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Abstract: Converting chemical energy from green hydrogen to electricity using Membrane Exchange Protons
Fuel cell (PEMFC) is a promising solution in various applications such e-mobility and building facilities. The
electrical efficiency of PEMFCs can reach 60%. However, they are immensely sensitive to the working
temperature, requiring good thermal management. Active thermal management systems are expensive and
energy-consuming. Passive thermal management systems enable PEMFC thermal management without
additional energy consumption. Here various passive thermal management technologies are reviewed.
Different techniques are thorougly described and critically compared in terms of complexity, efficiency, cooling
rate, scope of applicability, and the sizes of PEMFCs to which they apply. The conclusions provide a solid
background for further investigations, and recommendations for future work are suggested.

Keywords: thermal management; PEMFC; PCM; heat pipes; critical review

1. Introduction

The latest IPCC report [1] has highlighted the urgent need to decarbonize industry, buildings,
and transport. In addition to electricity, hydrogen produced from renewable resources presents itself
as a good energy vector [2,3] to decabonate industry, transport, and building of the future in a cleaner
energy mix based on renewable energies and nuclear. To convert the chemical energy of hydrogen to
electrical energy, fuel cells can be used. Supplied by hydrogen, fuel cells convert chemical energy into
electricity and heat by means electrochemical reactions, emitting only water.

Proton Exchange Membrane Fuel Cells (PEMFCs) are the most developed and commercialized.
PEMEFCs have advantages as low operating temperature, high energy conversion efficiency, and swift
start-up. PEMFC cells are stacked to form a stack. Figure 1 shows a single PEM fuel cell. consists of a
polymer electrolyte membrane (PEM), two catalyst layers (CL), two sets of gas diffusion layers (GDL)
and microporous layers (MPL), and two bipolar plates (BP) that contain gas flow channels (GFC) and
possibly a cooling flow field. In the anode LC, hydrogen separates into protons (hydrogen ions) and
electrons: the former pass through the PEM to the cathode LC, while the latter are conducted to the
cathode LC via the output circuit. In the cathode, ambient air is introduced into the GFC, with oxygen
diffusing via the GDL/MPL to the LC, where the oxygen reacts with protons and electrons from the
anode LC to produce water. In order to increase the air pressure and control the stoichiometry and
depending on the power output a compressor can be used. The hydrogen oxidation reaction (HOR)
occurs in the anode LC:

H, - 2H* +2e (1)
In the cathode CL, the oxygen reduction occurs:

0, +2H* +2¢” > H,0 (2)
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Hydrogen

Figure 1. Schematic of PEM fuel cell [4].

Global equation:

Hy +50; > H0 (2)

The PEMEC lifespan, safe-use and performance are greatly impacted by the operating
temperature. The maximum operating temperature of a PEMFC should not exceed 90 °C. The optimal
operating temperature of PEMFC is around 80°C [5]. Therefore, a highly efficient PEMFC Thermal
Management System is required to ensure that fuel cells operate under optimal conditions to improve
performance and fuel cell lifespan.

Several technologies are used to manage the thermal management of the PEMFCs and avoid an
excessive rise in temperature in the fuel cell. There are two ways to decrease the PEMFC temperature:
internal modification at materials and chemistry of the fuel cell to reduce the heat generation or
external thermal management system to enhance the heat dissipation from the fuel cell [6]. External
management systems are air circuits, coolant circuit, heat pipes or the use of PCM and PCM
composites [7,8]. Currently, liquid cooling systems are the most widely used. The main problems
with those systems are their cost, their complex implementation and their lack of reliability. Passive
thermal management systems through the use of Heat pipes or Phase Change Materials, is an
attractive way to achieve PEMFC thermal management and ensure that the PEMFC temperature
remains within the desired range.

The present paper present a critical review on thermal management systems for PEMFC using
passive systems.

