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Abstract: The use of large amounts of fossil fuels can pollute the air with significant amounts of 

carbon monoxide. Proton Exchange Membrane Fuel Cell (PEMFC) is an attractive alternative be-

cause it is able to generate high current with low working temperature, fast start-up time, no pollu-

tion, and good durability. In PEMFC systems, bipolar plates are one of the main and important 

components. This component facilitates the reactants to flow through the designed channel. This 

study aims to modify the parallel-type flow field design on the bipolar plate using CFD simulation 

in ANSYS, in order to improve the performance of PEMFC. While flowing through the bipolar plate, 

the reactants diffuse through the gas diffusion layer, thus connecting with the catalyst layer to gen-

erate protons and electrons in the anode and water and heat in the cathode through chemical reac-

tions. The results of the study show that the variation of rib width and channel depth has a signifi-

cant effect on the pressure distribution and hydrogen flow distribution. These findings can contrib-

ute to the improvement of flow distribution efficiency and pressure reduction. 
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1. Introduction 

Fuel cells, especially Proton Exchange Membrane Fuel Cells (PEMFC), are increasing 
in popularity in line with the global challenge of reducing greenhouse gas emissions and 
dependence on fossil fuels. PEMFCs offer an efficient and environmentally friendly en-
ergy solution, with great potential for integration into a wide range of applications, from 
transportation to large-scale energy storage. The technology is capable of generating elec-
tricity at high efficiency, even under flexible operating conditions, making it an attractive 
option for a clean energy future. Furthermore, in the context of the accelerating global 
energy transition, development and innovation in fuel cell design and optimization are 
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critical to ensure that the technology can achieve better performance, lower costs, and 
larger scale production[1]. 

PEMFC can convert chemical energy from hydrogen into electricity with high effi-
ciency and low environmental impact. PEMFCs can be used for a variety of purposes, 
such as vehicle power sources, portable power, and backup generators. In addition, they 
have many advantages, such as long-term stability, high energy density, and low operat-
ing temperature. Although the cost of fuel cells challenges commercialization, research 
continues to improve the efficiency, durability, and cost of the membranes. This makes 
PEMFCs a promising source of clean energy in the future[2]. 

Bipolar plates must have certain characteristics, such as good mechanical strength, 
corrosion resistance, and high electrical conductivity. Graphite, metals, such as stainless 
steel and titanium, and composites consisting of polymers and conductive fillers, such as 
carbon black or graphite, are very commonly used. The specific application and environ-
ment in which the PEMFC is used greatly influence the choice of materials[3]. 

Computational Fluid Dynamics (CFD) is a technique used to simulate fluid flow nu-
merically. By replacing differential equations with numbers, CFD allows for the analysis 
of complex systems and aids in the visualization of fluid behavior and interactions with 
solid boundaries. This technique has been used in many fields, such as determining chan-
nel rates, architecture, turbines, and automotive design, and will continue to evolve as 
technology advances[4].  

The journal written by Agyekum et al. (2022) PEMFC is updated with a focus on 
performance improvement, material characterization, and publication growth. Efforts are 
made to increase the voltage generated and reduce the weight of the cell through innova-
tive designs of flow plates, membranes, and catalysts. In addition, research focuses on the 
development of membranes with improved ionic conductivity and thermal stability, and 
has recorded significant growth in PEMFC research publications with an average annual 
growth rate of 19.35% since 2000, indicating increasing interest in the application of this 
technology to reduce carbon footprints in various industrial sectors[5]. 

2. Materials and Experiment Methods 

Type of experimental research with the aim of finding correlations between variables. 
Using the Computer Fluid Dynamics (CFD) approach by simulating parameters through 
ANSYS software to obtain optimal results from parameter simulations on ANSYS soft-
ware and direct field trials. The quantitative research method is research based on the 
philosophy of positivism, which is used to research natural object conditions (as opposed 
to experiments) where this research is a key instrument, data sampling is carried out pur-
posively and snowball, data collection techniques with triangulation (combination, data 
analysis is inductive/qualitative)[6]. 

