Weight 150 g

2.2 Experiment procedure

Before performing tests in DEA mode to investigate the
stack performance and energy efficiency under varying load
levels and purge intervals, the fuel cell stack underwent a one-
hour activation process at a constant load of 4 A. This activation
aimed to achieve high and stable performance by humidifying
the membrane and removing impurities. Subsequently, water
and impurities were expelled by controlling the hydrogen flow
rate using a purge valve with a continuous on-off signal,
ensuring optimal conditions before starting the experiments.
The electric fan speed significantly influenced the stack's
performance, as it not only supplied air from the environment
but also dissipated heat generation from the electrochemical
reactions of the fuel cell stack. The electric fan speed was
managed using the pulse width modulation (PWM) technique,
where the duty cycle ratio determined the fan's operating speed.
The duty cycle ratio was defined as follows (Wang et al. 2010):

Ton
Dgn = =——
fan Tcycle

(1)
Where T,,, and T,y refer to the pulse width time and period
time of one cycle, respectively.

A lower fan duty cycle ratio, resulting in reduced fan
speed, may lead to insufficient airflow or inadequate dissipation
of heat generated by the fuel cell stack. Conversely, a higher fan
duty cycle ratio increases fan speed but also results in higher
power consumption. Therefore, determining the optimal fan
speed is crucial for efficient stack operation. In our previous
study (Do et al. 2024), energy efficiency was evaluated under
various fan duty cycle ratios. The optimal duty cycle ratio was

o~
&0
~—

tpa |-

i

f=

ll’l’

found to be 20% at low and medium operating currents. For
high operating current densities, the optimal duty cycle ratio
increased to 40%, as the higher fan speed was necessary to
provide adequate airflow and dissipate the heat generated
under high load conditions.

During stack operation in DEA mode, purge operations
significantly influenced energy efficiency. The solenoid valve
operation status is illustrated in Fig. 2(a). Notably, the purge
duration represents the period during which the solenoid valve
remains open, while the purge interval denotes the period
during which the solenoid valve is closed. According to theory,
a higher operating current level results in higher water
generation (O’Hayre et al. 2016). Therefore, the purge interval
was set low value to remove the water vapor in the flow field
channels early and supply fresh hydrogen gas at a high
operating current level. In this research, the purge duration was
fixed at 0.1 s, and the purge interval was varied in steps of 180,
60, 40, and 20 s, corresponding to operating currents of 1 A, 3
A, 5 A, and 8 A, respectively. Stack performance and energy
efficiency were evaluated under these varying purge intervals
and operating currents. The energy efficiency was calculated
based on Eqg. (2):

J Prec()dt
MY = THY [ 1ivg, (D dt
_ I(Pstack (t) - Paux(t))dt
LHV [ vy, ()dt

(2)

Where: Ppet, Pstacks Paux, LHV and vy, denote the net power
output, power of the open-cathode fuel cell stack, auxiliary

tpa: Purge duration; t;: Purge interval; t,,: Purge period
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Fig. 2 (a) Description of the purge process; (b) Purge index
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consumption power, hydrogen’s lower heating value (LHV =
241 kJ mol™1), and volume of hydrogen flow rate, respectively.
The stack power in Eq. (2) was determined following Eq. (3):

fpstack (t)dt = f(lstack () X Vsacr (t) dt (3)

Where: Igtqcr and Vgeqor denote the stack current and stack
voltage, respectively.

Additionally, the auxiliary power consisting of the power
consumption of the purge valve, hydrogen supply valve, electric
fan, and MCU can be determined following Eq. (4):

J-Paux(t)dt = f(va(t) + PHsp(t) + Ppan(t)
+ Pycy(t))dt (4)
= [ Gawe ) % Ve 0110

Where: Ppy, Pusp, Pran, and Pycy represent the power
consumption of the purge valve, hydrogen supply valve, electric
fan, and MCU, respectively. In addition, I,,, V., denote the
auxiliary current and auxiliary voltage, respectively.

The hydrogen consumption flow rate depended on the
load levels during stack operation in DEA mode. Hydrogen
consumption comprised two components: hydrogen utilized by
the fuel cell stack owing to the reaction of the electrochemical
and hydrogen wasted, which was exhausted during the purging
process. It can be calculated using Eq. (5):

[ ot = [, 0 + 91, @) (5)

Where: vy, fcis the flow rate of the hydrogen consumption for
the electrochemical reaction of the stack, and vy, »p TEPTEsents

the wasted hydrogen consumption flow rate owing to the
purging process.