2. Thermal phenomena in PEMFC

2.1. Heat sources in PEMFC

The heat generated by a pemfc is the result of several mechanisms: entropic heating, irreversible
heating due to electrochemical reactions, joule heating due to ohmic resistance, and water phase
changes [11-14]. Entropic heat can account for 30% of the total heat produced, and is generated by
entropy changes in electrochemical reactions. It can be expressed by:

dUg

Grev = J.T. ar ©)
where j is the transfer current density, and Uo the equilibrium potential. The irreversibility of the
electrochemical reactions due to presence of the overpotential in the CLs contributes a major portion
of heat generation, which may account for 60% of total heating [2]. It's can be expressed by [15-18]:

Qirrev =J-1 (4)
Joule heat accounts for around 10% of total heat generated. It results from both ionic and
electrical resistances. Its expression is given by:
i’ i’
Qornmu* = 7~ and qonme- = o ®)
During operation, water may be subject to a phase change, resulting in the release or absorption
of latent heat.
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The total heat sources in PEMFC can be expressed as the sum or the entropic heat, irreversible
heat, joule heat and phase change heat.

2.2. Thermophysical properties of PEMFC compounds

The heat transfer within a PEMFC depends on the thermo-physical properties of the different
components that constitute it and the dimensions of these components. The heat transfer modes in a
PEMEC are mainly: conduction, convection and conjugated conduction-convection. Table 1, Table 2,
Table 3 and Table 4 summarizes, respectively, the thermophysical properties and heat transfer modes
of membrane, GDL and MPL, CL and BP.

Table 1. Thermophysical properties of Membrane.

Material Nafion

Heat capacity 2000 J.kg*.K1[5,9,10]

Thermal - Dry Nafion : 0.13 - 0.16 W.m1.K1 [5,9,10]
Membrane conductivity

Thickness 0.01 - 0.1 mm

Heat transfer mode Conduction

Table 2. Thermophysical properties of GDL and MPL.

GDL: Hydrophobic porous carbon-fiber paper

Material MPL: Hydrophobic porous layer of carbon black and
polytetrafluroethylene (PTFE) binders
Heat capacity 710 J.kg' K1
GDL and MPL Thermal 0.0859 and 0.1431 W.m™.K-1[11]

conductivity 0.05 and 0.12 W.m1.K-1[12]

Thickness 0.1-0.3 mm
Heat transfer Conduction and convection

mode
References [5,10]

Table 3. Thermophysical properties of CL.

A porous layer of Pt or its alloys catalyst, carbon
support, and ionomer
Heat capacity 710 J.kg1 K1

Material

Thermal
W.m1K1[11
CL conductivity 8 W.m (1]
Thickness 0.001 - 0.01 mm
Heat transfer . .
Conduction; convection
mode
References [5,10]

Table 4. Thermophysical properties BP.

Material Plate of graphite or its composites, or metals
Heat capacity 691 J.kg' K
BP Th 1
ermat 85 W.mL.K [11]
conductivity

Thickness 0.3-2mm
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Heat transfer . .
Conduction; convection
mode

References [5,10]

2.3. Heat transfer in PEMFC

In a PEMFC, about 55% to 40% of the chemical energy of the hydrogen is converted into heat.
This heat must be removed to keep a safe and sustainable operation. Evacuate it; active or passive
systems can be used. The heat is generated in the MEA assembly and dissipated via the bipolar plates.
This leads to a temperature gradient in a PEM cell. The dominant mode of heat transfer is thermal
conduction. By applying the Fourier equation, the temperature through-plane variation at CL
becomes:

AT, = zi_l}? _ BCLIii;}/cell) 6)
CL CL

Applying the same approach using the same assumptions, AT;p, and ATz can be estimated

using the following equations:

_egprd _ egpLI(E=V¢er)
ATGDL - keff - keff (7)
GDL GDL

_ eppq _ eppl(E=Vcen)
ATBP - keff - keff < (8)
BP BP

A minor part of the generated heat is removed by GFC. f is the ratio of heat generated to heat
removed by the GFC flow [5,13]:

B =

For a stoichiometry of 1.5, § is less than 5%.
The heat that is not removed by GFC, it is removed by conduction through the GDL, CL and BP.
The heat transfer can be modeled with two thermal resistors in series.

