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ARTICLE INFO ABSTRACT

Keywords: Enhancing the endurance and efficiency of polymer electrolyte membrane fuel cells (PEMFCs)
PEMFCS ) requires efficient thermal management. This comprehensive review examines the primary cooling
Cooling techniques techniques employed in PEMFC systems, concentrating on techniques for air and liquid cooling.

Automotive applications
Renewable energy integration (ICE)
Sustainable energy solutions

Liquid cooling, which circulates a coolant through channels adjacent to the ability of the fuel cell
stack to maintain ideal operating temperatures, is highlighted and significantly reduces tem-
perature variations, thereby improving overall efficiency and lifespan. In contrast, air cooling,
while simpler and more cost-effective, is less effective in high-power applications due to its
reliance on ambient air for heat dissipation. The review also discusses advancements in thermal
management strategies, including innovative designs for heat exchangers and the integration of
thermal resistance networks, which enhance heat dissipation efficiency. Furthermore, the paper
underscores the importance of developing durable materials to address catalyst and membrane
degradation, and it explores the potential for integrating PEMFCs using renewable energy sources
to encourage environmentally friendly transportation solutions. By identifying current challenges
and proposing future research directions, this review aims to support the continuous creation of
effective and reliable PEMFC technologies.

Nomenclature Abbreviations Description

PEMFCs Proton exchange membrane fuel cells

SOA Sulfuric oxide acid

ICE Internal combustion engine

PFSA Perfluoro sulfonic acid

uvc Ultra-thin vapor chamber

EW Equivalent weight

SEPA State Environment Protection Administration
PBI Poly benzimidazole

RDE Real driving emission

GO Graphene oxide
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(continued)
BP Bipolar plate
MG Modular Galvano
WLTP World harmonized light vehicle test procedure
Oy Oxygen
EU European Union
Hy Hydrogen
Pt Platinum
SGO Sulfone graphite oxide
PGMs Platinum group metals
GDL Gas diffusion layers
UsD United States Department
PTFE Polytetrafluoroethylene
Pd Palladium
CL Catalyst layer
Rh Rhodium
MPL Micro porous layer
TWC Three-way catalysts
Rh Relative humidity
DOC Diesel oxidation catalysts
HFR Resistance to high frequencies
DFF Diesel particulate filters
FC Fuel cell
PGS Sheet of pyrolytic graphite
NAC Nitrogen oxide adsorbed catalysts
AM Additive Manufacturing
USDOE United state Department of Energy
GEIS Galvano Electrochemical Impedance Spectroscopy
MA Mass activity
ORR Oxygen reduction reaction
CCL Cathode catalysts layer
ECSA Electrochemically active surface area
ORRMA Oxygen reduction reaction mass activity
ADT Acceleration degradation testing
MEA Membrane electrode assembly
PCMs Phase change materials
P Inkjet Printing
SEM Scanning electron microscopy
XRD X-ray diffraction
HT-PEMFCs High-temperature Proton exchange membrane fuel cell
PEMEW Proton exchange membrane equivalent weight

1. Introduction

The global search for a fresh wave of alternative energy sources has gained popularity due to the escalating worries regarding
environmental contamination and the energy crisis [1,2]. In recent decades, many studies on energy have focused on fuel cells, which
are seen as a competitive substitute for internal combustion engines (ICEs). Having a high-power density and efficiency (up to 58 % for
PEMFCs) and lacking any moving mechanical parts, Fuel cells’ primary benefits are their wide operating temperature range and zero
pollution [3]. Hydrogen fuel’s chemical energy can be transformed into electricity by the PEMFCs. PEMFCs greatly benefit from using
hydrogen as a fuel since it has a high energy content per unit mass; throughout several decades, it has been produced and managed, and
the technology and well-developed rules for its secure transportation and storage [4-6]. Hydrogen energy includes its wide avail-
ability, renewable nature, high utilization rate, cleanliness, and environmental preservation, making it a novel energy source garnering
a lot of interest; now, it is the most promising power generation device that protects the environment and has high efficiency [7]. A
green energy source with PEMFCs has a high-power density and efficiency [8]. One advantage of PEMFCs is that the only products of
the oxygen and hydrogen redox reaction are heat and water., which produces electricity [9]. Thus, the PEMFCs are a high-power
density, high-efficiency, environmentally friendly energy source (see Figs. 4 and 5).

On the other hand, there are certain technical problems with PEMFC application and commercialization. Water management in the
PEMFCs that is appropriate has garnered significant attention as one of the major issues [10,11]. Water has two effects on the
functionality of cells, making water management a crucial topic. Water hydrates increase the membrane’s ionic conductivity; however,
flooding results from an abundance of liquid water, which reduces the quantity of maldistribution of gases, reactant starvation, and
reaction sites, all of which contribute to the cell’s decreased performance [9,12,13]. The buildup of water vapor in the gas channels to
an excessive degree, or GDL, is known as flooding and causes a decrease in or obstruction among the reaction sites [10]. Two effects of
flooding on cell performance are an increase in pumping force and a decrease in cell voltage, lessening the impact of pressure drop,
both of which result in a considerable loss of cell power [14]. Characterizing and researching PEMFC floods and other two-phase flow
phenomena is essential for effective water management [9,15,16]. However, a number of obstacles have prevented their widespread
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use, including issues with cost, the requirement for a strong hydrogen infrastructure, and durability. For instance, a PEMFC’s thermal
management system has been a major obstacle to fuel cell engines being used widely [17].

One important component of electricity is thermal management. Compared to combustion (PEMFC) operations, they are more
efficient, because it has an immediate effect on efficacy, longevity, and performance. To ensure peak performance, a number of issues
related to thermal management must be addressed [18-20]. Solving these thermal management problems calls for an all-encompassing
strategy that incorporates design optimization, robust operational protocols, sophisticated materials, and system-level control tech-
niques. Through efficient control of the PEMFC stack’s temperature, moisture content, humidity, and thermal stresses, performance,
efficiency, and durability can all be improved by engineers and researchers while ensuring consistent, secure performance across a
range of applications [21]. This also includes heating systems, characteristics of the substance, cold start, cooling, and two-phase
non-isothermal flow. Additionally, thermal analysis and fundamental ideas like variations in temperature and time constants,
dependability on content qualities and related durability issues are crucial for creating and creating fuel cells with different uses in
mind [22]. Two general approaches can be used to model a PEMFC two-dimensionally, as shown in Fig. 1.

Many researchers have recently looked into water management in PEMFCs through experimental means. Owejan et al. [23]
constructed a PEMFC and examined the water distribution in the cell’s channels using neutron imaging. Ali et al. [24] employed the
amount utilizing a triple-serpentine PEMFC; the anode and cathode channels can be directly visualized to manually determine the
amount of water accumulation in the cell’s channels. Hussaini and Wang [14] investigated air stoichiometry’s effects, relative hu-
midity, and current density on cathode side flow patterns. Ous and Arcoumanis [25] observed droplets in a transparent PEMFC; they
concluded that droplets originate in the middle of channels, and there isn’t any visible buildup of water at the channel’s end. Based on
gas velocity, they also categorized droplet detachment velocities. Akhtar et al. [26] examined a number of cross-sections related to the
fields of flow. Their results showed that triangle channels increased pressure drop in addition to having no positive effect on the
removal of water from channels. But rectangular cross sections remove water better and result in a moderate pressure drop.

Mohammadreza et al. [6] revealed a dynamic droplet with a straight investigation of serpentine flow fields and PEM fuel cell
channels. It was recommended to use filled-in and tapered channels to improve water removal from channels for the serpentine and
straight flow fields, respectively. To investigate the fuel cell’s performance, one must comprehend how these parameters affect both
the cell’s operation and the way in which water management is carried out [6]. Jeon et al. [27] used CFD to examine how relative
humidity at the cathode influenced PEMFC performance for use in automobiles. Wang et al. [11] investigated how different Perfor-
mance of PEMFCs was impacted by flow channel configurations. Perng et al. [28] investigated how a changed flow field could increase
cell power. Comparing the cell performance to the traditional flow channel, there was an 8 % increase. Ting et al. [29] installed an
Au-coated nickel foam in place of the PEMFCs’ traditional flow field. They deduced that the temperature at which cells operate is the
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Fig. 1. Diagram showing the coolant channel proton exchange membrane fuel cell system [251].
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most important operating condition for cell performance, cathode stoichiometry, and cathode humidification temperature.

Nguyan et al. [30] claimed that in order to reduce ohmic loss, At the anode side, a fully humidified reactant is required and that a
humidified reactant should only be used at the cathode side of the oxidant is being used, which is air. However, Cai et al. [31] research
showed that membrane resistance was not significantly affected by anode humidification. However, by keeping MEA from drying out,
humidification of inlet gases enhances cell performance [32]. In addition to temperature, flow field design, pressure, and stoichiometry
rate, other operating conditions also have an impact on PEMFC performance when it comes to relative humidity [33]. Santarelli and
Torchi [34] examined a PEMFC’s behavior to make changes to six operational variables. They demonstrated how raising the humidity
and temperature enhances the functionality of cells. They also concluded that the operating pressure only really matters when both
sides of the cell are humidified. Williams et al. [35] stated that when the dry state in which the anode and cathode are functioning, the
operating temperature and inlet flow rate are critical factors that affect cell performance. By improving electrode kinetics for anode
and cathode reactions and membrane proton conductivity, the temperature is another significant influencing factor in fuel cell per-
formance [36]. However, Increasing the cell’s temperature could cause more hydrogen to cross over and membrane dehydration [37,
38]. Yan et al. [39] demonstrated through experimentation that greater cell performance is correlated with higher cell temperature.

Additionally, they indicated that if the temperature inside the cell matches or exceeds the temperature at the inlet, raising it would
result in a decrease in cell performance. One essential operating factor is the condition of the inlet gas flow rate that significantly affects
electrode flooding, membrane dry-out, and current density distribution [40]. Performance for both single cells and stacks would
improve as the cathode flow rate increases, in accordance with several experimental and numerical studies [41,42]. Several re-
searchers have previously looked into water’s behavior in PEMFCs’ operational channels. However, those primarily concentrated on
the analysis of flow in two phases qualitatively. Additional investigation is required to rectify the glaring lack of comprehensive and
adequate quantitative characterization in the literature, two-phase flow has been evident. The validation of numerical models and
single-cell/stack design both benefit from the quantitative information on two-phase flow. Refs. [43,44], the authors selected optical
images of PEMFC channels by hand in order to identify channel regions, including water. Hussaini et al. [14] investigated a PEM fuel
cell that uses direct optical visualization and a parallel flow field with manual selection to measure how much water accumulates in the
cathode channel. To measure the amount of liquid water that accumulates in channels, they developed the "wetted area ratio"
parameter. It was explained as the proportion of the entire length of the channel that held distilled water. Sugiura et al. [45] examined
the direct visualization of the single-serpentine and parallel cathode channels of PEM fuel cells utilized to investigate the impact of the
water absorption layer on the development of water in the flooding and channels. Yamauchi et al. [46] utilized PEMFCs with three
serpentines that utilized the ability to see the anode and cathode channels directly. They manually determined the flow field’s water
content in order to account for inherent error and uncertainty. The authors of [14,45,46] calculated the amount of water that accu-
mulated in channels manually.