The flow rate of the hydrogen consumption for the
electrochemical reaction of the stack depended on the load level
and the number of cells. It was determined by Eq. (6):

I t)yXn
f Uy, (O)dt = f (%) dt (6)
Where: F and n denote Faraday’s constant (F =

96485 C mol~1), and the cell number in the stack, respectively.
Additionally, the wasted hydrogen consumption flow rate due
to the purging process occurred in the purge valve opened and
can be determined by Eqg. (7):

. 5140 (a = Po)Po
[ ~a— Fofo 7
vaZ,pp(t) de J- 3600 X Ky x PTstack(t) a @

Where: K, pa, Do, p, and Tsqcr represent the purge valve
characteristic, anode inlet pressure, anode outlet pressure at the
time the purge valve is opened, density of hydrogen, and stack
temperature, respectively.

During the stack operation with the DEA configuration,
the stack voltage is impacted by the purge interval. To evaluate
stack voltage variations, the stack voltage change and stack
voltage decay rate were regarded in this study. They were
described and shown in Fig. 2(b). The stack voltage change (V)
and stack voltage decay rate (V;.) was determined following Eq.
(8) and Eq. (9), respectively:

Int. J. Renew. Energy Dev 2026, 15(4), 693-707

| 697
Voc (i) = V(i)max,ap - V(i)min,dp (8)
V(@ — V(@i + Dmin
Vi + 1) = L Omaxen — (,)(l Ininty )
p(i

Where: V(@ + Diminppy VOmarap» and V(Dminap are the
minimum stack voltage before the next purging at the end of the
(i +1)th cycle, the highest stack voltage after a previous purging
at i -th purge, and the lowest stack voltage during the purge
process, respectively; T, denotes the purge interval of the
solenoid valve, and i is the summation index.

2.3 Hydrogen purge strategy and optimization of energy efficiency

During the stack operation with a DEA mode, as the
solenoid valve was opened, the unreacted hydrogen gas, along
with impurities and water were exhausted into the atmosphere.
Therefore, the possible maximum purging times number (N)
over the purge period, which was finished to discharge the gas
into the outside when the solenoid valve was opened, can be
determined as Eq. (10):

Atye  Atg

=T (10)
top  tpi+tpa

Where: At is the total of open-cathode PEMFC stack operation
time, t,; is the purge interval, and t,, is the purge duration. All
of the values above are in units of seconds (s). N should integer
number and rounded down based on experiments.

The total of pure time possible maximum (z,) in seconds
(s) can be defined based on the possible maximum purging
times number (N) and (t,) purge duration as follows in Eq. (11):

Tp =N Xtpa (11)

The voltage of the stack progressively decreased during
the DEA configuration. The primary reason was determined to
be the impurity, water generation occupying the channels due
to the back diffusion phenomenon, and nitrogen buildup due to
diffusion from the cathode to the anode, leading to a decline in
the electrochemical reaction area. To evaluate the voltage
stability, the average voltage degradation was considered
during open-cathode PEMFC stack operation with DEA mode
in this study. In addition, lower values of the average voltage
degradation were considered better. In other words, achieving
stable cell voltage output, which can be evaluated by low
average voltage degradation, was desirable for cell voltage
stability. The average voltage degradation (in mV) can be
determined by the following Eq. (12):

N

7, = %Z (Vtap - Vtw) (12)

i=1

Where: V. o Ve, N, and i denote the stack voltage inmV (after
@ P

previous purging) at the beginning of the new cycle (i+1)th, the
stack voltage in mV (before next purging) at the end of the
(i+1)th cycle, the possible maximum number of purging times,
and index of summation, respectively.

To evaluate the reliability of the governing equation, the
mean absolute percentage error (MAPE) was employed and
expressed following Eq. (13). The governing equation was fitted
through an optimal purge interval under varying load levels with
a high regression (R?) value of 1.0 and a low MAPE:
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1
—x 100%

|tpie - tpipl
tpi, N

and N denote the purge interval from the

N
MAPE = Z (13)

i=1
Where: tpi, tpip,
experiment, the purge interval from the proposal in this study,
and the number of load levels.