Heat removed by GFC __ egpLI(E=V ce11) 9
- keff ( )

GDL

Heat generated

) - 10pt 2
thr-plane _ 3!(E'~Veenr) in-plane _ 3!(E'~Veeu)Wen
AT, =2 —-——— and AT, =i———— (10)
max KT n max 2H A kTS
GDLH/"GDL GDL*GpLW

3. Thermal modeling of PEMFC

The purpose of thermal modeling of a PEMFC is to develop models with the best compromise
between simplicity and accuracy. Thermal phenomena in a PEMFC are coupled with charge and
mass transfers. In the literature, two thermal modeling methods exist for PEM fuel cells [14]. The
models couple electrochemistry and thermal [15,16], and the models are based on a pure heat balance
in which only the main heat generation (obtained from the losses) is taken into account. The coupling
models of electrochemistry and thermal give -in general- good accuracy and robustness at the local
scale and the possibility to simulate in two or three dimensions. However, the coupling of
electrochemistry and thermal requires a good knowledge of the PEMFC (porosity of the electrodes,
concentration, chemistry of the electrolyte, dimensions of the particles etc...) and it is sometimes very
difficult to be able to characterize the electrochemical and thermal aspects finely. They are
numerically heavy; the calculation times for these types of models are very often long and require
significant computing power.

Cell voltage

The characteristic curve of a fuel cell gives the voltage response of the cell as a function of current
density. Models in the literature that predict voltage as a function of current density are classified
into two groups: based on the solution of charge conservation equations and semi-empirical models
[17-22]. Semi-empirical models are simple and the parameters in these models can be easily adjusted
to the experimental data for better accuracy. The cell voltage can be estimated from the reversible
voltage by subtracting overpotentials terms: activation, ohmic and concentration.

The reversible potential can be calculated by Nernst equation [14]:
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As® RT Po,\%> (P
Erev = E79ev + ; (T - TO) + 2—ln [(PLOZ) (ﬂ)] (11)

F Py
Considering the different losses [14]:

Veetr = Evev = Vact = Vornm — Veon (12)

3.1. Activation overpotential

The estimation of activation overpotentiel can be done by the Butler-Volmer equation [14]:

2aFV gt 2(a—1)FVgct

i=i0[e RT —e  RT ](13)

With Vact [14]:

Vaet = 30zt (3) (19)

2aF i

3.2. Ohmic overpotential
The ohmic overpotential is the result of protonic and electronic resistances across the cell [14].

Vorm = Tornmi = (ry+ +1e-) (15)
Protonic conductivity can be estimated by [23]:

1

1
Omemp = (0.0051391 — 0.00326)e**Go37) (16)

3.3. Concentration overpotential

Concentration overpotential is caused by a decrease in the concentrations of the reactants [24].

1 RT i
Veone = (1 + a_ca) Eln (1 - E) 17)
The limiting current iy, is often a constant.

Applying energy conservation laws, the heat generated by a PEMFC stack can be expressed as :

QSt,heat = Ncell (VNernst - cell)Icell (18)
With Neen is the number of fuel cells.

Energy balance:
dr
CPmE = Qneat — Ycooling (19)

4. Thermal management

As we have seen before, there are many thermal problems in a PEMFC. Therefore, the thermal
management of PEMFC is essential to ensure better performance, autonomy and optimal life
[5,25,26]. A distinction is made between cooling and cold start techniques.

There are various PEMFC cooling techniques. These techniques can be passive, active or hybrid.
The study carried out by Wang et al [27] showed that thermal management represents around 8% of
the cost of the PEMFC system. There are two constraints to consider when opting for a cooling
technology: cost and performance improvement. Low powers (< 100 W) requires a high
stoichiometric air ratio for cooling [28]. However, increasing air stoichiometry leads to membrane
drying [28]. When PEMFC power is between 200 W and 2 kW, reactive and cooling air separation is
required. Above 2 kW, liquid cooling is generally used [29].

4.1. Active cooling systems

Liquid cooling techniques are the most common in medium and high power PEMs, especially
in PEMFC vehicles [5,30]. The great advantage of air cooling systems is their simplicity. The low
thermal conductivity and heat capacity of air reduces its efficiency and limits its use for medium and
high powers. Liquids have better thermophysical properties than air: density, thermal conductivity
and heat capacity. For powers above 10kW, liquid cooling systems are widely used [5].
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Liquid cooling systems generally consist of a closed (sealed) liquid circulation circuit, a pump
to circulate the liquid and an exchanger to remove the heat absorbed by the liquid. The most
commonly used liquids are water, glycols, oils and acetone [5]. Liquid cooling systems are more
efficient than air cooling systems. Indeed, the liquids generally used have a higher specific heat
capacity than air. However, they are much more complex and expensive. Indeed, these systems
generally include a pump, a piping network and a container for the coolant to avoid leakage. They
are also more expensive in terms of maintenance.