The object of this study is the bipolar plate in the PEMFC system, the bipolar plate is 
one of the main and important components. However, the parallel groove pattern has a 
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disadvantage, namely producing water droplets and the serpentine groove pattern with 
four channels has been proven to improve cell performance and reduce the occurrence of 
water droplets. The width and height of the channel affect the performance of the PEMFC. 
Water discharge increases as the channel height decreases, but cell performance also de-
creases. Cell performance decreases as the channel width increases because lower gas ve-
locities result in less water discharge. This shows better cell performance in smaller chan-
nel cross-sectional areas, because it has a higher gas velocity[7]. 

The sampling method is carried out through CFD simulations carried out 9 times 
from 9 alternative designs. Then, it will be analyzed based on pressure drop and velocity 
and one of the most optimal designs will be obtained. In this study uses secondary data. 
Secondary data is data that has been collected for purposes other than solving the problem 
being faced from literature, articles, journals, and websites related to the research subject. 
Statistical analysis is used in this technique to analyze the data and identify relationships 
between variables. In the case of flow field design in PEMFC, statistical analysis can be 
used to evaluate the impact of flow line design modifications on the performance of the 
material. This includes the impact on pressure, flow, and temperature[8]. 

This study uses a Simulation Method with modeling and algorithms to predict sys-
tem performance and analyze the impact of design modifications on PEMFC performance. 
Simulation can be used to evaluate the impact of design modifications on the flow path, 
pressure, and temperature of the PEMFC. This study uses a CFD approach to simulate 
hydrogen flow performance. CFD simulations are carried out using ANSYS software. The 
ANSYS software used in this study is ANSYS 2021 R2. Before performing the simulation, 
there are several settings for adjustment. Here are the steps to perform a CFD simulation: 

1. Run the ANSYS software, namely Workbench 2021 R2. 
2. In the Toolbox, double click on Fluid Flow (Fluent). 
3. In the Fluid Flow (Fluent) table, there are Geometry, Mesh, Setup, Solution, and 

Results. 
4. Geometry: 

• Right-click on Geometry and select Import Geometry. 
• Then, browse and select the PFF modification design to be simulated (p1-p9). 

5. Mesh: 
• Right-click on Mesh and select Edit 
• In the Detail of “Mesh” section Defaults, change the Element Order to Program 

Controlled and the Element Size to 0.1 mm. The changes of both elements are 
to determine the accuracy and efficiency of the numerical simulation. 

• In the Quality section, change the Mesh Metric to Skewness which aims to 
evaluate the quality of the mesh. This metric is very 27 important because the 
quality of the mesh greatly affects the accuracy and stability of the numerical 
solution in CFD simulations.  

• On the Mesh Tab, select Face Meshing 
• Select Mesh type then select Inflation and enter the boundary effect as follows 
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o Layer thickness 0.01 
o Max layer 
o Expansion ratio 10: 1.2 

• Then create a name for each part such as inlet, walls, and electrode 
• Go to Setup 
• In the Fluent software settings (Fluent Launcher), change the Solver Processes 

value to 2 and click Start. These settings affect the performance of the ongoing 
simulation. 

• In the Fluent software Setup section, there are several settings, namely: 
o Models 
o Energy (On) 
o Species Transport (On) 

• Boundary condition: 
o Inlet velocity 10 m/s 

• Initialization 
• Run Calculation 

Analysis of the influence of parameters such as rib width and channel depth is very 
important to optimize the design of parallel flow fields in PEMFCs. Minitab is a statistical 
program that can be used to analyze data and measure how certain parameters affect fuel 
cell performance. In this study 28, two Channel Width and Channel Depth were used in 
the 3×3 factorial design method. Each factor has three levels with different values. There-
fore, it can be classified as a variable that is not affected by these factors. The following 
table shows the 3×3 factorial design method: 

