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Abstract 

The proton exchange membrane fuel cells (PEMFCs) are potential candidates for energy solutions toward net-

zero emissions by 2050 owing to their remarkable properties. In the air-forced open cathode PEMFC stack (AF-

OCPEMFCs), the electric fan was used to provide the air and dissipate the heat generated by the fuel cells. In 

this study, the performance and energy efficiency of the AF-OCPEMFCs were investigated under load levels 

and different fan mechanisms, including the blow and suction modes. The results show that the performance and 

energy efficiency of the blow mode are superior to the suction mode across the load levels, and the fan duty 

factors of 0.2, 0.4, 0.6, 0.8, and 1.0. Additionally, the hydrogen consumption was achieved at 0.014, 0.028, 

0.042, and 0.056 L min−1, corresponding to operating currents of 2, 4, 6, and 8 A, respectively. Notably, the 

highest energy efficiency was achieved at 35.04% under load levels of 6 A with blow mode. This study is 

meaningful for thermal management to optimize the energy efficiency of AF-OCPEMFCs for unmanned 

aerospace vehicles (UAVs) and electric vehicles (EVs). 

 

Keywords: Air-forced open cathode, Electric vehicles, Energy efficiency, Fan speed, Hydrogen consumption, 

Proton exchange membrane fuel cells, Unmanned aerospace vehicles 

 

1  Introduction 

 

Nowadays, the proton exchange membrane fuel cells 

(PEMFC) are regarded as a promising energy solution 

owing to their significant characteristics, including 

zero-emission, low noise, low operation temperature, 

high energy efficiency, quick start, and high power 

density [1] among seven types of fuel cells [2]. 

Recently, it has been employed in a diversity of 

applications, such as portable power [3], station power 

[4], automobile [5], railway [6], ship [7], unmanned 

aerospace vehicles [8], and unmanned underwater 

vehicles [9]. Especially, the PEMFCs are attractive 

and more drawn in the context of many countries' 

commitment to achieving zero emissions by 2050 

[10]. 

During the air-forced open cathode PEMFC 

stack (AF-OCPEMFCs) operation, it was affected by 

tremendous factors of operating conditions, such as 

key components, and materials, temperature, pressure, 

and humidity. For the affected key component and 

materials, Yeetsorn et al., [11] studied the electrical 

conductivity of the bipolar plate for PEMFC. Their 

results showed that the external factor, including the 

pressure of clamping, affected the conductivity. Onyu 

et al., [12] studied the electrical conductivity of the 

bipolar plates under varying materials. They revealed 

that the graphene agglomeration at a 7.5 wt% loading 

is a critical issue that must be addressed to improve 

volumetric electrical conductivity. Zhang et al., [13] 

experimented to study the effect of a thermal radiation 

environment on the AF-OCPEMFCs’ temperature and 

performance. They concluded that the stack voltage 
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was impacted by the thermal radiation, and the stack 

did not operate when high maximum radiation flux. 

Santa et al., [14] analyzed the impact of ambient 

temperature and pressure on the power density of AF-

OCPEMFCs with 8 cells. Their results show that at a 

power supply of 5 V for the fan voltage, the highest 

power density was achieved at 0.31 W cm−2 at a load 

density of 0.790 A cm−2. Sagar et al., [15] simulated 

to analyze the operational behavior of the performance 

of AF-OCPEMFCs. Their results indicated that the 

performance is better at high relative humidity and 

high-temperature ambient conditions. Ou et al., [16] 

developed the bubble humidifier and control strategy 

of the humidified and temperature to increase the 

performance of AF-OCPEMFCs. They revealed that 

the stack performance increased by about 10% when 

using the bubble humidified and their control method. 

Barreras et al., [17] examined the effect of pressure 

drop on the performance of AF-OCPEMFCs. Their 

results show that the measurement data and predicted 

data are in agreement with the friction factor in their 

study. Guilbert et al., [18] analyzed a fuel cell boost 

converter and developed three adaptive Hamiltonian 

control laws, among which the third demonstrated 

superior performance. 

To evaluate the effect of cathode components on 

the AF-OCPEMFCs, Zhao et al., [19] designed and 

tested the channel of cathode flow for the AF-

OCPEMFCs under varying dimension parameters. 

