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Abstract 

This paper investigates the cold start characteristic of the polymer electrolyte membrane fuel cell stack in the 

constant voltage startup mode. The stack is used in actual vehicle working conditions, so it is practical 

significance to study the cold start characteristics of the stack. The evolution of the temperature and current 

density distribution at different regions in the constant voltage mode of the stack are studied. Consistency analyzes 

from two dimensions, in-plane and through-plane are studied. Then, the performance degradation of the stack 

after the cold start is explored through the polarization curve and the voltage consistency. 

The cold start characteristics and performance degradation mechanism of the stack are found. The stack has 

better cold start performance than that of the single cell, which can realize a rapid cold start at -15°C in 95s. Also, 

the performance of the single cell in the middle position is obviously better than that of the single cell on both 

sides. The internal behavior of each single cell during cold start process is different and the performance 

consistency is poor after the failed cold start. The performance degradation gradually decreases from the single 

cell near the inlet to the single cell far away from the inlet. This paper can provide direction for the optimization 

cold start strategy. 

Keywords: PEMFC Stack; Cold start; Segmented cell technology; Consistency 

1. Introduction

PEMFC has many advantages, such as no pollution, fast startup, high efficiency and so on [1,2]. Therefore, it 

is widely used in various fields[3]. Its subzero startup capability is one of the main constraints to its 

commercialization[4]. In the subzero environment, water produced by electrochemical reaction accumulated in the 

cell. When the accumulated water exceeded the maximum water saturation, the water would freeze[5]. The ice 

blocked the reactive sites in the catalytic layer, which in turn led to cold start failure. In order to overcome this 
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problem, many experimental and numerical studies were conducted to investigate the cold start processes and 

improve the cold start ability of the single cell. Since the super-cooled water was present in cold starting fuel cell, 

liquid water management strategies might also be used to enhance cold start capability[6]. The addition of the 

microporous layer could effectively improve the cold start performance of the single cell [7]. The reason was that 

the microporous layer could improve the water management ability of the single cell. Yang et al. [8]investigated 

the effect of MPL's hydrophobicity on the output performance and ice/water distribution. Decreasing the MPL's 

hydrophobicity led to higher current density and helped to remove the super-cooled water, which in turn decreased 

the ice formation in catalyst layer. Xie et al. [9]investigated the effect of ionomer/carbon (I/C) ratio on PEMFC 

cold start. It was found that decreasing the I/C ratio could improve the membrane water absorption and reduce ice 

formation. The reaction core area moved to the side closer to the membrane with I/C ratio decreased. Huo et al. 

[10]studied the water transport behavior and phase transition mechanisms during the cold start process. The liquid 

water in the cathode catalytic layer tended to rise slowly and drop rapidly during the cold start process, indicating 

that the liquid water should freeze mostly. Ko et al. [11]developed a multiphase transient model to investigate key 

physical and transport phenomena during the cold start process. They found that the effect of startup temperature 

on the cold start performance of the fuel cell was significant. Huo et al. [12]investigated the cold start processes of 

proton exchange membrane (PEM) fuel cells with two different designs for cathode flow fields, metal foam and 

conventional parallel. They found that metal foam could enhance the normal and cold start performance of PEM 

fuel cell, because it had the high porosity, outstanding water storage ability and controllable thermal conductivity. 

Gas purge for eliminating water from gas diffusion layer, membrane and catalytic layer was important for PEMFC 

cold start, because it could improve cell durability and cold start performance[13]. Do not over-purge and ensure 

the minimum amount of water required for the proton conductivity of ionomer and membrane[14]. Knorr et al. 

[15]used methanol-water solution as antifreeze for polymer electrolyte membrane fuel cell at the single cell level. 

They discovered that the performance degradation was fully eliminated by the antifreeze. In addition, vacuum 

assisted drying could also replace gas purge[16]. Hishinuma et al. [17] found that under the condition of no 

external assistance, only cold start above -5 °C could success. 