 
Table 1. Factorial Design of 3x3 Rib Width and Channel Depth 

 
 0.6 0.8 1 
1.1 1.1 and 0.6 (p1) 1.1 and 0.8 (p1) 1.1 and 1 (p1) 
1.3 1.3 and 0.6 (p2) 1.3 and 0.8 (p2) 1.3 and 1 (p2) 
1.5 1.5 and 0.6 (p2) 1.5 and 0.8 (p2) 1.5 and 1 (p2) 

 

3. Results and Discussion 

Subheadings may be used to divide this section. It should provide a concise and pre-
cise description of the experimental results, their interpretation, and possible experi-
mental conclusions. The authors should discuss the findings and how they can be inter-
preted considering previous research and the working hypotheses. The findings and im-
plications should be discussed in the broadest possible context. Future research directions 
may be highlighted as well. 
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3.1. Design Results p1-p9 
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Figure 1. Result of Design P1-P9 

Based on Figure 1, the design shown is the result of the application of the 3×3 factorial 
design method, resulting in 9 combinations or 9 alternative designs by varying the Rib 
Width and Channel Depth. By setting the Channel Width to 1mm, but the length of the 
channel from the inlet to the outlet varies. This difference is caused by the variation in the 
rib width in each design. This variation provides an opportunity to evaluate the perfor-
mance of each design under different conditions, so that the most optimal design can be 
selected for the desired application. 

Rib width and channel depth greatly affect the pressure drop and flow velocity in 
Proton Exchange Membrane Fuel Cell (PEMFC) design. Increasing rib width reduces the 
flow cross-sectional area, causing increased local flow velocity and pressure drop due to 
higher wall friction. Conversely, increasing channel depth enlarges the space for flow, 
which reduces flow resistance and lowers pressure drop. 
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Table 2. Alternative Design Parameters. 

Tipe 
Rib Width 

(mm) 
Channel Depth 

(mm) 
Channel 

Width (mm) 
Fillet Radius 

(mm) 
P1 1.1 0.6 1 0.5 
P2 1.1 0.8 1 0.5 
P3 1.1 1 1 0.5 
P4 1.3 0.6 1 0.5 
P5 1.3 0.8 1 0.5 
P6 1.3 1 1 0.5 
P7 1.5 0.6 1 0.5 
P8 1.5 0.8 1 0.5 
P9 1.5 1 1 0.5 

 

But can reduce the flow velocity due to a more even flow distribution. Overall, the 
right combination of rib width and channel depth is very important to optimize PEMFC 
performance, because both directly affect the flow distribution and system efficiency[9]. 

 

3.1.1. Pressure Drop Calculation 

 Will be compared with the simulation process in ANSYS software, which will auto-
matically calculate the pressure drop value generated in the geometry model that has been 
entered. The fluent module will be used for simulation to evaluate the fluid flow that oc-
curs. In the calculation process, reference values are needed as a basis for normal condi-
tions that are entered manually. Reference values include gravity of 9.81 m/s2, pressure 
of 1 atm, fluid viscosity of 0.8411 (hydrogen gas), and operating temperature of 300K. This 
process is carried out with 200 iterations until convergent results are obtained. There are 
a number of data. There are several research variable data that will be used as parameters 
in calculations with different geometry models as shown in Table 2 The parameters used 
consist of 3 variations of channel depth and 3 rib width, and this simulation is performed 
9 times according to the existing parameters. The researchers used the serpentine line 
channel type to change 3 different depths and channel lengths[10]. This study uses the 
parallel channel type because, according to Spiegel's research (2008), the serpentine chan-
nel type has a greater pressure drop compared to the parallel flow type[11]. The simula-
tion results will be validated manually by performing theoretical calculations to obtain a 
pressure drop value that is close to the theory or with a small error rate. 