3. Results and discussion
3.1 Impact of purge interval on stack performance under load levels

The voltage of the open-cathode PEMFC stack during
DEA configuration operation was analyzed under varying
operating currents and purge intervals, where the purge
intervals represent the duration for which the purge valve
remains closed in this study. Fig. 3 illustrates the stack voltage
variation at an operating current of 1 A under different purge
intervals. It was seen that as the purge interval increased, the
stack voltage decreased during the purge valve closed period.
At a low operating current of 1 A, with purge intervals of 180 s
and 360 s, the stack voltage gradually declined over a 40-minute
experimental duration, as described in Fig. 3(a) and 3(b).
However, the voltage performance decreased slightly more with
a 180 s purge interval than with a 360 s interval. This occurred

(a)
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because the more frequent opening of the purge valve led to
greater hydrogen losses, resulting in less stable stack voltage.
As the purge interval increased to 540 s, the stack voltage
appeared stable, as described in Fig. 3(c). This was attributed to
the optimal timing of purge valve operations, ensuring
appropriate hydrogen release and stable voltage with minimal
hydrogen wastage. Consequently, a purge interval of 540 s was
identified as the optimal interval at an operating current of 1 A.
In contrast, at a purge interval of 720 s, the stack voltage
performance deteriorated after the 65th minute, as shown in Fig.
3(d). This was caused by excessive water accumulation and
potential carbon catalyst degradation. In general, the stack
voltage performance at a low operating current of 1 A remained
relatively stable and declined only slightly as the purge interval
increased, owing to limited water buildup in the channels.
Additionally, the stack temperature was relatively low and did
not reach the optimal range because the low operating current
generated insufficient heat.

When the open-cathode fuel cell stack was elevated to a
higher load level of 3 A, the stack voltage demonstrated a
gradual and notable increase at purge intervals of 60 and 180 s.
This improvement can be attributed to the higher heat
generated by the stack, which enhanced the electrochemical
reactions, as mentioned in Fig. 4(a) and 4(b). In addition, the
voltage remained relatively stable with minor reductions during
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each cycle once the stack temperature reached a steady state.
This behavior was explained by the frequent opening of the
solenoid valve, which effectively removed water, impurities, and
nitrogen buildup, allowing for prompt recovery of stack voltage
performance. When the purge interval was increased to 360 s,
the stack voltage progressively declined during the purge valve
closed period, with a voltage loss of approximately 0.18 V per
cycle, as depicted in Fig. 4(c). This voltage drop was caused by
the impurities, water, and nitrogen accumulation in the anode
channel, which reduced the effective activation area of the fuel
cell. At a further increased purge interval of 600 s, the stack
voltage performance deteriorated significantly, with a voltage
loss of approximately 1 V recorded during DEA mode
operation, as shown in Fig. 4(d). The closed purge valve
extension led to excessive water, impurities, and nitrogen
buildup, further diminishing the active cell area and negatively
affecting the stack's performance.

At the current of 5 A, the stack voltage performance
showed a gradual and slight decrease during the purge valve
closed period at purge intervals of 80 and 60 s. This behavior is
similar to the trends observed at lower load levels. The water,
impurities, and nitrogen were expelled effectively due to the
short purge intervals and periodic purging, allowing for prompt
recovery of stack voltage performance, as described in Fig. 5(a)
and 5(b). However, when the purge interval increased to 280
and 360 s, the stack voltage performance declined significantly,

with voltage losses of approximately 1.2 V and 1.5 V during DEA
mode operation, respectively. At this load level, the optimal
purge interval was identified as 280 s, considering both the
number of purge events and the stability of the stack voltage.
Specifically, while shorter purge intervals ensured stable voltage
performance, they resulted in higher hydrogen wastage.
Conversely, longer purge intervals reduced hydrogen waste but
caused voltage instability. Thus, the optimal purge interval in
this study balances stable voltage performance and hydrogen
utilization, which was found at 280 s, as depicted in Fig. 5(c).
When the purge interval was further increased to 360 s, the
stack voltage performance deteriorated significantly, as shown
in Fig. 5(d). This reduction can be explained by the excessive
buildup of impurities, water, and nitrogen at the anode flow field
channel, resulting in a reduced electrochemical reaction area
and negatively impacting stack performance.

