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Abstract: The working life of a stack is basically determined by the behavior of its weakest monomer;
therefore, during a dynamic loading process, high-voltage uniformity plays a key role in stack
durability. This work experimentally investigated dynamic responses and voltage uniformity with
different loading strategies from an initial state (open-circuit state) to a target current at subzero
temperatures. The results presented that the maximum voltage coefficient variation Cv values,
representing the relative standard deviation of the monomer voltage, increased from 19.75 to 35.65 and
the voltage uniformity sharply decreased with the increase in loading sizes at the stack temperature
of −4 ◦C. It was possible that this could result in the instability of the single cell voltage output and a
voltage uniformity fluctuation with a high step loading amplitude. The voltage uniformity became
worse as the stack temperature decreased from −2 ◦C to −8 ◦C, the voltage uniformity between
single cells of the stack continued to deteriorate under a step current density of 0.15 A/cm2 at a
relatively low temperature of −8 ◦C. By comparing several constant loading rate strategies, it could
be ascertained that reducing the loading rate was conducive to voltage uniformity in the whole
investigated process. A comparison of the different loading rates indicated that the square increasing
loading rate strategy is the best strategy among them and a Cv threshold of 5.5 can be obtained
during the whole load process at a temperature of −4 ◦C, which might be a guideline and provide a
reference in actual engineering applications for PEMFC dynamic loading responses.

Keywords: proton exchange membrane fuel cells; voltage uniformity; dynamic characteristics;
subzero temperatures

1. Introduction

With increasingly serious environmental pollution as well as the energy crisis and
sustainability issues, hydrogen and fuel cell technologies are regarded as being potential
solutions to these problems [1,2]. Basically, proton exchange membrane fuel cells (PEMFCs)
can be classified into low temperature (below 100 ◦C) PEMFCs (LT-PEMFCs) and high
temperature (higher than 120 ◦C) PEMFCs (HT-PEMFCs) based on different working
temperatures. With many outstanding characteristics such as high efficiency, a compact
construction, sustained operations, the potential for a low cost and volume, high durability,
and a fast start-up ability, LT-PEMFCs have been regarded as one of the most promising
power generation devices and have become popular in commercial applications around
the world [2]. Nevertheless, the freezing start ability of LT-PEMFCs is extremely critical for
its comprehensive application and requires further development [3]. The quality of a cold
start for a stack affects its durability and then increases the costs of the fuel cell in turn [4].
Generally, a stack is formed by several dozens or hundreds of monomers and its worst
single cell determines the stack lifetime; therefore, improving single cell voltage uniformity
during the cold start process is of great significance for enhancing stack durability [5,6].

Considering the effect of a freezing start on PEMFC stack durability, most of the
literature has mainly investigated the degradation phenomenon and mechanism caused
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by subfreezing temperatures [5,7,8] as well as influencing factors [4,9,10] and mitigation
strategies [11–18]. Output performance degradation always occurs after repeated cold start
cycles. Mishler et al. [7] showed that the electrocatalyst surface area and output performance
decreased after conducting several cold start cycling tests. Zhong et al. [8] concluded that
inconsistent degradation existed in the output characteristics among the monomers and
the single cell near the reactant inlet had a maximum performance reduction. The quality
of the cold start and subfreezing temperatures have a great influence on the degradation of
the fuel cell [4,10]. Lin et al. [10] established that almost no obvious degradation existed
after achieving a successful cold start. However, the output voltage significantly degraded
when suffering a failed freezing start by testing the polarization curves of a fuel cell.
Therefore, several mitigation strategies have been put forward to promote the ability and
durability of a freezing start, including purges [4,11–13], supplying an antifreeze agent after
shutdown [14,15], and optimizing a cold start strategy [16–18]. Wang et al. [11] pointed
out that the initial membrane water content determined whether a successful cold start
could be realized and suggested that a shutdown purge was necessary for a successful cold
start. Song et al. [12] experimentally found that freezing damage could be highly effectively
mitigated by purging the gas after a shutdown. The degradation in the anode catalyst layer
did not occur when using air to purge the anode compartment. Gavello et al. [13] simulated
a method for preventing the fuel cell from performance degradation by supplying different
dry purge gases after a shutdown. The comparison showed that purging the cathode side
with dry air and the anode side with dry H2 obtained the best results and only a 7.6%
power density loss occurred after 20 repeated freezing start cycles. In the investigations of
Cho et al. [14] and Knorr et al. [15], methanol antifreeze was used to reduce performance
degradation. Knorr et al. [15] concluded that performance degradation was fully eliminated
at current densities below 1.4 A/cm2. Nevertheless, the residual methanol could reduce the
fuel cell performance because of the mixed cathode potentials at Tstack > 0 ◦C. A comparison
of cold start strategies elucidated in the research of Amamou [16] and Luo [17] indicated
that a controlling voltage mode was better than a loading current mode. In addition, a novel
adaptive strategy was proposed by Amamou [18] for maximizing the heat formation and
power, which showed a striking superior performance in comparison with the potentiostatic
and galvanostatic modes.

