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Abstract

This study conducted 1000-hour durability tests on four different single proton exchange membrane
fuel cells (PEMFCs). The overall performance degradation of the cells was evaluated, and the
evolution of two key dynamic response parameters —undershoot voltage and stabilization time—
was analyzed during current density transients over time. The results showed that fuel cells with
better mass transport properties consumed reactant gases more significantly in the upstream region
during current transitions, leading to higher undershoot voltages. At higher current densities, the
imbalance between gas supply and demand became more pronounced, further amplifying the
undershoot. As the cell activation process progressed, partial internal performance improved,
resulting in a decreasing trend in undershoot voltage. Stabilization time does not exhibit a clear
correlation with load magnitude, but its increasing trend is closely related to the degradation of the
cell’s steady-state performance. These findings reveal a strong connection between dynamic response
characteristics and performance decay, providing meaningful insights for the design, application,
and health assessment of high-performance fuel cells.

Keywords: dynamic response characteristics; proton exchange membrane fuel cell; stabilization time;
undershoot voltage

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are highly efficient and clean energy conversion
devices. Owing to their significant advantages, such as zero emissions, high power density, and low-
temperature startup, they have demonstrated immense development potential and wide-ranging
applications in various fields, including new energy vehicles, portable electronics, stationary power
stations, and backup power systems [1]. However, in practical applications, fuel cell systems often
need to cope with frequent and rapid load changes, such as vehicle acceleration and deceleration or
fluctuations in power demand from portable devices. Such dynamic conditions pose severe
challenges to the voltage stability, response speed, and long-term durability of the fuel cell. Therefore,
understanding the dynamic response of PEMFCs is crucial for achieving longer fuel cell lifetimes and
better performance [2].

During a step increase in current density, the output voltage of a fuel cell typically experiences
a sharp drop (voltage undershoot), followed by a partial recovery, and then gradually stabilizes at a
new operating point. The magnitude of this voltage recovery, i.e., the portion that rebounds from the
lowest point, is defined as the “undershoot voltage.” The time required for the voltage to complete
this characteristic recovery process is defined as “stabilization time.” These two parameters are key
indicators for characterizing the dynamic response of a fuel cell, reflecting the complex coupled
multiphysics processes within the cell, including electrochemical reactions, mass transport, and heat
management. A schematic diagram is shown in Figure 1.
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Figure 1. Schematic of undershoot voltage (a) and stabilization time (b) during the dynamic response of a fuel

cell.

Previous literature has extensively investigated the transient behavior of PEMFCs, particularly
the phenomenon of voltage or current undershoot. Kim et al. [3] examined the effect of reactant gas
stoichiometry on the dynamic response characteristics of a fuel cell under fixed reactant gas flow
rates and proposed a second-order lead/lag (SO L/L) response system to describe the dynamic
response process. Cho et al. [4] used large-area and transparent PEMFCs to study the dynamic
response by varying reactant gas stoichiometry, operating temperature, humidity conditions, and the
degree of cathode flooding. They found that the voltage undershoot behavior consists of two stages
with different time delays: one of about 1 s and another of 10 s. Pei et al. [5] experimentally studied
the effect of different operating conditions on the dynamic response of an air-cooled PEMFC stack
and found that at higher ambient temperatures, the undershoot voltage after loading was smaller,
and the time required for the fuel cell to return to a stable level was shorter. Chen et al. [6] used
printed circuit board (PCB) technology to segment the fuel cell into 16 sections and analyzed the
transient response of local currents, finding that the non-uniformity of in-plane gas distribution
caused differences in mass transport capability, which affected the overall performance and
degradation inconsistency. Yan et al. [7] found through experiments that the faster the load was
applied, the larger the undershoot voltage during the dynamic response. Loo et al. [8] developed a
one-dimensional, two-phase dynamic model of a PEMFC to explain its dynamic behavior.

While existing research has thoroughly investigated the mechanisms of voltage undershoot
during the dynamic response of PEMFCs, there is a lack of research on the relationship between
PEMFC durability and its dynamic response capability. This study conducts a systematic
experimental investigation and comparative analysis of the undershoot voltage and stabilization time
of four different single cells under various current densities and long-term durability testing
conditions. The aim is to deepen the understanding of the dynamic response characteristics of
PEMEFCs and provide a reference for the design and application of high-performance fuel cells.