 

3.2. Simulation and Analysis Results 

The simulation results were created using ANSYS 2021 R2 software. This simulation 
aims to evaluate the design performance in terms of flow distribution and pressure drop. 
The results obtained will be analyzed and compared with other alternative designs to as-
sess the effectiveness of the changes made. 
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Figure 2. Pressure drop simulation result P1-P9 

From the simulation data provided, it can be seen that when the Rib Width increases, 
the pressure drop also increases. This is especially in the comparison between Rib Width 
1.1 mm and 1.5 mm for the same Channel Depth: 

• At Channel Depth 0.6mm: Increasing Rib Width from 1.1 mm to 1.5 mm causes an 
increase in pressure drop from 162 Pa to 186 Pa. 

• At Channel Depth 1.0 mm: Increasing Rib Width from 1.1 mm to 1.5 mm increases 
the pressure drop from 102 Pa to 117 Pa. Increasing Rib Width reduces the effective flow 
area within the channel, which increases the resistance to fluid flow. With a smaller area, 
the flow becomes more obstructed, thus causing an increase in pressure drop. However, 
this can also lead to a more even flow distribution along the channel, although with the 
penalty of increased pressure drop. 

• At Rib Width 1.1mm: Increasing Channel Depth from 0.6 mm to 1.0 mm reduces 
pressure drop from 162 Pa to 102 Pa. 

• At Rib Width 1.5mm: Increasing Channel Depth from 0.6 mm to 1.0 mm reduces 
pressure drop from 186 Pa to 117 Pa. 

As channel depth increases, the volume of the flow chamber increases, which reduces 
the resistance to flow. This results in a decrease in pressure drop because the fluid can 
flow more easily through the deeper channel. 
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3.2.1. Plot Pressure Factorial Results and Analysis 

 

 

 

 

 

 

Figure 3. Factorial Plot Pressure 

Based on Figure 3 these results show that the difference in Rib Width and Channel 
Depth factors will greatly affect the pressure drop. At 1.1mm Rib Width the pressure drop 
rate is relatively low and stable, and for 1.3mm there is a slight decrease in pressure drop 
compared to 1.1 mm, but it is almost the same. While the Rib Width is 1.5mm Results in a 
significant increase in pressure drop. 

Increased rib width from 1.1 mm to 1.5 mm leads to increased pressure drop. This is 
due to the decrease in effective flow area when the rib width is larger, increasing fluid 
flow resistance and cause an increase in pressure drop. At 0.6mm Channel Depth Indicates 
pressure drop highest, and at 0.8mm there is a significant drop in pressure. Meanwhile, 
at 1mm the lowest pressure drop can be seen.  

The larger the channel depth, the smaller the pressure drop produced. This can be 
explained by the increased flow volume that allows the fluid to flow more freely, reduce 
the resistance and pressure required to move the flow through the channel. The conclu-
sion of the plot is that the 1.1 mm and 1.3 mm rib widths produce a lower and more stable 
pressure drop compared to the 1.5 mm rib width. and Increase channel depth from 0.6 
mm to 1.0 mm significantly reduce pressure drop. 

3.3. Simulation and Velocity Analysis Results  

Flow rate distribution is an important parameter in bipolar plate performance anal-
ysis in PEMFC. A high flow rate can ensure that the reactants are distributed efficiently to 
the entire surface of the electrode, increasing the effectiveness of the reaction electro-
chemical. The results of the simulation using ANSYS show hydrogen flow velocity profile 
in a parallel flow channel has been modified. 
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Figure 4. Velocity simulation result P1-P9 

From the data provided, we can analyze how the Rib changes Width and Channel 
Depth affect the flow rate within the channel.  