In general, the cold start modes included constant voltage, constant current and constant power mode[18]. 

Lin et al. [19] compared the cold start characteristics of the single cell by a constant voltage mode. It was found 

that the lower the starting voltage, the more rapid the cold start speed was. Amamou et al. [20] proposed to control 

the real-time operating current of the cell to achieve rapid cold start. 
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There were many simulation studies on the cold start of the stack. Chippar et al. [21]used a three-dimensional 

PEMFC cold start model to analyze the cold start characteristics of the single cells in the middle position and at 

both ends of the stack. The results show that the heat preservation of the end plate was the key to improve the 

temperature rise rate and the cold start performance of the stack. Luo et al. [22] had established a (PEMFC) stack 

model and found that the icing rate of the stack with more single cells was lower. The temperature and 

performance uniformity of the cells located in the middle position of the stack was better than that of the 

others[5,23]. Tang et al[24] developed a fuel cell stack model that could track the rate of ice formation in porous 

media. Zhan et al.[25] explored many auxiliary cold start methods for the stack, such as heating air, heating 

coolant, etc. These auxiliary measures could effectively improve the cold start performance of the stack, but 

would increase the cost of the system. 

Freezing during low temperature startup was the main reason for the failed cold start process[26]. The 

repeated freezing / thawing cycle during startup process would damage the key components of the cell, which 

would lead to the deterioration of PEMFC performance and the decrease of durability[27]. The voltage decline of 

the single cell in different positions of the stack is different[28]. It was very important to find out the mechanism 

of cold start performance degradation of the stack and provide the direction for optimizing cold start strategy. 

In-situ measurement was an important and effective method to study the distribution of reactants and local 

electrochemical reactions. The evolution of the current density and the temperature in each zone were investigated 

during cold start process by PCB technology[29,30]. The PCB was installed between the MEA and anode plate to 

collect current. The PCB technology could monitor the electrochemical reaction in different areas of the cell in 

real time so that the researchers could fully understand the performance of different regions. Kim et al. [31] 

studied the uniform distribution of clamping force in the flow field by segmented technology.  

However, most of the cold start researches were mainly for single cells, and there were few reports on the 

research on the stack, which were mainly concentrated on simulation. Due to the idealization of boundary 

conditions and other conditions, the simulation results could not truly and reliably reflect the actual situation of 

the PEMFC cold start process. This paper used experimental methods that could more realistically reflect the 

internal behavior of the stack during the cold start process. The cold start characteristics of the stack were 

explored under different start-up temperatures and starting load modes. In order to understand the evolution of the 

current density distribution during the cold start process of the stack, this paper used the segmented cell 

technology. Consistency is analyzed from two dimensions. One was the different regions of the single 

cell(in-plane). The other was the different single cells in the stack(through-plane). The performance degradation of 
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the stack after the cold start was explored through the polarization curve and the voltage consistency. The general 

rules of successful or failed cold start at low temperature were obtained. This paper could provide direction for 

optimizing cold start strategy of the stack in the real applications. 

2. Experiment system and control 

Fig. 1 shows the structure of the stack. The experimental stack was composed of five single cells, and the 

effective active area of the single cell was 50 cm
2
. The main parameters of the stack were summarized in Table 1. 

With printed circuit board technology, the current density and the temperature distributions in PEMFC could be 

measured through experimental methods[19,29,32]. The PCB was installed between the MEA and anode plate to 

collect current. The anode flow field on the PCB was the three-channel serpentine flow field, dividing the active 

area of the flow field into 49 segments as shown in Fig. 2[19]. Mark them with number 1-7 and alphabet A-G. A1 

was the hydrogen outlet region. G7 was the hydrogen inlet region. The real-time acquisition (PCB) of the 

segmented current density and temperature was performed for the 1(#1), 3(#3), and 5(#5) single cells. The cell 

numbers #1, #2, #3, #4, and #5 described here all adopted the numbering method from the anode side to the 

cathode side of the stack. The following single cell numbering methods were in accordance with the above 

numbering rules.  

