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Abstract: PEMFCs’ operation entails the presence of heterogeneities in the generation of
current, heat and water along the active surface area. Indeed, PEMFCs are open systems,
and as such, operating heterogeneities are inherent to their operation. A review of the
literature reveals numerous attempts to achieve uniform current density distribution. These
attempts are primarily focused on bipolar plate design and operating conditions, with the
underlying assumption that uniform current density correlates with enhanced performance.
Most studies focus on the influence of gas flow-field design and inlet hydrogen and air
flow conditioning, and less attention has been paid to the coolant operating condition.
However, uncontrolled temperature distribution over a large cell active surface area can
lead to performance loss and localized degradations. On this latter point, we notice that
studies to date have been confined to a narrow range of operating conditions. It appears
that complementary durability studies are needed in order to obtain in-depth analyses of
the coupled influence of temperature distribution and gas humidification in large PEMFCs.

Keywords: proton exchange membrane fuel cells; coolant operation; flow-field design;
thermal management; performance; heterogeneities

1. Introduction

In the transport sector, which alone accounts for almost 30% of greenhouse gas emis-
sions, the use of hydrogen in vehicles could halve well-to-wheel emissions compared with
petrol. Hydrogen energy offers immense potential for advancing the clean energy transition
and serves as a powerful solution for achieving widespread and deep decarbonization
across sectors like transportation, industry, and construction. Water electrolysis for hydro-
gen production is not only a method of generating hydrogen energy but also helps mitigate
the challenges of intermittency and variability associated with renewable energy sources.
It enables the use of surplus energy from solar and wind power by converting electrical
energy into chemical energy for storage, thereby improving overall energy efficiency [1,2].
Proton exchange membrane fuel cells (PEMFCs) are a promising technology of hydrogen
fuel cells to limit CO, emissions for transport applications. They are a particularly attractive
option for heavy-duty vehicles [3,4].

It is widely acknowledged that the balance of the plant, in which the PEM fuel cell
operates, remains a complex field of study. Many studies have been conducted in order
to optimize the feeding, humidification and cooling of reactants to find the most efficient
architecture [5-11]. Indeed, the auxiliaries enable the operating conditions for the cell to be
set, such as the temperature of the incoming gasses, their relative humidity, their pressure,
or the flow rates, which depend on the stoichiometries chosen for the various reactants.
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The fuel cell system must therefore be able to control the variables that have an impact on
cell voltage, from gas conditioning to cell temperature management. The main function
of the cathode fluidic architecture is to control the flow of air entering the fuel cell, its
humidification and its pressure. Various solutions have been proposed for humidification
by membrane [12-14], by recirculation [9,15-18], or even by injection [19-21]. Extreme
simplification of the cathode fluid architecture is only possible by completely eliminating
the component needed to humidify the air, thanks to adapted strategies for the design
and management of the anode and the cooling circuits [22,23]. For the anode side, the
fluidic architecture is able to control the flow and pressure of hydrogen entering the fuel
cell, but rarely its humidification. Hydrogen supply can be achieved by different fluid
management strategies and different architectures. The simplest architecture consists of
supplying hydrogen to the fuel cell in the dead-end anode mode. However, this mode
of operation leads to the accumulation of nitrogen at the cell outlet as a result of gas
permeation through the membrane [24-26]. Hence, to our knowledge, the most widespread
architecture for mobility systems is hydrogen recirculation [27]. In a similar way to air
recirculation, water vapour transported through the membrane to the anode is recirculated
so as to hydrate the membrane via the anode [5,6,17,28,29]. Some authors highlight the
significant impact of humidification on performance [30-37]. Indeed, flooding or drying
out may lead to degradation within the membrane-electrode assemblies, particularly on
the membrane [35]. The operating conditions recognized as having the greatest influence
on fuel cell performance and lifetime are relative humidity (RH) and temperature [38-41].

