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Abstract

In order to explore the influence of the operating condition and temperature for proton exchange
membrane fuel cells (PEMFCs), a voltage-based PEMFC stack test is developed in this study. The operating
condition consists of idling, high-power, load-changing, and start-stop, and the test temperature is set as
[60, 65, 70, 75, 80, 85] °C respectively. For acomprehensive analysis, a linear regression model is employed
to quantify performance decline, while cell voltage monitoring (CVM) consistency serves as an index for
assessing internal stack condition variations. Results show that temperature significantly impacts the

durability of the PEMFC across different vehicle operating conditions.

Keywords: Proton exchange membrane fuel cell, Operating condition, Temperature, Linear
regression, Cell voltage monitoring

1 Introduction

Proton exchange membrane fuel cells (PEMFCs) hold great application potential for the advantages of
high energy conversion efficiency, high reliability, and zero-emission [1]. However, the severe operating
conditions will cause difficulty in controlling the fuel cell system and aggravate the degradation eventually
when the PEMFC is applied in automotive applications. In addition, the temperature also affects the
durability of the PEMFC [2], where the higher temperature will lead to increasing evaporation of the liquid
water while the lower temperature may cause the flooding of the cathode flow channel [3]. Considering the
relationship between PEMFC durability and cost, it is necessary to evaluate the influence of the PEMFC
under various operating conditions and temperatures simultaneously.

There are various theoretical and experimental approaches to examine and substantiate the relationship
between operating conditions and internal electrochemical changes [4]-[9]. Research [10] summarized the
typical operating conditions consisting of idling, high-power, load-changing, and start-stop as the main
operating conditions for PEMFC degradation. The idling condition represents a prolonged low-current
operation, which will induce high cathode-side potentials [6] and subsequently cause catalyst coarsening and
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carbon corrosion in the gas diffusion electrode [7], [8]. On the contrary, the high-power condition usually
occurs in the climbing and acceleration stages of automotive applications, and some phenomena such as air
shortage [11], [12], flooding [13], local overheating [14], [15] are prone to appear in this period. The load-
changing is regarded as the major condition in PEMFC performance degradation [16], where the
electrochemically generated water and heat will create a warm and humid environment inside a PEMFC stack
and accelerate the membrane and catalyst degradation. Furthermore, the load-changing condition also causes
control difficulty in supply gas stoichiometry, temperature, pressure, and relative humidity. During the start-
stop process, the hydrogen and oxygen may be present at the anode or cathode concurrently, the direct
reaction of them would induce a huge potential difference (up to 1.5V) to cause the carbon carrier to be
oxidized and corroded [17].

Since the typical operating conditions of PEMFC stacks inherently lead to variations in operating
temperature, some studies take this factor into account. Research [18] conducted accelerated durability
testing of PEMFC stacks under varying temperatures (60-85<C), where the PEMFC exhibits a maximum
efficiency degradation of 14.7% under non-optimal thermal conditions. Research [19] conducted
comparative durability testing at 55°C and 70°C on automotive PEMFC stacks. The findings demonstrate
significantly better performance recovery effectiveness at 55°C compared to only 4% recovery after 300
hours at 75°C. Furthermore, several temperature control methodologies have been adopted for the PEMFC
stack in automotive applications. In reference [20], researchers implemented a Pl-based thermal management
system to regulate the inlet-outlet temperature change in a PEMFC stack, then the developed model was
integrated into the Amesim platform. In addition, an artificial intelligence thermal control method was
applied to regulate PEMFC stack temperatures, where the proposed method was validated through a fuel cell
vehicle model from Autonomie software under comprehensive operating condition simulations [2]. However,
there are limited research cases in comprehensive assessments simultaneously evaluating temperatures and
operation conditions on the durability of PEMFC. Furthermore, the stack voltage uniformity during operation
has received insufficient attention in most existing research.