Commonly, the voltage coefficient variation (Cv) expresses the voltage uniformity of a
stack in the dynamic loading process, which is an efficient index to evaluate its lifetime. In
the literature, there are generally two loading ways exerted on a stack during a dynamic
loading process: step loading [19–23] and continuous loading [24–26]. Regarding step
loading, the influence of the step size [19,20,23] and the load frequency [21–23] have
received much attention in many investigations. Li et al. [19] observed that the larger
the step size loaded, the greater the fluctuation of the monomer voltage; a longer time is
needed to recover stability. Liu et al. [20] found that the maximum Cv values increased
from 2.15% to 11.12% and a longer time was needed for the voltage to realize stabilization
when varying the loading amplitude from 20 A to 110 A. Li [21] showed that increasing
the step loading frequency affected the voltage uniformity negatively. Nevertheless, the
results given in [22] pointed out that a high loading frequency could ensure the responses
of the loading rate. A more effective loading method was developed by Li et al. [23]
by considering the step amplitude and by concurrently varying the frequency, which
was conducive to the overshoot and stability of the stack output voltage. Considering
the continuous loading methods, many investigations have focused on the impacts of a
constant loading rate on the Cv values. Migliardini et al. [24] determined the worst Cv
value of 2.8% in an acceleration of about + 370 W/s. Corbo et al. [25] demonstrated very
good dynamic voltage uniformity results with Cv values lower than 2.5% in two power
acceleration slopes. In addition, a Cv value lower than 3% was monitored at 50 A/s by
imposing different stoichiometric ratio values in their other study [26].

The loading strategy from an initial state (open-circuit state) to the target current
and the corresponding dynamic characteristics is extremely important in subfreezing
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temperatures, especially for a successful cold start. In recent investigations, most loading
methods have been step loading [27,28] and linear loading strategies [29,30]. Nevertheless,
these studies paid little attention to voltage uniformity. In addition, step loading methods
may result in a poor transient response and voltage non-uniformity, which leads to the
reduction of the stack lifetime [21]. In this work, the effects of step loading size and stack
temperature on the dynamic characteristics and voltage uniformity were investigated
at subzero temperatures. Several current loading strategies were then evaluated and
compared. Finally, an optimized loading strategy was put forward for improving voltage
uniformity and heat generation.

2. Experimental Procedure
2.1. Experimental Setup

An integrated low pressure (<1.5 bar) PEMFC system was arranged and used in
our test system. Figure 1 presents the complete schematic diagram of this experimental
structure. The PEMFC stack was composed of 30 single cells with a composite graphite
bipolar plate and a 312 cm2 effective active area. The membrane electrode assembly (MEA)
consisted of a Nafion 211 membrane with a Pt loading of 0.7 mg/cm2. In terms of the
hydrogen-supplying subsystem, there were two high-pressure tanks (15 Mpa) on the
anode side, including a high-purity hydrogen source (>99.99%) and a nitrogen source.
After being decompressed, these two gases were delivered to the anode through a relief
valve and a proportional valve in the normal operating mode and the shutdown purge
mode, respectively. In addition, a 3 m long cooling pipe was set up in the environmental
chamber to ensure the inlet reaction gas temperature was almost the same as the envi-
ronmental chamber. An anode normally works in a dead-end mode; thus, a purge valve
periodically opens for discharging the residual gas and excessive water, which benefits the
output performance recovery and improvement. As for the air-supplying system, a Domel
792 compressor was provided to offer oxygen for the stack cathode after flowing through a
filter. To promote and ensure the output performance in the working mode, the inlet gas
humidification before entering the stack was realized by installing a Perma Pure Humidifier
FC300. The wet vapor or water was reused from the stack cathode outlet and two solenoid
valves were set in this subsystem to ensure the cathode inlet humidity. However, the hu-
midifier was excluded by using a purge bypass during the purge process at the shutdown
for improving the purge efficiency. The thermal management subsystem, composed of two
loops, aimed to make the stack work normally at a target temperature and avoid local hot
spots in the MEA. A mixture of deionized pure water and ethylene glycol with a freezing
point of −40 ◦C was utilized in this cooling circuit. The thermal masses of the smaller and
larger loop were about 13.75 and 27.65 kJ/K, respectively; therefore, the stack temperature
was almost stable during the initial loading process when simultaneously opening the
whole two loops. In addition, the controlling and monitoring subsystem was the same as
the test equipment introduced in detail in our previous research [20,31].