 

Fig. 1. The structure of the stack 
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Fig. 2. The flow fields structure of the stack (left: the anode flow field segmented carved on the PCB; right: the cathode flow field) 

 

Table 1 Summary of main parameters of the stack 

Parameters Value 

Number of single cells 5 

Series or parallel connection series connection 

MEA Commercial MEA 

Effective active area 50 cm2 

Flow field structure 
anode：triple serpentine flow field 

cathode：fourth serpentine flow field 

Channel width and height 1mm 

Ridge width 0.4mm 

Clamping method bolt clamping（7.5 N·m） 

Cooling method water 

 

The G60 fuel cell test system was used to control the backpressure, load, gas flow rate and humidity and 

other operating parameters. The environmental chamber which ranged from -40 to 150°C was used to control 

start-up temperature to imitate subzero environment. The reaction gases went through a 3m long cooling pipe in 

the environmental chamber to ensure the temperature of the reaction gas entering the PEMFC was the same as the 

set temperature of the environmental chamber[19]. 

Experimental procedure: 

(1) Activation. Before the cold start experiment, the stack needed to be activated. The hydrogen and air 

stoichiometry were 2 and 3, the stack temperature was 70 °C, the back pressure was 0.6 bar and the relative 

humidity was 65%. The output voltage was controlled to be 0.6 V for the first 2 h and 0.4 V for the next 2 h. After 

activation, measure the polarization curve. 
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 (2) Purging. The anode and cathode were purged by dry nitrogen. The purge flow for the anode/cathode 

were 3.5/5.0 L min
-1

. The purge duration of the cold start experiment was 1h.  

(3) Freezing. Place the stack in the environmental chamber and set the temperature of the environmental 

chamber to the start-up temperature (-5°C, -10°C, -15°C and -20°C). The stack freezing time was 4h. 

(4) Cold start. The inlet flow of the anode/cathode was 2.5/5.0 L min
-1

. The reaction gases were not 

humidified and didn’t have a back pressure during the cold start process. After the start-up process, the stack 

needed to be activated before the next cold start experiment. Then measure the polarization curve of the stack.  

The parameters to be investigated during the cold start process of the stack were shown in Table 2, including 

the starting temperature, starting load size. In order to ensure accuracy, every experiment was repeated for two 

times. 

Table 2 The cold start parameters of the stack 

Parameters Value 

Temperature -5℃ -10℃ -15℃ -20℃ 

Mode 

Constant voltage 

1.5V 

2.0V 

2.5V 

Constant voltage 

1.5V 

2.0V 

2.5V 

Constant voltage 

1.0V 

1.5V 

2.0V 

Constant voltage 

0.5V 

1.0V 

/ 

3. Results and discussion 

The achieved results from the stack cold start experiments were explored in this section. The first part of the 

analysis was related to the cold start characteristics of the stack in constant voltage mode and compared the 

difference between the cold start performance of the stack and the single cell. The second part of the analysis was 

the evolution of the temperature and current density distribution during cold start process of different single cells 

in the stack. The third part of the analysis dealt with the performance degradation of the stack by the cold start. 

3.1. The cold start characteristics of the stack in the constant voltage mode 

The effect of the starting voltages on the cold start performance of the stack at different temperatures was 

shown in Fig. 3. Choose the temperature of the single cell with the worst temperature rise characteristic in the 

stack as the stack temperature. Fig. 3 (a) and Fig. 3 (b) show that the stack had a nice cold start capability at -5 °C 

and -10 °C. The average current density firstly increased quickly because the membrane got hydrated by the 

super-cooled water and therefore the ohmic resistance reduced[19,33].  