2. Experimental Setup

This study utilized four different fuel cells, labeled A, B, C, and D, as test subjects. The single-
cell test fixture mainly consisted of end plates, current collector plates, and flow field plates. The flow
field plates were made of dense graphite with a triple-serpentine flow field, featuring a channel width
of 0.8 mm, a depth of 1.1 mm, and a land width of 0.9 mm, using a surface sealing method. A
Greenlight Innovation G60 test station was used for the durability tests. The relevant parameters of
the fuel cells are shown in Table 1.

Table 1. Key parameters of the tested fuel cells.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1546.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2025 doi:10.20944/preprints202507.1546.v1

3 of 13
Cell A Cell B Cell C Cell D
Rated current density
(A/cm?) 1.6 22 14 1.6
Active area (cm?) 25 25 25 25

The experimental setup is shown in Figure 2, and the fuel cell used is shown in Figure 3.

Figure 2. Durability test setup.

Figure 3. The fuel cell used in the experiment.

Durability tests were conducted on cells A, B, C, and D according to the Chinese national
standard GB/Z 44116-2024 [9]. Before the durability test and every 100 h during the test, polarization
curve tests were performed on the four cells. Before each polarization curve test, the fuel cell was
activated and conditioned at a current density of 0.6 A/cm? for 20 min, followed by a shutdown and
purge until the voltage dropped below 0.1 V. The polarization curve test was performed in current-
controlled mode with a step of 0.2 A/cm?. The results were based on the load-increasing process, with
data for each operating point averaged from 11 s to 70 s after the current step. The operating
parameters of the test stand are listed in Table 2.

Table 2. Operating parameters for the polarization curve tests.
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Activation Purge Polarization curve test
Anode gas H> H> He
Cathode gas Air N2 Air
Anode stoichiometry <18 - <18
Cathode stoichiometry <20 - <20
A
node flow rate 3 013 B
(NLPM)
Cathode {1
athode tlow rate B 035 _
(NLPM)
A hode Inl
node/Cat c;de nlet 80 80 80
Temp. (°C)
Anode/Cathode
Relative Humidity (%) 30-100 30-100 30-100
Anode/Cathode Inlet

1 1 1
Pressure (kPag) 50 50 20

The durability cycle conditions used in the fuel cell durability test and the reversible recovery
procedure, which was performed every 200 h of cumulative testing, followed Appendices E and F of
GB/Z 44116-2024. The fuel cell durability cycle profile is shown in Figure 4. The reversible recovery
procedure is detailed in Table 3.
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Figure 4. Fuel cell durability cycle conditions.

Table 3. Reversible recovery procedure.

Anode gas (Flow, Cathode gas (Flow,

Procedure I/min) I/min) Duration (s)
1 N2 purge N2 (1) N2 (2) 240
2 Air purge None (0) Air (4) 900
3 N2 purge N2 (1) N2 (2) 240
4 He purge H2 (2) None (0) 600
5 Ho/Air purge H: (2) Air (4) 5

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.1546.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2025 d0i:10.20944/preprints202507.1546.v1

5 of 13

3. Results and Discussion
3.1. Overall Performance Degradation
3.1.1. Subsubsection

After 1000 h of durability testing, the polarization curves for cells A, B, C, and D at different
durability test durations were obtained, as shown in Figure 5(a—d), respectively.
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Figure 5. Polarization curves at different durability test durations: (a) Cell A; (b) Cell B; (c) Cell C; (d) Cell D.

As shown in Figure 5 after 1000 h of testing, Cell A exhibited the smallest performance change
among the four cells, indicating its relatively superior durability. The open-circuit voltage and
performance in the high current density region (concentration polarization) of Cell B showed a
significant decline, suggesting that after 1000 h, its proton exchange membrane had degraded more
than the others, leading to increased hydrogen crossover and reduced mass transport performance
at high current densities. Cell C also showed a noticeable performance drop at high current densities,
indicating a significant decline in its mass transport performance. Cell D showed the worst durability,
with significant performance degradation across the open-circuit voltage, activation, ohmic, and
concentration polarization regions after 1000 h.

To further analyze the performance changes, the voltage of each cell at its rated current density
was plotted against the durability test duration, as shown in Figure 6(a—d).
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Figure 6. Voltage vs. durability test duration at rated current density for (a) Cell A, (b) Cell B, (c) Cell C, and (d)
Cell D.