Furthermore, they recommended using optical images and software-based image processing to increase the precision of two-phase
flow quantification because this method was time-consuming. To quantify the water content in PEMFC channels and improve the
accuracy of the visualization results, a few other authors employed image processing. Nirunsin et al. [47] employed image processing
and optical visualization to measure the amount of water in a PEMFC’s single-serpentine cathode channel. They investigated the effects
of stoichiometry and temperature on the volume of water encased in the channels. Ous et al. [48] investigated the water content
directly in the anode/cathode serpentine channel of the transparent PEMFC, observing variances in cell temperature, current density,
and stoichiometry. They calculated each droplet’s diameter, the contact angle, and Young’s equation to determine how much liquid
water was in the channel that was acquired through image processing.

The review of primary cooling techniques and thermal management control of the development of PEMFCs, or PEM fuel cells, will
have a big impact on this field’s future research. The role that effective heat management plays in improving PEMFC performance is
emphasized in the paper. Focus on developing innovative cooling systems, such as advanced heat exchangers and ultra-thin vapor
chambers, which can improve fuel cells’ longevity and efficiency, particularly in automotive applications [49,50]. For example [51],
found that an ultrathin vapor chamber (UVC) could significantly increase the PEMFC output voltage when there is a high current
density; UCV improves water management, maintains temperature stability, effectively controls heat, and offers a compact design, all
of which help the PEMFCs system function better for automotive applications. Similarly [52], The main advancements in this field are
thoroughly examined in this review, which also offers insights into how these developments will affect sustainable transportation in
the future, the explosion of advanced materials and designs that optimize water transport and retention, thereby improving overall fuel
cell performance and reliability [22,52]. Commercial viability also focuses on economic aspects, including the development of
cost-effective manufacturing processes and materials that can make PEMFC technology more accessible for widespread commercial
use [49,50]. While advancements in materials and designs are being made, translating these innovations into economically viable
production methods is still a challenge [8]. To explore market dynamics, consumer acceptance, and the impact of government policies
on the commercialization of fuel cell vehicles [12].

Underscore the need for improved durability in PEMFC systems, particularly concerning catalyst and membrane degradation.
Research could be directed towards developing more resilient materials and accelerated testing protocols that simulate real-world
conditions, allowing for quicker identification of weaknesses and enhancements in fuel cell design [48]. Current modeling ap-
proaches for PEMFCs often do not account for all operational variables, such as humidity, temperature fluctuations, and varying load
conditions. Developing more comprehensive models that can predict performance under diverse conditions is essential for optimizing
fuel cell designs [4]. There is a need for improved data sharing and collaboration among researchers, manufacturers, and policy-
makers. Establishing databases and platforms for sharing research findings and best practices can accelerate advancements in PEMFC
technology [16]. However, examine how PEMFCs can be combined with sustainable energy sources, such as solar and wind power, to
that can create hybrid systems that use less fossil fuel and are more energy efficient. The scope of this research can be narrowed to
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specifically investigate the development and optimization of advanced cooling techniques for automotive applications using polymer
electrolyte membrane fuel cells (PEMFCs). This focused approach could include a detailed analysis of innovative liquid cooling and
heat exchanger designs, as well as the integration of thermal resistance networks to enhance heat dissipation efficiency. Furthermore,
the study could focus on how these cooling techniques affect the robustness and efficiency of PEMFCs under varying operational
conditions, thereby addressing the critical challenges of overheating and efficiency loss. By honing in on these specific areas, the study
can provide targeted insights and practical solutions that contribute to the commercial viability and sustainability of fuel cell tech-
nology within the vehicle industry.

The statement emphasizes that the insights gained from reviewing the technology behind (PEMFCs) are essential for researchers. It
suggests that by understanding and addressing the current challenges and limitations faced by PEMFCs, such as issues related to
thermal management, water management, durability, and cost, researchers can make significant progress in improving this tech-
nology. These developments’ ultimate objective is to improve the efficiency and cleanliness of energy solutions used in transportation.
This suggests that improved PEMFC technology may result in more environmentally friendly automobiles that burn less fuel and emit
fewer emissions, thus supporting the development of a greener and more ecologically friendly transportation industry.

2. Primary cooling techniques

The primary cooling techniques used for fuel cells with polymer electrolyte membranes (PEMFCs) are essential for maintaining
optimal operating temperatures and ensuring efficient performance.

i Liquid cooling: involves circulating a coolant through channels near the fuel cell stack, usually water or a water-glycol mixture.
This method effectively removes heat produced in the fuel cells during the electrochemical reactions. Liquids have a high heat
capacity and can be designed to fit within the limited space available in automotive applications. It makes it possible to regulate
temperature precisely, which is necessary for preserving fuel cell performance and longevity and is commonly used in automotive
fuel cell systems, where efficient thermal management is critical due to high power outputs. The liquid cooling system maintained
optimal operating temperatures, allowing the vehicle to achieve a cold-start performance time of 5 min at a temperature of 253.15
K 18 [21]. Zhang et al. [33] reported in the study, results found that liquid cooling systems can reduce the temperature variation
across fuel cell stack by as much as 30 %, significantly extending the PEMFCs’ lifespan and overall efficiency.

Air cooling: Using surrounding air, air cooling lowers the fuel cell stack temperature. Usually, fans help achieve this, or blowers

that increase airflow over the stack, facilitating heat dissipation. Air cooling systems are generally simpler and less expensive to

implement than liquid cooling systems and eliminate the need for a coolant reservoir and associated plumbing, reducing system
complexity. Air cooling is generally less effective than liquid cooling, especially in high-power applications where significant heat
generation occurs, and ambient temperature fluctuations can affect cooling efficiency. During operation, the stack temperature was

kept within ideal bounds by the efficient heat dissipation provided by the air-cooling system and the creative flow field design [21].

Research indicated that air cooling systems could achieve a temperature reduction of approximately 15-20 % compared to passive

cooling methods, although they are less effective than liquid cooling in high-power applications [31].

Phase change cooling: employs materials that absorb heat during phase transitions (e.g., from solid to liquid) to manage tem-

perature. These materials can store and release heat as they change states. Under a variety of operating conditions, it offers

consistent temperature control because the phase change process can absorb substantial heat without significantly raising the
temperature. Which energy storage can act as a thermal energy storage system, helping to manage heat loads during peak demand.

Cai et al. [31] performance metrics study demonstrated that integrating PCMs into the cooling system could absorb up to 200 W of

heat during phase transitions, maintaining the fuel cell temperature within a narrow range of +2 °C during peak load conditions.

The implementation of PCMs resulted in a 25 % increase in the thermal stability of the fuel cell stack, leading to improved efficiency

and reduced degradation rates over time [32].

iv Thermoelectric cooling: Utilizes Peltier elements, or thermoelectric devices, to remove heat from the fuel cell stack. When an
electric current passes through these devices, it creates a temperature difference, permitting heat to escape from one side and be
absorbed from another. Precise temperature control can provide precise control over the stack’s fuel cell temperature. Generally,
less efficient than traditional cooling methods, and the cost can be higher. The cooling process itself generates heat on the opposite
side, which must also be managed. A study showed that thermoelectric cooling could keep the temperature of the fuel cell stack at
70 °C, with a 15 °C variation throughout the stack, effectively managing heat generation during high current operations [31].
According to reports, thermoelectric cooling systems’ efficiency is roughly 5-10 % less than traditional liquid cooling systems, but
they provide a compact solution for specific applications where space is limited [31].

v Hybrid cooling systems: These cooling systems integrate several different cooling methods. (e.g., liquid and air cooling) to optimize
thermal management. This approach leverages the strengths of each method to improve overall cooling efficiency [19]. By utilizing
the benefits of different cooling methods, hybrid systems can achieve better thermal management than single-method systems and
can be tailored to specific application requirements, allowing for more effective heat removal under varying operating conditions.
A hybrid cooling system that uses both air and liquid cooling was tested in a prototype FCEV, achieving a 50 % reduction in cooling
unit volume while maintaining a consistent stack temperature of 70 °C under full load conditions; this approach allowed for a
significant increase in stack density and overall vehicle efficiency [33]. Zhang et al. [33] reported that the hybrid system
demonstrated a 20 % improvement in thermal management efficiency compared to using liquid cooling alone, highlighting the
benefits of integrating multiple cooling strategies. Each of these primary cooling techniques is essential to the successful thermal
management of PEM fuel cells. Through the careful selection and optimization of the most suitable cooling technique, engineers

=
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can improve the fuel cell’s longevity, performance, and efficiency, making them more viable for various applications, particularly
in the automotive sector.

2.1. Heat transfer mechanisms

Heat transfer mechanisms in fuel cells with polymer electrolyte membranes (PEMFCs) are essential for maintaining optimal
operating temperatures and ensuring efficient performance. The primary mechanisms in PEMFCs are conduction, convection, and
radiation methods of heat transfer.

i Conduction is the process by which heat is transferred through a substance without the substance moving. It happens when the
solid fuel cell components experience a temperature gradient. The heat generated during electrochemical reactions is conducted
through the membrane, gas diffusion layers (GDLs), and bipolar plates that make up the fuel cell. The thermal conductivity of
materials used in PEMFCs, such as GDLs and membranes, significantly affects heat dissipation. Materials with higher thermal
conductivity facilitate better heat transfer, reducing temperature gradients and enhancing performance [32]. Anderson et al. [10]
conducted a study that optimizing the thermal conductivity of GDL materials can reduce temperature variations by up to 30 %,
resulting in increased fuel cell durability and efficiency.
Convection: the movement of fluids (gases or liquids) transferring heat. It can be natural (due to buoyancy effects) or forced (due to
external means like fans or pumps). In PEMFCs, convection occurs in the coolant channels and the gas flow paths. The coolant
removes heat from the fuel cell stack, while the reactant gases (hydrogen and oxygen) also transfer heat to the stack. Effective
design of flow channels can enhance convective heat transfer by expanding the heat exchange surface area and promoting turbulent
flow, which improves heat dissipation [34]. Ali et al. [8] According to research, convective heat transfer coefficients can be
increased by 20-40 % by optimizing flow channel designs, which will greatly increase the fuel cell system’s cooling efficiency.

iii Radiation: the transmission of heat via electromagnetic waves. It occurs between surfaces at different temperatures and does not
require a medium; radiation is generally less significant than conduction and convection in PEMFCs, but it can still play a role,
especially at high temperatures or in systems with exposed surfaces. Radiative heat transfer can be affected by the fuel cell stack’s
and its individual parts’ designs, especially with regard to surface emissivity and geometry [8]. In high-temperature applications,
radiative heat transfer can account for up to 10 % of total heat transfer, necessitating consideration in thermal management
strategies [8].

iv Phase change: involves the transition of a substance from one state of matter to another (e.g., liquid to gas). This process can absorb
or release significant amounts of heat. Phase change materials (PCMs) can be integrated into cooling systems to absorb excess heat
during operation, maintaining stable temperatures within the fuel cell. The use of PCMs can help manage thermal spikes during
high-load conditions, enhancing the overall thermal stability of the fuel cell [8]. Ali et al. [8] results of the experiments showed that
PCMs could efficiently absorb up to 200 W of heat during phase transitions in order to maintain the peak load conditions. Designing
efficient thermal management systems for PEMFCs requires an understanding of these heat transfer mechanisms. By optimizing
conduction, convection, radiation, and phase change processes, fuel cell performance, efficiency, and durability can be improved
by engineers and researchers. They were ultimately contributing to the advancement of clean energy technologies.

