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Abstract: Fuel cells are gaining their attention recently due to 

the increasing of their applications in various sectors. The study 

involved conducting experiments on a titanium gas distributor 

plates (GDPs) equipped single transparent proton exchange 

membrane fuel cell (PEM-FC). This research focuses on 

analyzing how various factors influence the performance of 

PEM-FC, including clamping pressure, which is determined by 

the applied torque to each bolt, the humidification 

temperatures of both the cathode and anode, the overall 

temperature of the PEM-FC, and the flow rate of the cathode. 

The findings indicate that the performance of the PEM-FC 

initially increases to a maximum point before declining with 

further increases in torque at bolts. Additionally, it was 

observed that as the humidification temperature of the cathode 

rises, the performance of the PEM-FC decreases, whereas an 

increase in the temperature of the PEM-FC itself can be able to 

improve performance. Furthermore, the reactant for 

humidification of the anode is crucial for enhancing the 

efficiency of PEM-FC. While the impact of the flow rate at 

cathode is minimal in the ohmic overpotential and activation 

regions, it becomes significantly important in the concentration 

overpotential region. 

Keywords: Fuel Cells, PEM-FC, Overpotential, Gas diffusion 

layer, Humidification temperature.  

I. INTRODUCTION 

Since last few decades, there has been a viable surge in 
interest regarding the performance of PEM-FCs due to 
increasing the application of PEM-FCs in various sectors 
including power, hospitals, vehicles, etc. The PEM-FCs can 
able to produce required electricity by utilizing Hydrogen 
and Oxygen. This heightened attention can be attributed to 
their numerous advantages, which include operating at low 
temperatures, delivering high power density, producing zero 
emissions, and featuring a compact and lightweight design 
[1-3]. Additionally, PEM-FCs are recognized for their 
exceptional capabilities in both starting up and shutting 
down efficiently. A typical PEM-FC is composed of several 
key components: end plate, gas diffusion layers (GDLs), 
current collectors, GDPs, gaskets, and a proton exchange 

membrane. These components are tightly assembled through 
a process of high compression, which serves a dual purpose. 
Firstly, it ensures that contact resistances remain low, and 
secondly, it effectively prevents any gas leakages, thereby 
enhancing overall performance. While it is generally 
observed that increasing compression can lead to improved 
electrical conductivity within the PEM-FC, this same 
compression can also pose challenges. Specifically, it may 
hinder the transport of gases and the removal of water by 
altering the distribution of pore sizes within the cell. The 
impact of compression on the performance of PEM-FCs has 
been the subject of investigation by numerous research 
teams, as documented in various studies [1-2]. 

The thicknesses of the gasket and the GDLs, as well as 
its porosity, are influenced by the torque applied to the 4 
bolts. Additionally, electrical contact resistance of layers is 
depending on how much the layers compressed due to the 
applied torque on the bolts. The water management and 
performance within the PEM-FC can be effected by 
humidification, temperature, reactant gas flow rates, and the 
properties of the GDL. All of these factors are linked to the 
compressive force exerted on the membrane electrode 
assembly (MEA). Therefore, understanding how those 
components impact the operation of PEM-FC is essential for 
improving its performance. Among these elements, the 
properties of the GDL and the design of the GDPs are 
particularly important, as they cannot be altered during the 
operation of PEM-FC and must be meticulously considered 

during the manufacturing process.  

Numerous scholars are examined the impact of 
clamping pressure by imposed torque to every bolt on the 
fabrication process on different parameters of PEM-FC. The 
authors referenced in [4-6] explored how variations in torque 
affect the performance of PEM-FCs and identified an 
optimal torque on bolt. Ge et al. [7] conducted an 
experimental research on the influence of GDL compression 
on the PEM-FCs performance, focusing on both types of 
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GDL materials: TORAYTM carbon fibre paper and ELAT 
carbon cloth by double micro-diffusion layers, which had an 
additional micro-diffusion layer on the surface in contact 
with the catalyst layer. Their findings indicated that the 
performance of the fuel cell, as illustrated by the polarization 
curve, initially improved and subsequently declined with 
increasing compression force beyond a certain threshold. 
Researchers in [8-9] numerically analyzed the effect of 
clamping force on PEM-FC performance and reported as 
there exists a maximum density of power corresponding to 
an optimal torque applied to the bolts of the PEM-FC. The 
experimental investigation conducted by the authors in [10] 
revealed that the permeability and porosity of the GDL, as 
well as the resistance due to electrical contact between the 
GDL and GDPs, decreased with an increase in clamping 
pressure. Additionally, the authors in [11-12] found through 
experimental means that performance increased and later 
decreased with pressure across two regions of polarization: 
the mass transport and ohmic regions of the PEM-FC. The 
advantages of achieving distribution of uniform pressure 
within a single PEM-FC and across a stack were stated by 
the authors in [13] through the use of newly designed end 
plates. Furthermore, the authors in [14] experimentally 
determined that enhancing the compression of the GDL led 
to a reduction in pore volume, thereby facilitating high-
quality contact between the other components and carbon 
fibres in the GDL. 