As the stack operation at a high load of 8 A, the voltage
remained stable with short purge intervals of 20 and 40 s, as
described in Fig. 6(a) and 6(b). This phenomenon is caused by
the frequent opening of the solenoid valve, which facilitates the
continuous removal of impurities, water, and nitrogen buildup
from the anode flow field channel. Consequently, more
unreacted hydrogen was expelled. As the purge interval
increased to 60 s, the stack voltage gradually decreased during
DEA mode; however, the voltage did not decline sharply, and
the purge process remained effective, as shown in Fig. 6(c).
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Therefore, a purge interval of 60 s was considered optimal due
to voltage stability and reduced unreacted hydrogen. As the fuel
cell stack operated with a purge interval of 120 s, the voltage

Int. J. Renew. Energy Dev 2026, 15(4), 693-707
| 700

deteriorated significantly, as more water, nitrogen, and
impurities accumulated in the anode channel, reducing the
activation electrochemical reaction area, as depicted in Fig.
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6(d). This buildup of nitrogen, water, and impurities at high
operating current obstructed proton diffusion across the
membrane and hindered hydrogen transport to the active
electrochemical sites. Water buildup led to flooding
downstream of the anode channel, reducing the contact area
between hydrogen and the surface of the catalyst, thus reducing
the efficiency of the electrochemical reaction. As water filled the
gas channels and the catalyst layer pores, it displaced hydrogen,
limiting its access to the catalyst surface and making the
reaction less effective.

3.2 Impact of load levels on stack performance

Fig. 7(a), (c), (e), and (g) show the stack voltage during
stable operation at various operating currents and optimal purge
intervals. It can be observed that as the load levels increased,
the stack voltage decreased due to higher overpotential and
increased water generation in the fuel cell stack. This led to
water adhering to the membrane, causing hydrogen starvation
and hindering the passage of protons through the fuel cells. On
the other hand, when the purge valve remained closed for
longer periods, nitrogen gathered in the anode flow field
channel owing to diffusion from the cathode to the anode,
resulting in a high nitrogen mass fraction and further hydrogen
starvation. At the stable operating stack temperature, the stack
voltage gradually decreased during DEA mode. However, as the
purge valve was opened, the stack voltage recovered owing to
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the removal of impurities, water, nitrogen buildup, and the
supply of fresh hydrogen.

The stack voltage decay rate was low and not significant
at the low load level of 1 A, as depicted in Fig. 7(a). This can be
elaborated that the stack operated at a low load level, and the
heat generation from the stack was effectively removed by an
electric fan, preventing the optimal temperature from being
reached. As the load levels increased to 3 A and 5 A, the stack
voltage decay rate increased, reaching 1.5 mV and 2.5 mV,
respectively, as described in Fig. 7(c) and (e). At the high current
level of 8 A, the highest stack voltage decay rate of 5 mV was
observed. This phenomenon can be explained by the high stack
temperature, which contributed to drying out the membranes
owing to the high heat generated by the reaction of
electrochemicals in the fuel cell stack. Additionally, water
generation caused by back diffusion to the anode side hindered
the passage of hydrogen protons from the anode to the cathode.
In this study, the average stack voltage reached 13V, 12V, 11
V,and 20 V atload levels of 1 A, 3 A, 5 A, and 8 A, respectively.
Clearly, as the load levels elevated, the optimal purge interval
decreased, as more accumulation of impurities, water, and
nitrogen buildup at the anode flow field channel required earlier
removal. The step-by-step method was used to examine the
effect of purge intervals on the voltage and energy efficiency of
the stack. The optimal purge intervals were found to be 540,
360, 280, and 60 s for operating currents of 1 A, 3 A, 5 A, and 8
A, respectively.
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Although the fan’s duty cycles were fixed at the optimal
value for different purge intervals, the heat generation from the
fuel cells varied at different load levels. To clarify the impact of
stack temperature on performance, stack temperature was
considered and explained under various load levels in this
research. The optimal fan’s duty cycle was determined in a
previous study (Do et al. 2024) for various operating load levels.
To evaluate the fuel cell stack energy efficiency under different
purge intervals, the optimal fan’s duty cycle was set to 20% for
low and medium operating currents of 1, 3, and 5 A, and 40%
for high operating current of 8 A. Fig. 7(b), (d), (), and (h) show
the variation of stack temperature under load levels of 1, 3, 5,
and 8 A, respectively. It can be seen that the stack temperature
progressively raised from laboratory room temperature to a
stable temperature, reaching 35 °C, 50 °C, 67 °C, and 80 °C for
load levels of 1, 3, 5, and 8 A, respectively. Clearly, higher load
levels resulted in higher stack temperatures owing to the
stronger electrochemical reactions occurring in the fuel cell
stack.