=

i

2.1.1. Emerging technologies and trends

Putting Internet of Things (IoT) technologies into practice in PEMFC systems allows for real-time monitoring and data analysis. This
can lead to improved operational efficiency, predictive maintenance, and enhanced thermal management through adaptive control
systems that respond to changing conditions [1]. Machine learning and artificial intelligence (AI) are being used to optimize fuel cell
performance and thermal management strategies. These technologies can analyze large datasets to identify patterns and predict
failures, leading to more efficient and reliable fuel cell operations.

2.1.2. Propose research questions

e What innovative materials can be developed to enhance thermal conductivity in PEMFC components, and how do these materials
affect overall fuel cell performance?

e How can advanced cooling strategies, such as phase change materials or microchannel cooling, be optimized for PEMFC appli-
cations in automotive environments?

e What are the specific degradation mechanisms of novel catalyst materials under varying operational conditions?

e What are the optimal configurations for integrating PEMFCs with renewable energy sources (e.g., solar, wind) to maximize effi-
ciency and minimize reliance on fossil fuels?

e How can control algorithms be developed to manage energy flows between PEMFCs and renewable sources in hybrid systems
effectively?

e What cost-effective manufacturing processes can be developed for PEMFC components that maintain performance and reduce
production costs?

e How do market dynamics and consumer perceptions influence the adoption of PEMFC technology?
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e How can machine learning and artificial intelligence be utilized to improve predictive models for PEMFC performance under
varying operational conditions?

e What comprehensive modeling approaches can be developed to account for the interactions between different components of
PEMEFC systems, including thermal, electrical, and fluid dynamics?

e How can the recycling and disposal processes for PEMFC components be improved to reduce their environmental footprint?

e What novel water management strategies can be developed to optimize water transport and retention in PEMFCs, particularly
under varying humidity and temperature conditions?

e What alternative materials can effectively replace or reduce the use of platinum in PEMFC catalysts?

e What design innovations can be implemented to reduce the size and complexity of PEMFC systems?

3. Materials component of fuel cells

Even though PEMFC vehicles are about to become widely accepted in the commercial market due to increased demand for zero-
emission transportation options, such as in China, where, to increase pollution reduction efforts, the State Environmental Protection
Administration (SEPA) recently updated the rules governing emission control limits [53,54]. Automotive industries are major plat-
inum (Pt) consumers, with catalytic converters alone accounting for approximately 40 % of the global annual production. The
graphical illustration of the price trajectory of platinum group metals (PGMs) over the preceding five years, denominated in USD per
troy ounce, with one troy ounce equivalent to 0.0311035 kg [55], and the schematic illustration of the automotive catalytic converter
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Fig. 2. (a) Illustrates an automotive catalytic converter (b) Exploring the dynamics of the platinum group metals market.
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and the platinum global group market is shown in Fig. 2.

Numerous energies and decarbonization technologies, including thermal catalytic reactors, fuel cells, electrolyzes, and catalytic
converters, have been observed to employ platinum group metals (PGM) as catalysts [56,57] (see Fig. 3). Palladium (Pd) is not limited
to a reduction catalyst; it can also be used as an oxidation catalyst; catalytic converters meet 80 % of the demand for PGM. In these
converters, Pt (platinum) catalyzes oxidation and reduction processes [58]. Rh is indispensable in autocatalytic applications, whereas
Pt and Pd can be used interchangeably. Recent research has explored substituting Pd with Pt, an economically favorable and abundant
alternative to Pd. This research has gained momentum, particularly due to the rising cost of Pd and the simultaneous improvement in
fuel quality, marked by reduced sulfur content [59].

The two main deposit types from which PGMs are extracted globally are PGM-dominant deposits, in which Ni-Cu sulfide deposits
are the main product, and PGMs are obtained as by-products from these deposits [60]. Production centers are mainly located for the
former in South Africa, Zimbabwe, the US, Canada, and Russia regarding the latter [61]. The manufacturer, the vehicle’s specifications
(mass, engine power, fuel type diesel or gasoline), and the specific catalytic tasks that must be completed all affect how PGMs are
distributed within the catalyst [59]. There are different types of catalytic converters for different kinds of vehicles. Typically,
gasoline-powered vehicles use three-way catalysts (TWC). However, diesel-powered equipment typically contains NOx adsorber
catalysts (NAC), particulate filters for diesel (DPF), and catalysts for diesel oxidation (DOC) [55]. By 2020, Platinum group metals
(PGMs) should be loaded at a rate of no more than 0.125 mg/cmz. The United States Department of Energy (DOE) established mass
activity targets (MAs) for technological goals (PGMs) pertaining to PGM catalysts with a PGM of 0.44 A/mg and catalysts devoid of
PGMs; Target activities were at 0.9 % V and 44 mA/ cm? about the RHE (retractable hydrogen electrode) [62]. Even though it is safe to
reduce less than 0.05 mg/cm2 of Pt is loaded at the anode [63].

Verifying the technical suitability of Additive Manufacturing (AM) materials for PEM applications requires more investigation. This
involves not only comparing their performance against DOE targets but also understanding how they perform under real-world
conditions, including their durability, efficiency, and resilience to external elements like corrosion and hydrogen embrittlement.
Without this verification, it is challenging to ascertain the competitiveness of AM technologies in the PEM sector [64]. Making certain
that the electrocatalyst’s performance and stability at the cathode is of utmost importance; thus, the slow cathodic oxygen reaction
reduction (ORR) has made a catalyst possessing a greater surface area and an optimized structure necessary [65]; according to
Ref. [66], increasing Pt’s surface area, concentrated activity, and utilization can reduce ORR losses. Pt-based catalysts are presently
used in commercial PEMFCs. PEMFCs face inherent limitations in catalytic activity and stability despite their many benefits, which
include outstanding power density, quick reaction times, low operating temperatures, and high energy conversion efficiency [67].
Notable advancements in this field include Pt skin segregating on alloy catalysts, the Pt monolayer development on core-shell
nanoparticles, and Pt in nanoparticle form dispersing on carbon black with a large surface area [68,69].

The current generation of ORR catalysts is based on de-alloyed nanoparticles of Pt-Co (platinum cobalt) or Pt-Ni (platinum nickel),
which yield an approximate A/mg mass-specific activity for Pt PGM equal to 0.6 [69]. Concurrently, the quest for innovative catalyst
materials continues to be a focal point aimed at bolstering overall PEMFC performance [67]. At the anode and cathode of PEMFCs, Pt
and its alloys are currently the most commonly used catalysts. Stronger materials for catalysts have been developed, and the creation of
stronger catalysts typically leads to improved electrochemical reactions within the fuel cells, resulting in higher power output and
efficiency. Too often more resistant to degradation, which can prolong the lifespan of fuel cells and reduce maintenance costs.

The development of advanced catalysts aligns with the growing emphasis on sustainable energy solutions, as more efficient fuel
cells can contribute to lower emissions and reduced reliance on fossil fuels; investigation of novel materials to find and create new
catalyst materials that are more sustainable and affordable than conventional platinum-based catalysts, such as composite materials or
non-precious metal catalysts, and that perform as well or better. Investigating the effects of nano structuring on catalyst performance
could lead to enhanced surface area and reactivity, improving the overall efficiency of PEMFCs. Research could explore various
nanofabrication methods to optimize catalyst morphology and examine the synergistic effects of combining stronger catalysts with
advanced membrane materials that enhance proton conductivity and reduce crossover, leading to improved overall fuel cell perfor-
mance [14]. Creating uniform testing procedures to assess the stability over the long run and the way novel catalyst materials perform
in actual operating environments may offer important new information about their potential uses and explore the potential of hybrid
catalyst systems that combine different materials to leverage their unique properties, potentially leading to enhanced functionality and
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Fig. 3. Current techniques to improve oxygen reaction reduction catalyst longevity and performance for polymer electrolyte membrane fuel cells.
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Fig. 4. Developing platinum group metals -free oxygen-reduction catalysts for polymer electrolyte membrane fuel cells.

Fig. 5. shows Pt-Ni N.P.s in the form of a dumbbell recorded by their 3D structural model (f), Stem [(b) and (d)], and Tem [(a), (c), and (e)]. The Pt-
Ni/C catalyst’s oxygen reduction reaction mass activity was higher than 1.3 A/mg Pt.21 [89].

robustness. As the demand for PEMFCs grows, there is a growing emphasis on materials sustainability used in their production.
Research into recycling methods for fuel cell components, such as catalysts and membranes, is becoming more prominent, aligning
with the principles of a circular economy [14]. Researchers can continue to progress in the field of PEMFC technology by pursuing
these, contributing to the creation of sustainable and more effective energy solutions, particularly for the cathode and anode. Although
platinum-based catalysts have been widely used, attempts are being made to replace or reduce platinum with more affordable and
readily available materials. This not only extends the lifespan of fuel cells but also lowers production costs.
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3.1. Potential risks associated with new catalyst materials and their effect on PEMFC functionality

The creation and application of novel catalyst materials for Proton Exchange Membrane Fuel Cells (PEMFCs) hold significant
promise for enhancing performance, reducing costs, and improving sustainability. On the other hand, novel catalyst materials might
not be as stable as conventional catalysts based on platinum. Performance can deteriorate due to factors like sintering, leaching, or
corrosion [10] over time, influencing the fuel cell’s overall longevity, and novel catalysts may be more sensitive to variations in
temperature, humidity, and other operating conditions, which can lead to inconsistent performance and reduced efficiency under
real-world conditions [14]. While new materials may be designed to reduce reliance on precious metals, they might not achieve the
same level of catalytic activity as platinum. This may lead to a decrease in fuel cell performance overall, especially when current
densities are high and efficiency is crucial [16]. With new catalysts, the electrochemical reactions’ kinetics might not be as favorable,
increasing overpotentials and decreasing power output [19].