As seen in Figure 6, the voltage of Cell A at its rated current density of 1.6 A/cm? showed a clear
downward trend with increasing durability test duration. For Cells B, C, and D, the voltage at their
respective rated current densities initially showed an upward trend, indicating that they were still in
an activation process during the early stages of the durability test. Performance degradation began

only after a certain duration. Therefore, Cell B was likely in an activation state for the first 100 h, Cell
C for the first 400 h, and Cell D for the first 300 h.

3.2. Undershoot Voltage Analysis

Undershoot voltage is a crucial indicator for evaluating the dynamic response characteristics of
a fuel cell. A significant voltage undershoot phenomenon was observed at the current density
transition points in the raw data from the polarization curves measured after the durability tests. The

undershoot voltages for the four cells at various current densities and durability test durations were
extracted and are shown in Figure 7.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.1546.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2025

0045
005
004
0.05 0035

003

0025

Undershoot Voltage / V

0015

001

0.005

1
400

300, 06 "%
29,00 02 o
0 Duration of Durability Test /h -

Current Density / A-cm™

0.016
0.07

0.014

0.012

0.0 ‘l 0.01
= o
0.0 \0/

0.008

NN

0.006

Undershoot Voltage / V
I’ .

NN

Undershoot Voltage / V

0.004

0.002

~200
1

! - 00 02"
Duration of Durability Test / h 0 -

o
Current Density / A-cm™ Duration of Durability Test / h 0 02

Current Density / A-em™

(© (d)
Figure 7. Undershoot voltage distribution for (a) Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.

Comparing the different cells, the undershoot voltage values for Cells A, B, and C at high current
densities were larger than those for Cell D. This may be related to the better steady-state performance
of Cells A, B, and C in the high current density region (concentration polarization). During a current
density transition at high current densities, Cells A, B, and C could deliver more reactant gas to the
catalytic sites compared to Cell D, consuming more reactants in the upstream region of the flow field.
This temporarily exacerbates reactant starvation downstream, making it more difficult for reactants
to reach the catalytic active sites in a timely and uniform manner, thus resulting in a larger
undershoot voltage.

To more clearly represent the relationship between undershoot voltage and current density for
the four cells, the average undershoot voltage at each current density across all durability test
durations was calculated, as shown in Figure 8.
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Figure 8. Average undershoot voltage at each current density (averaged over all durability test durations) for
(a) Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.

The results in Figure 8 show that, except for Cell D, the undershoot voltage of Cells A, B, and C
generally tended to increase with increasing current density. It is worth noting that this experiment
was conducted under a constant stoichiometric ratio with an ample supply of reactant gas, which
differs from many previous studies that used constant gas flow rates. For instance, Kim et al. [10]
studied the current density undershoot phenomenon using a constant reactant gas flow rate, where
higher cell output current densities led to more severe reactant starvation.

Under a constant stoichiometric ratio control strategy, when the load (current density) changes,
the supply of reactant gases (air and hydrogen) must be adjusted accordingly to maintain the set
stoichiometry. However, the regulation of gas flow and its stabilization within the flow channels take
a certain amount of time. Therefore, at the moment of a current density transition, a temporary gas
supply shortage may still occur due to the delayed response of the gas flow, even under a constant
stoichiometry control strategy. A larger current density implies a greater demand for reactants, and
this temporary mismatch between gas supply and demand may be more significant during the
transition, leading to an increase in the undershoot voltage.

To more clearly represent the relationship between undershoot voltage and durability test
duration, the average undershoot voltage at each durability test duration across all current densities
was calculated, as shown in Figure 9.
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Figure 9. Average undershoot voltage at each durability test duration (averaged over all current densities) for
(a) Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.

As shown in Figure 9, the trend of undershoot voltage with durability test duration was not as
uniform as its trend with current density. The undershoot voltage of Cell B generally showed a
decreasing trend in the first 100 h of the durability test and an increasing trend from 100 h to 1000 h.
The undershoot voltage of Cell C showed a decreasing trend in the first 400 h, while that of Cell D
showed a decreasing trend in the first 300 h. As previously mentioned, Cells B, C, and D had
activation periods of 100 h, 400 h, and 300 h, respectively, which correspond to the trends in their
undershoot voltage with durability test duration. This suggests to some extent that an increase in
undershoot voltage reflects a decline in cell durability. At the same time, these observations strongly
indicate that certain changes occurring within the cell during the activation process (such as catalyst
wetting, ion channel formation, etc.) are closely related to the changes in undershoot voltage. The
activation process is usually accompanied by an improvement in electrochemical performance, which
may help mitigate voltage fluctuations during current density transitions.