Most researchers have chosen stainless steel for GDPs 
due to its thin profile, strong mechanical properties, and the 
clear distinction it provides between the GDL and the 
distributor plates. This makes it particularly suitable for 
transparent PEM-FCs. However, the stability of stainless 
steel under chemicals is limited, which can hinder long-term 
performance [15-16]. To overcome this limitation, gold-
plated stainless steel is being utilized as a solution. This 
research employs plates designed by titanium with a single 
serpentine flow pattern, which serve as GDPs. These plates 
are chosen for their proven high thermal and electrical 
conductivities, making them ideal for this application [17-
20]. Moreover, titanium is known for its exceptional 
chemical stability typical of PEM-FC’s operating 
temperature, especially when compared to stainless steels. 
This characteristic is crucial for maintaining performance 
and longevity in fuel cell applications. Additionally, titanium 
boasts a remarkable strength-to-weight ratio, which is 
advantageous in reducing the overall weight of the system. 
The use of titanium also allows for a thinner design, creating 
a clear distinction between the GDL and the distributor 
plates, which can enhance the efficiency of gas distribution 

within the PEM-FC. 

This research work began with an emphasis on 
enhancing the clamping pressures evaluated by the torque 
exerted on every bolt of the transparent PEM-FCs. 
Following this initial optimization, the performance of the 
PEM-FC is thoroughly evaluated under the newly 
established clamping pressure. This evaluation involved 
fine-tuning various operating parameters of the PEM-FC, 
such as the humidification temperatures for anode and 
cathode, the flow rates of the cathode, and the overall 
temperatures within the cell [21-25]. 

 

II. EXPERIMENTAL SETUP 

The transparent PEM-FC developed in this research 
includes several key components: a MEA, transparent cover 
plates, gaskets, flow field plates, and end plates, as depicted 
in Figure 1(a). The MEA will be constructed with a N212 
Nafion membrane sandwiched among cloths of carbon fiber, 
which are characterized by their mechanical strength, 
lightweight nature, and high permeability. The platinum 
catalyst used in the fuel cell exhibits a significantly lower 
activity for the reaction due to reduction of oxygen when 
compared to the reaction due to oxidation of hydrogen. This 
disparity highlights the necessity for a much greater amount 
of platinum to be loaded in the cathode than in the anode. As 
a result, the platinum loading for the anode is set at 0.25 
mg/cm2, while the cathode is loaded with platinum at a 
higher intensity of 0.50mg/cm2. The MEA, which has a 
surface area of 25.0cm2, is positioned between two GDPs 
manufactured by sing titanium. This material is chosen for 
its outstanding electrical conductivity and chemical stability, 
and it also serves the dual purpose of acting as a collector for 

current. 

The channels within both cathode and anode plates of 
the GDP for gas flow are designed in a continuous serpentine 
pattern. Each channel measures 2.0mm in width and 1.0mm 
in depth, with ribs also measuring 2.0mm in width, as 
depicted in Figure 1(b). To enhance the temperature of the 
cell, the extension areas of the titanium plates are attached 
by heater coils on either side. These extension areas also 
serve as fins, helping to dissipate heat through natural or 
forced convection when the temperature exceeds a specified 
threshold. A copper contactor will be mounted on one side of 
the extension place to maintain the operated temperature of 
PEM-FC. To ensure the correct force due to compression, 
prevent the leakage through the MEA, and provide insulation 
between the cathode and anode of GDPs, silicone rubber 
papers, each 0.3mm thick, are placed on MEA’s two sides. 
To allow for the observation of flow of water distribution 
behavior within the flow channels, each 5 mm thick of 
transparent acrylic plates, are inserted on two sides of the 
GDPs. Additionally, a stainless steel based sturdy end plate, 
featuring a cut-out window, can be engaged on two sides to 
compress the transparent PEM-FC and to prevent any 
bending of the titanium GDPs. The PEM-FC is secured in 
place using 4 screw joints, which are tightened to a 

consistent torque to ensure stability.  