They optimized the cathode channel with a bipolar 

plate thickness of 2 mm and dimensions of bending 

angle (5°), width/landing (1:0.7), width (1.1 mm), and 

depth (1.3 mm), while Kreesaeng et al., [20] 

researched the effect of the cathode channel on the 

AF-OCPEMFCs performance by using the 

computational method. Kiattamrong et al., [21] 

examined the effect of airflow channels on the 

performance of the AF-OCPEMFCs. Their results 

show that the polarization curve under various airflow 

channels and compare them. This work was 

researched by Qiu et al., [22] [23]. Wang et al., [24] 

investigated electrochemical impedance spectroscopy 

(EIS) and voltage of the AF-OCPEMFCs under 

various cathode flow fields. Their results indicated 

that the cathode flow field with the metal foam is 

superior to another with the same testing conditions. 

The voltage improvement was also mentioned when 

placing metal foam in the channel of the cathode, 

which was reported [25]. Bujlo et al., [26] developed 

and fabricated the AF-OCPEMFCs with 10 cells to 

test the performance. They indicated that the highest 

current density of 1200 mA cm−2 was achieved at a 

voltage of 0.5 V. Afterward, they tested durability 

with the long-term 300 h, and the voltage degradation 

of 0.64 mV h−1. Zhao et al., [27] experimented to 

examine the distribution of pressure on the AF-

OCPEMFCs' performance. They concluded that the 

optimal compression ratio of the end plate of 70% to 

achieve maximum performance. Baik et al., [28] 

developed cathode bipolar plates with a multi-hole 

framework to boost the performance of the AF-

OCPEMFCs with 20 cells. They explained that the 

oxygen is uniform in multi-hole structures,  leading to 

enhanced electrochemical performance, resulting in 

improved performance compared to conventional 

bipolar plate structures. Their works provided 

insightful methods. Kim et al., [29] developed and 

designed the bipolar plates using the carbon 

composite. They have then optimized the stack 

sequence and thickness of bipolar plates. Chang et al., 

[30] developed ultra-thin metal bipolar plates to 

examine the temperature distribution and voltage of 

the AF-OCPEMFCs. Their result revealed that the 

stack temperature should be uniform when the fuel 

cell is executed at high load levels.  

For the material effect on the AF-OCPEMFCs, 

Liu et al., [31] examined the performance of AF-

OCPEMFCs under varying Pt/C, membranes, cathode 

catalyst layers, and cathode gas diffusion layers 

(GDLs). They indicated that the best performance was 

achieved at the composite Nafion/PTFE membrane 

with a thickness of 17 μm-thick. Zhao et al., [32] 

tested the performance of the AF-OCPEMFCs under 

different GDLs and polytetrafluoroethylene (PTFE) 

content substrate layers. Their results show that the 

optimal GDL thickness and PTFE reached 200 μm and 

10%. 

In the AF-OCPEMFCs, the airflow rate was 

supplied by the electric fan. Additionally, the fan was 

used to dissipate the heat production from the stack 

owing to electrochemical reactions. The integration of 

the fan in the stack plays a significant role in 

optimizing the voltage of the stack [33]. Therefore, the 

stack performance and temperature were impacted by 

fan speed. Zeng et al., [34] investigated the stack 

performance, uniform voltage, and temperature 

distribution under variable fan speeds at different load 

currents. They revealed that the fan speed dramatically 

affected the performance. Yu et al., [35] investigated 

the self-regulating capability of the AF-OCPEMFCs 

under varying fan operations. They revealed that the 

suction mode is suitable for self-regulating capability 
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in their study. Ling et al., [36] measured the stack 

temperature using the infrared camera and evaluated 

the stack voltage under air blow feed mode and air 

drawing feed mode. Their results revealed that the 

performance improved by 16% with the air-drawing 

feed mode. Yin et al., [37] suggested a control strategy 

to optimize the thermal management in the AF-

OCPEMFCs. They indicated that the system 

efficiency increased by 1% when using the constraint 

generalized predictive control (CGPC) and the highest 

efficiency optimization. Similarly, Yu et al., [38] 

designed the control system and proposed a strategy in 

the AF-OCPEMFCs of 1000W to optimize thermal 

management using the CGPC technique. They 

concluded that the performance improved at the fan 

duty factor of 28.9% when compared to their proposal 

strategy and manufacture default strategy. D’Souza et 

al., [39] studied the characteristics of thermal in a fuel 

cell stack with 80 cells using the numerical method. 

Their model provided insight into the thermal 

characteristics of a stack and indicated that the 

distribution of temperature affected the majority of 

stack performance. Mahjoubi et al., [40] investigated 

and suggested a control strategy for the thermal 

management of the AF-OCPEMFCs. Their control 

strategy is appropriate in the stack because verified 

under various operating conditions. Zhou et al., [41] 

studied the fan parameters on the performance of the 

AF-OCPEMFCs under various fan models, such as 

size, fan power, weight, and air volume. They 

indicated that the selection of the fan parameters 

impacts the AF-OCPEMFCs. Zhang et al., [42] 

examined the impact of a fan on the performance of 

the AF-OCPEMFCs under varying parameters such as 

fan blade, morphology, and grill using the three-

dimensional (3D) model. They revealed that the 

distribution of stack temperature and voltage in each 

cell is not uniform.  