The stack could achieve a rapid cold start in 280s and 95s in Fig. 3(c) when cold start from -15°C at 1.5 V 
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and 1.0 V, respectively. Lin et al.[19] realized rapid cold start of the single cell in 170s (-10°C at 0.3 V), but the 

stack only needed 35s. In addition, the single cell all failed when cold start from -15 °C, but the stack could realize 

rapid cold start in 95s. The reason was that the stack had better heat preservation ability than that of the single 

cell[21]. Moreover, the cell with a good cold start performance in the stack might transfer heat to the cell with 

poor performance, and each cell would cooperate with others. Therefore, the stack had better cold start 

performance than that of the single cell[22]. 

However, the cold start from -20 °C all failed in Fig. 3(d).The water produced by the electrochemical 

reaction was rapidly frozen at the three-phase reaction interface in the early stage of the cold start at -20 °C [34]. 

The effective active area of the catalytic layer was gradually reduced, and the output current was decreased[26]. 

Finally, when the ice volume exceeded the ice storage capacity of the stack, which indicated that the catalyst layer 

and gas supply were completely blocked, current density became 0 A cm
-2

 and cold start failed[7,9,19]. Therefore, 

the lower the temperature, the more difficult the successful cold start was. 

From the results of the successful cold start at -5°C, -10°C, and -15 °C, it could be found that the cold start 

speed could effectively increase by reducing the startup voltage. It could be seen from the equation (1) that 

reducing the starting voltage could increase the heat production power of the stack and improve the cold start 

performance when the open circuit voltage of the stack was constant[26,29,35].  

stackstackheat iuEP  )( 0     (1) 
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(a) -5°C                                          (b) -10°C 
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(c) -15°C                                           (d) -20°C 

Fig. 3. Effect of starting voltage on the cold start performance of the stack under different starting temperatures 

Detailed cold start time under different load conditions was summarized in Table 3. 

Table 3 Summary of the stack cold start time under different load conditions 

Load/ 

temperature 
0.5V 1.0V 1.5V 2.0V 2.5V 

-5℃ / / 30s 55s 85s 

-10℃ / / 35s 60s 100s 

-15℃ / 95s 280s failed failed 

-20℃ failed failed / / / 

3.2. Evolution of the single cells temperature and current density distribution during cold start process 

    This section detailed the internal behavior of cells during cold start process. 

3.2.1. Evolution of the single cells temperature during cold start process 

Fig. 4 shows the evolution of the single cells (#1, #3, #5) temperature when cold start process from -5°C, 

-10°C, -15°C and -20°C. The temperature rising during the cold start process of each single cell was inconsistency. 

The temperature rising of the #3 single cell located in the middle position was the fastest [5,23]. It took 30s and 

25s for the #1 and the #5 single cell to reach 0°C when cold start from -5°C at 1.5V, while the #3 single cell only 

needed 20s. It took 95s and 80s for the #1 and #5 single cell when cold start from -15°C at 1.0 V, but the #3 single 

needed 55s, respectively. When cold start from -20°C at 0.5V, although the final cells all failed, the maximum 

temperature of the #3 single cell was -15.5°C. It was obviously higher than that of the others. During the cold start 

process, the #3 single cell contributed the most heat. The reason was that the cell in the middle position might 

have a relatively small surface area in direct contact with the environment compared with the single cell located at 

both ends, resulting in less heat dissipation[21]. Therefore, the insulation effect of the middle position single cell 
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was the best. The #1 single cell had the worst cold start performance. On the one hand, the #1 single cell directly 

exchanged heat with the environment. On the other hand, the inlet gases had a great disturbance to the temperature 

of the #1 single cell.  
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    (a) Cold start from -5°C at 1.5V                     (b) Cold start from -10°C at 1.5V 
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(c) Cold start from -15°C at 1.0V                     (d) Cold start from -20°C at 0.5V 