There could be problems like catalyst poisoning or membrane deterioration if new catalyst materials are incompatible with the
materials used for the membrane and electrode [35], which may negatively impact the performance of fuel cells. The physical and
chemical properties of new catalysts may not align with the design requirements of current PEMFC systems, necessitating redesigns
that could introduce additional complexities and costs [35]. The goal of developing new catalysts is often to reduce costs; the initial
production processes for novel materials may be expensive or complex, limiting their commercial viability. These challenges reduce
end-user acceptance of the technology and impede its commercialization; over the past three decades, significant efforts have been
made by industry and academia to address the PEM challenges through research and develop dependable, reasonably priced tech-
nology [4,138].

The ability to produce new catalyst materials at scale while maintaining consistent quality and performance can be a significant
hurdle, potentially delaying their adoption in PEMFC applications [14]. Trabold et al. [15] stated that new catalyst materials may pose
environmental or health risks during production, use, or disposal. This could lead to regulatory challenges and public resistance to
their adoption. The availability of raw materials for new catalysts may be limited or subject to geopolitical risks, which could impact
supply chains and long-term sustainability [14]. The performance of new catalyst materials may not be fully understood until they are
tested in real-world conditions. This uncertainty can lead to unexpected challenges and setbacks in fuel cell development [14]. The
process of developing, testing, and commercializing new catalyst materials can be lengthy, potentially delaying advancements in
PEMFC technology [18]. While new catalyst materials present exciting opportunities for improving PEMFCs’ performance, it is
imperative to thoroughly evaluate the possible hazards and disadvantages linked to their utilization. Addressing these challenges
through research, testing, and collaboration between material scientists, engineers, and manufacturers will be crucial for ensuring that
new catalysts can effectively enhance the performance and viability of PEMFCs in various applications. Balancing innovation with
practical considerations will be key to advancing fuel cell technology efficiently and sustainably.

3.1.1. PGM alloys

Pt-based ternary and binary electrocatalysts, as a result of in-depth research on phosphoric acid fuel cells, were created near the end
of the 20th century. When using stationary fuel cells for commercial purposes at 190 °C, these electrocatalysts showed remarkable
durability, surpassing 40,000 h of use [70]. The most widely used binary alloys today are Pt-Co/C and Pt-Ni/C, as a result of PEMFC’s
smooth integration of the insights developed from these achievements. Shukla et al. [71] used Inkjet Printing IJP to deposit Pt/C
catalyst on the Nafion membrane, resulting in a thin electrode with low platinum loading for the PEMFC anode and cathode. SEM
demonstrated the ink-jetted CL to have a porous structure made of Pt/C aggregates bound by the Nafion ionomer; compared to the
traditional spray-coated MEA, the MEA that was created using an ink-jetted electrode demonstrated superior catalyst mass activity.
Towne et al. [72] work showed that IJP could create MEA for PEMFC. In this work, a desktop inkjet printer was used to deposit a Pt/C
catalyst solution onto the Nafion membrane. It has been reported that IJP does not require a post-deposition hot-press step in order to
form a mechanically stable CL with excellent adherence performance. Taylor et al. [73] used IJP to deposit Pt/C catalyst onto GDL in
order to create an electrode for PEMFC. With the same overall platinum loading, the fabricated electrodes outperformed their
conventionally manufactured counterparts. Bezerra et al. [74] An alloying platinum with an effective method to increase oxygen
reaction reduction (ORR) is to add cobalt, iron, chromium, and nickel. Process [75-79]. Minimizing the ORR enhancement effect is the
aim in Pt-Co alloy catalysts, where base metal leaching during operation is prevented by intentionally keeping the base metal content
low (about 8 mol%) [80]. Reducing the concentration of the CCL and altering the proton-conducting ionomer’s transport properties
inside the CCL, this leaching lowers the catalyst’s ORR activity and negatively impacts the ORR kinetics [81].

Furthermore, during fuel cell polarization, within the CCL, the base metal leached may be redistributed [82]. Base metals have an
inherent tendency to migrate toward the surface of an alloy; this phenomenon is driven by surface segregation and is challenging to
prevent. One major concern for PEMFCs is base metal leaching into the ionomer, as their cathodes have a lower percentage of ionomer
(about 30 %) than liquid acid-based fuel cells. Pre-leaching is commonly applied to Pt alloys used in PEMFCs to reduce this worry by
removing excess CO from the surface. This pre-leaching step minimizes the long-term increase in catalyst layer resistance, often called
protonic resistance. Additionally, PEMFC cathodes can employ smaller Pt particles, given that the operating temperature remains
below 90 °C. Several of these catalysts are in commercial use currently, exemplified by Pt-Co catalysts employed in Toyota’s fuel cell
vehicles [83]. Nevertheless, ongoing research explores diverse Pt-CO nanoparticle structures [84-88]. Present investigations are
notably concentrated on advancing Pt-Ni alloys, with numerous studies detailing the synthesis of octahedral nanoparticles [89,90].
[91] Successfully synthesized dumbbell-shaped Pt-Ni particles. Interestingly, these particles did not exhibit an increase in electro-
chemically active surface area (ECSA). However, they demonstrated superior oxygen reduction reaction mass activity (ORRMA). After
accelerated degradation testing (ADT), they maintained a high level of activity retention in comparison to spherical Pt-Ni
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nanoparticles [91] Pt-Ir [92-95], Pt-Ag [88], Pt-Bi [92], Pt-Cu [85,89], Pt-Fe [96-98], Pt-Se [88], Pt-Te [78], and Pt-Zn [85]. are
among the other binary alloys under investigation.

Similar research was done on ternary Pt alloys that contained the Fe, Ni, and CO transition metals. Ultimately, they found that the
Pt-Co-Fe combination offered the best possible balance of activity and durability [99]. Furthermore, research has been done on several
quaternary alloys [100,101] and ternaries [102-107]. Suggested a Pt-rare earth catalyst [108]. However, this catalyst is not employed
in extensive applications because of its relatively low abundance. Other studies focused on Pt nitrogenation, phosphorization [109,
110], and alloying.

3.1.2. Improved membrane materials

A PEM fuel cell’s membrane is crucial to ion exchange and operation. Novel membrane materials with enhanced chemical stability,
mechanical durability, and reduced susceptibility to degradation due to moisture and contaminants have been developed, and these
membranes are essential for prolonged stack life. Most current membrane development initiatives have concentrated on various
domains, each with a distinct strategy for lowering fuel cell system (FCS) costs. These strategies consist of (i) using more affordable
membrane materials, (ii) increasing the number of components of conductive membranes, and (iii) developing membranes suitable for
use in drier and hotter environments [111]. Non-perfluorinated ionomer membranes are in the category of economically viable
materials. This selection has been propagated for its potential to reduce costs compared to the prevailing perfluorinated membrane
alternatives [108,112]. However, it’s important to remember that these hydrocarbon-based membranes are generally less strong and
have poorer electrical conductivity than SOA perfluoro sulfonic acid (PFSA) membranes, even though they are less expensive [108].
Low equivalent weight (EW) ionomers have been the focus of research into better membrane materials to increase proton conductivity
[113]. Creating ionomers with this is demonstrated by multiple acid groups per side chain work [114]. Higher IEC membranes swell
more, which poses a mechanical durability challenge for these materials [115], as well as multi-acid side chain ionomers have issues
with their chemical stability [116]. The [2,2-(m-phenylene) poly]-5,5-benzimidazole membranes subjected to phosphoric acid
treatment (PBI) exhibit exceptional mechanical strength, excellent resistance, and noteworthy thermal stability against chemical
degradation. However, this affordable replacement functions flawlessly as high-temperature (HT-PEMFC) membranes [117,118].
Despite its many benefits, one of the disadvantages of HT-PEMFC technology is the slow depletion of phosphoric acid over time. This
decline decreases the membrane’s proton conductivity, resulting in a decline in cell performance. Over time, this issue may also
exacerbate the degradation of other cell components [119,120]. Acid loss in PBI membranes has been effectively mitigated by
well-structured composite membranes incorporating inorganic materials, according to reports by Refs. [121-123] (see Table 1).

According to recent research, graphene oxide, or GO, is promising concerning membrane composites PEMFCs. GO is a soft material
with an impressive range of chemical and physical characteristics, a large surface area, and an amphiphilic nature. It combines oxygen
(0O2) with hydrophilic domains like carboxylic acid, hydroxyl, and epoxy. These hydrophilic domains and acidic groups encourage
electron hopping and GO hydration [124]. Additionally, tests revealed that adding GO additives improved the performance compared
to using the PBI membrane alone [125]. PBI/Graphite Oxide Sulfonated (GOS)and PBI/GO membranes were created in high-precise
PEMFCs [126]. The combined membranes SGO/PBI and GO/PBI outperformed the Phosphoric Acid/PBI membrane in PEMFC tests.
PBI/GO and PBI/power densities were found with substantial phosphoric acid loadings between 380 and 600 mW/cm?, respectively,
in Hp/O4 conditions [126]. Likewise, [127]. A solitary cell experiment compared PBI and PBI/GO membranes using an Alkaline Direct

Table 1
Advantages and disadvantages of existing cooling techniques and thermal management strategies.
Cooling Advantages Disadvantages
techniques
Air cooling e Relatively simple to design and implement e Air cooling may not provide sufficient cooling for high-performance ap-
eLess expensive to manufacture and maintain, making them plications, especially under heavy loads or in high-temperature
a more economical choice for some applications. environments.

e Do not require heavy coolant tanks or pumps.