According to the experimental protocol GB/T 24554-2022 standards [21], a voltage-based PEMFC test is
developed in this study, where four operating conditions including idling, high-power, load-changing, and
start-stop while the tests are processed under six temperatures [60, 65, 70, 75, 80, 85] °C respectively. To
analyze the experiment results, a linear regression model is employed to quantify performance decline, and
the cell voltage monitoring (CVVM) consistency is set as an index for assessing internal condition variations
of the stack. This research can systematically investigate the synergistic influences of operating conditions
and temperature on PEMFC durability.

2 Experiment

2.1 Test Bench and PEMFC Stack

Figure 1 presents the 2kW test bench and the PEMFC stack of the test. The PEMFC stack utilizes the
water-cooling method to control temperature, the specific parameter values of which are provided in Table
1. Before the operating condition test, the polarization test is processed to obtain the idling current, reference
current, and rated current required for the operating condition test.

(b)
Figure 1: Test system of PEMFC: (a) 2kW test bench, (b) PEMFC stack.
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Table 1 Specific parameter values of PEMFC stack

Parameter Value
Rated power (kW) 1.35
Cell number of the stack 9
Membrane thickness (cm)  0.0178
Cell active area (cm?) 266

2.2 Operating condition Test

In this study, four typical operating condition tests including idling, high-power, load-changing, and start-
stop are processed by adjusting the input current, where the idling, reference, and rated currents are
determined through polarization testing. The load patterns are repeated to collect data from initial to final
cycles, where the voltage values are measured under the reference current. Each long cycle comprises
multiple short cycles, and there is a 1-hour stop following every long cycle. Besides, the tests are performed
across temperatures of [60, 65, 70, 75, 80, 85] °C respectively to enable a comprehensive assessment of both
operation conditions and temperatures on PEMFC durability.

2.2.1 Idling

For the idling condition, the test maintains the idling current for 3600 seconds first, then the load is
switched to the reference current for voltage measurement. Subsequently, the load is reduced back to the
idling current and marking the start of the next cycle. Figure 2 (a) presents the test trajectory for the idling
condition test. Each long cycle consists of four such repeated cycles, and the test completes 5 long cycles at
each specified temperature.

2.2.2 High-power

The rated current is set as the high-power condition in the proposed test. The procedure begins by
maintaining the idling current for 90 seconds, then the stack load is switched to the rated current for 3600
seconds. In the next step, the load is reduced to the reference current for voltage measurement before
returning directly to the rated current to initiate the next cycle. Figure 2 (b) presents the test trajectory for the
high-power condition test. Each long cycle consists of four such repeated cycles, and the test completes 5
long cycles at each specified temperature.

2.2.3 Load-changing

The load-changing condition test indicates the change from the idling current to the rated current in this
study. Firstly, the load is to maintain the idling current for 240s. Then the stack is loaded to the rated current
for 3s and reduced to the idling current for 15s in the next step. The small cycle is repeated 216 times and
after this, the stack is loaded to the reference current to measure the voltage. Figure 2 (c) presents the test
trajectory of the load-changing condition, and the test completes 5 long cycles at each specified temperature.

2.2.4 Start-stop

The start-stop condition test follows the same loading pattern as the load-changing condition test, where
the difference is that the long cycle of the start-stop condition test only consists of 27 short cycles and the
voltage is measured after 8 long cycles. Figure 2 (d) presents the test trajectory of the start-stop condition,
and the test completes 40 long cycles at each specified temperature.
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Figure 2: Test trajectory of typical operating conditions: (a) idling, (b) high-power, (c) load changing, (d)
start-stop.
3 Method

3.1 Linear regression

Since the lower frequency of data acquisition, this study adopts the linear regression model to present the
voltage degradation of the PEMFC. The formula for the linear regression model is as follows:
y=ax+b Q)
where a denotes the slope of the model, the absolute value of which represents the voltage degradation rate.
In addition, the coefficient of determination (R?) is utilized to characterize the stability of the voltage
degradation, the expression of which is shown as follows:

n a2
-1,
RP=1-——5 (2)
i=1 (V,fyi)
where n denotes the total number of instances; Vi )71. and ¥ denote the actual value, the fitted value, and
the average of fitted values respectively.