Fig. 4. Evolution of the single cells (#1, #3 and #5) temperature  

3.2.2. Evolution of the current density distribution of the stack during successful cold start process 

Fig. 5 shows the evolution of the current density distribution of the single cells (#1, #3 and #5) for the 

successful cold start from -5°C, -10°C and -15°C at constant voltage start mode. It shows the inconsistency in 

current density variation in the different cells and the different regions of the same cell. The current density 

appeared firstly near the inlet region (G7), and then diffused along the flow channel to the middle region and the 

outlet region in Fig. 5[32]. The current generation process was accompanied by the production of water and 

heat[36]. When the heat production rate was faster than that of the freezing rate, the cell continued to warm up and 

finally realized the successful cold start[26]. The stack had fine cold start ability at -5°C and -10°C because the 
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uniformity of the cells  was well as shown in Fig. 5(a) and Fig. 5(b). Moreover, the effective area of the MEA 

had small ice coverage[26]. However, the uniformity of the cells decreased when cold start from -15°C because 

there was much heat loss near the surround of the plate[37]. In general, the distribution of high current density 

mainly concentrated in the middle region and therefore the middle region had a major contribution to the heating 

of the stack.  

Moreover, Fig. 5(a) shows that local starvation (gas flow back) occurred in the # 5 single cells at 25s. This 

was due to an insufficient supply of reactive gas[38]. Starvation produced extra energy. If we could not supply 

enough protons and electrons, other substances would be corroded[39]. For example, water electrolysis produced 

protons, carbon corrosion, catalyst corrosion and so on[7]. Therefore, the heating rate of the # 5 single cell was 

higher than that of the # 1 single cell. However, the performance and the durability of the fuel cell would decrease 

due to the degradation of the catalyst layer and growth of the Pt particles[40]. So, we could increase the inlet flow 

to improve the cold start performance of the stack and realize rapid cold start[41,42]. 

Fig.6 shows that the current density response of the single cells different zones of the single cells (#1, #3 and 

#5) during the successful cold start at -15 °C. The current density appeared firstly at G7 (hydrogen inlet) region. It 

was the core region of electrochemical reaction within 5s. The D4 region current density was larger than that of 

the average current density because it had the lowest heat loss and sufficient reaction gases. The middle (D4) 

region had the highest current density and therefore played a leading role during the cold start 

process[19,29,32,43]. The current density of the outlet region was lower than that of the average current density. 

Therefore, the heat generation in the middle (D4) region had a major contribution to raise the temperature of the 

stack. 
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Fig. 5. Evolution of current density distribution of the single cells (#1, #3 and #5) for the successful cold start from -5°C, -10°C and 

-15 °C at constant voltage start mode 
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                                       (c) #5 

Fig. 6. Current density response of the single cell different zones of the single cells (#1, #3 and #5) during successful cold start at 

-15 °C 

3.2.3. Evolution of the current density distribution of the stack during failed cold start process 

Fig. 7 shows the evolution of the current density of the single cells (#1, #3 and #5) for failed cold start from 

-20°C at 0.5V. It shows the inconsistency in current density variation in the different cells and different regions of 

the same cell. The current density appeared firstly near the inlet region(G7), and then diffused to the middle and 

outlet regions, which was the same as the successful cold start process. It took 50s ,50s and 80s for the middle 

regions of the #1, #3 and #5 single cells to reach maximum current density. However, with the reaction going on, 

the relatively high current density at the inlet and the middle region at -20 °C results in water accumulation and 

freezing in the catalytic layer. Due to the difficulty of realizing hydrothermal balance, the current density in the 

middle region of each single cell began to decay obviously at 500s. The reverse current even appeared in the 

middle region of the #1 single cell. Local reversal phenomenon caused carbon corrosion[7]. The heat generated by 

the local reversal phenomenon contributed to rise the stack temperature. The reversal phenomenon was analyzed 
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in detail at 3.3.2 section. The #1, #3 and #5 single cells were completely frozen at 1935s, 2030s and 1965s, 

respectively. The #3 single cell had the best uniformity and longest survival time. 
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Fig. 7. Evolution of current density distribution of the single cells (#1, #3 and #5) for the failed cold start from -20°C at 0.5V 
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                                      (c) #5 