2.2. Experimental Procedure

The experiments were performed and conducted in an environmental chamber with
a varying temperature range ability of −70 ◦C to 80 ◦C and a changing rate of 2 ◦C/min
at a decreasing temperature. The target of this work mainly focused on the influence and
comparison of different current-varying strategies affecting the performance output and
voltage uniformity behavior at subzero temperatures. The stack voltage uniformity, based
on the references [21–23], could be displayed as:

Cv = 100 ×

√√√√
[

N

∑
i=1

(
Vi − V

V
)

2

]/N
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where Vi is the monomer voltage, V is the average voltage of a single cell, and N is the
number of monomers in the stack. In addition, the maximum voltage difference ∆Vcell
(Vmax − Vmin) was also utilized in this work to present the voltage uniformity.
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Figure 1. Schematic diagram of PEMFC system test platform.

The stack was activated before conducting the subfreezing experiment with operating
conditions of the stack temperature of 60 ◦C, anode pressure of 1.2 bar, and cathode mass
flow of 7.5 g/s. The single cell output average voltage was controlled at 0.65 V for 1 h.
The stack was then purged with 10 g/s of air at the cathode side and 50 SLPM of N2 at
the anode side to extract excessive liquid water from the stack. Next, the environmental
temperature was set to the target temperature with a freezing time of at least 4 h after
placing the fuel cell system into the environmental chamber. During the repeated dynamic
experimental process, the cathode supplying the air inlet mass flow was kept at 11 g/s and
the anode-supplying pressure was set at 1.3 bar. After performing these testing processes,
the stack was warmed by opening the PTC and activated again for the next experiments.

3. Results
3.1. Effect of Different Step Sizes

The loading current is a general aspect of the freezing start of a fuel cell system. A lower
current density generates a lesser amount of water, which can be easily absorbed by the
ionomer of the membrane, this reduces the possibility of ice formation on the three-phase
interface network in the catalyst layer, but operating at a relatively high current density
is basically favorable to a cold start due to the increased reaction heat [32]. Therefore, the
influence of the step sizes with different load current densities under a low temperature
of −4 ◦C was investigated and the output performances, including the dynamic output
characteristics and single cell voltage uniformity, were obtained accordingly.

Figure 2 shows the evaluation of different step current variations and the correspond-
ing stack voltage outputs. The stack voltage decreased sharply from an open-circuit voltage
(about 28.6 V) after the load was connected for 10 s under the stack temperature of −4 ◦C.
The low temperature reduced the activity of the Pt catalyst as well as the conductivity of
the proton exchange membrane, resulting in a higher activation loss and an ohmic loss of
the investigated stack. Therefore, the performance output of the stack at a low temperature
was poorer than that at a room or normal operating temperature. In addition, the corre-
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sponding output voltage of this testing stack decreased from 19.4 V to 14.6 V due to a larger
ohmic loss and activation loss when increasing the loading current density from 0.1 A/cm2