 
Fig. 1: Block of (a) single transparent PEM-FC, (b) schematic of titanium 

GDP. 

The transparent PEM-FC was subjected to rigorous 
testing at a specialized fuel cell test station, which was 
meticulously designed and constructed by Ingsman Energy 
& the FC Research Organization Pvt. Ltd in India, as 
depicted in Figure 2. This testing setup comprised oxygen 
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and hydrogen cylinders, each fitted with pressure controllers, 
as well as controllers of mass flow for both gases. 
Humidifiers equipped with controllers of temperature were 
included to manage the reactants, alongside an electronic 
load and the transparent PEM-FC, which also had its own 
temperature control system. For the experimental 
procedures, high-purity hydrogen was procured from a metal 
hydride cylinder, while oxygen was sourced from a distinct 
cylinder. The flow rates for both hydrogen and oxygen were 
precisely controlled using AALBORG mass flow controllers, 
which facilitated flow rates ranging from 0 to 600.0ml/min 
for H2 and 0 to 1000.0ml/min for O2. An electronic load, 
rated at 10 volts and capable of handling 300amps, was 
connected to the transparent PEM-FC. Furthermore, for 
maintaining the humidification temperature of the reactants, 
temperature controllers are utilized and to regulate the 
temperature of the PEM-FC itself. Other parameters of the 

system are considered from [26-38].  

 
Fig. 2: Layout of experimental setup. 

III. RESULTS AND ANALYSIS 

The optimal clamping pressure generated by the torque 
exerted on every bolt varied among various materials of 
GDL. This variation is attributed to their unique electro-
physical characteristics, which include factors such as gas 
permeability, porosity, and the resistance between the 
collector to GDL. These characteristics are, in turn, affected 
by the clamping pressure applied. Hence, the main theme of 
this research is to determine the optimal torque or clamping 
pressure for every bolt to maximize the performance of 
PEM-FC. Furthermore, the study also investigated how 
different operating parameters including the operating and 
humidification temperatures of the PEM-FC, and the O2 flow 
rate, impact the efficiency of the PEM-FC when the optimal 

torque is applied. 

Case-1: Effect due to torque at bolt: 

A series of studies were carried out through experiment 
to assess how varying torque affect the performance of the 
PME-FC. This was achieved by assign torque values that 
ranged from 2.0 to 3.5N.m, with increments of 0.5N.m for 
every bolt used in the assembly. During the experiments, the 
cathode humidification temperature (CHT) and the anode 
humidification temperature (AHT) are consistently 
maintained at 50° of temperature, while the fuel cell 
temperature (TFC) is set to 40°. The flow rate of the 
reactants is adjusted according to the measured current, 
which could be categorized as either low or high 
stoichiometry. High value refers to flow rates that are 2 
times the amount needed for the measured current; 

specifically, this means providing 100% excess hydrogen for 
the hydrogen flow and 3.5 times the necessary amount for air 
flow. As a result, flow rates of the mass were managed to 
100ml/min for H2 and 200ml/min for O2. 

