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Abstract
The sensitivity of the operating parameters of proton exchange membrane fuel cells is essential to improve the performance 
and water management capabilities of the stack. The current research on proton exchange membrane fuel cell sensitivity is 
mainly focused on simulations and experimental methods for small activation area single cells, but less research literature 
for commercial stack with larger effective area. In this work, a commercial stack with an effective area of 300  cm2 membrane 
electrode is as the research object. The polarization curves under different operating conditions are obtained by experiment, 
and the voltage data are processed with first-order derivatives to systematically analyze the effects of gas relative humidity, 
stoichiometric ratio, inlet gas pressure and operating temperature on the performance of the stack. It was found that a certain 
degree of cathode inlet relative humidity, cathode stoichiometry ratio, in inlet pressure and in temperature are beneficial to 
the stack performance and are closely related to stack water management. However, with the cathode gas relative humidity 
reaching 45%, the cathode stoichiometry ratio increasing to 1.9 and the operating temperature increasing to 76°C, the stack 
performance does not improve significantly. And the excessive increase in operating parameters is likely to have a negative 
impact on the stack performance. The stack performance is less sensitive to the anode stoichiometry ratio and anode gas 
relative humidity, and when the anode stoichiometry ratio is lower than 1.3, it will have a great negative impact on the stack 
performance. These are important for the development of controlling the operating parameters for commercial fuel cell.
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Introduction

The natural attribute of hydrogen energy is clean and low 
carbon, and under the dual carbon goal, hydrogen energy 
will create a new and huge industrial ecosystem [1–3]. From 
the national policy to the material component companies, all 
of them are making unremitting efforts for the application 
of hydrogen energy [4, 5]. The proton exchange membrane 
fuel cell (PEMFC) is a promising energy conversion device 
with the advantages of high power density, fast dynamic 
response and no pollution, which plays an important role 
in the development of new energy vehicles and hydrogen 
energy applications [6, 7].

Depending on the power requirements of the vehicle, 
hundreds of single cells are required to be stacked together 
to form a power stack. The performance, energy conver-
sion efficiency and life of the stack are closely related to the 
operating parameters such as intake humidity, intake flow, 
pressure and temperature [8–11]. Zhao et al. [12] measured 
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the humidity under different conditions by embedding a 
cathodic flow field microsensor and combining with electro-
chemical impedance spectroscopy to show that the relative 
humidity has a significant effect on the internal resistance of 
the PEMFC. Humidification of the inlet gas can effectively 
mitigate the low relative humidity and membrane dewatering 
caused by excessive temperature. At the same time, the high 
humidity gas makes the water management downstream of 
the flow field face a severe test. Miao et al. [13] found that 
increasing the relative humidity was effective in improving 
membrane hydration in the inlet region; however, at high 
current densities, high relative humidity led to local flood-
ing in the outlet region. Wang et al. [14] investigated the 
effect of operating parameters on PEMFC performance and 
durability under hydrogen-deficient conditions using a seg-
mentation technique. The results showed that the durability 
of the PEMFC is closely related to the relative humidity 
and that high relative humidity at the inlet leads to severe 
carbon corrosion. Hasheminasab et al. [15] investigated 
the effect of temperature and stoichiometric ratio on water 
management and performance of parallel serpentine flow 
channels. It was found that an increase in the inlet gas tem-
perature led to a decrease in the accumulated liquid water 
content of the flow channel and improved performance due 
to enhanced reaction kinetics. At the same time, the increase 
in stoichiometry led to a decrease in the accumulated water 
content of the flow channel, resulting in membrane dehydra-
tion, which also facilitated the entry of reactants into the 
reaction site. Zhang et al. [16] used electrochemical imped-
ance spectroscopy to analyze the sensitivity of a single cell 
with an effective area of 25  cm2 to operating parameters. 
The cell temperature, pressure, stoichiometric ratio and 
inlet relative humidity had a large effect on the impedance 
spectrum. Wang et al. [17] studied the distribution of liquid 
water and temperature under different operating conditions 
and physical parameters by developing a three-dimensional 
non-isothermal two-phase flow model. Kahveci et al. [18] 
investigated the effect of operating parameters on PEMFC 
performance by developing a three-dimensional single-
phase model. It was found that the PEMFC performance 
increased with increasing operating pressure. Meanwhile, 
temperature has an important effect on the performance of 
PEMFC, and the cell performance decreases when a certain 
temperature is exceeded. Rizvandi et al. [19] investigated 
the effect of operating conditions on cell performance in the 
anode leakage mode by building simulations. Wang et al. 
[20] investigated the effects of operating parameters such 
as cathode relative humidity, stoichiometric ratio and inlet 
pressure on the performance of PEMFC anode recirculation 
by dynamic simulation. The PEMFC membrane water con-
tent is closely related to the transport mechanism of water 
in the membrane, while the inlet pressure, operating tem-
perature and pressure difference have important effects on 