The effectiveness of air cooling can be affected by ambient temperature and
airflow conditions
More complex to design and require additional components such as pumps,

Liquid cooling Effectively manage heat due to the high thermal

conductivity of liquids, allowing for better temperature radiators, and coolant reservoirs
control. e The presence of liquid coolant introduces the risk of leaks, which can lead
e Can be designed to be compact, making them suitable for to system failures or damage to other components

space-constrained applications add significant weight to the overall fuel cell system due to the coolant and

Provide more stable and consistent cooling performance associated components

across varying operational conditions

Phase Change Absorption of large amounts of heat during phase Expensive to produce and integrate into existing systems, which may limit
Cooling transitions, providing effective thermal management. their widespread adoption

Help to maintain a stable temperature within the fuel cell Have low thermal conductivity

Improving performance and longevity Complex integration may require significant redesign efforts

Release thermal energy without requiring large volumes of

coolant
Hybrid cooling e Leverage the strengths of both methods and provide e More complex to design and require careful integration of different cooling
systems improved thermal management methods

Tailored to specific applications, allowing for optimized
cooling strategies based on operational conditions

High operational costs
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Methanol Fuel Cell (ADMFC) operating between 60 and 80 °C was conducted using PBI/GO membranes [128]. In commercial fuel
cells, papers with carbon content are frequently utilized as the substance for gas diffusion layers (GDLs); their composition consists of
unwoven carbon fibers, typically with a diameter ranging from 1 to 10 pm [129,130]. Hydrophobic properties are typically induced in
GDLs by incorporating Polytetrafluoroethylene (PTFE), effectively reducing electrode flooding [131-133]. Jingke et al. [134,135]
created titanium mesh as GDL with high electric and thermal conductivities and exceptional corrosion resistance using EBM for use in
PEMWE. Modular Galvano (MG) was used to characterize the GDL’s performance in-situ and ex-situ using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Galvano Electrochemical Impedance Spectroscopy (GEIS). When the 3D-printed GDL was
compared to the traditional woven and sintered one, it demonstrated an 8 % improvement in electrolysis performance because of the
notable decrease in ohmic losses. According to the authors, EBM is a quick and affordable fabrication technique that can create GDL
with specialized pore morphology and extremely complex 3D shapes. Research has hypothesized that changes in the spatial distri-
bution of PTFE loading may impact the movement of liquid water [136,137]. A micro-porous layer (MPL) with predominant pore sizes
smaller than 0.5 pm needs to be added to improve this interaction between the layer of the (CL) and gas diffusion (GDL) [138]. It’s been
demonstrated that this MPL reduces electrode flooding and ohmic losses, thereby improving the junction of the graphene dioxide layer
(GDL) and the catalyst layer (CL); it comprises PTFE-sealed individual carbon black particles. Removing the need for a cathode hu-
midifier or allowing higher temperatures to be operated at conductivity-exhibiting membranes in dry or anhydrous proton conductors,
which enable a smaller radiator, can lower the system costs. These methods include adding highly conductive elements, like
acid-functionalized inorganic materials [139,140] or hetero-poly acids, or using additives designed to hold water in low relative
humidity (RH) environments [141]. Furthermore, various reasons exist for operating under wet conditions beyond boosting membrane
conductivity, including reduced susceptibility to catalyst impurities [142,143] and decreased losses in recoverable voltage [144].
Table 2 summarizes the thermal conductivity range for different materials (see Table 3).

4. Thermal resistance networks

Thermal resistance networks are a crucial analytical tool in understanding and optimizing Proton Exchange Membrane Fuel Cells’
(PEMFCs’) thermal management. These networks are useful for simulating the fuel cell system’s internal heat transfer mechanisms,
permitting the evaluation of thermal performance and the identification of potential thermal management issues.

i Concept of thermal resistance networks: This is analogous to an electrical circuit, where heat transfer is treated similarly to
electrical current flow. In this analogy, thermal resistances represent the opposition to heat flow, similar to electrical resistances,
and temperature differences drive the heat flow, akin to voltage differences in electrical circuits.

ii Modelling the thermal resistance network: Generally, the following procedures are taken in order to analyze the thermal resistance
network in PEMFC systems:(i) Determine the various paths through which heat is transferred within the PEMFCs, including
through the membrane, bipolar plates, and coolant channels. (ii) For each component, calculate the thermal resistances based on
material properties (thermal conductivity, specific heat), geometry (thickness, surface area), and operating conditions (tempera-
ture, flow rates). (iii) Create a thermal resistance network diagram that visually represents the resistances and their connections.
This diagram helps in understanding how heat flows through the system.

iii Solving the thermal resistance network: Once the thermal resistance network is established, it can be analyzed using the following
methods: (i) Node Analysis: Apply Kirchhoff’s laws to the thermal network, where the sum of heat flows into a node equals the sum
of heat flows out. This allows for the calculation of temperature at various points in the network. (ii) Analyze the network under

Table 2
Materials, thermal properties, and heat transfer for fuel cell components.
S/ Ref. Materials Components  Thickness Temperature coefficient Heat Capacity
No (mm) (W/m°C) (J°C/m3)
1 Qin et al. [144], Feijie et al. Nafion PEM 0.01-0.1 Nafion 0.2- 0.95 1.65 x 10°
[145] and Andersson et al.
[146]
2 The porous layer of ionomer, carbon CL 0.00-0.01 1.5-0.2 1.69 x 10°
support, and pt or alloy catalyst
3 Qin et al. [144] and Yang Yu Paper with hydrophobic porous GDL 0.3-0.1 Toray paper is 0.3-0.2, 5.68x 10°
et al. [147] carbon fiber while SGL paper is
1.2-0.25
4 Mancusi et al. [148] Yicheng A hydrophobic porous layer MPL ~ 0.05 0.3 - 0.05 -
et al. [149] composed of carbon black and PTFE
binders
5 Yicheng et al. [149] and Plate of graphite BP 0.3-0.2 H,~0.17: Vapor; 1.57 x 106
Ozden et al. [150] 30 for graphite; graphite
17 for Titanium; 2.35x 10°
16.3 for SS316L Titanium
H,: 14400;
Vapor:2000
6 Han et al. [151] Hj + H,0 in the cathode channel GFC 0.3-1 ~0.024; 05/Ny: ~ 0.024 Na: 1041; 0,:917
and H,O in the anode (J°C kg
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Table 3
Mainstream fuel cell vehicle configuration’s cold-start performance.
Type of vehicle Output Power density of stack ~ Temperature in Time Cooling technique Ref.
power (kW) (kw/L) Kelvin (K) (min)
Hyundai Tucson 100 1.65 253.15 5 Water evaporation [145,
150]
Roewe 950 36 253.15 5 Water evaporation
Saic MAXUSFCV 115 3.10 243.15 5 Water evaporation [156]
80
Toyota Mirai 114/128 3.10/4.4 253.15 5 A three-dimensional mesh flow field and pain [156]
plate encircle the flow of coolant water.
Honda FCX 130 0.5-1.0 kW per liter 253.15 5 H, and O, GFCs are perpendicular to the coolant [156]
Clarity 2015 (kW/L) or higher water channel.
Honda FCX 103 3.12 253.15 5 Channel for coolant water [144,
Clarity 2017 156]

steady-state conditions (where temperatures are constant) and transient conditions (where temperatures change over time). This is
crucial for understanding how the PEMFC responds to varying operational conditions. (iii) Utilize computational tools and software
to model the PEMFC system’s thermal behavior, such as MATLAB, ANSYS fluent, and COMSOL. These tools can handle complex
geometries and transient conditions more effectively than manual calculations.

iv Applications of thermal resistance network analysis: By identifying thermal bottlenecks, engineers can optimize the design of
PEMFC systems to enhance thermal management, thereby improving efficiency and longevity; the analysis helps in developing
effective cooling strategies, such as the choice of suitable coolant fluids and the layout of cooling channels, and understanding the
thermal behavior of PEMFCs can aid in predicting potential failure modes related to overheating or thermal cycling, allowing for
proactive design improvements, researchers and the thermal dynamics of fuel cells can provide engineers with important new
information, leading to improved designs and enhanced performance. This analysis is essential for ensuring that PEMFCs operate
efficiently under varying conditions, ultimately contributing to their viability in practical applications.

5. Dynamics control and cold start

The Nafion membrane’s ability to absorb water causes it to hydrate over time; depending on the particular process, different phase
transitions and liquid drainage time constants apply major power loss [152], and output voltage overshoot or undershoot [152] are
caused by the fundamental multi-timescale phenomena. Material qualities, such as species diffusivity, thermal conductivity, porosity,
membrane water uptake, and component design, significantly influence the dynamics of fuel cells. Particularly, fast oxygen transport,
anode re-hydration, and membrane hydration are characteristics of thin membranes and GDL [153]. Dursch et al. [152,154] explored
the fluctuating actions of ice crystals, isothermal galvanostatic cold-starts, and the development and growth of ice crystal ions at
PEMFCs’ catalytic layer using isothermal differential calorimetry. The isothermal ice nucleation and crystallization rates are derived
from measurements of the time of induction and heat flow. The time constant needed to heat a fuel cell to 273.15 K was attained by
carefully considering material and fuel cell design.

The study on cold starts also ascertained the ionomer during cold start [104]. Bipolar plate BPs provide a significant amount of the
fuel cell’s thermal mass. One of the fundamental parameters for evaluating cold-start failures is these two-time constants’ ratio.
Furthermore, Fuel cells’ limited application is due to their cold start. Fuel cell-produced water expands when it freezes, which could
impact the stack’s internal structure and lead to the collapse and thickening of the catalytic layer’s pores [155]. It also looks at how
different startup strategies affect the stack’s cold start, focusing on the temperature differential between the stack and the ice volume
percentage of the catalytic layer [104], examines the important parameters, including the time constants, and obtains the two primary
ice-related voltage loss mechanisms’ mathematical solutions and contrasted their impacts.

5.1. Water management approach

PEMFCs have been noted as an alternative substitute for energy conversion across various domains, including transportation,
portability, and stationary power applications. The things that make them attractive are their high efficiency (>50 %), higher power
density, and low operating temperatures (<100 °C) [152]. Nevertheless, the challenges encountered by PEM fuel cells, particularly
those employing perfluoro sulfonic acid (PFSA) type membranes where hydration is important, is effective water management, which
is crucial to ensure both good ionic conductivity [157,158] and the fuel cell’s durability [159,160]. For PEM fuel cells, efficient water
management is essential since too much water can cause membrane deterioration and decreased efficiency; improved water man-
agement strategies have been developed, including advanced design features and control algorithms. The system may become unstable
if water droplets gather in flow field channels [160-163], the flow field’s pressure drop increases [164,165], and an imbalance in the
flow distribution [166,167]. Following these occurrences, there may be a decline in fuel cell efficiency [168,169] and long-term
performance degradation [170-173]. Improving the fuel cell system’s performance, efficiency, and control requires optimizing its
water balance. Enhancing water resource management increases the membrane’s length, avoids pore blockages, and accelerates the
catalyst’s electrochemical reactions in the GDL. Moreover, cold-start conditions are created by controlling the water levels in PEMFC
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stacks, is to allow PEMFCs to operate even in extremely cold temperatures [174]. Below 0 °C, inside the cell, the hydrogen-oxygen
reaction produces water, which freezes. The stack will become non-reactive, and if ice blocks the diffusion layer or covers the cata-
lytic layer’s surface, stopping the catalytic layer (CL) from being reached by gas, the startup will fail. Water possibly impacts the stack’s
internal structure because it gets bigger when it freezes. Common damages [155] include Pt particle coarsening, agglomeration, and
the densification and collapse of the CL’s pores.

Liquid water that is present or builds up is necessary to move the gas porosity through the electrodes and flow fields GDL into the
flow field’s flow channels before being exhausted from the system [175]. The flow channels, CL active sites, GDL, and CL pores would
all clog if this wasn’t done. This flooding phenomenon leads to significantly worse performance from PEM fuel cells. Consequently,
electrode flooding is associated with high current density functioning when more water is produced than removed. Despite this,
operational factors influence the degree of flooding and its consequences, especially when there is a low gas flow rate or low tem-
perature [176] or when the channels are not immediately cleared of liquid water [177,178]. The interdependent relationship between
the performance of cells and coupled mass and heat transfer is one of the primary obstacles to comprehending water management and
moisture level; two-phase flow with multiple components that involve phase transition in porous media, the interaction of the gas
diffusion layer (GDL) and the gas channel (GC) [146]. The electrochemical reaction produces water and has the potential to condense
into liquid, potentially inundating the microporous layer (MPL), catalyst layer, GDL, or GC, reducing catalyst layer performance by
obstructing reactant supply. The incomplete knowledge of the fundamental mechanisms underlying the development of PEMFCs is
further hampered by the movement and evolution of liquid water [146] (see Fig. 6).