Data shown in Figure 3, represented as polarization 
curve, demonstrates that the performance enhances as the 
torque increases from 2.0 to 3.0N.m. This enhancement is 
primarily due to the fact that a higher bolt torque minimizes 
the resistance due to electrical contact between the GDL and 
the adjacent GDP, which in turn reduces the ohmic 
overpotential. Additionally, an increase in compression force 
affects the retention of water at the electrode plates and the 
area available for the electrochemical reaction, further 
contributing to a decrease in concentration overpotential. As 
a result demonstrated in Figure 3, the limiting density of 
current can rises from 0.18A/cm2 at a torque of 2.0Nm to 
0.3A/cm2 at 3.0N.m. However, when the torque exceeds 
3.0N.m, it causes a reduction in the thickness of the GDL, 
which subsequently decreases its permeability and porosity. 
This leads to a lower concentration of reactants at the 
reaction sites, which may account for the observed decline in 
PEM-FC performance beyond 3.0N.m, minimizing the 
dencity of current to 0.22A/cm2 at 3.5N.m. In a similar 
manner, the peak power density rises from 0.0326W/cm2 at a 
torque of 2.0Nm to 0.0685W/cm2 at 3.0Nm, also moving to 
the right in conjunction with the increased density of current. 
This represents an improvement in the removal water rate at 
the membrane interface of cathode, effectively delaying the 
water flooding at the catalyst sites. The humidification 
temperatures for the anode and cathode were consistently 
maintained at 85°C and 75°C, respectively, while the PEM-

FC temperature was controlled at 80°C. 

 
Fig. 3: Torque effect on bolts on the performance of the PEM-FC. 

Case-2: Effect of AHT: 

To explore how AHT affects the performance of PEM-
FC at an optimal torque of 3.0N.m, two experimental studies 
were conducted at TFCs of 40°C and 80°C, with AHT 
changing from 40 to 80°C, as illustrated in Figure 4(a) and 
Figure 4(b) respectively. In both studies of experiments, the 
CHT is kept constant at 50°C, while the flow rates of mass 
for hydrogen and oxygen were adjusted at 100ml/min and 
200ml/min. The curves revealed that an increase in AHT 
resulted in a decline in fuel cell performance; however, this 
decline was less significant at low and medium current 
flows, indicating that ohmic losses and activation remain 
relatively stable with rising AHT. In contrast, at higher 
current flows, the impact became more pronounced, showing 
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a reduction in limiting current density as AHT increased. 
This effect is attributed to the fact that higher AHT results in 
increased content of net water on the anode side, which 
subsequently diminishes the back diffusion of water to the 

anode from the cathode. 

Furthermore, the flow of water via the electro-osmotic 
drag mechanism also rises with an increase in AHT, leading 
to a greater accumulation of water on the cathode side. 
Hence, combined effect results in heightened flooding, 
which diminishes the limiting density of current and 
consequently impairs the fuel cell's response. Conversely, at 
lower AHT, the limiting current density rises due to an 
increase in hydrogen concentration on the anode side, which 
in turn decreases the anode water concentration. As a result, 
the concentration gradient of water between the anode and 
cathode increases, this not only alleviates flooding at the 
cathode but also enhances the performances of the cell. 
However, at AHT levels exceeding 60°C, the polarization 
curves nearly overlap, indicating that the PEM-FC 

performance doesn’t change significantly. 

 
(a) 

 
(b) 

Fig. 4. AHT polarization curves at TFC= (a) 40°C; (b) 80°C. 

When the PEM-FC will be operated at higher 
temperatures, specifically at 80°C, its performance showed 
improvement as the Anode AHT increased from 40°C to 
70°C. However, a decline in performance was observed at 
80°C, as depicted in Figure 4(b). The increase in the TFC led 
to a higher evaporation rate, which resulted in membrane 
dehydration on the anode side when the AHT was lower. As 
the current densities increased, the performance of the PEM-

FC further enhanced due to the rise in the temperature with 
the water diffusion coefficient, which aided in the flow of 
water through back diffusion and helped prevent flooding at 
the cathode. As illustrated in Figure 4(b), at an AHT of 
80°C, the fuel cell's performance experienced a significant 
drop, falling below 0.5 V. This reduction in performance can 
be linked to an increase in net electro-osmotic drag, which 
leads to an accumulation of excess water at the cathode side, 

ultimately decreases the overall efficiency of PEM-FC. 

Case-3: Effect of CHT: 

To explore how the CHT affects performance of a cell 
when the optimal torque of 3.0Nm, we varied the CHT to 
80°C from 40°C. During this process, we kept the TFC 
constant at 40°C and the AHT at 50°C. Additionally, the 
mass flow rates for H2 and O2 were set at 100ml/min and 
200ml/min, accordingly. The polarization curves illustrated 
in Figure 5 reveal a noticeable decrease in PEM-FC 
performance as the CHT rises from 40°C to 80°C. This 
performance drop is attributed to an increased volume of 
water being transported via the inlet oxygen to the interface 
of cathode. As a result, the gas stream's capacity to eliminate 
water through evaporation is compromised, which can lead 
to flooding at the interface of the cathode, even when the 

flow of current is low. 