3.2 CVM consistency

Regarding the complexity of PEMFC stack behavior during load-changing and start-stop condition tests,
the cell voltage monitoring (CVM) consistency is employed to quantify single-cell voltage non-uniformity
inside the stack. Figure 3 presents the CVM performance of the stack under OH polarization testing, where
OH means the optimal condition state established through sensitivity analysis. In this study, the superior CVM
consistency corresponds to a narrower voltage differential between the highest and lowest single-cell voltages.
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Figure 3: CVM result of the stack under OH polarization test.

4 Results and Discussion

4.1 Idling and high-power results

Figure 4 presents the optimal average voltage results of five idling condition tests across temperature
variations, the details of which are provided in Table 2. There is a significant voltage reduction during idling
condition tests and the minimum degradation rate is 0.0031 VV/h when the test temperature is at 60°C. Besides,
the linear regression analysis demonstrates a strong correlation as the minimum R? is 95.17%, which
indicates the stable voltage decline patterns across all tests. In addition, the proposed test shows 70°C as the
optimal temperature for idling conditions, the improvements in average voltage are 1.85%, 0.14%, 0.85%,
1.99%, and 3.84% compared to 60°C, 65°C, 75°C, 80°C and 85°C respectively.
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Figure 4: Trend diagram of voltage results under idling condition tests.

Figure 5 presents the optimal average voltage from five high-power condition tests across temperatures,
the details of which are also provided in Table 2. There are two lower R? values of the linear fitting method
corresponding to 68.10% and 81.56% when the high load condition tests are processed at 60°C and 80°C,
this voltage fluctuation is caused by internal water or thermal imbalances during high-power conditions. In
addition, the proposed test show that 70°C is also the optimal temperature for high-power conditions, where
the voltage improvements are 3.01%, 0.68%, 1.78%, 3.01%, and 3.56% higher average voltages than 60°C,
65°C, 75°C, 80°C, and 85°C respectively. Notably, the high-power condition tests achieve 3.96% greater
average voltage than idling condition tests due to enhanced catalyst activity and gas diffusion under higher
current loads.
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Figure 5: Trend diagram of voltage results under high-power condition tests.

Table 2 Result of idling and high-power condition tests under different temperatures

Temperature (°C) 60 65 70 75 80 85
Degradation rate (V/h) 0.0031 0.0035 0.0035 0.0043 0.0050 0.0065
Idling R? of degradation rate (%) 99.97 9628 9847 9517 97.06  97.18
Average cell voltage value (V) 0.690 0.702  0.703 0.697 0.689  0.676
Decline of the best average value (%) 1.85 0.14 - 0.85 1.99 3.84
Degradation rate (V/h) 0.0014 0.0005 0.0014 0.0013 0.0018 0.0016
High R? of degradation rate (%) 68.10  99.14 90.12 93.89 8156  95.59
load Average cell voltage value (V) 0.710 0.727 0.732 0.719  0.720  0.706
Decline of the best average value (%) 3.01 0.68 - 1.78 3.01 3.56