In summary, the AF-OCPEMFCs’ performance 

and temperature were affected by the airflow rate. As 

we all know, the thermal management in AF-PEMFCs 

plays a crucial role, which affected significant to the 

output voltage and energy efficiency. Because the 

open-cathode PEMFC stack used the electric fan to 

fed the air and cool the heat generation, which is 

generated from the electrochemical reaction. 

Therefore, this study aims to find the optimal electric 

fan mechanism by investigating under various fan 

duty factors, which are represented by the fan speed 

and fan-mode, including blow mode and suction 

mode, that play an important role in the system. 

Although the performance of the AF-OCPEMFCs has 

been researched. There are a few studies on the impact 

of fan speed on stack performance; however, 

understanding the effect of fan speed under various 

fan duty factors and fan modes plays a crucial role in 

optimizing thermal management to extend the fuel cell 

stack lifespan. Although several studies indicated the 

suction mode is better than the blow mode [43], [44], 

performance depends on the quality of the fuel cell 

stack, fuel cell stack type, fuel cell stack 

characteristics, specific applications, and operating 

conditions. This is indicated last reported in [45], the 

blow mode is superior to the suction mode. To 

determine the best fan mode in the AF-OCPEMFCs 

100 W, 20 cells in this study, the energy efficiency was 

investigated under varying fan operation mechanisms, 

including the blow mode, suction mode, and fan duty 

factors at different load levels. The energy efficiency 

between the blow mode and suction mode was 

compared, and indicated that the blow mode is 

superior to the suction mode across load levels and fan 

duty factors in this study. Because of the high pressure 

in the stack and stack temperature improvement when 

using the blow mode, leading to improved energy 

efficiency. This study is meaningful for managing the 

airflow rate and thermal in the stack of 100 W, 20 cells 

for UAVs. 

  

2  Experimental 

 

2.1  Experimental setup 

 

Figure 1 depicts the real picture of the hardware 

experimental and experimental setup schematic, 

which comprised a hydrogen-supplied system, an 

open-cathode PEMFC stack, ancillary devices, and 

measurement equipment in this study. The AF-

OCPEMFCs were purchased from the manufacturer 

(H-100 PEM, Horizon, USA) and employed to 

investigate the energy efficiency under various 

electric fan mechanisms. The specifications were 

summarized in Table 1 [46]. To reduce the 

degradation of the membrane, the AF-OCPEMFCs 

operated with the operating current load levels ranging 

from 2 to 8 A, with an increment of 2 A in this study. 

At the inlet anode side, the pure dry hydrogen 

(99.999%) was provided to the AF-OCPEMFCs via a 

pressure regulator (R06-221-NNEA, Norgren, 

Mexico), which was used to reduce and maintain 

anode pressure around 0.45 bar. The hydrogen supply 

valve was placed to prevent hydrogen gas leakage 
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when the system shuts down. The hydrogen flow rate 

meter (M-10 SLPM-D/5 M, Alicat Scientific, USA) 

was employed to determine the hydrogen 

consumption during the AF-OCPEMFCs operation. 

To save and enhance the hydrogen utilization, the 

solenoid valve, which was called the purge valve, was 

used to block the hydrogen gas at the anode outlet. 

Also, the purge valve was open to expel the gas and 

impurities when it received the control signal. The 

electric axial fan was utilized to provide the air and 

dissipate the heat generated by the fuel cells. The 

microcontroller unit (MCU) was designed and 

fabricated to control the fan speed, hydrogen supply 

valve, and purge valve. The control program was 

conducted in the MATLAB/Simulink software and 

deployed in the microcontroller unit (MCU). 

 

 

 
 

Figure 1: Experimental setup scheme of AF-OCPEMFCs system (a); A real picture of hardware for this study (b). 