Furthermore, the characteristics of the MEA are also important in this case; changing the flow field bipolar plate design of the
product is anticipated to be a common solution to the flooding problem of PEM fuel cells. Equal mass movement between the GDL and
the catalyst layer, control beyond pressure drops, and a reduction in the requirement for auxiliary systems such as pumps and fans are
all made possible by the flow field design of PEMFCs. Fig. 7 shows the coolant flow fields and channel design that efficiently transfer
the heat generated by the system for the coolant flow and bipolar plates [179]. PEMFCs are primarily designed with three channel
configurations in mind: flow fields that are interdigitated, parallel, and serpentine [180]. Table 4 summarizes all the different designs
and their merits and drawbacks, as stated in the literature.

The advantages of a small channel pressure drop and simplicity are provided by parallel flow-field design [181,182]. However, this
design is less effective in high-humidity environments because it may result in excessive flooding without convective gas flow [187].
Liquid water convectively exits the gas channels and the electrode more easily when the serpentine’s flow fields produce a high gas
velocity and pressure drop [188,189]. Nevertheless, the rise in parasitic power losses, usually connected to compressors or blowers, is
one of its drawbacks [190,191]. Eventually, this causes the fuel cell system’s efficiency to decrease. On the other hand, in interdigitated
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Fig. 7. Current density’s impact on water balance.

flow fields, dead ends in gas channels force the gas to pass through the GDL, which removes any water accumulation in liquid form
below the surface [192,193].

An important pressure drop happens throughout the channel due to the interdigitated geometry directly associated with the
serpentine pattern. One of the main causes of this pressure drop is forced convection through the GDL [194,195]. Additionally, the
slower gas velocity in interdigitated flow fields typically indicates a lot of water stored in the channel [196]. For this reason, the
serpentine configuration is still the suggested choice for commercial fuel cell systems’ flow fields [197,198]. Several innovative water
management strategies, like flow fields with microgrooves or triangle microchannels, have been developed in response to the difficulty
of efficiently using flow-field geometry alone to manage liquid water [199,200]. The integration of water transport channels for
dehydration and cooling into porous carbon flow fields has been tested [201-203]. The pressure differential between the two channels
causes the pore water to evaporate into the gas channel when porous carbon flow fields are applied in dry environments, supplying
humidity within. This is what causes the liquid water to be transferred from the internal water transport channels into the gas channels
[204,205]. Wicks designed to stop liquid slug formation are also tested, whether mounted [206,207] or engineered directly onto the
surface of a flow field’s channel [208,209]. The performance of fuel cells is enhanced by wicking element integration through
improved water management; however, flooding still happens, particularly mid-range of current density. This implies that not all of
the product water will be able to be transported by the wicks under specific operating circumstances, potentially due to an inadequate
gas pressure gradient [210,211]. Capillaries serve two purposes concerning the membrane electrode assembly’s (MEA) current local
state under saturated gas streams: they can either wick away produced water using the electrode or evaporate to provide humidity. In
addition, capillaries offer less resistance to interfacial contact than porous carbon plates and are more readily incorporated into a more
diverse range of flow field designs, such as complex stamping plates [212-214]. High-frequency resistance (HFR) measurements
ensured uniform membrane hydration and consistent inter-facial contact resistance across all flow-field types. Enough membrane
hydration is necessary for efficient oxygen mass transport and appropriate proton conduction [215-217]. The production of liquid
water raises the membrane’s degree of hydration, which causes the highest rate of return value measured at 0.1 A/cm? to decline
gradually; the local temperature at the MEA was above average [218-220] and enhances water evaporation, which causes the
membrane to be twitchily dehydrated when current densities are higher (>0.9 A/cm?). This small change in the HFR value could result
in drops of 1.6 mV and 0.5 A/cm? at 2.7 mV, altering the parallel flow field for the capillary and making changes in the serpentine flow
field devoid of capillaries, respectively, as opposed to the field of parallel flow [221].

The effect of current density on the water equilibrium in a fuel cell with a polymer electrolyte membrane (PEMFC) is shown in
Fig. 7. The illustration of how different current densities impact the flow and control of water within the fuel cell is significant; the
relationship between the fuel cell’s water transfer rate and current density (measured in A/cm?) is essential for preserving optimal
performance. The electrochemical reactions occurring at the cathode cause an increase in water generation as current density does.
The water balance is critical because both excess water (flooding) and insufficient water (drying) can lead to performance degradation
[4].

Two essential processes are wicking, which is the transfer of water from the transport channels to the electrodes, and evaporation,
which is the return of water from the electrodes to the transport channels. A positive mass change rate indicates wicking, where water
is effectively transported to the electrodes, enhancing performance. Conversely, a negative mass change rate indicates evaporation,
which may cause the membrane to dry out and lose efficiency in the particular current density ranges where water management is
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Table 4

lists all the various designs and their merits and drawbacks.

Ref. Flow field type

Explanation

Merit

Demerit

Schematic diagram

Qin et al. [144], Ji et al.
[181], Passogulleri
et al. [182], Tran
et al. [183]

Parallel

Yang et al. [147] and
Ahmad et al [184].

altered parallel design
with a tapering tip

Yang et al. [147] Redesigned parallel
design with a
crisscrossed channel

route

The reactant flows through multiple
channels that are either
horizontally or vertically parallel to
one another.

Its tapered inlet channel is a design
feature.

intended to resemble a parallel
straight channel with a
crisscrossing direction of gas flow

i Low pressure
ii Uniform distribution of gas

iii simplicity ii

iii

i Even pressure distribution
throughout the channels;
ii Efficient distribution of water

i Effective water management
ii uniform distribution of
pressure;
iii minimal pressure drops ii

ii

Poor uniformity of gas distribution
prone to flooding

When the fuel cell is operated
continuously

voltage results become irregular
Decreased channel voltage

Inadequate water management under
intense operating circumstances

When the channels are blocked,
possible dead zones could be
created.

Water is hard to get out of the
reaction

As the reactive gas flows through
the channel, its flow rate drops
Inconsistent voltage readings occur
after a few hours.

(continued on next page)
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Table 4 (continued)

Ref.

Flow field type

Explanation

Merit

Demerit

Schematic diagram

Ahmad et al [184].

Mohammad Reza et al.
[185]

Ahmad et al. [184] and
Tran et al. [183]

Serpentine

Numerous
interconnected
serpentine passageways

combining parallel and
serpentine design

The fuel cell’s active area
continuously fills with reactive

gases flowing through the channel.

Reactants can reach the catalyst
layer and react through various
single serpentine channel designs.

Alteration of several channels with
the primary goal of accelerating the
rate at which reactants enter the
cell’s active region

i Drainage of wells Water
management that works
ii Enhances the efficiency of fuel

cells having tiny active regions.

iii The fuel cell’s whole active
region would react.

i Reduced pressure drops,
efficient water removal,
ii full coverage of the fuel cell’s
active area
iii ideal for large-active-area fuel
cells

i Reduced pressure drop, uniform
reactant dispersion, and
enhanced fuel cell performance

Large pressure drops

ii Large parasitic power

iii Depending on the channel’s length
iv Reactant tends to exhaust. An
uneven dispersion of reactants
over the entire channel length.
Reactant pressure drops
dramatically

It is possible for water vapor to
condense around the channel
bends,

causing an accumulation of water.

<

Vi

vii

i Persistently presents a problem
with the pressure drop

ii The reactant is not dispersed evenly
throughout the channels

i. There is still some pressure drop;
only cells with high reactant flow
rates should use this
recommendation.

ii based on the number of channels

iii The potential for flooding when
current densities rise.

(continued on next page)
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Table 4 (continued)

Ref.

Flow field type

Explanation

Merit

Demerit

Schematic diagram

Tang et al. [183]

Qin et al. [144], Ahmad
etal. [184] and
Yang et al. [147]

Tang et al. [183]

Serial connections in the
serpentine winding
channel

Interdigitated

The design of diagonally
interdigitated

This is another serpentine design
variation where the channel path
splits into multiple sections
connected in series.

The reactive materials are forced
into GDL via flow paths that are
dead-ended and irregular.

Large channel paths diagonally

merge with smaller channel paths.

i Once more, the decrease in
pressure is smaller than with
the serpentine design.

ii Water is effectively removed,
iii enhancing fuel cell
performance.

N

iii iv

Efficient mass transfer
Force convection enables
simple water removal

i Efficient mass transfer

reduced risk of flooding at
higher current densities,
consistent reactant
distribution.

improved fuel cell
performance.

i Pressure drop is decreased by
this design.

ii improves power density and
improves current density
distribution.

iii It is advised for fuel cells that

run at higher temperatures.

i Channel length influences the rate
at which reactants are depleted.

ii Compared to other designs, the
pressure drop is kept high by the
length and number of channel arms.

i Large pressure drops

ii Prone to damage the membrane

iii The reactive gas’s pressure drop is
determined by the GDL’s porosity
and thickness

iv Over time, the gas diffusion layer
could be destroyed.

v A unique design for flow plates

Problems with water management are
still being researched and developed
through experimentation.

M

(continued on next page)
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Table 4 (continued)

Ref.

Flow field type

Explanation

Merit

Demerit

Schematic diagram

Jing et al. [186]

Digitalized spiral design

This represents a change to the
interdigitated design.

The humidity load is reduced
because of the channels at the inlet
flow into the channels at the exit.

Reactants avoid the gas channel at the
inlet and outlet.
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especially important [37]. For instance, at low current densities, wicking is more effective, while at mid-range current densities, the
balance may shift, leading to potential flooding or drying issues [221]. Understanding these dynamics helps in designing better water
management strategies within PEMFCs, ensuring that the fuel cell operates efficiently across various load conditions. Gas diffusion
layers (GDLs) and water transport channels can be designed with fuel cell design considerations in mind to maximize water man-
agement. For instance, it is possible to create materials and geometries that improve wicking at low current densities or stop flooding at
high current densities. Optimizing the lifespan and performance of PEMFCs requires effective water management, particularly in
automotive applications where operational conditions can vary widely.