the transport of water and protons in the membrane. Wang 
et al. [21] investigated the diffusion mechanism of hydrated 
hydrogen ions and water molecules under pressure differ-
ence by a nonequilibrium molecular dynamics model. The 
results showed that the proton conductivity increased with 
the pressure difference, and the transport diffusion coeffi-
cients of water molecules and hydrated hydrogen ions were 
positively correlated with temperature. Similarly, Trinh et al. 
[22] designed an experimental configuration to investigate 
the diffusion mechanism of water through the membrane and 
demonstrated that the membrane water content and diffusion 
coefficient were proportional to the operating temperature.

Researchers have conducted numerous studies on the 
sensitivity of fuel cells with small activation areas through 
simulations and experiments, but there is less research litera-
ture on stacks with larger effective areas [23–27]. Therefore, 
the effective area of 300  cm2 fuel cell was studied experi-
mentally. Through quantitative comparison and analysis 
of stack performance, the influence of stack temperature, 
intake humidity, pressure and stoichiometry ratio on its per-
formance was studied. At the same time, an in-depth analysis 
of its influence mechanism and causes has important refer-
ence significance for stack performance optimization.

Experimental

Experimental conditions

In this study, a stack of four single cells with an effective 
area of 300  cm2 is used. The bipolar plate (BP) is graphite 
material, and the flow field is parallel flow channel. The 
membrane electrode assembly (MEA) produced by a domes-
tic manufacturer was used, with Pt loading of 0.27 mg  cm−2 
and 0.05 mg  cm−2 for the cathode and anode catalyst lay-
ers, respectively, and the thickness of the gas diffusion layer 
was 0.145 mm. The proton exchange membrane was Gore 
M820.15, and the carbon paper was produced by Toray. As 
shown in Fig. 1, the air intake is forced convection. Figure 2 
shows a 2kW test stand manufactured by Qunyi Energy Co.

Operating parameter sensitivity experiments

PEMFC is activated by gas humidification and variable current 
activation program for about 3 h. The maximum current den-
sity of the experiment is 1600 mA  cm−2. Short-term activation 
is performed at the end of each experiment, trying to ensure 
that the initial state of each experiment is consistent. The stack 
operating parameters are shown in Table 1 to study the effects 
of stack operating temperature, inlet humidity, pressure and 
stoichiometric ratio on its performance at different current 
densities. Here, the coolant inlet temperature is used to define 
the operating temperature of the stack. Run for 5 min at each 
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current density to reach steady state and record the PEMFC 
polarization curves for different operating conditions.

Sensitivity analysis methods

The fuel cell performance is the result of coupling multiple 
factors of input and output, and the output voltage can be 
expressed by the following formula.

where RH is humidity, ST is stoichiometric ratio, P is gas 
pressure and T is stack temperature. In this paper, the sen-
sitivity of operating parameters is analyzed by the rate of 
change of voltage. It is expressed by the following equation.

where ∆ is the value of the humidity change, and the numer-
ator indicates the voltage difference corresponding to the 
humidity change.

Results and analysis

Humidity sensitivity analysis

The generation of water in the proton exchange membrane 
fuel cell occurs mainly on the cathode side, and the sources 
of water on the anode side of the stack can be divided into 
gas humidification, concentration diffusion, electric drag, 
pressure migration and water carried by hydrogen recircula-
tion [28–30].