 

Table 1: Key specifications of AF-OCPEMFCs.  
Parameter Value 

Membrane type PEMFC 

Number of cells 20 

Size (height x length x width) /mm 94×104×118 

Cell activation area / cm2 22.5 

Rated power / W 100 

Weight of stack / g 1290 (±) 50  

Gas cathode side Air 

Hydrogen purity / % 99.99 

 

The direct current (DC) power supply machine 

(U8001A, Keysight, USA) was used to provide the 

power source for auxiliary equipment, such as an 

electric fan, purge valve, hydrogen supply valve, and 

MCU. To measure the temperature of the fuel cell, the 

thermocouple (WTC-TT-T-36, IOThrifty, USA) was 

employed and placed in the center of the stack. The 

shunt current (SH-0010A-50mV, CPU Co., Ltd, 

Taiwan) was utilized to measure the auxiliary current 

and operating current during fuel cell stack operation. 

The electric load (PLZ164WA, Kikusui, Japan) was 

used to apply the electrical load levels for the fuel cell 

stack. Ultimately, the data acquisition (DAQ) (NI 

9219, National Instruments, USA) was used to collect 

real-time signals, including the hydrogen mass flow 

rate, stack voltage, stack temperature, stack current, 

and auxiliary current. 

 

2.2  Experimental procedure 

 

Figure 2 shows the flowchart of experimental 

procedures for this study, including the fuel cell stack 

activation process and experimental investigation 

process of the electric fan operation mechanisms in 

AF-OCPEMFCs system. The AF-OCPEMFCs 

operated at the ambient condition with the room 

temperature of 25 °C, and pressure of 1 atm.  

The fuel cell stack has undergone an activation 
process of around 1 hour at load levels of 4 A before 

conducting an experiment. This activation process 

aims to achieve a stable performance of the AF-

OCPEMFCs by a humidified membrane [47]. 

Afterward, the control purge valve was operated in a 

continuous open–close cycle to remove water and 

impurities until none remained.
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Figure 2: Flowchart of experimental procedures for 

this study. 

 

 
Figure 3: Illustration of an electric fan operation 

mechanism in the AF-OCPEMFCs system: Suction 

mode (a); Blow mode (b). 

 

In this study, the effect of operating temperature 

on the voltage of AF-OCPEMFCs was examined at 

current levels of 2, 4, 6, and 8 A, with fan duty factors 

of 0.2, 0.4, 0.6, 0.8, and 1.0, and under two fan 

mechanisms: suction and blow modes, as shown in 

Figure 3. The pulse width modulation (PWM) 

technique was deployed to control the electric fan 

speed. Additionally, the fan duty factor was 

determined as follows: 

 

𝐷𝑓𝑎𝑛 =
𝑃𝑊

𝑇𝑝𝑒𝑟𝑖𝑜𝑑
 

(1) 

 

where: 𝑃𝑊 is the time of pulse activity, and 𝑇𝑝𝑒𝑟𝑖𝑜𝑑 is 

the total signal period. Obviously, a higher fan duty 

factor higher flow rate. 

During the AF-OCPEMFCs operation, the 

energy efficiency (𝜂) was evaluated under various 

load levels and fan duty factors. The energy efficiency 

in this study was calculated using Equation (2) 

 

𝜂 =
60 × 22.4 ∫ 𝑃𝑛𝑒𝑡(𝑡)𝑑𝑡

𝐿𝐻𝑉 ∫ 𝑚̇𝐻2
(𝑡)𝑑𝑡

=  60 × 22.4 [
(𝐼𝑓𝑐𝑠 ∑ 𝑉𝑓𝑐𝑠(𝑖) − 𝐼𝑎𝑛𝑐 ∑ 𝑉𝑎𝑛𝑐(𝑖)𝑖𝑖 )Δ𝑡

𝐿𝐻𝑉 ∑ 𝑚̇𝐻2
(𝑖)Δ𝑡𝑖

] 

(2) 

 

where: 𝑃𝑛𝑒𝑡, 𝐿𝐻𝑉, and 𝑚̇𝐻2
refer to the net power 

output, in W; hydrogen’s lower heating value [48],  
(𝐿𝐻𝑉 = 242 × 103J mol−1); and hydrogen mass flow 

rate, in liters per second (L s−1), respectively. 

Additionally, 𝐼𝑓𝑐𝑠 is the operating stack current, in A; 

𝑉𝑓𝑐𝑠 denotes the fuel cell stack voltage, in V ; 𝐼𝑎𝑛𝑐 

refers to the current of ancillary equipment, in A, and 

𝑖 represents the summation index. The net power 

output depended on the power of the AF-OCPEMFCs 

and the power of the ancillary. It was determined using 

Equation (3): 

 

𝑃𝑛𝑒𝑡 = 𝑃𝑓𝑐𝑠 − 𝑃𝑎𝑛𝑐 (3) 
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where: 𝑃𝑓𝑐𝑠 is the power of the AF-OCPEMFCs, and 

𝑃𝑎𝑛𝑐 is the power of ancillary, including the power 

consumption of the hydrogen-supplied valve, fan, 

purge valve, and MCU. All parameters are units of W. 