Finally, the coolant loop allows one to manage the stack/cell temperature and to
remove excessive heat from the electrochemical reactions. It is essential for maintaining
optimal operating temperatures and ensuring efficient performance. Yakubu et al. [42]
provide a comprehensive review of primary cooling techniques and thermal management
strategies. The cooling techniques used for PEMFCs are based either on liquid and air
cooling or phase change cooling [42,43]. The choice depends on the application of the fuel
cell system, inducing different options regarding the heat exchange with the environment.
Air cooling is justified for applications where light and small systems are required (small
mobile devices, drones, etc.), because the number of auxiliaries dedicated to stack cooling
is the lowest. Nevertheless, the heat exchange is generally more efficient in air/liquid heat
exchangers, such as radiators commonly used in transport applications. Hence, liquid
cooling has been generally used for high power applications, because of its high heat
capacity and stability, with the criterion of having a temperature that is as uniform as
possible [44]. The temperature of the cell or stack can be regulated in relation to the inlet or
outlet temperature of the coolant. Most systems are usually regulated thanks to the coolant
outlet to avoid hot spots, as the coolant evacuates heat from its inlet to its outlet. That way,
even if the cell or stack generates more heat, the coolant outlet temperature stays constant
thanks to the increase in the flow rate. This control strategy also implies a decrease in the
coolant flow rate with a constant coolant outlet temperature, inevitably causing a decrease
in coolant inlet temperature.

In a PEM fuel cell stack, the operating conditions of the cells are inherently non-
homogeneous due to the distribution and the progressive consumption of reactant gasses,
the evacuation of reaction products, the cooling, and the current collection when large
surface areas are used [45,46]. The local operating conditions are therefore very different
from the inlet ones set by the balance of the plant. Furthermore, the distributions are subject
to cross interactions, which makes operating heterogeneities a complex phenomenon to un-
derstand. To ensure the performance and durability of a PEMFC stack, the management of
the temperature, water content and current distributions at the cell scale is essential [47,48].
Water distribution affects local current density production. Miao et al. [49] found that
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increasing the gasses’ relative humidity at low current and decreasing the gasses’ RH at
high current tends to homogenise the current density distribution. Indeed, the quantity of
water produced by the electrochemical reaction is considerably lower at low current density
compared to high current density. On the contrary, at higher power, the massive accumula-
tion of liquid water due to local high current density may lead to flooding, impeding the
gas diffusion and resulting in rapid degradation of cell performance [50].

The design of the gas distribution areas and channels of the bipolar plates (BPs)
affects, among other things, the reactant mass transfer, the water management, and the heat
transfer in the cell. Research into flow fields is therefore essential for better performance
and durability. Zhang et al. [51] review the problems encountered with flow-field designs
in PEMFCs regarding heat and mass transfer, uniform distribution of the reactants, water
management, pressure drop and manufacturing feasibility. Different studies found that
hydrogen and air gas flow channels have an impact on the overall performance of PEMFCs.
Miao et al. [49] studied the influence of cathode bipolar plate design on the performance
and current density distribution of a 108 cm? cathode segmented PEMFC for three different
designs, including parallel-serpentine, parallel and dot—parallel flow fields. They found
that the dot—parallel flow field results in a more uniform distribution of current density
and temperature and they conclude that there is a correlation between current density
distribution uniformity and performance.

The flow configuration has an influence on the current density distribution as well.
Several studies [52-54] have concluded that a counter-flow configuration (air flowing
in the opposite direction as the hydrogen) results in overall better cell performance and
the most uniform current density along the flow channels. Finally, Morin et al. [55] also
emphasize the impact of the flow configuration on the distribution of liquid water content,
which is linked to the current density and temperature distributions. Once again, the best
performance is obtained with a gas counter-flow configuration, but here, it is not correlated
with the most uniform distribution of current density.

Finally, a significant number of studies, including experimental and numerical investi-
gations, have already been conducted to examine the internal temperature characteristics
of PEMEFCs at the cell [56—-60] and even stack scale [61-63]. A high operating temper-
ature increases catalysts’ activity and decreases activation loss but can cause drying of
membrane-electrode assemblies, which increases ohmic loss and ultimately decreases
output voltage. A low operating temperature can, however, cause water condensation
and flooding, which impacts the transport of reactants to the active layer. Concerning
temperature distribution, Macedo-Valencia et al. [64] developed a single-phase 3D model
of a PEMEFC stack of five cells operating in counter-flow configuration. They confirmed
that the in-plane temperature of the cell increases from the air inlet towards the air outlet.
Indeed, the gasses warm up with the heat from the reactions while passing through the
channels. Fuller and Newman [65] concluded that membrane hydration is sensitive to the
rate of heat removal and that more generally, thermal considerations have an impact on
water management. The results of Yan et al. [66] confirm the trend that temperature has an
indirect impact on the performance of PEM fuel cells, with a notable influence on membrane
humidity and water transport within the gas diffusion layer and catalyst layer. Nandjou
et al. [67] have also identified local cold or hot spots in the temperature distribution in
different areas of the cell. Other studies show the critical impact of temperature on water
distribution, which affects the performance and durability of PEMFCs [68-70].