to 0.25 A/cm2. At a current density of 0.25 A/cm2, the average single cell voltage was
lower than 0.5 V and this average monomer voltage, within 0.3–0.5 V, was conducive to
a freezing start [33].
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The dynamic response performance process of this experimental fuel cell stack was
relatively stable and there was no obvious increase over a short time. A slight undershoot
could be observed for the whole step loading current. In terms of the dynamic character-
istics at a normal fuel cell stack temperature, e.g., 70 ◦C, the voltage response presented
two different time delays until a new stable state was reached, indicating an undershoot
behavior when the load varied to a relatively high current [34,35]. The first-time delay re-
ferred to the time when the output voltage continued to drop until it reached the minimum
value. The gas convection and diffusion process in the through-plane direction was related
to this behavior. The two-phase movement of the liquid phase and gas phase resulted in
a slow diffusion rate of the oxygen, an uneven distribution of oxygen concentration, and
insufficient water removal. Therefore, the mass transfer limit was the key factor of the
dynamic performance loss as the fuel cell worked at a higher current density [34]. The time
delay of the second stage referred to the time before the voltage reached a new steady-state
level due to the recovery of the membrane water content. When the load significantly
changed, the membrane dehydrated and its resistance increased accordingly, resulting in
a voltage loss. Due to the supply of humidifying gas and the internal hydrating balance
between the electro-osmotic drag and back diffusion, the membrane became hydrated
and the output voltage recovered. As the effective supply of humidified air increased the
stoichiometric ratio of the cathode, a more stable and faster transient operation took place
under the condition of a sufficient air stoichiometric ratio [34]. In this work, extra water at
the shutdown was blown out of the stack and led to a level of dryness in the membrane.
Under the condition of a climate temperature below 0 ◦C, the generated water might be
absorbed by the ionomer of the catalytic layer and the membrane in a short time; thus,
the phenomenon of liquid water freezing might not immediately occur in a CL [32]. Even
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if the stack was loaded a relatively high current, the absorbed water of the membrane
could offset the tendency of becoming more dehydrated. There was also almost no water
in the diffusion layer after purging at the shutdown, which positively influenced the gas
convection and diffusion process. The supply of reaction gas in the stack was sufficient,
which reduced the possibility of the voltage decreasing. Consequently, a stable transient
dynamic response could almost be obtained and a slight undershoot was visible. In another
investigation, a similar result was found from Jia [36]; a relatively steady status could be
achieved when loading a current from an initial open-circuit state at a subzero temperature
of −3 ◦C with a two single cell stack after conducting a dry N2 purge at the shutdown.

Figure 3 presents the voltage uniformity evolution of this testing stack during the
whole process. A voltage uniformity with a low Cv value could be obtained under the
condition of an open-circuit state at the low temperature of −4 ◦C. Apart from the stack
temperature, the open-circuit voltage was mainly affected by hydrogen permeability in
the membrane, which is also called the osmotic current or internal current [37]. A few
influencing parameters such as water content, degradation, and the temperature of the
membrane also affect hydrogen permeability. The size of the ion clusters and the amorphous
region increased with an increase in the membrane water content and temperature, which
caused a relatively higher diffusion coefficient of the gas crossover and the internal current
across the membrane [38,39]. Therefore, the osmotic current was small and balanced in
the single cell under both a relatively low stack temperature and the water content in the
membrane. Considering the same manufacturing process and structural design between
the different single cells for this new assembled stack, it could be inferred that each single
cell output voltage became uniform and an excellent single cell voltage uniformity could
be obtained in the investigated experiments.
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As the loading current changed, a few cells showed an output voltage corresponding
with the exerting current; however, others responded to an open-circuit state attributed to
the differences of the catalytic layers among cells. There was a huge inconsistency between
the single cell voltages of the stack [31]. The maximum Cv values increased from 19.75 to
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35.65 and the voltage uniformity sharply decreased as the step current rose. As a result
of a poor output performance at a low temperature, the step loading processes caused a
greater voltage inconsistency. Therefore, this situation should be avoided as far as possible
to enhance stack durability.

Clearly, the electrochemical reaction consumption increased as the loading current
became larger. Combined with the reason that the gas concentration in the flow field be-
tween the individual fuel cells was different because of the intake manifold structure
of the stack, this resulted in a greater gas concentration difference among the single
cells [21,40]. The single cell voltage uniformity, with Cv values varying from 2.74 to
6.22, became worse when increasing the current density from 0.1 A/cm2 to 0.25 A/cm2.
When the current density was less than or equal to 0.2 A/cm2, the voltage uniformity
of this stack appeared to be relatively stable. However, under a high current density of
0.25 A/cm2, more water was produced and this was more likely to affect the electrochemi-
cal surface area, leading to the relative instability of the single cell voltage output and a
voltage uniformity fluctuation.