The power of the AF-OCPEMFCs depended on 

the current and voltage of the stack. It can be 

determined as follows: 

 

𝑃𝑓𝑐𝑠 = 𝑉𝑓𝑐𝑠 × 𝐼𝑓𝑐𝑠 (4) 

 

For the power of ancillary, a lower ancillary 

power is better, because a higher net power output 

leads to high energy efficiency in this study. The 

power of ancillary can be calculated by Equation (5): 

 
𝑃𝑎𝑛𝑐 = 𝑉𝑎𝑛𝑐 × 𝐼𝑎𝑛𝑐 = 𝑃ℎ𝑠𝑣 + 𝑃𝑒𝑙𝑓 + 𝑃𝑝𝑣 + 𝑃𝑀𝐶𝑈 (5) 

 

where: 𝑃ℎ𝑠𝑣, 𝑃𝑒𝑙𝑓, 𝑃𝑝𝑣, and 𝑃𝑀𝐶𝑈 denote the power of 

the hydrogen supplied valve, in W; power of the 

electric fan, in W; power of the purge valve, in W; and 

power of the MCU, in W, respectively. 

To eliminate the water, impurities, and nitrogen 

accumulation at the anode channel, the purge valve 

was opened with a purge duration of 100 ms and a 

purge interval of 20 s. It aims to recover the stack 

performance by changing the fresh hydrogen. 

 

3  Results and Discussion 

 

3.1 Effect of electric fan duty factor on stack 

performance  

 

During the AF-OCPEMFCs operation, the fan speed 

influenced the stack voltage. In this section, the blow 

mode was used to discuss the impact of the fan duty 

factor under varying load levels. Figure 4 depicts the 

variation of the voltage and temperature of the AF-

OCPEMFCs under various operating currents. At the 

low operating current of 2 A, the voltage seems stable 

and remains constant after applying the load, as shown 

in Figure 4(a). In this load, water and heat generation 

from the stack were low, while the purge valve was 

opened frequently and was removed. The stack 

temperature was low owing to the low current, and 

almost all the heat generation was dissipated by the 

electric fan, as described in Figure 4(b). At the stable 

temperature, the maximum temperature was achieved 

at 35 °C for the fan duty factor of 0.2. When the 

current is elevated to 4 A, the voltage is lower than 2 

A due to an overpotential increase. When applying the 

current, the stack of fuel cells tended to gradually 

increase, as described in Figure 4(c). This 

phenomenon can be elucidated by the rate of 

electrochemical reaction that occurred at a rate higher 

than the current of 2 A, leading to more heat 

generation to enhance the membrane, resulting in 

voltage improvement. In addition, the temperature of 

the AF-OCPEMFCs gradually increased from the 

temperature of the laboratory room to the stable 

temperatures of 60, 40, 30, 29, and 25 °C 
corresponding to the electric fan duty factors of 0.2, 

0.4, 0.6, 0.8, and 1.0, as described in Figure 4(d). The 

electrochemical reaction rate in this load was higher 

than 2 A, resulting in more heat generation. When the 

electric fan duty factor increased, the temperature of 

AF-OCPEMFCs decreased because the higher fan 

duty factor resulted in a higher airflow rate. Therefore, 

a larger amount of heat was removed from the stack. 

When the AF-OCPEMFCs operated at a current 

of 6 A, the voltage gradually increased and achieved a 

stable. It is noteworthy that the maximum voltage of 

12.3 V occurred at the electric fan duty factor of 0.2 

due to the low fan duty factor, and the voltage was 

reduced stratification as the fan duty factor increased, 

as shown in Figure 4(e). It can be elaborated that the 

amount of heat generation from the electrochemical 

reaction enhanced the membrane conductivity. When 

the fan duty factor increased, the temperature of the 

AF-OCPEMFCs decreased because the heat generated 

was eliminated when the electric fan speed increased, 

as represented in Figure 4(f).  

At the high load of 8 A, the performance of AF-

OCPEMFCs was profoundly influenced by the fan 

duty factors, as described in Figure 4(g). The voltage 
gradually increased after applying load current and 

dropped rapidly at 430th second for the fan duty factor 

of 0.2. This phenomenon can be explained by the fact 

that the heat generated was high while the fan speed 

was low. Therefore, the provided airflow rate is 

insufficient for the stack’s electrochemical reaction. 