1. Effect of Rib Width 

At a Rib Width of 1.1mm and a Channel Depth of 0.6mm, the flow speed is 18.9 m/s 
while at Channel Depth 1mm the flow speed is increased to 19.6 m/s. While at a Rib Width 
of 1.3mm with Channel Depth 0.6mm flow rate is 19.4 m/s and at Channel Depth 1mm 
flow speed increased to 19.9 m/s. And at a Rib Width of 1.5m with a Channel Depth of 
0.6mm of flow speed is 19.6 m/s, while with a Channel Depth of 1mm speed The flow 
increased again to 19.8 m/s. From the simulation data, it shows an increase in ribs width, 
there is an increase in the flow rate. The following occurs due to the fact that larger rib 
widths tend to narrow effective area within the channel, which results in increased speed 
flow to maintain a constant mass flow. However, the change in The flow rate was not very 
significant between the different rib width variations, suggesting that the rib width had a 
limited influence at the flow rate in this design. 

2. Influence of Channel Depth  

At a Rib Width of 1.1mm, an increase in Channel Depth from 0.6 mm to 1.0 mm led to 
an increase in flow speed from 18.9 m/s to 19.6 m/s produces 0.7 m/s difference increase 
and achieves a percentage an increase of 3.7%. 

Based on the results of the data, Increased channel depth generally increase the flow 
speed, mainly due to the increase in Channel depth reduces flow resistance. More flow 
speed high is required to maintain a steady flow of fluid inside deeper channels. Optimal 
combination of rib width and channel The depth that provides the highest flow speed is 
found at the rib width 1.3 mm and Channel Depth 1.0 mm, with a flow speed of 19.9 m/s. 
This indicates that in this design, the channel depth increase has a more significant influ-
ence on the flow speed compared to the increased rib width. So that conclusions can be 
drawn The effect of increasing Channel Depth is more effective in increasing speed flow 
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compared to Rib Width and Design with a Channel Depth that is larger and larger Rib 
width can provide excellent performance optimal in terms of flow speed, which is im-
portant for efficiency gas transportation in PEMFC. 

 

 

 

 

 

 

 

 

 

Figure 5. Factorial Plot Pressure 

 
Based on Figure 5 the factorial results of the plot shows when the width of the rib in-

creases from 1.1 mm to 1.3 mm. there is a significant increase in flow velocity. However, 
when the rib width increases from 1.3 mm to 1.5 mm, the increase in velocity becomes 
more moderate. This shows that increasing the rib width up to 1.3 mm can effectively 
increase the flow velocity, but further increases have a smaller impact. Meanwhile, the 
influence of Channel Depth from the graph shows that increasing the channel depth from 
0.6 mm to 1.0 mm causes a significant increase in flow velocity. Larger channel depths 
(from 0.6 mm to 1.0 mm) tend to provide wider flow paths, thereby increasing the flow 
velocity. Increasing the rib width from 1.1 mm to 1.5 mm shows that the flow velocity 
increases, but not as much as the influence of channel depth. Larger rib widths reduce the 
flow path area, which tends to increase velocity, but the impact is not significant after a 
certain point. On the other hand, increasing the channel depth from 0.6 mm to 1.0 mm 
causes a greater increase in flow velocity, because the deeper channel volume allows more 
fluid to flow with lower resistance. The combination of the two shows that channel depth 
has a dominant effect in increasing flow velocity compared to rib width. 

3.4. Results of Analysis of Variance (ANOVA)   

Table 3. Information of Factor. 

Factor Type Levels Value 
Rib Width (mm) Fixed 3 1.1 ; 1.3 ; 1.5 
Channel Depth 

(mm) 
Fixed 3 0.6 ; 0.8 ; 1 
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Based on Table 3 shows information about the factors that used for analysis, particu-
larly on experiments involving variations in Rib Width and Channel Depth in the design 
of parallel flow areas. This information includes two factors, each with three different lev-
els of value. The value is a fixed value if it is categorized as a value remain. 

 
3.4.1 ANOVA based on Pressure 
 
Table 4. Analysis of Variance by Pressure. 