In liquid cooled PEMFC the coolant through cooling channels. Cooling channels are usually
etched on the BPs. The cooling channels are usually made by etching processes on the bipolar plates.
Most of the heat generated at the electrodes is transmitted by conduction to the bipolar plates. By
forced convection, the bipolar plates transmit this heat to the cooler. The liquid cooling is controlled
and driven by convection between the cooler and the bipolar plates. As this convection exchange
occurs in the cooling channels, their geometrical shapes and designs play an important role on the
thermal performance of the stack. In the literature extensive studies have been carried out to optimize
the design of the channels, to analyze and control the impact of the flow field on the cooling of the
stack. The most applied configurations are mainly four: parallel-like, serpentine-like, 2D wavy-like
with multi-pass and 3D fine mesh flow. In the industry, there are parallel flow channels in ballard
stacks, wavy flow channels in Honda stacks and similar 3D mesh coolant flow channels are adapted
by Toyota. The parallel flow channel is also known as a straight channel. It is distinguished by its
fabrication simplicity but with a reduced cooling efficiency.

(a) Parallel

c) Parallel serpentine

Out

(b) Serpentine

(d) Grid

Out

(e) Long parallel
Figure 2. Different flow fields [31].

Recently, several works have focused on improving and optimizing liquid cooling systems. The
main ways to improve the performance of these systems are design optimization, improvement, and
optimization of the material properties of the bipolar plates and coolants used [32-37].

4.2. Passive cooling systems

In general, passive thermal management systems are classified into three groups: Liquid (liquid-
vapor phase change) systems, heat pipes and PCMs.
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The advantages of passive cooling systems comparing to active systems: low energy
consumption, more temperature uniformity and low costs.

4.2.1. Heat pipes

Flat heat pipes, tubular heat pipes and pulsed heat pipes are the main types of heat pipes. A heat
pipe is a hermetic enclosure that contains a fluid in a state of liquid-vapor equilibrium. At the end
of the heat pipe located near the cell to be cooled, the fluid in a liquid state vaporizes by absorbing
thermal energy emitted by the hot source. The vapor then flows through the heat pipe to the other
end located at a cooling system, which in many cases is the ambient air where it condenses to return
to the liquid state. The condensation allows to give thermal energy to the cold source (often the
ambient air). The liquid must then return to the evaporator, using the forces of gravity [38,39]. Figure
3 present a conventional heat pipe.

Heat Input Heat C.)ut‘put
Il ]
O \\.\ Liquid Flow //'}-
Evaporation Condensation
//} Vapour Flow \\;.\_ O
3 .
Heat Input Heat Output

Evaporator Adiabatic Section Condenser

Figure 3. Conventional heat pipe [38].

Works reviewed have shown that heat pipes can considerably reduce the energy consumption
of cooling systems by up to 30% on the overall energy balance. Heat pipes provide a more uniform
temperature field than active systems. Works on improving heat pipe systems focuses on the working
fluid, geometric shapes and materials. the table shows the articles reviewed in this article. Heat pipes
can present a space problem at the scale of a stack. In the literature, several works have focused on
the development of solutions with micro heat pipes.

Recently Wang et al [40] conducted experimental study on the use of mico heat pipes arrays
(MPHA) for PEMFC thermal management. The MPHA was integrated in the bipolar plates. Fans
used to cooling condensing zone. A photo of MPHA- PEMEC is presented in Figure 4 [40]. The
experimental setup is presented in Figure 5. The results showed that the proposed thermal
management system has a short thermal response time between 600 and 900s. Used MPHA allow to
have a temperature field more uniform.

(a)

360 mm

Figure 4. The PMHPA- PEMFC developed in [40].
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Agilent 31970

Reducing valve

Figure 5. Experimental system [40].

Table 5. Crtical review of heat pipes for PEMFC.