Additionally, more heat generation could not 

dissipate, leading to a dry membrane, resulting in a 

rapid stack voltage drop. However, when the fan duty 

factor increased to 0.4, 0.6, 0.8, and 1.0, the stack 

voltage was stable and achieved at 12, 13, 14, and 15 

V for the fan duty factors of 0.4, 0.6, 0.8, and 1.0, 

respectively. It was observed that heat removal was 

more effective at higher fan duty factors than at a low 

fan duty factor of 0.2, leading to improved stack 

performance. Therefore, when the load current 

increases, the fan speed should be increased to adapt 

to the provided amount of airflow rate and dissipate 
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heat. In this load, the maximum voltage of 15 V was 

achieved at the fan duty factor of 0.4. Obviously, the 

stack temperature decreased when the electric fan duty 

factor increased owing to more heat generation 

removal, as shown in Figure 4(h).

 

  
Figure 4: Variation of the voltage and temperature of the AF-OCPEMFCs under varying fan duty factors and 
currents: 2 A (a–b); 4 A (c–d); 6 A (e-f); and 8 A (g–h).
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Figure 5: Comparison of the voltage and temperature of the AF-OCPEMFCs under varying fan duty factors and 

currents: 2 A (a–b); 4 A (c–d); 6 A (e-f); and 8 A (g–h). 

 

3.2  Effect of fan blow mode and fan suction mode 

on stack performance 

 

In this study, the voltage of the AF-OCPEMFCs was 

investigated under different fan mechanisms, 

including the blow mode and suction mode. Therefore, 

it should be compared to find the best mode for the 

open-cathode PEMFCs of 100 W. Figure 5 shows the 

stack performance and stack temperature under 

varying load current and fan duty factors for the blow 

mode and suction mode. It is noticeable that the 

voltage of the stack with blow mode is superior to 

suction mode across load level, as depicted in Figure 

5(a), (c), (e), and (g). In other words, the voltage stack 

was improved for the blow mode. This can be 

explained by the fact that the blow mode provided an 

airflow rate better than the suction mode because the 

blow mode generated high pressure in the fuel cell 

stack. It was also the last report in [45].  

In the blow mode, the heat generation from the 

electrochemical reaction of a stack was removed better 

than the suction mode owing to the higher airflow rate 

in the blow mode. Thus, the AF-OCPEMFCs 

temperature in blow mode is lower than in suction 

mode. The blow mode is the best choice for improving 

the voltage of the stack and ensuring good dissipation 

of heat.
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Figure 6: Ancillary power under varying fan duty 

factors (a); Percentage of ancillary power (b). 

 

3.3  Analysis of ancillary power and hydrogen 

consumption under load levels 

 

The energy efficiency of the AF-OCPEMFCs 

depended on the ancillary power and hydrogen 

consumption for electrochemical reactions. Notably, 

the electric fan speed contributes significantly to the 

ancillary power. Indeed, when the fan duty factor 

increases, that means a higher airflow rate is provided 

to the AF-OCPEMFCs, resulting in the power 

consumption of ancillary increased. On the other hand, 

the power of ancillary consumption consisted of the 

power consumption of the hydrogen supply valve, the 

MCU, and the purge valve. The ancillary power 

consumption and the percentage of ancillary power 

consumption in this study are described in Figure 6. It 

is apparent that the contribution of electric fan power 

consumption was higher when the fan duty factor 

increased. The percentage of electric fan power 

increased by 4.17%, 7.74%, 11.31%, 14.88%, and 

22.62% corresponding to fan duty factors of 0.2, 0.4, 

0.6, 0.8, and 1.0. Obviously, the fan speed increased, 

and the airflow rate increased, resulting in reduced 

local overheating [49] and stack voltage uniformity in 

each cell in the stack [50]; however, the membrane can 

be dehydrated. The higher fan speed leads to increased 

ancillary power, resulting in reduced energy efficiency 

[51], while the low fan speed leads to insufficiency of 

airflow rate or overheating of the stack at high load 

operation. Therefore, the electric fan speed must not 

be controlled without consideration. It should be 

optimized according to the load level. The fan duty 

factor in this study was found to be 20% for low and 

medium load levels less than 6 A. For the load levels 

beyond that point, the fan duty factor was 40%. 

Because the fuel cell stack needs a higher airflow rate 

at high load levels. Additionally, the heat produced by 

the electrochemical reactions in the AF-OCPEMFCs 

should be removed to maintain the stack temperature. 

It aims to prevent dry membranes and enhance 

performance. 