3.2. Effect of Different Stack Temperatures

Temperature is another parameter affecting the low temperature characteristics of
a PEMFC stack. Obviously, it is more difficult to successfully start as the temperature
decreases. This section investigated the dynamic response performance and voltage uni-
formity of the stack under different temperatures (−2~−8 ◦C). Figure 4 shows the output
characteristics of the stack voltage with different temperatures at 0.15 A/cm2. It could be
seen from the results that the open-circuit voltage of the stack had almost no difference
and fluctuated at about 28.6 V with various low temperature because of the low mem-
brane permeability at subzero temperatures. When the load was connected at 10 s, the
stack voltage sharply decreased and then presented a relatively stable output state. The
output performance of the stack also decreased from 18.74 V to 14.3 V with the decrease
in the stack temperature. As the reaction rate of the reactant molecules on the Pt catalyst
and the transmission rate of H+ in the membrane were reduced, the activation loss and
ohmic loss increased as the temperature decreased, which resulted in a worse output
performance of the stack.
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Figure 5 shows the evolution of voltage uniformity with different temperatures at
0.15 A/cm2 during the whole process. As discussed above, the fuel cell stack had a relatively
low Cv value of about 0.948 at low temperatures due to a low osmotic current difference
and there was little difference between the Cv values at various temperatures. Once the
load was connected with a current density of 0.15 A/cm2, the single cell uniformity sharply
deteriorated and the maximum Cv changed from 21.98 to 34.74. This was attributed to the
increase in the changing amplitude in the stack voltage with a decrease in temperature,
leading to larger non-uniformity between the single cells. With the exception of the dynamic
output at −8 ◦C, the output characteristics almost achieved a stable output state within 1 s
in most cases. Even if the same current density was loaded, the voltage uniformity became
worse as the temperature decreased.
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Under the condition of −8 ◦C, the voltage uniformity between the single cells of the
stack continued to deteriorate. Figure 6 shows the evolution of Vmax, Vmin, Vaverage, and
∆Vcell during the whole process. It could be seen that, during the whole open-circuit state,
the maximum voltage and minimum voltage output of the single cells were stable and
∆Vcell was nearly 35 mV. The corresponding voltage output then decreased with the change
of the current step. Simultaneously, ∆Vcell instantly increased with a maximum value
of 0.66 V, which corresponded with the process of a sharp variation in the stack voltage
uniformity Cv. Although the average single cell voltage maintained a stable output of
0.47 V, the minimum single cell voltage output continued to drop and finally decreased
close to 0.2 V at a threshold of an emergency shutdown. This led to a continuous increase
of ∆Vcell, which indicated that the single cell voltage uniformity became worse, as shown
in Figure 5. The produced water was more likely to be freezing at a lower temperature,
which influenced the electrochemical reaction in the catalytic layer and the transmission
of the reaction gas from the gas channel; thus, the voltage output difference between the
single cells became significant. It could be inferred that Vmin could be reduced to 0 V or
even a reverse voltage, which could cause irreversible degradation to the stack. In addition,
this could reduce the durability of the stack according to the bucket effect. Therefore, a
step load variation should be avoided as much as possible during the actual freezing start
process, especially at an extremely low temperature.
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3.3. Comparisons of Different Loading Strategies

It can be seen above that step loading at a low temperature resulted in a sharp re-
duction of the voltage uniformity, the instability of the dynamic output, and a continuous
deterioration in the single cell performance output, which may lead to an emergency
shutdown or reverse voltage and reduce the durability of the PEMFC stack. Nevertheless,
it is of significance to load a relatively high target current for further heat generation to
raise the fuel cell temperature. A constant loading rate strategy is popular and has been
applied in the literature and in reports [29,31]. A few constant loading rate strategies
were investigated by loading the current density from 0 to the target current density of
0.25 A/cm2 at different loading times of 5 s, 10 s, and 15 s under a stack temperature of
−4 ◦C. The corresponding dynamic output performance and single cell uniformity Cv
values were obtained and compared with the step loading strategy, respectively.