Fig. 8. Current density response of single cell different regions of the single cells (#1, #3 and #5) for failed cold start from -20 °C at 

0.5V 

Fig. 8 shows the current density response of the single cells (#1, #3 and #5) inlet, middle and outlet regions 

when cold start from -20°C at 0.5V. The results show that the regions near the inlet G7 and the middle D4 were 

still the core regions during the failed cold start at -20°C. The heat production of the stack was limited due to the 

low temperature. Finally, the current density of the regions near the G7 and D4 became 0 A cm
-2

 gradually 

because the catalyst layer and gases supply were completely blocked. Cold start performance of the stack could 

improve by increasing the inlet flow and ice storage capacity of porous materials. 

3.3. Performance degradation  

The cold start might lead to performance degradation. The main cause of the degradation was damage to the 

key components, such as the membrane and catalyst layer, due to water freezing[26]. However, the degradation 
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characteristics of the stack cold start were less involved in the literature. In this paper, the degradation mechanism 

of the stack cold start was analyzed by the polarization curve and monomer voltage fluctuation rate. 

3.3.1. Polarization curve of the stack  

The polarization curves before and after the cold start of the stack at -5°C, -10°C, -15°C and -20°C were 

measured as shown in Fig. 9. There was no obvious degradation in the polarization curve of the stack during the 

successful cold start[19]. However, the overall performance of the stack decreased obviously during the failed 

cold start. 

After the cold start from -15°C at 2.0V, the output voltage at 1200 mA cm
-2

 current density decreased to 

1.119V (the initial value was 1.64V). Moreover, the current density at the maximum power point of the stack 

decreased from 1000 mA cm
-2

 to 800 mA cm
-2

. In addition, the performance degradation of the stack became 

more obvious after the cold start at -20°C. When the current density was only loaded into 800 mA cm
-2

, the output 

voltage of the single cell was lower than 0.3 V. The maximum power also decreased. The reason was that the frost 

heaving stress caused by water freezing might destroy the key components of the stack, such as destroying the 

pore structure of the gas diffusion layer, causing the Pt particles to fall off on the catalyst, increasing in electric 

resistance and so on[44,45]. We could reduce the start-up voltage to increase the heat production of the stack, 

thereby reducing the performance damage caused by the cold start process to the stack. [19,29]. 
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(a) Cold start from -5°C                           (b) Cold start from -10°C 
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(c) Cold start from -15°C                          (d) Cold start from -20°C 

Fig. 9. Comparison of polarization curves before and after the cold start of the stack from -5°C，-10°C，-15°C and -20°C in the 

constant voltage mode 

3.3.2. Voltage consistency analysis 

In this paper, monomer voltage fluctuation rate was used to evaluate the stack consistency.  
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In formula (2), N is the number of single cells in the stack, ),,3,2,1 NiVi （ is the voltage of each cell, 

V is the average voltage of the cell. 

Fig. 10 shows the results of the monomer voltage consistency analysis after cold start from -5°C, 10°C, 

-15°C and -20°C in constant voltage mode. The voltage consistency degradation during successful cold start was 

small. Even under the heavy current load (60A), the monomer voltage fluctuation rate was still about 5%, and the 

overall fluctuation was small. However, the voltage consistency decay was more serious with the increase of 

start-up voltage during failed cold start. After cold start from -20°C at 1.0V, the monomer voltage fluctuation rate 

reached 27.14% when the current load was only 40A. The attenuation of the monomer voltage consistency 

directly restricted the overall performance of the stack[46]. 
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(a) Cold start from -5°C                             (b) Cold start from -10°C 
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(c) Cold start from -15°C                           (d) Cold start from -20°C 