3.3 Evaluation of stack voltage change and decay rate under different
purge intervals

Because the stack was operated under various load levels
and purge intervals, the stack voltage performance was
dramatically influenced and changed during the DEA
configuration. The voltage change and decay rate were
determined using Eqg. (8) and Eq. (9). The voltage change
reflects the susceptibility of the anode channel to flooding, while
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the voltage decay rate is defined as the average voltage decline
per time during each purge cycle (Baumgartner et al. 2008).

The variations in voltage change of the PEMFC stack and
voltage decay rate of the open-cathode PEMFC stack under
varying current levels and purge intervals, as described in Fig.
8(a) and (b), respectively. At alow operating current of 1 A, both
voltage change and voltage decay rate remain relatively stable
between 180 and 720 s owing to the slow reaction kinetics and
slower accumulation of impurities. The voltage decay rate
decreased from 0.45 mV s™! to 0.07 mV s7!, allowing for stable
cell performance and higher hydrogen utilization at longer
purging intervals. However, at higher load levels, both the
voltage change of the stack and the voltage decay rate of the
stack increased significantly compared to the 1 A case, with a
steeper slope corresponding to higher current levels. This
indicated that at higher reaction rates, the amount of water
generated from the oxygen reduction reaction increases
significantly. Consequently, the back diffusion phenomenon
from the cathode to the anode, along with nitrogen buildup,
leads to adverse conditions such as anode channel flooding and
fuel starvation. As membrane resistance increases, the voltage
declines sharply, causing both the voltage change of the stack
and the voltage decay rate to rise rapidly.

3.4. Fuel cell stack the energy efficiency

The energy efficiency of the stack was evaluated and
analyzed under various operating currents and purge intervals
in this study. Fig. 9 illustrates the energy efficiency under
varying purge intervals and load levels. The energy efficiency
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Fig. 9 Energy efficiency under various purge intervals and operating currents: (a) 1 A; (b) 3 A; (c) 5 A; and (d) 8 A

progressively increased to reach its maximum value and then
progressively decreased. Additionally, the optimal purge
interval was identified at the maximum energy efficiency, as it
provided a balance of voltage stability and hydrogen utilization.

At operating currents of 1 A and 3 A, the maximum energy
efficiency was achieved at 45.55% and 45.31%, corresponding
to optimal purge intervals of 540 s and 360 s. The increase in
maximum energy efficiency by 25.22% and 12.91%,
respectively, was greater compared to our previous study (Do
et al. 2024). This is because the stack was operated at the
optimal fan’s duty cycle, which helped optimize stack
temperature and reduce auxiliary power consumption. On the
other hand, hydrogen utilization was optimized at the optimal
purge intervals. At shorter purge intervals, energy efficiency was
lower because more unreacted hydrogen was expelled
frequently during the purge valve open phase. Additionally, a
reduction in energy efficiency occurred when the purge interval
exceeded the optimal point, as the stack voltage deteriorated
during longer purge intervals. This led to more water,
impurities, and nitrogen buildup at the anode channel, resulting
in hydrogen starvation, reduced electrochemical reaction area,
and obstruction of fresh hydrogen supply. Furthermore, water
attached to the membrane hindered the transport of hydrogen
protons from the anode side to the cathode side.

3.5 Hydrogen purge strategy and optimization of energy efficiency

To achieve high energy efficiency, the stack power should
remain stable, and the number of purges should be optimized.
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Fig. 10 Hydrogen purge strategy to optimize energy efficiency

Additionally, the power consumption of the auxiliaries,
including the electric fan and MCU, should be low. In this study,
the highest energy efficiencies achieved were 45.55%, 45.31%,
43.11%, and 35.05%, which represent increases of 25.22%,
12.91%, 9.15%, and 2.09% compared to our previous study (Do
et al. 2024), corresponding to operating currents of 1, 3, 5, and
8 A. This improvement can be attributed to the optimization of
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fan speed, purge intervals, and MCU power consumption in this
study. The optimal purge interval was carefully considered,
ensuring that the number of purge cycles and voltage stability
were reasonable. To find the optimal purge interval, the open-
cathode PEMFC stack was investigated under various purge
intervals and operating currents using a step-by-step method in
this study.