 
Fig. 5: Polarization curves at various CHTs. 

Case-4: Effect of TFC: 

To explore the effects of the TFC on its performance, 
we set the optimal bolt torque at 3.0N.m and varied the TFC 

from 40 to 80°C.  

 
Fig. 6: Polarization curves at various TFCs. 
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During this investigation, the mass flow rates of 
hydrogen and oxygen were kept constant at 100ml/min and 
200ml/min. The temperatures of the cathode and anode 
reactants will be maintained at 80°C and dry conditions, 
accordingly, to prevent the risk of anode side membrane 
dehydration at higher temperatures. As shown in the curves 
(Figure 6), both the limiting current density and performance 
of the PEM-FC improve with increasing TFC. Notably, the 
density of exchange current associated with the reaction of 
oxygen reduction experiences a significant increase as TFC 
rises, which in turn reduces activation losses. Higher 
temperatures within the cell enhance the proton conductivity 
of the membrane, leading to a decrease in losses due to 
ohmic resistance and facilitating better back diffusion of 
water. Furthermore, elevated cell temperatures boost the 
evaporation rate, which results in lower content of water on 
the cathode side, thereby alleviating concentration losses. 
The combined reduction in these three types of losses 

ultimately enhances the overall performance of the cell. 

Case-5: Cathode flow rate reactant effect: 

To explore how the flow rate of the reactant affects 
PEM-FC response at an optimal torque of 3.0N.m, we 
assessed 3 different flow rates of O2: 300, 250, and 200 
ml/min. The AHT was consistently maintained at 40°C, 
while the CHT was kept dry. The TFC was also set at 40°C, 
and flow rate of the hydrogen mass is fixed at 100ml/min. 
The polarization curves shown in Figure 7 clearly 
demonstrate that variations in oxygen flow rates have a 
minimal effect on both the activation and ohmic 
overpotential regions. This indicates that changes in oxygen 
supply do not significantly influence the performance 
characteristics in these specific areas. However, a significant 
impact was noted in the overpotential region concentration. 
It can be explained by the fact that an increase in the oxygen 
flow rate aids in the more efficient removal of cathode water, 
which in turn promotes the back diffusion of water to the 
anode from the cathode. This process ultimately enhances 
cell performance, particularly in the higher density of current 
region. The increased removal for rate of water correlates 
with the rise in cathode reactant flow rate, resulting in 
improved cell performance. 

 
Fig. 7: Polarization curves during various flow rates of O2. 

IV. CONCLUSIONS 

This research involved conducting experiments on a 
single transparent PEM-FC, which utilized titanium GDPs 
designed with a serpentine flow pattern. The primary 
objective was to investigate how optimized clamping 

pressure, determined by the torque applied to each bolt, 
along with various operating elements such as TFC, CHT, 
AHT, and the flow rates of the cathode reactants, influenced 
the performance of the PEM-FC. Due to increasing torque on 
each bolt, the resistance due to electrical contact between the 
GDL and the GDP decreased, leading to improved cell 
performance. However, if the torque continued to increase 
beyond a certain point, the permeability and porosity of the 
GDL were adversely affected, resulting in a decline in 
response of PME-FC. This interplay suggests that the fuel 
cell's performance initially improves up to a peak before it 
starts to reduce with further increases in torque at bolt. 
Additionally, when operating at a lower temperature of 
40°C, the performance of the PEM-FC was found to 
decrease with rising AHT, whereas at a higher temperature 
of 80°C, performance improved with increasing AHT. This 
indicates the necessity of humidifying the anode stream to 
optimize PEM-FC performance. Furthermore, while the 
performance of the PEM-FC can be decreased by raising 
CHT, this effect became less pronounced at temperatures 
exceeding 60°C. In contrast, the performance of the PEM-
FC showed improvement with higher TFC. As the 
temperature increased from 40 to 80°C, the limiting current 
density of the PEM-FC experienced a significant rise, 
increasing from 240mA/cm2 to 280mA/cm2. 
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