Fig. 10. Variation of voltage consistency after the cold start from -5°C, -10°C, -15°C and -20°C at constant voltage mode 

Fig.11 shows the change of the polarization curves of each cell after the failed cold start. The performance 

degradation of the #1 single cell was more serious after the failed cold start. The performance degradation 

gradually decreased from the #1 single cell (near the inlet) to the #5 single cell (far away from the inlet). It is 

supposed that the reaction gases first reached the # 1 single cell during the startup process, which was prior to the 

generation of current in other single cells and produced more water so that the amount of ice formation was more. 

Moreover, the # 1 single cell was close to the end plate so that the heat dissipation was serious. The #1 single cell 

was prone to local current reversal as shown in Fig. 7. The current reversal occurred when the cell could not 

produce the forced current density so water electrolysis and carbon corrosion took place[7,39]. The current 

reversal contributed to water consumption, reducing the ice formation in the cell. Moreover, the current reversal 

could generate more heat, which further warmed up the cell. However, the catalytic layer might destroy, the 

performance of the cell would decrease obviously. In addition, the inlet gases had a great disturbance to the 

temperature of the #1 single cell. The poor temperature characteristic led to the water freezing more easily 
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occurring and therefore the damage to the key structure of the #1 cell was the most serious by frost heave 

stress[27]. Therefore, the performance degradation was more serious after a repeated cold start.  

The stack consistency was poor after failed cold start. The performance of the # 1 single cell in the stack 

degraded seriously, which led to the serious attenuation of the overall performance of the stack. We could use 

auxiliary measures to improve the # 1 single cell cold start performance for the real applications. For example, 

external heat source heating and heating reaction gas, etc. Auxiliary measures could increase the consistency and 

durability of the stack. Compared with the auxiliary measures for the entire stack, only the auxiliary measures for 

the #1 single cell could reduce the complexity of the auxiliary system and the supply of external energy. It was 

helpful to meet the DOE standard. In addition, improve the cold start performance of single cells at the middle 

position and gases inlet position, the consistency and cold start performance of the stack can be improved 

effectively. 
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(a) Initial                                      (b) After -15°C at 2.0V 
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(c) After -20°C at 0.5V                          (d) After -20°C at 1.0V 

Fig. 11. The change of the polarization curves of each cell after the failed cold start (-15°C at 2.0V , -20°C at 0.5V and 1.0V) 
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4. Conclusions 

This paper investigated the cold start characteristic of the stack in constant voltage startup mode. The 

evolution of the temperature and current density distribution at different regions in the constant voltage mode of 

the stack were investigated by the segmented technology. Finally, the performance degradation of the stack after 

cold start was explored through the polarization curve and the voltage consistency. This paper obtained the general 

rule of the stack cold start and might provide direction for the optimization cold start strategy for the real 

applications. This paper was an important supplement to the current published cold start studies in the literature. 

1. Reducing startup voltage could improve the cold start performance of the stack and realize rapid start. The 

cold start capacity of the stack was good at -5°C and -10°C, and could realize rapidly cold start in 95s from 

-15°C at 1.0 V. 

2. The cold start performance of the cell located in the middle position was obviously better than that of the cell 

on both sides. 

3. Current density changes during cold start process of different single cells and in different areas of the same 

single cell were inconsistent. The #1 single cell had the best distribution uniformity because of the sufficient 

gases. The current density near the middle region was the highest, which played a leading role in the 

temperature rise of the stack. Sometimes, the local current reversal would happen. In the case of insufficient 

gas supplied, the gas back flow would occur. 

4. The performance degradation gradually decreased from the single cell near the inlet to the single cell far 

away from the inlet. In the real applications, add appropriate auxiliary measures to the #1 single cell (near the 

inlet) and improve the cold start performance of the single cells at the middle position and gases inlet 

position to improve stack performance consistency. 
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