The water generated is drawn via capillaries and the water transport channel (0.5 A/cm?) or lower current densities. The gas and
water transport lines have different pressures. Increased water generation at the cathode due to increased wicking rate increases with
current density [221]. It is a concern that insufficient water management causes irreversible performance degradation over the whole
current density range. It is demonstrated by us that when the wicking direction current density is at mid-range values (0.6 < j < 8
A/cm?), In low-current situations, wicking through capillary channels effectively lessens flooding—additionally, the net rate of water
transfer declines. Irreversible performance degradation is primarily caused by ineffective water management, impacting the current
density range. This demonstrates that wicking through capillary channels at low current densities successfully addresses flooding
concerns [221]. Unfortunately, the intermediate current values are between 0.6 and 0.8 A/cmz, and there is a drop in the total amount
of water transferred in the direction of wicking, evaporation which is mostly caused by the cell’s high temperature, which is the main
process that moves distilled water throughout everything in the cell above 0.8 A/cm?. This observation is consistent with the HFR data
[222,223], which show membrane dehydration above 0.8 A/cm? thresholds. Several studies show that the cell’s temperature may
increase by 283.15 K or greater when current densities are high, which could result in significant membrane dehydration [223]. By
understanding this relationship, researchers and engineers can develop more effective strategies for managing water within fuel cells,
ultimately leading to improved performance and durability. Enhanced captions for the figure should include specific details about the
processes depicted, the implications for fuel cell operation, and the significance of managing water resources in connection to current
density.

Concerning the decreased pressure, Fig. 8 shows that the maximum value among the unmodified parallel circulation field occurs at
low current densities before flooding begins. Previous studies found that coiled passageways had a pressure drop that was much greater
than parallel ones [190,191,196], additionally demonstrating the former’s longer channel path and faster gas flow. This result con-
tradicts these earlier conclusions; the discrepancy could be credited to the surplus distilled water gathered within the gas channels and
bifurcating manifolds, restricting and obstructing the gas flow path [190]. A comparable decrease in pressure was observed at 0.1 A
cm?; the flow fields in parallel and serpentine, where flooding issues are significantly reduced. This result implies that the manifolds’
additional hydraulic resistance that split apart contributes notably to the pressure decrease and the field of parallel movement. The
flow field in parallel displays the least decrease in pressure. The excellent water management maintains the natural benefit of the
flow-field design in parallel and, additionally, discrete capillary layout, and the capillaries should ideally be added to the field of
parallel flow for controlling liquid water while effectively maintaining a low-pressure decline from the perspective of operating costs
(see Fig. 9).
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Fig. 8. Current density’s effect on the rate of water change.
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6. Stack thermal management

PEMFCs have advanced to the early stages of commercialization, especially in the transportation industry, where well-known
automakers like Mercedes-Benz, Honda, Toyota, and Audi have released fuel-cell cars [224]. The most challenging problems with
car integration usually involve water and heat management [225]. The low durability and high cost of PEMFCs are among the con-
straints that hinder their widespread commercialization [8,149] and are the primary issues preventing PEMFCs from being
commercialized further. The PEMFC, as mentioned earlier, limitations can be addressed with effective heat management, and
maintaining the proper operating temperature is essential for maximum efficiency. Innovative techniques, for instance, integrating
heat exchangers and cooling systems for thermal control, have been employed to regulate stack temperature efficiently due to sig-
nificant heat generation. PEMFC thermal management becomes extremely difficult for automotive engines with power over 100 kW
[226,227]. As a result of that, there are two main objectives that PEMFC thermal management in automobile vehicles needs to achieve.
To improve PEM fuel cell thermal management even more, particularly for FCEV applications that must contend with space,
budgetary, and operational variability like a cold start.

Enhancing fuel cell materials is the first step toward reducing temperature variation, reducing thermal stress, and preventing
connected deterioration of materials. In the through-plane direction, some commercial GDL materials possess minimal heat con-
ductivity, which could result in a significant regional temperature variation. Additionally, the variation in in-plane temperature is
increased by the channel land configuration. Therefore, GDL materials should have thermal conductivity through and in-plane di-
rections, lessening the variation in temperature across space. By enhancing the solid matrix’s thermal characteristics, flow fields with
porous media have also demonstrated promise in fuel cell electric vehicle (FCEV) applications. This can minimize temperature fluc-
tuations within and between planes in a fuel cell.

Secondly, sophisticated cooling techniques are imperative to enhance heat removal and lower the FCEVs’ cooling unit volume. It
will take more investigation to find a novel way to use a single cooling system to serve multiple cells. Increasing the number of fuel cells
in each cooling system allows for a roughly 50 % reduction in the cooling mechanism’s volume. It is leading to a significant increase in
stack density of power. Conversely, it has been demonstrated that this kind of cooling technique considerably raises local temperatures
in nearby local cells, not reducing the cooling unit’s stack and cell efficiency. The fuel cell and cooling strategy design components
must be optimized to make the most of this strategy. PEMFCs require less driving energy for heat dissipation because of the heat
differential; compared to internal combustion engines, there is less space between the fuel cell stack and the surrounding air (ICEs)
[225-228]. To meet thermal management requirements, choosing an appropriate cooling method requires determining the amount of
heat produced by PEMFCs.

As the heat produced by the FCs is equivalent to the amount of electric strength generation, the primary issue with heat is being
produced and removed from the stacks by PEMFCs, as noted in Refs. [229,230]. Under realistically suitable operating conditions, the
usual limit for energy conversion efficiency is 50 % Fig. 2a. Estimating the heat of the PEMFCs output is the first step; the next step is to
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select the cooling method that best meets the requirements for thermal control. The main problems with PEMFCs are heat generation
and removal from stacks because fuel cells produce nearly as much heat as they do electrical power. This results in an approximate 50
% energy conversion efficiency limit under realistic operating conditions, the common limit [231,232] Fig. 2a. It is necessary to
remove the nearly 100 kW of heat dissipation rate that an automobile FC engine with 100 kW of power would have a multitude of
factors impacts PEMFCs heat generation [233]. These consist of the following: (i) heat from condensation of water vapor; (ii) irre-
versible reactions; (iii) resistance measured in ohms; (iv) reversible heat coming from electrochemical reactions, sometimes referred to
as entropic heat. To keep the temperature of the fuel cells at the proper level, the heat produced by these electrochemical reactions
must be efficiently evacuated. Phase change, liquid cooling, cooling with an edge, various airflows, utilizing a cathode air supply, and
air cooling are a few methods for managing heat.

Depending on certain factors and situations, these cooling techniques have benefits, drawbacks, and challenges [234]. One of the
previously mentioned cooling methods dissipates most heat produced in PEMFCs. Controlling the heat produced by the PEMFCs is not
as crucial as maintaining the stack’s proper operating temperature and temperature uniformity; cooling systems ensure the PEMFC’s
long-term survival and safety by maintaining a steady temperature [235,236]. This is true because the temperature at which the system
operates and the temperature’s constancy inside the piles immediately impact PEMFC functionality and lifespan. Effective heat
management requires establishing a constant temperature distribution and preserving an ideal operating temperature. Reliability,
energy conversion efficiency, and output performance are all significantly impacted by the PEMFC stack’s operating temperature and
temperature distribution [237,238]. Adding liquid cooling systems is useful for improving the open-cathode thermal management
PEMFC stack. This procedure increases cooling capacity and produces a uniform temperature distribution [239]. They employed
pyrolytic graphite sheet (PGS), a thermally conductive material, to enhance the thermal control of PEMFCs. The PGS application
resulted in a lower maximum cell temperature and a more even temperature distribution, improving cell functionality at elevated
cathode flow rates. In Ref. [240], 3 °C materials whose thermal conductivity was more than 1000 W/(m-K) were employed to maintain
a low, typically below. Unfortunately, these incredibly high thermal conductivity materials are often very costly. Due to its high cost, it
is not practical for widespread commercial use in PEMFCs.

An open-anode PEMFC stack’s heat pipe can be integrated for effective thermal management. Heat pipes have been identified as a
possible fuel cell thermal management solution. Mohammad Reza et al. [241] demonstrated how heat pipes can improve fuel cells by
promoting a consistent temperature distribution within the stack of PEMFCs and swiftly eliminating waste heat [242] using three
steel-mesh heat pipe wicks to keep fuel cells cool. These three pipes for heat effectively fulfilled the necessary dissipation of heat
requirements while preserving the operating range of temperatures, according to the results of their experiments. It is crucial to
remember that during their investigation, The heat-transmitting pipe was positioned precisely between two graphite plates to replicate
the heat-producing capacity of the fuel cell; the heat flow within the PEMFCs stack configuration was not considered. Paula et al. [243]
outlined the development of a condominium stainless heating pipe and a heat transfer model for controlling fuel cell temperature; the
proposed flat warmth pipe would ensure that the PEMFCs operate as intended by dispersing up to 12 W of thermal energy. Heat pipes
improved the energy source stack’s energy conversion efficiency, but there were still several problems with the research that needed to
be fixed. These three problems are outlined below: To accurately replicate the movement of the heat process within the stack of
PEMEFCs, it will not be enough to use a skin warmer to replicate the temperature generation within the gasoline cell stack or to look into
the integration of fuel cell-equipped heat pipes system using simulation techniques. It still requires extensive experimental research to
incorporate heat pipes into stacks of fuel cells; (ii) the mass of the heat pipe system can significantly impede the portability of ad-
vancements in thermal management for open-cathode PEMFCs stacks; (iii) Prior research on fuel cell thermal management used cy-
lindrical heat pipes, which may make them challenging to integrate with the most popular flat fuel cell stack design [244]. One unique
kind of heat pipe that can assist in resolving these problems is the ultra-thin vapor chamber (UVC). By incorporating the UVC into an
open cathode, the system’s portability is preserved, and the requirements for thermal management are satisfied [245].

6.1. Enhancing durability

Enhancing fuel cell technology and fuel cell stack durability is essential. Systems for various uses, including mobile electronics,
stationary power generation, and the automotive industry, must be dependable, durable, and economically viable. Fuel-related
problems in cell stack durability, such as catalyst degradation, membrane degradation, and corrosion of components, can majorly
affect the stack’s lifetime and performance.

6.2. Accelerated testing protocols

In order to assess the longevity, effectiveness, and durability of these emission control devices under accelerated aging conditions,
accelerated testing protocols for catalytic converters are crucial. Accelerated testing allows researchers and manufacturers to simulate
years of real-world driving conditions in a shorter time frame, enabling faster development cycles, improved quality control, and a
better understanding of degradation mechanisms. There are now accelerated testing protocols in place to evaluate durability more
accurately. These protocols simulate long-term operating conditions, allowing researchers to identify potential weaknesses and design
improvements in fuel cell stacks.
6.3. Reduction of carbon corrosion

Reduction of carbon corrosion is essential in improving the robustness and functionality of (PEMFCs) for automotive applications.
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The severe electrochemical environment found inside fuel cells leads to carbon corrosion, which erodes fuel cell components and
lowers overall efficiency. To mitigate carbon corrosion, implementation of the following strategies: (i) advanced coatings: introducing
modern coatings on carbon-based materials to protect against corrosion and maintain the integrity of fuel cell components [246], (ii)
novel materials: Development of novel carbon supports and corrosion-resistant materials to minimize Carbon corrosion’s effects on
fuel cell performance [246], (iii) Optimized Operating Conditions: Implementing optimized operating conditions and control stra-
tegies to reduce the likelihood of carbon corrosion in PEMFC stacks [53]. Addressing carbon corrosion through these strategies im-
proves the durability and longevity of PEMFCs, guaranteeing dependable performance in automotive applications and assisting in the
broad fuel cell technology adoption as a clean energy alternative.