Heat pi
Num Years Authors ty;ae PIP€S  Research content Main conclusion
e The system has shot thermal
e Sizing of MHPA response time, betwee? 609 -900s.
g e The temperature field in the
e Experimental study .
. . MHPA evaporation zone,
e Various heating power and . . .
. . . adiabatic zone, and condensation
Micro heat various cooling temperature was . .
Wanget . . . zone are relatively uniform
1 2023 pipes arrays  experimentally studied
al [40] . ¢  Good heat transfer
(MHPA) e Fans was used to cooling
. performance
condensing zone by forced .
. e Energy consumption
convection . .
. reduction about 25,66% comparing
e Deep analysis . . .
to conventional air-cooling
systems
HPA | T .
° M integration Into air e Temperature decrease by 8°C
. cooled PEMFC stack , .
Yang et al Micro heat ) . comparing to stack without MHPA
2 2023 . e Experimental and numerical )
[41] pipes arrays . e Temperature field more
studies .
. uniform
e In order to reduce the volume of
heat pipe cooled stack, a novel e Significantly reduction of
Ultra-thin flat design of heat pipe bipolar plates cooling system volume .
Hang et al . was proposed. e UTFHP allow reducing the
3 2023 heat pipes . .
[42] (UTFHP) e 3D numerical model was maximum temperature and
developed improving the temperature
e Thermal performances of HPBP  uniformity comparing to HPBP.
and UTFHP was compered.
e Studied PHP cooling system
can reduce PEMFC temperature by
Modeling heat pi li 36.5°C.
Min etal Pulsating heat OCETINg 1eat pIpEs cootme . o
4 2022 [43] ipe (PHP) system of a PEMFC e Comparing to liquid system,
PIP 3D numerical model PHP system allow to have a
temperature distribution more
uniform
e A PEMFC-FPHP stack was e  Thermal performance was
fabricated, assembled and tested greatly impacted by the gravity
5 2020 Huang et Flat-plate heat e Experimental analysis e Inclination has an impact on

al [44]

pipe (FPHP)

e Investigation of the effect of
gravity on the temperature
distribution of PEMFC- FPHP

waste heat recovery and
temperature inside PEMFC- FPHP
stack
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e Study of the effect of inclination
of the PEMFC-FPHP stack on their
thermal performance
¢ Design, sizing and fabrication of
pulsating heat pipes integrated in
Clement Pulsating heat the PEMFC bipolar plates e Methanol is the most
6 2013 . . . . . .
etal [45] pipe e Different working fluids were performant working fluid
tested : acetone, methanol, and
deionized water
e Thermal contact resistance is
Ultra-thin e Modeling the thermal circuit the maximum factor for
Huang et . . temperature of stack
7 2021 al [46] vapor e Design of ultra-thin VCs e Vapor chamber can nicel
chambers integrated in PEMFC stack P Y

decrease thermal response time of
the stacks.

4.3. Phase change materials (PCMs)

Many research was focused in the use of PCM composites for li-ion batteries thermal
management but few research on the use of these composites for PEM fuel cell thermal management
[47,48]. PCMs have the ability to store and release a large amount of heat at the time of phase change
in reduced volumes [49-51]. In fact, when the PCM is in the solid phase and the temperature rises to
the melting temperature, it will become liquid and stores energy. Similarly, when it is in the liquid
phase and the temperature drops below its melting point, it will become liquid again and releases
the stored energy.

The use of PCMs for passive thermal management of PEM fuel cells has been studied by Sasmito
et al [52]. The authors studied the application of PCM for PEM fuel cell stack thermal management
under cold weather conditions. A 2D numerical model has been developed. The PCM model was
validated by comparison with experimental data. Four possible configurations were considered:
stack without any additional insulation, stack with thermal insulator only, stack with PCM only, and
stack with combination of PCM and thermal insulator. Parametric studies on the impact of the
thickness of the insulator and the PCM used, the type of PCM, the ambient temperature, the
convective exchange coefficient, and the PCM on start-up conditions have been done. The results
showed that using a PCM combined with an insulator allows for keeping the stack's temperature
above freezing for two days. Among the parameters studied, the ambient temperature is the
parameter that has the greatest impact on storage duration.

Bipolar plate

Flowfield

Anode *

Gas diffusion layer

v

Membrane

|Cathode

Figure 6. Computational domain studied in [52].