The ionic conductivity is highly dependent on the water 
content of the membrane, which increases as the membrane 
water content increases. The ionic conductivity of proton 
exchange membrane can be expressed by the following equa-
tion [31].

λ is the membrane water content, and T is the stack operat-
ing temperature.

Figure 3 shows the stack polarization curves and volt-
age change rates for 35 to 60% relative humidity of the 
cathode, corresponding to Cases 1 and Case 6–9. In the 
low current density region, the performance is rather bet-
ter at lower inlet RH of 35%, 40%, and 45% relative to 
the cathode inlet RH of 50%, while the high-frequency 
resistance (HFR) is maximum at 50% RH (Fig. 4). This 
may be due to the different initial state of the membrane 
after the pre-test running and shelving, making the lower 
inlet humidity test result an improvement in performance 
instead. This also makes the voltage fluctuate more from 
45 to 50% relative humidity and from 50 to 60% relative 
humidity (Fig. 3b). The test results excluding the 50% 
relative humidity condition clearly yielded that as the 
inlet relative humidity increased, its voltage at the same 
current density increased, and the performance is posi-
tively correlated with the inlet relative humidity (Fig. 3a). 
Moreover, as the relative humidity increases, it makes the 

(1)V = f (RH, ST ,P, T)

(2)R
i
=

f (RH + Δ, ST ,P, T) − f (RH, ST ,P, T)

Δ
× 100%

(3)�
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(
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(

1

303.15
−

1

T
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Fig. 1  Schematic diagram of stack assembly

Fig. 2  Experimental system setup
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Table 1  Experimental operating conditions

Case number Anode stoichio-
metric ratio

Cathodic stoi-
chiometric ratio

Anode inlet gas 
pressure (kPag)

Cathode inlet gas 
pressure (kPag)

Anode relative 
humidity

Cathode rela-
tive humidity

Operating tem-
perature (°C)

Case 1 1.6 2 140 120 40% 50% 75
Case 2 1.6 2 140 120 50% 50% 75
Case 3 1.6 2 140 120 60% 50% 75
Case 4 1.6 2 140 120 70% 50% 75
Case 5 1.6 2 140 120 80% 50% 75
Case 6 1.6 2 140 120 40% 35% 75
Case 7 1.6 2 140 120 40% 40% 75
Case 8 1.6 2 140 120 40% 45% 75
Case 9 1.6 2 140 120 40% 60% 75
Case 10 1.6 1.6 140 120 40% 50% 75
Case 11 1.6 1.7 140 120 40% 50% 75
Case 12 1.6 1.8 140 120 40% 50% 75
Case 13 1.6 1.9 140 120 40% 50% 75
Case 14 1.2 2 140 120 40% 50% 75
Case 15 1.3 2 140 120 40% 50% 75
Case 16 1.4 2 140 120 40% 50% 75
Case 17 1.5 2 140 120 40% 50% 75
Case 18 1.6 2 130 110 40% 50% 75
Case 19 1.6 2 135 115 40% 50% 75
Case 20 1.6 2 145 125 40% 50% 75
Case 21 1.6 2 150 130 40% 50% 75
Case 22 1.6 2 140 120 40% 50% 64
Case 23 1.6 2 140 120 40% 50% 68
Case 24 1.6 2 140 120 40% 50% 72
Case 25 1.6 2 140 120 40% 50% 76
Case 26 1.6 2 140 120 40% 50% 78
Case 27 1.6 2 140 120 40% 50% 80

Fig. 3  a Cathodic humidity sensitivity polarization curve; b voltage change rate
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HFR decrease, which facilitates the wetting of the mem-
brane (Fig. 4). From Fig. 3b, it can be seen that in the 
high current density region, the voltage variation rate is 
small between the relative humidity from 45 to 50% and 
the relative humidity from 50 to 60%. The performance 
improvement is limited as the relative humidity increases, 
and the cathode-side back-end drainage faces a severe test 
if the relative humidity is too large. In the low current 
density region, there is a significant increase in voltage 
from 40 to 45% and from 50 to 60% relative humidity. The 
performance of the stack is more sensitive to the inlet rela-
tive humidity in the low-density region than in the high-
density region. Therefore, the relative humidity tends to 
stabilize at around 50%, and the relative humidity is best 
in the 50 to 60% region.