The hydrogen consumption should be considered 

during the AF-OCPEMFCs operation. The hydrogen 

consumption depended on the significant load levels 

of the AF-OCPEMFCs. As the operating load levels 

increased, the hydrogen consumption (𝑉𝐻2 𝑐𝑜𝑛𝑠), in 

litters per minute (LPM), increased to serve the 

electrochemical reactions and was determined as 

follows: 

 

𝑉𝐻2 𝑐𝑜𝑛𝑠 =
𝑁𝑐𝑒𝑙𝑙 × 𝐼

2𝐹
× 60 × 22.4 

(6) 

 

where: 𝑁𝑐𝑒𝑙𝑙 denotes the cell number in a stack, 𝐼 is the 

operating current, and 𝐹 represents the Faraday’s 

constant. 

To save and enhance hydrogen utilization, the 

dead-end anode mode was employed in this study. The 

optimization of hydrogen consumption is a key factor. 

The optimization duration of the purge valve opened 

and closed time status will be investigated in the 

future. In this study, the purge interval, representing 

the time the purge valve remains closed, was set to 20 

s. The purge duration, or the time the purge valve stays 

open, was 100 ms. When the solenoid valve opened, 

gas was evacuated from the anode channel. The gas 

volume flow rate, in LPM, can be calculated using 

Equation (7): 

 

𝑉̇ =
5140

3600
× 𝐾𝑣 × √𝑝0

(𝑝𝑎 − 𝑝0)

𝑇𝜌
 

(7) 

 

where: 𝐾𝑣, 𝑝0, 𝑝𝑎, 𝑇, and 𝜌 represent the purge valve’s 

characteristic value, outlet pressure when the purge 
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valve opens, anode pressure, stack temperature, and 

gas density, respectively. 

 

 
Figure 7: Hydrogen consumption during the stack 

operation. 

 

Figure 7 shows the hydrogen consumption flow 

rate for the electrochemical reactions of the AF- 

OCPEMFCs and the purged gas volume flow rate 

during the purge valve opening. It can be observed that 

when the load level increased, the hydrogen 

consumption flow rate for the electrochemical 

reaction during the dead-end anode mode was 

achieved at 0.014, 0.028, 0.042, and 0.056 L min−1 

corresponding to load levels of 2, 4, 6, and 8 A. When 

the purge valve opened, the unreacted hydrogen was 

purged to the atmosphere, leading to rapidly increased 

the volume flow rate and achieved at 4.04 L min−1. 

The unreacted hydrogen was expelled to the outside, 

which was called wasted hydrogen, and the duration 

of the purge valve opening was determined in the 

future. In this study, the optimization of the electric 

fan was conducted, thus the purge interval and purge 

duration were fixed. 

 

3.4  Discussion on energy efficiency between blow 

mode and suction mode 

 

Energy efficiency is a key parameter to elucidate the 

effectiveness of the open-cathode PEMFC stack, 

including the power output and hydrogen 

consumption. In this study, the energy efficiency was 

determined and evaluated under various fan 

mechanisms and load levels. The energy efficiency for 

the blow mode and suction mode is shown in Figures 

8(a) and (b), respectively. In the blow mode, it is 

noticeable that at load levels 2, 4, and 6 A, the energy 

efficiency gradually decreased when the fan duty 

factor increased. This can be explained by more 

ancillary power consumption when the fan duty 

increases, contributing to reducing the net power 

output following Equation (3). The maximum energy 

efficiency was achieved at the electric fan duty factor 

of 0.2 for the load levels of 2, 4, and 6 A. When the 

AF-OCPEMFCs operated at a load level of 8 A, the 

maximum energy efficiency was achieved at the 

electric fan duty factor of 0.4, because a high load 

level of 8 A needs a larger amount of airflow to 

provide and adapt to the electrochemical reactions of 

the fuel cell stack. Additionally, a higher airflow rate 

dissipates the heat generation from the stack increase, 

leading to the electric fan duty factor being increased 

to 0.4. The highest energy efficiency of 35.04% at a 

load level of 6 A with the fan duty factor of 0.2 for the 

blow mode. 