The first experimental study on operating heterogeneities dates back to 1998 and
shows an uneven distribution of the current density on the surface of a segmented single
cell [45]. Since then, new technologies of segmented cells have emerged that facilitate the
assessment of local current density and temperature [71]. For instance, current scan sensors
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on printed circuit boards have been developed to be inserted between two monopolar
plates in the centre of a stack. They can be used not only to map the current density but
also the temperature distribution. The S++® measurement card uses embedded resistance
temperature detectors for temperature measurement and shunts resistors for the current
measurement [72-76]. Toharias et al. [77] have used this device to produce a dataset of
current density and temperature mapping of a 50 cm? PEMFC with parallel-serpentine
channels for different flow configurations. The study of Chevalier et al. [78] also uses a
segmented printed circuit board with two straight channels to measure the current density
distribution along the channels and even visualize the liquid water. Another example of
a segmented cell is the multi-instrumented segmented PEMFC of Maranzana et al. [79]
that measures current density and temperature and enables the observation of liquid water
in the channels by using transparent poly(methyl methacrylate) as the material for the
plates. In this study, every segment (at the cathode) is associated with a Hall effect sensor.
The use of Hall sensors for current measurement was first introduced by Wieser et al. [80].
A review of Pérez et al. [81] describes the segmented cell techniques used from 1998 to
2010 that also include a third type of segmented cell using a resistor network. Beyond
the study of the current density and temperature, water content distribution can also be
analyzed thanks to specific experiments. Indeed, neutron imaging is a powerful tool for
the in situ measurement of liquid water content inside a stack [82-86]. The stack is exposed
to a neutron beam that will scatter and produce an attenuation image. Basu et al. [87,88]
established, thanks to a technique using tunable diode laser absorption spectroscopy, that
membrane dehydration usually occurs at the gasses’ inlet as the gasses, even humidified,
are drier at the inlet than at the outlet. Indeed, they collect water while passing through the
cell. Water distribution in a cell is especially hard to investigate and several studies have
even attempted to model the results obtained using neutron imaging [85,86] or internal
resistance [89] to better understand water management.

Among the factors influencing the performance of PEMFCs, coolant operation has
been overlooked in the literature until now, considering that we exclude here the works
concerning air cooling, either with a direct air flow through bipolar plates [90,91] or with the
addition of phase change in a vapour chamber to enhance temperature uniformity [92,93].
Most studies on liquid cooling are based on numerical approaches and focus on testing
different flow field or distribution area designs for the coolant channels to ensure uniform
temperature distribution [94-100]. However, most of these studies only look at the temper-
ature distribution at low power density or focus on making the temperature distribution
as uniform as possible. A uniform temperature distribution is not achievable as the heat
flux caused by the electrochemical reactions varies spatially and the coolant gradually
heats up as it circulates through the cell. However, it is true that a totally uncontrolled
temperature distribution can lead to the formation of hot spots and improper heat dissipa-
tion [101,102], as well as localized degradation of the membrane impeding the performance
of the PEMFC [70]. Good management of temperature distribution is therefore essential
and is achievable thanks to the coolant circuit.

The previous literature review shows that the current density distribution depends
on the local reactant concentration and the water content and, to a lesser extent, the local
temperature. Gas distributions in the cell are primarily induced by the design of the flow
fields and by the flow configuration. The water management depends on the BPs’ design
but also on the current load, the gasses” RH, the temperature distribution and the water
transport mechanism in the cell. It is worth mentioning that improper hydration of the
membrane can cause local drying and too much water can cause flooding, blocking the
reactants from the active layer. The temperature distribution does not seem to impact the
current density directly but rather impacts the water content of the cell, which greatly
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influences the current density distribution. The performance of the cell is therefore affected
by all these factors, but there is no clear correlation between the uniformity of the current
density and the performance of the cell in the studied literature. Operating heterogeneities
are therefore a complex phenomenon influenced by several factors and their coupled effects.