Figure 5a shows the stack polarization curves for the 
anode relative humidity interval from 40 to 80%, corre-
sponding to Cases 1–5. In the low current density region, 
the voltage fluctuation is large and irregular in the 500–800 
mA  cm−2 region, which is caused by the poor membrane 
hydration state and the initial state consistency problem of 
the stack. In the high current density region, the voltage 
increases with increasing anode inlet humidity, except for 
the low voltage at 70% relative humidity. In the overall 
analysis, the increase of anode relative humidity has a posi-
tive effect on the stack performance. As evident from the 
rate of voltage change in Figs. 3b and 5b, the anode inlet 
relative humidity sensitivity is lower, and the performance 
improvement is limited compared to the cathode side. At 
a current density of 1600 mA  cm−2, the voltage change 
rate of the cathode gas relative humidity from 35 to 60% 
is 5.46%, while the voltage change rate of the anode gas 
relative humidity from 40 to 80% is only 0.96%. This is 
due to the lower gas flow rate on the anode side, and the 
water carried off by the gas is much smaller than that on the 
cathode side. Also, liquid water driven by capillary pres-
sure is the main source of water in the membrane on the 
anode side [32]. Therefore, the effect of anode gas relative 
humidity on the stack performance will be greatly reduced.

Stoichiometric ratio sensitivity analysis

In the low current density region, larger stoichiometric ratios 
are usually used to ensure the concentration of reactants 
inside the reactor and to avoid the single-low phenomenon 
of single-cell voltage due to low reactant concentration. In 
the high current density region, the reaction produces more 
water which is more likely to cause flooding of the stack, and 

Fig. 4  Cathodic humidity sensitivity HFR

Fig. 5  a Anode humidity sensitivity polarization curve; b voltage change rate
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the stoichiometric ratio has a greater impact on its perfor-
mance. Therefore, stoichiometric ratio sensitivity studies in 
the high current density region are the main focus.

Figures 6 and 7 show the polarization curves, the rate of 
voltage change and HFR for cathode stoichiometry ratios 
from 1.6 to 2.0, corresponding to Cases 1 and Case 10–13. 
As the cathode stoichiometry ratio increases, the voltage 
increases in the high current density region (Fig. 6). It is 
obvious from Fig. 6b that the stoichiometric ratio is from 
1.8 to 1.9 region, the rate of voltage change is larger and 
there is a significant improvement in performance. And as 
the current density increases, the more obvious the effect on 
the performance. While in the stoichiometric ratio from 1.9 
to 2.0 region, the rate of voltage change is small, and there 
is no significant change in performance. With the increase of 
stoichiometric ratio, the inlet gas volume and airflow veloc-
ity increase, which can avoid the rapid decrease of reac-
tant concentration caused by electrochemical reaction and 
enhance the mass transfer capability. As the gas flow rate 
increases, the pressure drop becomes larger, resulting in a 
lower partial pressure of water vapor, which subsequently 
leads to a lower relative humidity of the gas at the outlet 
and carries away a large amount of water [32]. As shown 
in Fig. 7, as the cathode stoichiometry ratio increases, the 
HFR increases and the membrane water content decreases. 
Too large stoichiometric ratios can cause slight dehydration 
of the membrane. At the same time, the membrane water 
content on the inlet side is lower, and the consistency within 
the membrane is worse, which also has an impact on the life-
time of the stack. Cathode stoichiometry ratios above 2 may 
cause a decrease in performance, and the increased energy 
consumption from increasing the stoichiometry ratio should 
also be considered. Therefore, an optimum value of cathode 

stoichiometry ratio exists in the interval of 1.9 to 2.0, which 
makes the best performance of the stack.