 

Sources DF Adj SS Adj MS F-Value P-Value 
Rib Width (mm) 2 821.56 410.78 46.80 0.002 
Channel Depth 

(mm) 
2 6062.89 3031.44 

345.35 0.000 

Error 4 35.11 8.78   
Total 8 6919.56    

 
The very small P-Value (0.002), far below the significance level of 0.05, indicates that 

rib width has no significant impact on pressure response, as shown by the ANOVA results 
shown in Table 4. The F-Value of 46.80 indicates that variations in Rib Width are a con-
tributing component but with no significant effect on the simulated system pressure 
changes. In addition, Channel Depth has a more significant effect on pressure; has a P-
Value of 0.000, which indicates a high level of statistical significance, the F-Value of 356.02 
indicates that Channel Depth has a more significant effect on pressure. 
 
Table 5. Summary Model by Pressure. 

 

S R-sq R-sq (adj) R-sq (pred) 
2.96273 99.49% 98.99% 97.43% 

  
Based on the model summary results in Table 5, this model has proven to be very good 

at explaining data variations, with an R-sq value reaching 99.49% and an R-sq(adj) of 
98.99%. This means that almost all variations in the pressure response can be explained 
by a model involving channel depth and rib width as factors. In addition, the R-sq(pred) 
value of 97.43% shows that this model is very effective in predicting pressure for new data. 
The S value of 2.96273, which is the residual standard deviation, shows that the difference 
between the observed and predicted values by the model is very small, so the prediction 
accuracy of this model is very high. 
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3.4.2 ANOVA based on Velocity 
 

Table 6. Analysis of Variance. 

 

Sources DF Adj SS Adj MS F-Value P-Value 
Rib Width (mm) 2 0.2156 0.10778 3.66 0.0125 
Channel Depth 

(mm) 
2 0.3289 0.16444 

5.58 0.070 

Error 4 0.1178 0.02944   
Total 8 0.6622    

 
Based on the ANOVA results in Table 6, it can be seen that Rib Width has a significant 

effect on the flow velocity response. This is evidenced by the very small P-Value (0.000), 
far below the significance limit of 0.05. The F-Value of 3.66 confirms that variation in Rib 
Width is the main factor that significantly affects the velocity changes in the simulated 
system. In addition, rib width also has a significant impact on flow velocity, with a P-
Value of 0.000, indicating a high level of statistical significance. Although its influence is 
not as large as the channel width, the F-Value of 356.02 indicates that rib width still pro-
vides an important contribution to flow velocity variations. 

 
Table 7. Summary Model by Velocity. 

 

S R-sq R-sq (adj) R-sq (pred) 
0.171594 82.21% 64.43% 9.6% 

  
Summary Model in Table 7 shows that this model has a very good performance in 

explaining data variation, with an R-sq value of 82.21% and an R-sq(adj) of 64.43%. This 
means that almost all variations in speed can be explained by the model that considers rib 
width and channel depth as factors. However, the R-sq(pred) value of 9.6% indicates that 
this model is less accurate in predicting speed for new data. In addition, the S value of 
0.171594, which is the residual standard deviation, indicates that the difference between 
the observed value and the predicted value by the model is very small, indicating that the 
model's prediction is very accurate. 

3. Conclusions 

Based on the variation of rib width and channel depth in the design of parallel bipolar 
plates in PEMFC, it has a significant effect on the pressure drop e (pressure drop) and flow 
velocity. From this, it can be concluded that: 

a. Modifications to rib width and channel depth significantly affect hydrogen flow 
and pressure drop in PEMFC, but channel depth has a greater effect on pressure 
and velocity compared to rib width. In the development of fuel cell systems for 
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electric vehicles, modification of rib width and channel depth can be optimized to 
improve hydrogen flow efficiency. In energy storage applications, as well as in in-
dustrial applications requiring high power, modification of the bipolar plate de-
sign with deeper channel depth can reduce the pressure required for hydrogen 
flow. 

b. From the simulation results, the design with a rib width of 1.3 mm and a channel 
depth of 1 (p6) mm provides the best balance between high flow velocity (19.9 m/s) 
and low pressure drop (101 Pa), so it can be considered as the most optimal design 
for single stack PEMFC applications. The bipolar plate design with 1.3 mm rib 
width and 1 mm channel depth is ideal for applications requiring a balance be-
tween high flow rates and low pressure drop, making it an ideal solution for a 
wide range of fuel cell applications in the automotive, commercial and heavy 
equipment industries. 