A recently published review by Solomon et al [53] on the use of PCMs for thermal management
of Microbial Fuel Cel (MFC) opens a new line of research to utilize PCMs in fuel cells for thermal
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management. This review focuses on MFC technology, but the approach applied in [53] can be
applied on PEM fuel cells. The authors conducted an experimental study on the use of capric acid to
maintain an optimal temperature at the stack. Figure 7 shows a schematic of the experimental setup.
The methodology followed by the authors is presented in Figure 8.

The PCM can also be used to improve coolant thermal properties. Kazemi-Varnamkhasti et al.
[54] conducted a numerical study on the impact of adding Nano-PCM on the coolant. The coolant is
a water. Nano-PCM consists of PCM in the core and a polymer shell. Different PCM fraction were
investigated. It was found that adding a 4% of Nano-PCM improved heat storage by 18%.

Inlet/Outlet

Fastenings
Inlet/Outlet

Inner anode
chamber

Fastenings

Inner anode
chamber Outer chamber

Outer chamber for PCM

for PCM
Membrane Electrode ®
Assembly (MEA)

7| Membrane
Anode | byectrode
Membrane Assembly

Cathode | (MEA)

Membrane electrode assembly

Wire to external circuit
Anode chamber

Fastening

PCM chamber:

Figure 7. experimental setup [53].

Sulphonation of PEEK

Membrane casting

Membrane physico-chemical
parameter analysis

Choosing PCM

Enhanced MFC

PCM efficiency: o+
performance

. Accelerated thermal test
- Heat transfer analysis

MFC performance
ELELES

Satisfactory
results

MFC with PCM
setup fabrication

Figure 8. research methodology [53].

Another possible solution is to integrate PCM into the BPs with a liquid cooling loop. Recently,
hybrid solution was studied by Sarani et al. [55]. The authors investigated the effects of PCMs on the
thermal management of a PEMFC are evaluated using a novel 3D model based on an open-source
CFD software. The numerical model was validated by comparison with experimental data. PCM has
been integrated into BPs as shown in Figure 9. It was found that the temperature of the model with
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PCM is uniform, unlike the model without PCM. It was observed that when the cooling system is
switched off, the PCM can have a good cooling effect for more than 120s, Figure 10. It was also found
that the PCM can store a significant amount of waste heat.

Figure 9. PCM integration in bipolar [55].

Coolant flow inside BP Spacer Passive PCM inside BP
1.0

0.8
o =
& | Z
E - 0.6 E
Il i =
g =
£ 0.4 2
Z s

0.2

¥ o0

Coolant temperature, RT70 (case 1), 120 s PCM liquid fraction, RT70 (case 1), 0s

Figure 10. Coolant flow and passive PCM inside BPs separated with spacer, left side: coolant
temperature contour for different cases, right side: PCM melting process.

5. Conclusion

Thermal management of fuel cells is essential for their safety, efficiency and durability. Fuel cell
cooling systems can be divided into active and passive cooling systems. This article describes and
analyzes cooling systems, a passive cooling heat transfer device used for the thermal management of
proton exchange membrane fuel cells. The choice of cooling strategy depends primarily on the fuel
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cell's ability to generate power. Another important factor in the choice of cooling system is the type
of application. Choosing the right cooling system reduces the size and weight of the cell, maintains a
constant temperature inside the cell and improves fuel cell performance. Cooling systems are divided
into those using phase-change materials and heat pipes. Passive management systems are more
suitable for stationary applications with medium power ratings. The main conclusions are listed as
below:

e  For low power ratings (<100 W), the air supplying the cathode can be used to meet cooling
requirements.

e  Heat pipes is an energy-saving cooling solution. It is suitable for medium power and stationary
applications. It provides a more uniform temperature distribution than liquid cooling loops.

e  Heat pipes can present a space problem at the scale of a stack. Micro heat pipes can be a solution
in this case.

e  Recent efforts to improve heat pipe performance have focused on the development of new
working fluids and optimized geometry.

e PCMs can be used in a number of ways. The first possibility is to integrate pure PCM or
composite PCM into the BP or a layer of PCM at stack level.

e  Nano- PCM can be mixed with coolant to improve cooling loop performance. A rate of 4% has
a significant impact on cooling system performance.

Abbreviations

Cr Specific heat capacity, (J. kg.K™)
P Density, (kg.m)

q Heat flux

L, Latent heat of fusion (J.kg?)

t Time, (s)

T Temperature, (K)

k Thermal conductivity, (W/m.K)
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