The gas flow rate on the anode side is smaller compared 
to the cathode side. Therefore, the increase in the anode 
stoichiometry ratio, compared to the cathode side, is less 
for the pressure drop inside the stack and less water is car-
ried off by the gas. At the same time, there is enough liquid 
water transfer from the cathode side to the anode side to 
ensure the stability of the membrane water content. From 
the anode stoichiometry sensitivity data in Fig. 8, it is clear 
that the voltage variation rate is only 0.93% in the anode 
stoichiometry ratio 1.3–1.6 interval at 1600 mA  cm−2 cur-
rent density. From the polarization curves in Fig. 8a and the 
voltage change rate in Fig. 8b, it is obvious that in the anode 
stoichiometry ratio 1.2–1.3 interval, the voltage change rate 
is 12.35% with the decrease of stoichiometry ratio, which 
has a significant decrease. At the same time, the single cell 
voltage appears single low phenomenon, which is caused 
by the lack of hydrogen in the partial area, and this phe-
nomenon may become more obvious with the increase of 
the single cell of the stack. In the operation of the stack, the 
gas concentration inside the stack should be ensured while 
improving the energy utilization. Therefore, the anode stoi-
chiometry ratio should not be lower than 1.3.

Pressure sensitivity analysis

In the pressure sensitivity test, the inlet pressure is con-
trolled. A fixed pressure difference of 20 kPa is used for 
the cathode and anode. Combined with the actual stack sys-
tem output, in the low current density region, the same inlet 
pressure is used in the case, and the inlet pressure increases 
with increasing current density. After the current density 
was increased to 800 mA  cm−2, a fixed inlet pressure is 

Fig. 6  a Cathode stoichiometric ratio sensitive polarization curve; b voltage exchange rate



5437Ionics (2023) 29:5431–5440 

1 3

adopted. The anode inlet pressure was gradually increased 
from 130 to 150 kPag for inlet pressure sensitivity testing, 
with specific parameters corresponding to cases 1 and case 
18–21 in Table 1.

From Fig. 9a, it can be seen that after the current density 
of 800 mA  cm−2, the voltage increases to different degrees 
with the increase of gas pressure. In the high current density 
region, the rate of voltage change tends to increase as the cur-
rent density increases (Fig. 9b). It can be seen that the effect 
of gas pressure on the performance of the stack increases with 
the increase of current density. This is due to the increase of 
the concentration polarization with the increase of the current 
density. And the increase of the working pressure of the stack 
is beneficial to improve the mass transfer capacity and reduce 

the internal resistance. The gas pressure also affects the partial 
pressure of water vapor inside the PEMFC. It is difficult for 
water vapor to reach the saturation state at low inlet relative 
humidity and high stack temperatures. The relative humidity 
is the actual water vapor pressure and the ratio of saturation to 
water vapor pressure; saturation vapor pressure is only related 
to the temperature, and then increasing the pressure makes the 
water vapor more likely to reach the saturation state, which 
in turn is conducive to membrane hydration. At a constant 
cathodic stoic., the mass flow rate of air will not change at 
elevated pressures. But the gas flow rate will be reduced; thus, 
less product water is able to evaporate, counteracting drying 
out of the membranes. Some experiments show that for every 
50 kPa increase in PEMFC pressure, the relative humidity will 
increase by 10~20% [12]. From the test results, it is clear that 
increasing the inlet pressure is beneficial to the performance 
of the stack. However, in practical applications, the damage 
to the membrane caused by excessive operating pressure and 
the power consumption due to excessive inlet pressure should 
be avoided. In the high current density region, the pressure 
operation parameters are refined according to the degree of 
pressure impact on performance and the balance of auxiliary 
device power consumption to make the stack operate at the 
optimal output power state.

Temperature sensitivity analysis

During the temperature sensitivity test, the temperature is 
fixed at a current density of 100 mA  cm−2 to 1600 mA  cm−2, 
corresponding to cases 22–27. The coolant inlet temperature 
is used to indicate the stack temperature, while in actual 
operation, the stack temperature is higher than the coolant 
temperature.

Fig. 7  Cathode stoichiometry ratio sensitivity HFR

Fig. 8  a Anode stoichiometry ratio sensitive polarization curve; b voltage change rate
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The operating temperature of the stack is closely related 
to the saturated vapor pressure, and the saturated vapor pres-
sure Psat and temperature T can be expressed by the follow-
ing formula [33, 34].