As we all know, as the solenoid valve is closed for a longer
time, more water, nitrogen, and impurities build up in the anode
flow field channel, increasing the mass transport overpotential.
Additionally, a longer purge interval causes hydrogen
starvation, leading to a decrease in stack voltage. In contrast,
shorter purge intervals result in more unreacted hydrogen being
purged frequently. Therefore, the determination of the optimal
purge interval for a PEMFC stack is not a straightforward task,
as it depends on various factors during stack operation. In
practice, the optimal purge interval is considered between
hydrogen consumption and voltage stability, which are related
to hydrogen utilization and stack power.

In this study, the total operation time of the stack was 2250
s, 1600 s, and 350 s, corresponding to operating currents of 1,
3,5, and 8 A, respectively. These values were used to determine
the total purge time and average voltage degradation under
various purge intervals, as detailed in Table 3. To assess the
accuracy of the optimal purge interval, trade-off attributes were
assigned for different purge intervals and operating currents.
These were then used to evaluate and determine the optimal
purge interval using a step-by-step method. The optimal purge
intervals were found to be 540 s, 360 s, 280 s, and 60 s for
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operating currents of 1, 3, 5, and 8 A, respectively, as they
provided a reasonable balance of voltage stability and hydrogen
consumption. Although shorter purge intervals resulted in
better voltage stability, which is represented by low average
voltage degradation, they also required more frequent purging,
leading to a greater amount of unreacted hydrogen being
expelled. Longer purge intervals seemed to improve hydrogen
utilization, but voltage stability deteriorated due to water,
impurities, and nitrogen buildup, which reduced the active
electrochemical reaction area.

At the optimal purge intervals across various operating
currents, the hydrogen purge strategy was developed in this
study, derived from the relationship between purge interval and
load levels, as described in Fig. 10. The governing equation was
proposed and expressed mathematically in Eq. (14), with high
regression and low error.

tpr = —2.7381 X Lyqep + 37.143 X 1240k (14)
—202.98 X Itqcr + 708.57
Where: t,; and Isqc represent the purging interval in second
(s), and the current level in A, respectively.

This governing equation was programmed and embedded
in the MCU to control the purge valve at various load levels,
ensuring that the PEMFC stack achieves the highest energy
efficiency. Additionally, the current sensor of the stack was
employed to determine the load levels and send the signal to
the MCU. The MCU then receives the signal from the current
sensor, calculates the corresponding purge valve setting for the
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Table 3
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Data for evaluating the optimal purge interval, which considers the trade-off between hydrogen utilization and voltage stability for 90 mins

Operating current Purge Possible maximum Total of pure time Average voltage
(A) interval number of purging T, (8) degradation
tyi (s) times (N) V4 (mV)
1 180 30 2.998 45.727
360 15 1.500 65.012
540 10 1.000 78.951
720 7 0.750 99.262
900 6 0.600 114.351
3 60 90 8.985 86.923
180 30 2.998 98.679
360 15 1.500 229.944
480 11 1.125 270.621
720 7 0.750 918.025
5 80 67 6.742 88.402
160 34 3.373 112.617
280 19 1.928 452.805
360 15 1.500 947.099
520 10 1.038 1363.165
8 20 269 26.866 83.405
40 135 13.466 96.148
60 90 8.985 184.382
100 54 5.395 768.761
140 39 3.854 1092.683

load level, and subsequently sends the control signal to regulate
the purge valve. This process aims to maintain maximum
energy efficiency as the load levels of the stack change, with the
control system adapting to optimize energy efficiency.

In this study, the hydrogen purge strategy to optimize
energy efficiency is described in detail in the flowchart of Fig.
11. The parameter inputs include the optimal fan’s duty cycle,
purge duration, limiting operating current, and duration of the
stack, all of which were set up in the MCU. The current sensor
was used to measure the load level of the stack. If the load level
of the stack is less than 6 A, the optimal fan’s duty cycle of 20%
is used. On the other hand, if the load level ranges from 6 to 10
A, the optimal fan’s duty cycle of 40% is selected to optimize
stack temperature and reduce fan power consumption. Next,
the purge interval corresponding to the load level is determined.
The stack operates in a dead-end anode configuration, with the
purge valve being opened and closed according to the MCU
control.