4.2 Load-changing and start-stop results

Figure 6 presents the average voltage under different temperatures of load-changing condition tests.
Analysis reveals significant single-cell voltage variations during load-changing conditions, which prompts
the use of CVM consistency as a key performance index. Figure 8 (a) presents the optimal CVM consistency
results, all the details are shown in Table 3. Results show that 65°C is the best temperature for load-changing
conditions, where the minimum CVM error is 0.033 V, and the CVM consistency improvements of 112.12%,
51.52%, 121.21%, 57.58%, and 3.03% over 60°C, 70°C, 75°C, 80°C, and 85°C respectively. Besides, the
improvement in average voltage of the load-changing condition tests under 65°C is 3.29%, 0.43%, 1.71%,
2.00%, and 1.71% higher than other tested temperatures.
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Figure 6: Trend diagram of voltage results under load-changing condition tests.
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Figure 7 presents the average voltage performance of the PEMFC stack during start-stop conditions across
different temperatures, while Figure 8 (b) presents the corresponding optimal CVM consistency results, all
the details are shown in Table 3. Results show that 65°C is also the best temperature for start-stop conditions,
where the minimum CVM error is 0.048 V, and the CVM consistency improvements of 18.75%, 33.33%,
4.17%, 16.67%, and 29.17% over 60°C, 70°C, 75°C, 80°C, and 85°C respectively. Besides, the improvement
in average voltage of the start-stop condition tests under 65°C is 0.98%, 0.14%, 1.40%, 3.08%, and 4.20%
higher than other tested temperatures. In addition, the start-stop condition demonstrates a 2% voltage
advantage compared to the load-changing condition tests under the same loading conditions, which is caused
by the recovery effect during cycling.
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Figure 7: Trend diagram of voltage results under start-stop condition tests.
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Figure 8: Best CVM consistency results among five tests corresponding to different temperatures: (a) load
changing, (b) start-stop.

Table 3 Result of load-changing and start-stop condition tests under different temperatures

Temperature (°C) 60 65 70 75 80 85
Degradation rate (V/cycle) 0.0014 0.0027 0.0020 0.0010 0.0039 0.0034
Load- Min error of CVM (V? 0.070  0.033  0.050 0.073  0.052  0.034
changing Decline of CVM consistency (%) 112.12 - 51.52 121.21  57.58 3.03
Average cell voltage value (V) 0.677 0.700 0.697 0.688 0.686 0.688
Decline of the best average value (%) 3.29 - 0.43 1.71 2.00 1.71
Degradation rate (V/cycle) 0.0020 0.0007 0.0011 0.0017 0.0017 0.0016
Start Min error of CVM (V) 0.057 0.048 0.064 0.050 0.056  0.062
Decline of CVM consistency (%) 18.75 - 3333 4.17 16.67  29.17
stop Average cell voltage value (V) 0.707 0.714 0713  0.704  0.692  0.684
Decline of the best average value (%) 0.98 - 0.14 1.40 3.08 4.20
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5 Conclusion

According to the actual operation requirements of the vehicle PEMFC stack, a voltage-based test including
idling, high-power, load-changing, and start-stop is designed in this study, where the tests are carried out in
the temperature range of [60, 65, 70, 75, 80, 85] °C respectively. Based on the analysis result, the conclusions
drawn from this research are summarized as follows:

The test results show that 70°C is the best operating temperature for idling and high-power conditions,
where the average voltage of idling conditions increases by 1.85%-3.84% compared to 60°C, 65°C, 75°C,
80°C, and 85°C respectively, and the average voltage of high-power conditions is increased by 0.68%-3.56%.
It is worth noting that despite the similar loading modes, the optimal average voltage of the idling condition
is 3.96% higher than the high-power condition.

For load-changing and start-stop conditions, the stack performs best at 65°C, where the average voltage
under load-changing conditions increases by 0.43%-3.29% compared to 60°C, 65°C, 75°C, 80°C, 85°C
respectively, and the average voltage of start-stop conditions is increased by 0.14%-4.20%. Due to the
recovery effect of the start-stop process, the optimal average voltage of the start-stop condition is 2% higher
than the load-changing conditions under the same mode.

Regarding the CVM consistency results for the load-changing and start-stop conditions, the best
temperature is still 65°C, where the improvement is 0.43%-3.29% under load-changing conditions and
0.14%-4.20% under start-stop conditions compared to 60°C, 65°C, 75°C, 80°C, 85°C respectively.
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