For the suction mode, the energy efficiency of 

the AF-OCPEMFCs under load levels of 2, 4, 6, and 8 

A and varying fan duty factors of 0.2, 0.4, 0.6, 0.8, and 

1.0, as described in Figure 8(b). It is clear that when 

the fan duty factor increased, the energy efficiency 

gradually decreased due to the higher fan duty factor 

leading to higher ancillary power consumption, 

resulting in reduced net power output. Indeed, energy 

efficiency seems to reduce linearly when the fan duty 

factor increases. For a load level of 2 A, the energy 

efficiency was achieved at 26.11%, 24.60%, 23.63%, 

23.59%, and 21.73%, corresponding to the fan duty 

factors of 0.2, 0.4, 0.6, 0.8, and 1.0. Similarly, the 

reduction of energy efficiency linearly was achieved 

at 30.05%, 28.41%, 27.22%, 26.51%, and 25.56% 

corresponding to the fan duty factors of 0.2, 0.4, 0.6, 

0.8, and 1.0. For the operating load level of 6 A, the 

energy efficiency gradually decreased by 32.48%, 

31.32%, 28.38%, 25.86%, and 23.57%, corresponding 

to the fan duty factors of 0.2, 0.4, 0.6, 0.8, and 1.0. 

Notably, the energy efficiency was achieved at the 

lowest of 23.15% at the electric fan duty factor of 0.2 

with a load level of 8 A. It can be explained that the 

fan speed was low, leading to an insufficient airflow 

rate, while the higher load level needed a higher 

airflow rate to provide for the electrochemical 

reactions of the stack. Additionally, high heat 

generation from the fuel cell caused a dry membrane, 

reducing the surface area of the catalyst and mass 

transport limitation, resulting in reduced performance 

[52], [53]. The stack voltage was dropped rapidly at 

500 s at a high level of 8 A, which was explained in 

detail in sections 3.1 and 3.2. Therefore, a higher load 

level should result in a higher fan duty factor. At a high 

load level of 8 A, the highest energy efficiency was 

achieved 31.08% because of insufficient airflow rate 

and low ancillary power consumption.
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Figure 8: Energy efficiency of the AF-OCPEMFCs 

under various fan duty factors, and load levels for 

blow mode (a), and suction mode (b). 

 

To compare the energy efficiency of the blow 

mode and suction mode, the energy efficiency was 

listed under varying load levels and fan duty factors 

with the blow mode and suction mode, as depicted in 

Table S1 (in Supplementary Materials). It can be seen 

that the energy efficiency with blow mode is superior 

to suction mode across load levels and the fan duty 

factors. This is because the stack voltage and stack 

temperature with the blow mode are better than those 

with the suction mode. 

 

3.5 Capability configuration for applications 

 

In this study, the performance and energy efficiency 

of AF-OCPEMFCs were investigated under different 

fan mechanisms. The AF-OCPEMFCs use an electric 

fan to supply oxygen from the ambient air. Therefore, 

this configuration features a simple system 

architecture and an easier control strategy. Since the 

AF-OCPEMFCs operate under ambient conditions 

with an excess air supply, this configuration is suitable 

not only for UAV applications but also for electric 

vehicles (EVs) applications. Figure 9 depicts the AF-

OCPEMFCs applied in EVs. It can be observed that 

the traction system is powered by the AF-

OCPEMFCs. EVs that rely solely on AF-OCPEMFCs 

as the main power source are referred to as pure fuel 

cell electric vehicles or full fuel cell electric vehicles 

(full FCEVs) [54]. 

 

 
 

Figure 9: AF-OCPEMFCs in full FCEVs. 

 

4  Conclusions 

 

The voltage and energy efficiency of the AF-

OCPEMFCs were investigated under various load 

currents and fan operation mechanisms, including the 

blow mode, suction mode, and different fan duty 

factors. The results obtained from the experiment are 

explained in the previous sections. Several highlighted 

were drawn following the statements: 

(1) When the electric fan duty factor increased, 

the temperature of the AF-OCPEMFCs reduced 

because the heat generated by electrochemical 

reactions was removed. 

(2) When the load current increased, the voltage 

decreased owing to increasing water and impurities, 

leading to an increase in the overpotential. In addition, 

the stack temperature increased owing to the 

increasing heat produced from the electrochemical 

reactions of the AF-OCPEMFCs. 

(3) The energy efficiency of the AF-OCPEMFCs 

with the blow mode is superior to the suction mode 

across load levels and the fan duty factors.  

(4) At a high load level, the voltage was 

improved because the temperature of the AF-

OCPEMFCs with blow mode was lower than with 

suction mode. This cause is heat-generated removal 

with high-pressure blow mode. 

(5) Because the AF-OCPEMFCs operated in the 

ambient with the air, and used the electric fan to feed 

the oxygen from the air. Thus, this configuration is 

appropriate for UAVs and EVs.  

In this study, the optimal electric fan mechanism 

was identified by varying the fan duty factor, which 

represents the fan speed, as well as the electric fan 

operating modes, including suction and blowing 

modes. In future work, a thermal management strategy 

using an intelligent control algorithm is proposed to 

further optimize the electric fan mechanism. 
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