One aspect that emerges from this literature review is the lack of studies on the influ-
ence of cooling operation on the operating heterogeneities and performance of PEMFCs,
both numerically and experimentally. This paper provides a review of the impact of coolant
operation on performance and heterogeneities in large PEMFCs. In the following sections,
the influence of the cooling flow-field design is first investigated. The flow configuration is
discussed in the second section. Finally, the influence of the coolant operating conditions
on cell ageing is examined.

2. Cooling Flow-Field Design

Cooling flow fields (CFFs) have been extensively studied in recent decades with
the following objectives: (1) to correctly evacuate excessive heat, (2) to obtain a uniform
temperature and current distribution, (3) to minimize the pressure drop to limit the power
consumption of the cooling system, and (4) to improve the stack efficiency. Numerous
coolant flow fields have been designed, including parallel, serpentine, and dotted patterns
for the most common geometries [103,104]. Most of the studies in this area are based on
numerical approaches.

2.1. Parallel, Serpentine and Spiral Flow Fields

Chen et al. [105] were among the first to explore the design of cooling flow fields. They
investigated the coupled cooling process that occurs between fluid flow and heat transfer
in the interaction between the solid plate and the coolant flow. Their research aimed to
optimize the cooling design of a fuel cell stack using three-dimensional computational
fluid dynamics analysis. They introduced the useful index of uniform temperature (IUT),
which quantifies the difference between the local temperature T, and the mean temperature
T, of the cooling plate (Equation (1)). The IUT is a crucial metric regarding the thermal
management of a cell and continues to be widely used in many studies.

IUT = M, where T = Jy TdV
fydv Jyav

They evaluated six cooling modes, comprising three serpentine-type modes and three

1)

parallel-type modes. Their results indicate that the cooling performance of serpentine-type
modes could be superior to that of parallel-type modes, as one of the serpentine-type
modes was able to reduce the IUT value to as low as 1 K, resulting in a more uniform
temperature profile.

Yu et al. [95] conducted a numerical study on the performance of various multi-pass
serpentine flow fields for cooling plates, aiming to enhance heat management. They mod-
elled one conventional serpentine flow field, four multi-path serpentine flow fields, and
one conventional spiral flow field. The simulation results showed that the conventional ser-
pentine flow field had the largest temperature gradient and highest temperature among the
six configurations, indicating weaker cooling performance. In contrast, the four multi-path
serpentine flow fields and the spiral flow field demonstrated improved temperature unifor-
mity and lower maximum temperatures, achieving a 40-60% reduction in the temperature
gradient compared to the conventional serpentine flow field.

Atyabi et al. [106] conducted numerical simulations of various flow-field configura-
tions, including straight parallel channels (Case A), straight parallel channels with metal
foam (Case B), multi-channel serpentine designs (Case C), innovative serpentine channels
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Case A

(Case D), and integrated metal foam channels (Case E), for both gas and cooling channels
(Figure 1a). These simulations incorporated electrochemical and cooling models while
also accounting for thermal and electrical contact resistance between the gas diffusion
layer and bipolar plates. Their findings indicated that Case D delivered the most effective
cooling performance, as evidenced by lower temperature results (Figure 1b), thanks to its
multiple flow passes and extended channel length; however, this configuration resulted
in a high pressure drop. Additionally, Case D achieved the highest power density at the
cell scale among all configurations tested (Figure 1c). Nonetheless, when pressure drop
effects are considered, the net power output of Case D is 6.12% lower than that of Case E.
The study ultimately underscores the balance between optimizing thermal performance
and maximizing net system power output in PEM systems.
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Figure 1. (a) Five different cooling flow-field designs: straight parallel channels (case A), straight
parallel channels filled with metal foam (Case B), multi-channel serpentine (Case C), novel serpen-
tine channels (Case D) and integrated metal foam (Case E); (b) average temperature (membrane),
maximum and minimum temperature of the cathode catalyst layer and (c) comparison of the polar-
ization curve and power density curves for the various fuel cells [106]. Reproduced with permission

from Elsevier.