c. The relationship between pressure and channel depth in a Proton Exchange Mem-
brane Fuel Cell (PEMFC) can be summarized as follows is Inverse Relationship, As 
the channel depth increases, the pressure drop across the channel decreases. This 
is because a deeper channel provides a larger volume for the fluid to flow through, 
which reduces flow resistance so increasing the channel depth generally leads to a 
decrease in pressure drop, facilitating better fluid dynamics within the fuel cell 
system. And The effect of increasing Channel Depth is more effective in increasing 
speed flow compared to Rib Width and Design with a Channel Depth that is larger 
and larger Rib width can provide excellent performance optimal in terms of flow 
speed, So which is important for efficiency gas transportation in PEMFC. 

References 

1. M. M. Tellez-Cruz, J. Escorihuela, O. Solorza-Feria, and V. Compañ, “Proton exchange membrane fuel 

cells (Pemfcs): Advances and challenges,” Polymers (Basel)., vol. 13, no. 18, pp. 1–54, 2021, doi: 

10.3390/polym13183064. 

2. M. Sauermoser, N. Kizilova, B. G. Pollet, and S. Kjelstrup, “Flow Field Patterns for Proton Exchange 

Membrane Fuel Cells,” Front. Energy Res., vol. 8, no. February, pp. 1–20, 2020, doi: 

10.3389/fenrg.2020.00013. 

3. A. Tang, L. Crisci, L. Bonville, and J. Jankovic, “An overview of bipolar plates in proton exchange 

membrane fuel cells,” J. Renew. Sustain. Energy, vol. 13, no. 2, 2021, doi: 10.1063/5.0031447. 

4. M. M. Bhatti, M. Marin, A. Zeeshan, and S. I. Abdelsalam, “Editorial: Recent Trends in Computational 

Fluid Dynamics,” Front. Phys., vol. 8, no. October, pp. 1–4, 2020, doi: 10.3389/fphy.2020.593111. 

5. E. B. Agyekum, J. D. Ampah, T. Wilberforce, S. Afrane, and C. Nutakor, Research Progress, Trends, 

and Current State of Development on PEMFC-New Insights from a Bibliometric Analysis and Charac-

teristics of Two Decades of Research Output, vol. 12, no. 11. 2022. doi: 10.3390/membranes12111103. 

6. S. P. D. K. A. S. H. M. A. Ciq. M. J. M. P. Ph.D. Ummul Aiman, M. P. Z. F. Suryadin Hasda, M. P. I. 

N. T. S. K. M.Kes. Masita, and M. P. M. K. N. A. M.Pd. Meilida Eka Sari, Metodologi Penelitian Kuanti-

tatif. 2022. 

7. A. Pengaruh, L. Saluran, P. Pelat, B. P. Terhadap, and J. T. Mesin, Politeknik negeri jakarta. 2024. 



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.107 48 of 48 
 

 

8. Y. Wang, K. S. Chen, J. Mishler, S. C. Cho, and X. C. Adroher, “A review of polymer electrolyte mem-

brane fuel cells: Technology, applications, and needs on fundamental research,” Appl. Energy, vol. 88, 

no. 4, pp. 981–1007, 2011, doi: 10.1016/j.apenergy.2010.09.030. 

9. S. Mo et al., Recent Advances on PEM Fuel Cells: From Key Materials to Membrane Electrode Assem-

bly, vol. 6, no. 1. Springer Nature Singapore, 2023. doi: 10.1007/s41918-023-00190-w. 

10. P. D. I. Torino, L. Magistrale, P. Misul, and D. Anna, “Corso di Laurea Magistrale in Automotive Engi-

neering,” 2022. 

11. J. F. Wendt, Computational Fluid Dynamics: An Introduction. 2009. 

 

 

  

 