Figure 7a–f displays the comparison between the different constant loading rate
strategies and the step loading strategy. The open-circuit voltage of the stack was almost
the same with 28.6 V in the open-circuit for all investigated cases. The corresponding
output voltage of the stack decreased with the increase in the continuous loading current.
When the load current density reached 0.25 A/cm2 (78 A), the corresponding output was
almost the same as that corresponding with the step loading, reaching 14.8 V. When the
load current occurred, the voltage uniformity decreased due to the different sensitivity
of the single cells to the current. Nevertheless, the voltage uniformity improved due to a
smaller influence of the internal current after loading a small current (e.g., 20 A) [31]. The
voltage uniformity of the single cells then decreased due to the difference between the gas
distribution with the increase in the load current. The Cv value was almost the same at 5.5
as the load current maintained stability at 78 A. During the whole process of continuous
loading, although there was a rapid increase, the variation of Cv was relatively slight and
the maximum value of Cv was much smaller than that of step loading. Consequently, a
continuous loading change was more conducive to increasing voltage uniformity than step
loading under the whole loading process.
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Figure 7g,h presents a comparison of these constant loading rate strategies. In the
loading process, a higher loading rate resulted in a larger current output, but a smaller
corresponding voltage output. Nevertheless, almost the same state could be reached once
the current reached stabilization. For the output of voltage uniformity Cv values in the
loading process, the changing trend of the Cv value was similar; the maximum Cv value
decreased from 9.12 to 4.97 and then dropped to 4.57 in the initial stage of the loading
current with a decrease in the loading rate. In addition, the Cv values were higher due to a
higher current output in the whole varying process. Although the reducing loading rate
was conducive to voltage uniformity in the whole investigated process, a high current was
more conducive to heat generation and improved the low temperature starting ability of
the fuel cells [32]. Therefore, a better loading strategy should be developed to enhance the
dynamic output as much as possible for ensuring stack voltage uniformity and improving
the durability of the stack.

3.4. Comparisons of Two Increasing Loading Rate Strategies

Considering the heat generation rate at low temperatures and voltage uniformity, two
strategies—namely, the square and cure increasing loading rate—were investigated and
compared with the other strategies (step loading and the constant loading rate) to obtain a
better loading strategy at a stack temperature of −4 ◦C. As shown in the following equation,
K0, K1 and K2 were the corresponding coefficients and t was the loading time of 10 s. The
corresponding results were compared with other the strategies and the results are shown
in Figure 8a–f.

I2 = I1 + K0 × t Constant loading rate strategy (I);
I2 = I1 + K1 × t2 Square increasing loading rate strategy (II);
I2 = I1 + K2 × t3 Cure increasing loading rate strategy (III).

Figure 8a–d compares the square or cure increasing loading rate strategy with the
other two loading strategies, respectively. We found that, although the output current of
the increasing exerting rate strategy during the loading process was lower than that of
the other two strategies, the corresponding output voltage was the highest. In addition,
the Cv values during the testing process displayed the lowest fluctuation state and the
maximum Cv decreased under an initial small loading current status. Even if the Cv values
increased as the output current became higher, they almost reached the same state at the
initial open-circuit state and the corresponding loading current of 78 A, respectively.

Figure 8e,f shows the comparison of the performance output and voltage uniformity
between the two increasing loading rate strategies. It could be seen from the results that
the output current corresponding with the square increasing exerting rate strategy was
higher than that corresponding with the cure increasing exerting rate strategy, but the
output voltage was lower. There was little difference between the Cv values and the
voltage uniformity also presented a similar varying trend during the whole loading process.
However, obvious non-uniformity between the single cell voltages took place in the cure
increasing loading rate strategy due to the faster current-varying rate. For example, at
the end state of the loading current (almost 78 A), the maximum Cv value under the cure
increasing loading rate strategy fluctuated to 6.22. However, the voltage uniformity Cv
value of the square increasing loading rate strategy process remained within 5.5 in the
whole exerting process. Therefore, the square increasing loading rate strategy was better
than the cure increasing loading rate strategy and the Cv threshold could be regarded as 5.5
at a temperature of −4 ◦C in the exerting current process, which effectively improved the
voltage uniformity and heat generation rate of the PEMFC. The proposed strategy could
not only improve the durability of the fuel cell, but also may have a practical engineering
significance for the actual dynamic loading process of a fuel cell.
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4. Conclusions

This work investigated the dynamic responses and voltage uniformity under different
loading strategies at subzero temperatures. A few conclusions can be summarized from
the research above. The maximum Cv values increased from 19.75 to 35.65 and the voltage
uniformity decreased sharply with the increase in the loading current in the step loading,
which could result in the instability of the single cell voltage output and voltage uniformity
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fluctuation under a high step size. The voltage uniformity became worse as the temperature
decreased from −2 ◦C to −8 ◦C. The voltage uniformity between the single cells of the
stack continued to deteriorate at a current density of 0.15 A/cm2 at the relatively low
temperature of −8 ◦C. In terms of the constant loading strategies, reducing the loading rate
was conducive to voltage uniformity in the whole investigated process. The comparison
of the different loading rate strategies indicated that the square increasing loading rate
strategy was the best strategy and a Cv threshold of 5.5 could be obtained in the loading
process at a temperature of −4 ◦C, which may be meaningful in engineering applications
for actual PEMFC cell dynamic loading processes.
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