4. Conclusion

The DEA configuration was investigated under various
operating currents and purge intervals at the optimal fan speed
in this study. Additionally, a hydrogen purge strategy for the
open-cathode PEMFC stack in DEA mode was developed to
optimize energy efficiency. Several interesting conclusions were
revealed in this study. As the load levels of the fuel cell stack
increased, the voltage of the stack decreased due to higher
overpotential and increased heat generation. Additionally, the
stack voltage declined with longer purge intervals because more
water, impurities, and nitrogen buildup gathered in the anode
flow field channel, resulting in a reduced effective activation
electrochemical area. With short purge intervals, the stack
voltage remained stable because the purge valve was opened
frequently, expelling water, impurities, and nitrogen, leading to
prompt performance recovery. However, this also resulted in
increased hydrogen waste. Therefore, the optimal purge
interval in this study was determined by balancing stable
voltage and hydrogen consumption. The open-cathode PEMFC
stack energy efficiency was determined under varying load

levels and purge intervals. The energy efficiencies achieved
were 45.55%, 45.31%, 43.11%, and 35.05%, which represent
increases of 25.22%, 12.91%, 9.15%, and 2.09%, respectively,
compared to the previous study, corresponding to operating
currents of 1, 3, 5, and 8 A. This improvement can be attributed
to the optimization of the fan’s speed, purge interval, and MCU
power consumption in this study. In addition, the optimal purge
interval decreased as the operating current increased because
more water, impurities, and nitrogen buildup at the anode
channel needed to be removed earlier. Finally, the hydrogen
purge strategy was optimized to achieve the highest energy
efficiency with the optimal purge interval and the fan's duty
cycle. The governing equation was provided. This strategy is
significant for optimizing hydrogen consumption and
maintaining stable stack voltage.

Abbreviations and nomenclatures

Dfan Electric fan duty cycle
DC Direct current
DAQ Data Acquisition
DEA Dead-end anode
F Faraday’s constant (F = 96485 C mol™?)
i Summation index
Istack Operating stack current level (A)
Toux Auxiliary current (A)
K, Purge valve characteristic
LHV Hydrogen’s lower heating value (LHV = 241 kJ mol™?)
MCU Microcontroller Unit
MAPE Mean absolute percentage error
n Cell number in the stack
N Possible maximum purging times number
Pa Anode inlet pressure (atm)
Po Anode outlet pressure (atm)
PEMFCs Proton exchange membrane fuel cells
PWM Pulse width modulation
Ppet Net power output (W)
Pstack Power of the open-cathode fuel cell stack (W)
Poux Power of the auxiliary (W)
By Power consumption of the purge valve (W)
Pusp Power consumption of the hydrogen supply valve (W)
Pran Power consumption of the electric fan (W)
Pycu Power consumption of the MCU (W)
tpi, Purge interval from the experiment (s)
tpip Purge interval from the proposal in this study (s)
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top Purge period (s)
tpi Purging interval (s)
tpa Purge duration (s)
T Total of pure time possible maximum
Ton Pulse width time (s)
Teycte Period time of one cycle (s)
Tstack Stack temperature (K)
UUVs Unmanned underwater vehicles
UAVs Unmanned aerospace vehicles
Vh, Volume of hydrogen flow rate, in litter per minutes (LPM)
Vhy pe Flow rate of the hydrogen consumption for the electrochemical
reaction of the stack (LPM)
Uy pp Wasted hydrogen consumption flow rate owing to the purging
process (LPM)
Vstack Stack voltage (V)
Vaux Auxiliary voltage (V)
Vee Stack voltage change (V)
Ve Stack voltage decay rate (V s)
Va Average voltage degradation (mV)
Vii v Stack voltage in mV (after previous purging) at the beginning of
the new cycle (i+1)th (s)
V‘r')?l Stack voltage (before next purging) at the end of the (i+1)th
cycle (s)
Atse Total of open-cathode PEMFC stack operation time (s)
NLuy Energy efficiency of the fuel cell stack
p Density of hydrogen (kg m®)
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