The undershoot voltage of Cell A showed a decreasing trend with durability test duration, which
contradicts the trend of its performance degradation. Further electrochemical characterization tests
could be designed to investigate this anomalous trend for Cell A and the relationship between cell
activation and undershoot voltage.

3.3. Stabilization Time Analysis

Stabilization time reflects the speed at which the fuel cell voltage recovers after a current density
transition and is an important parameter for measuring its dynamic response speed. The stabilization
times for the four cells at various current densities and durability test durations were extracted and
are shown in Figure 10.
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Figure 10. Stabilization time distribution for (a) Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.
The 3D bar charts of the stabilization time distribution for each cell do not clearly show the
trends with durability test duration and current density. To more clearly represent the relationship

between stabilization time and current density, the average stabilization time at each current density
across all durability test durations was calculated, as shown in Figure 11.

20

Stabilization Time / s
Stabilization Time /s

02 04 06 08 1 12 14 16 18 2 22
02 04 06 08 1 1.2 1.4 1.6 1.8 2 22 Current Density / A'cm_2
Current Density / A-em™
(a) (b)

251

201

Stabilization Time / s
Stabilization Time / s

02 04 06 08 > o s 5 s 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
. . X . 1 1. 1.4 1. 1. . E
2 Current Density / A-cm 2
Current Density / A-cm
(©) (d)

Figure 11. Average stabilization time at each current density (averaged over all durability test durations) for (a)
Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.

Unlike the undershoot voltage, the trend of stabilization time with current density was not
obvious in this study. This may imply that within the tested current density range, the main factors
affecting stabilization time are more related to the aging state and inherent mass transport
characteristics of the fuel cell, rather than being directly determined by the magnitude of the current

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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density. To more clearly represent the relationship between stabilization time and durability test
duration, the average stabilization time at each durability test duration across all current densities
was calculated, as shown in Figure 12.
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Figure 12. Average stabilization time at each durability test duration (averaged over all current densities) for (a)
Cell A, (b) Cell B, (c) Cell C, and (d) Cell D.

A comprehensive analysis of the data for Cells A, B, C, and D shows that the stabilization time
generally tended to increase with increasing durability test duration. This indicates that as the cells
age, their voltage response speed tends to slow down during current density transitions. This
phenomenon can be explained by the cumulative changes that may occur inside the cell as the
durability test proceeds, such as catalyst agglomeration or loss, degradation of the electrolyte
membrane, or a decline in the water management capability of the gas diffusion layer and
microporous layer. All these changes can cause the speed at which reactant gases reach the catalyst
active sites to lag behind the rapid changes in load demand. In particular, the deterioration of the
cell’s internal water management capability can significantly hinder the rapid response and
adjustment of the gas flow field during a current transition, causing the fuel and air to take longer to
refill the entire flow channel and effectively penetrate to the catalyst active sites, thereby leading to
an extension of the stabilization time.

4. Conclusions

This study systematically analyzed the overall performance degradation of four groups of
proton exchange membrane fuel cells through 1000-hour durability tests, with a focus on revealing
the evolution of key dynamic response parameters (undershoot voltage and stabilization time) with
current density and operating time under current density step changes. The main conclusions are as
follows:
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(1) Cells with stronger mass transport performance consume more reactant gases in the
upstream region of the flow field during a current density step, exacerbating reactant starvation
downstream and leading to a larger voltage undershoot.

(2) Even under constant stoichiometric control with an ample supply of reactant gas, a fuel cell
will experience a higher undershoot voltage during a current density transition at high current
densities. This is because the reactant gas supply cannot keep up with the rate of change in demand,
and the supply-demand mismatch is exacerbated at higher current densities.

(3) During the dynamic response of a fuel cell, the improvement in internal performance due to
cell activation leads to a decreasing trend in the undershoot voltage.

(4) The magnitude of the current density is not the main factor affecting the voltage stabilization
time during the dynamic response of a fuel cell. The main factors are more related to the aging state
and inherent mass transport characteristics of the fuel cell.

(5) There is a correlation between the extension of the stabilization time during the dynamic
response of a fuel cell and the degradation of its steady-state performance.

These findings are of significant theoretical and practical value for a deeper understanding of
the dynamic behavior of fuel cells under actual operating conditions, for assessing their performance
degradation, and for developing better cell management and control systems. Future work could
further incorporate microstructural and electrochemical characterization tests to more
comprehensively reveal the underlying mechanisms of undershoot voltage and the corresponding
stabilization time.
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