6.4. Efficiency gains

When developing (PEMFCs) are crucial for improving fuel economy, reducing waste heat generation, and enhancing overall system
performance. The study has focused on various strategies to achieve efficiency gains in PEMFC technology for automotive applications,
including optimized cell design; efforts have been directed towards optimizing the configuration of each fuel cell stack cell to enhance
reactant dispersion and minimize parasitic losses caused by pressure drops [246]. Reduction of internal resistances by lowering in-
ternal resistances within the fuel cell stack through advancements in manufacturing processes and materials, particularly beneficial
when catalyst loading is low and enhancements in bipolar plate materials and coatings to control water in the stack, promote reactant
flow, and decrease electrical resistance [247]. Efficient handling of oxygen and hydrogen through sophisticated control systems and
algorithms to ensure proper reactant supply and timing for peak performance [247]. Implementing these efficiency-enhancing stra-
tegies will maximize the performance of PEMFCs, increase energy conversion efficiency, and reduce operational costs, ultimately
making fuel cell technology more competitive and sustainable for automotive applications.

6.5. Optimized cell design

Optimized Optimizing the cell design is crucial for improving performance additionally efficiency (PEMFCs) for automotive ap-
plications. Optimizing cell design enhances reactant distribution, minimizes parasitic losses, and improves overall fuel cell stack
performance. The key aspects of optimized cell design in PEMFCs include designing patterns and structures in the flow field to
guarantee the consistent dispersal of reactants (oxygen and hydrogen) across the membrane electrode assembly, promoting efficient
electrochemical reactions [247]. Implementing design modifications to reduce pressure drops and optimize flow paths within the fuel
cell stack, minimizing energy losses and improving overall efficiency. Configuring the layout and arrangement of individual cells
within the stack to maximize power output, minimize internal resistances, and enhance overall system performance [247]. Incor-
porating advanced materials for Membranes, gas diffusion layers, and catalyst layers are examples of components that enhance the fuel
cell stack’s durability, conductivity, and overall efficiency [1]. This will enhance the performance, durability, and efficiency of
PEMFCs, making them more competitive and reliable for automotive applications. These design advancements generally advance the
potential application of fuel cell technology’s application in the transportation sector.

6.6. Reducing internal resistances

Reducing internal resistances is the major strategy to enhance the efficiency and performance of (PEMFCs) for automotive ap-
plications. They minimized internal resistances significantly better the electrochemical reactions inside the stack of fuel cells, resulting
in enhanced system functionality and energy conversion efficiency. Key approaches to reducing internal resistances in PEMFCs include
advancements in manufacturing techniques and materials selection to lower internal resistances and strengthen the conductivity of the
fuel cell stacks’ constituent parts. Fine-tuning the catalyst layers, membrane properties, and electrode interfaces promotes efficient
electrochemical reactions and reduces resistive losses within the fuel cell stack [248]. Designing electrodes with improved conduc-
tivity and surface area facilitates faster reaction kinetics and minimizes internal resistances in the fuel cell stack [91,92]. Implementing
effective thermal management systems to maintain the fuel cell stack’s operating temperatures at their ideal levels, reducing resistive
losses and improving overall efficiency [101]. Addressing the internal resistances through these strategies, the performance, dura-
bility, and efficiency of PEMFCs make them more competitive and reliable for promoting automotive applications. These efforts help
fuel cell technology progress and increase its ability to produce energy sustainably solutions in the transportation sector. Considerable
industrial and academic research has been dedicated to addressing the PEM fuel cell challenges over the last thirty years and creating
dependable, affordable technology. The majority of scholarly research concentrated on design development elements where different
experimental, to determine the ideal configuration and operational parameters for these technologies, modeling and optimization
techniques were applied [4,66,249]. Conversely, there hasn’t been much research done on the manufacturing and assembly pro-
cedures for PEM components. Actually, it’s thought that the primary obstacles preventing PEM technologies from being widely
commercialized are the manufacturing difficulties [250].

6.7. Reactant management
Efficient reactant Management is necessary to maximize the effectiveness and performance of (PEMFCs) in-vehicle applications.
Proper handling of reactants, such as oxygen and hydrogen, ensures that Reactant management in PEMFCs primarily focuses on

maximizing power output when the fuel cell is operating at maximum efficiency, implementing control systems and algorithms to
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ensure the appropriate fuel cell stack reactant supply at the appropriate flow rate rates and timings for efficient electrochemical re-
actions [88]. We are designing flow field structures and gas distribution systems to disperse reactants throughout the membrane
electrode assembly uniformly, promoting uniform reaction rates and minimizing concentration gradients [246], monitoring and
controlling the pressure of reactant gases to preserve ideal functioning circumstances inside the fuel cell stack, preventing flooding or
starvation issues that may affect output. Managing the stack of fuel cells’ water content to avoid flooding the membrane and maintain
proton conductivity is crucial for efficient reactant transport and electrochemical reactions [3]. They effectively manage reactants in
PEMFCs, improving power output and prolonging fuel cell components’ lifespan. These initiatives support the general progress within
fuel cell technology for car use, providing the transportation industry with a more viable and long-lasting energy source.

7. Challenges of cooling PEMFC

The fuel cell stack and its surroundings have very little temperature differences, and cooling proton exchange membrane fuel cells
(PEMFCs) pose special challenges. These difficulties may result in decreased performance, overheating, and inefficiencies. It is
challenging to transfer heat effectively because of the coolant’s small temperature difference from the fuel cell stack. This may result in
the stack having hotspots and an uneven temperature distribution [46]. Traditional cooling methods may not be effective due to the
low driving force for heat transfer, resulting in inadequate cooling performance. High heat generation PEMFCs can generate significant
heat, especially under high power output conditions. Managing this heat is critical to maintaining optimal operating temperatures;
rapid changes in temperature can cause thermal stress, resulting in material deterioration and decreased fuel cell component dura-
bility. The size and complexity of cooling systems are restricted by the compact design of automotive applications, making it chal-
lenging to implement effective cooling solutions. PEMFCs are sensitive to low temperatures, which can hinder performance during cold
starts. Effective heating and cooling strategies are needed to manage this.

7.1. Proposed solutions and strategies

Incorporating phase change materials, PCMs can help absorb excess heat during operation and release it when temperatures drop,
maintaining a more stable temperature within the fuel cell. By expanding the heat exchange surface area, the use of microchannel heat
exchangers can improve heat transfer efficiency and improving fluid flow dynamics, designing compact and efficient heat exchangers
can improve the cooling capacity without requiring significant space. This can include using finned or plate-type heat exchangers to
maximize surface area. Implementing active cooling systems, such as liquid cooling with pumps and fans, can enhance heat removal,
especially during peak power demands; using materials with high thermal conductivity for components like bipolar plates and gas
diffusion layers can facilitate better heat distribution and reduce hotspots and proper insulation of the fuel cell stack can help maintain
optimal operating temperatures and reduce heat loss to the environment.

Optimizing cooling performance can be achieved by implementing sophisticated control algorithms that modify cooling in
response to real-time temperature data. This includes varying coolant flow rates and temperatures based on operational conditions,
utilizing sensors and data analytics to predict thermal behavior and potential overheating can help in proactive management of cooling
systems. However, Optimizing the design of flow fields to enhance coolant distribution and minimize thermal gradients can improve
overall cooling efficiency, and developing modular cooling systems that can be easily integrated and scaled in accordance with the
particular needs of the fuel cell application can improve performance and flexibility. Effectively cooling PEMFCs with minimal
temperature differences requires a multifaceted approach that combines advanced cooling techniques, material innovations, and
optimized design strategies. By addressing the challenges associated with heat management, these solutions can enhance the per-
formance, durability, and reliability of PEMFC systems, making them more viable for automotive and other applications.

7.1.1. Limitations of current thermal management practices

There are a number of issues with the way that proton exchange membrane fuel cells (PEMFCs) are currently managed that could
compromise their longevity, effectiveness, and performance. Addressing these limitations is crucial for advancing PEMFC technology,
particularly in automotive and other high-demand applications. Ineffective heat transfer may result from the coolant’s and the fuel cell
stack’s slight temperature differences, resulting in hotspots and uneven temperature distribution [46]; many existing cooling methods,
such as conventional liquid cooling, may not provide sufficient heat removal under high power output conditions and a few of the
materials that go into making the bipolar plates and gas diffusion layers (GDLs) of PEMFCs, have low thermal conductivity, which can
impede effective heat distribution and management. Current materials may not withstand the thermal stresses associated with rapid
temperature changes, resulting in deterioration and a shorter fuel cell component lifespan; the size and complexity of thermal man-
agement systems are constrained by the compact nature of automotive applications, making it challenging to implement effective
cooling solutions, and integrating thermal management systems with other vehicle systems can complicate design and operation,
leading to potential inefficiencies. Improving thermal management practices in PEMFCs is essential for enhancing their performance,
efficiency, and durability. By addressing the limitations of current practices and exploring potential areas for improvement, re-
searchers and engineers can develop more effective thermal management solutions that support the widespread adoption of PEMFC
technology in various applications, particularly in the automotive sector.

8. Conclusion
The conclusion synthesizes the advancements discussed throughout the study and identifies specific avenues for further
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investigation into the field of polymer electrolyte membrane fuel cells (PEMFCs). The review summarizes the substantial advance-
ments in cooling methods and thermal control techniques that are crucial for enhancing PEMFC longevity and performance. The
creation of novel cooling techniques is one of the breakthroughs, the incorporation of cutting-edge materials, and improved heat
transfer mechanisms, all of which contribute to enhanced operational efficiency and longevity of fuel cells. Future research will take
more into passive and active cooling systems to find more efficient ways to dissipate heat. Research should aim to develop hybrid
cooling solutions that combine the benefits of both approaches to maximize efficiency. Investigating new materials with superior
thermal conductivity and durability is crucial. This should prioritize the development of materials that can withstand thermal stresses
and improve overall heat management in PEMFCs; additionally, investigate the creation of hybrid systems that improve energy ef-
ficiency and lessen dependency on fossil fuels by integrating PEMFCs with renewable energy sources like solar and wind. Imple-
menting accelerated testing protocols that simulate real-world conditions will be vital for identifying weaknesses in current designs
and materials. This strategy can address the financial aspects of PEMFC technology and expedite the development of fuel cell tech-
nology, focusing on cost-effective manufacturing processes and materials that can make PEMFCs more accessible for widespread
commercial use. By addressing these areas, researchers can significantly contribute to the advancement of PEMFC technology,
ensuring its viability as a sustainable alternative to internal combustion engines (ICE). The ongoing development in this field holds the
promise of delivering high-efficiency, low-emission energy solutions that align with global sustainability goals.
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