Psat is positively correlated with T, and the saturation vapor 
pressure increases from 23.9 to 47.3 kPa as the temperature 
increases from 64 to 80°C. Relative humidity is defined as 
the ratio of the partial pressure of water vapor to the saturated 
water vapor pressure. It can be seen that a gas with a fixed 
flow rate can hold more water as the temperature of the gas 
increases. Thus, as the relative humidity decreases, the water 

(4)
log10

P
sat

101325
= −2.1794 + 0.02953(T − 273.15) − 9.1837

× 10−5(T − 273.15)2 + 1.4454 × 10−7(T − 273.15)3

in the membrane is more easily carried away by the gas. Some 
studies have shown that the relationship between membrane 
saturation water content and temperature is more complex, 
with membrane saturation water content tending to increase 
at the beginning and then decreasing with increasing tempera-
ture [35, 36]. This indicates that there is a limit to the maxi-
mum saturated water content of the membrane, and reducing 
the membrane water content will reduce the ionic conductiv-
ity. From Eq. (3), it can be seen that the ionic conductivity 
increases with the increase in temperature at a constant mem-
brane water content. Therefore, it can be inferred that there is 
a critical state that makes the ionic conductivity maximum.

In the low current density region, the voltage decreases 
instead as the temperature of the stack increases (Fig. 10). 
This is due to the fact that in the low current density 

Fig. 9  a Inlet pressure-sensitive polarization curve; b voltage change rate

Fig. 10  a Inlet pressure-sensitive polarization curve; b voltage change rate
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region, less water is produced by the stack reaction, while 
the increase in temperature makes the water more easily 
carried off by the gas, causing an increase in the internal 
resistance of the membrane. In the high current density 
region, the stack voltage increases significantly as the tem-
perature increases to 80°C. In particular, there is a signifi-
cant increase in voltage from a temperature of 72 to 76°C 
(Fig. 10b). This is due to the fact that in a certain tem-
perature range, as the temperature increases, it facilitates 
the electrochemical reaction and also improves the electri-
cal conductivity and reduces the ohmic polarization loss. 
And the large amount of water is produced by the reaction 
in the high current density region, which can completely 
offset the more water carried off by the gas due to the 
increase in temperature. It can also be seen from Fig. 10b 
that the performance enhancement rate slows down after 
the temperature is greater than 76°C. Therefore, it can be 
inferred that as the temperature exceeds 80°C, it is highly 
likely that the relative humidity of the gas cannot meet the 
humidification conditions of the stack, and the membrane 
becomes dehydrated leading to performance degradation.

Conclusions

In this study, for the membrane electrode with larger effec-
tive area, the polarization curves under different operating 
conditions are obtained experimentally, and the data are 
reprocessed to systematically analyze the effects of gas 
relative humidity, stoichiometric ratio, inlet pressure and 
operating temperature on the performance of the stack. The 
following conclusions can be drawn.

(1) The increase in gas relative humidity contributes 
to membrane hydration. For the cathode side, there is a 
significant improvement in the stack performance with the 
increase of gas relative humidity. However, as the relative 
humidity increases from 45 to 60%, the stack performance 
improvement is smaller. Compared to the cathode side, the 
anode side is less sensitive to the gas relative humidity, and 
the voltage improvement is limited with the change of the 
gas humidity.

(2) The performance in the high current density region 
improved significantly with the increase of cathode stoichi-
ometry ratio. The performance improvement is limited when 
the cathode stoichiometry ratio increases to 1.9. Excessive 
stoichiometry ratios may cause dehydration of the membrane 
and performance degradation. The anode is less sensitive to 
stoichiometric ratio, but the stoichiometric ratio should not 
be lower than 1.3; otherwise, there will be significant perfor-
mance degradation.

(3) Relative humidity increases with increasing inlet 
pressure, which is favorable for membrane hydration. Also, 

the effect of inlet pressure on the performance of the stack 
increases with the increase of current density.

(4) In the low current density region, the amount of water 
produced by the stack reaction is less, and the higher operat-
ing temperature causes more water to be removed, resulting 
in reduced performance. In the high current density region, 
as the temperature increases, the electrochemical reaction 
is enhanced, and the stack performance is improved. And 
the performance improvement is smaller after the tempera-
ture of the stack exceeds 76°C. Too high temperatures can 
lead to performance degradation due to dehydration of the 
membrane as the gas relative humidity does not meet the 
humidification conditions of the stack.
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