Recently, Joibary et al. [107] explored the impact of various cooling flow channels on
thermal distribution using a 3D large fuel cell model. They designed one parallel flow field
and five more complex serpentine flow fields. Their results indicated that the four-section
serpentine geometry provided the best temperature uniformity, achieving a lower IUT
value compared to the other designs. However, this geometry did not deliver the highest
performance or output power among the configurations tested. Zhang et al. [108] studied
the effect of channel and rib dimensions of a complicated serpentine-like flow field using a
3D fuel cell model focused on fluid and thermal behaviour. They found a major impact on
the pressure drop of the circuit but a minimal effect on the in-plane temperature uniformity.

Finally, Xu et al. [109] introduced a thermal economic index to numerically compare
three flow-field designs, considering both the IUT and a quality factor comparing the heat
evacuated and the power of the coolant pump. They selected the design with the best
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(a)

Cathode straight
Anode straight

thermal economic index for the realization and study of a 120-cell stack, despite its poor
performance in terms of IUT.

In recent years, many studies have focused on improving temperature uniformity in
cooling flow fields using conventional serpentine, parallel, and spiral designs [97,110-115].
Their findings align with the previously mentioned studies, showing that while parallel
flow channels offer the simplest fabrication process and the lowest pressure drop, they
have the poorest cooling performance compared to spiral and serpentine designs.

2.2. Wavy and Oblique Flow Fields

Particularly adapted to stamped metallic bipolar plate, structures featuring wavy
and oblique flow fields have been proposed to minimize pressure drop while achieving
optimal temperature distribution [23]. In the initial phase of their study, Huo et al. [116]
developed a single heat transfer model of a large fuel cell with an active area of 335 cm? to
analyze the effects of different coolant channel configurations on temperature distribution.
They simulated four configurations: both straight channels at the cathode and anode
(S +5), straight channels at the cathode and wavy channels at the anode (S + W), and wavy
channels at both the anode and cathode with either an identical waveform (SW) or different
waveform (DW) (Figure 2a). Their results showed that the S + S configuration yielded the
lowest pressure drop (Figure 2b) but led to the greatest heat accumulation among the four
configurations. The S + W and DW configurations exhibited less uniform temperature
distributions, with heat accumulation occurring at the junctions between the cathode and
anode channels, and also had the highest pressure drop, necessitating greater pumping
power (Figure 2b). Ultimately, their findings suggest that the SW configuration offers the
best balance, providing a fairly uniform temperature distribution with a pressure drop that
is only slightly higher than that of the S + S channels (Figure 2b).

(b)

Pressure drop Temp. difference
z/k X
Flow channels
T T T T
S+S  S+W sw DW
Cathode wavy Cathode wavy Cathode wavy Coolant channels
Anode straight Anode wavy Anode wavy
Same direction Different directions

Figure 2. (a) Computational domains of four configurations of coolant channel of a large-size proton
exchange membrane fuel cell including straight + straight (S + S), straight + wavy (S + W), same
waveform (SW) and different waveform (DW) channels and (b) pressure drops and temperature
differences of the four configurations [116]. Reproduced with permission from Elsevier.

Chen et al. [117] proposed a novel bipolar plate structure featuring a wave-staggered
round table cooling flow field. Their numerical results, obtained using a multi-physics and
multi-component model, confirm that a wavy CFF provides a better cooling effect compared
to a straight CFFE. Further, using a three-dimensional multi-phase PEMFC electrochemical
model coupled with a cooling channel, Chen et al. [118] demonstrated that the performance
of a PEMFC with a wavy CFF is slightly superior to that with a straight CFE.
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Sasmito et al. [111] conducted a numerical evaluation of various coolant channel
designs, including conventional parallel and serpentine channels, oblique-fin channels,
and a hybrid parallel-serpentine—oblique—fin design. Their results showed that serpentine-
based channel designs offered superior thermal, water, and gas management, as well as
overall stack performance, compared to the other designs. However, the net performance
of the conventional serpentine design was lower than that of the oblique—fin channel
design, primarily due to its higher pressure drop and parasitic losses. The hybrid parallel-
serpentine-oblique—fin channel design proposed in their study provided the best balance
between effective thermal management and net power output, thanks to a significantly
lower pressure drop. Zhu et al. [119] enhanced a traditional parallel flow field by incor-
porating tapered oblique fin channels into the ribs to mitigate localized overheating in an
air-cooled PEM fuel cell (Figure 3). They conducted a numerical analysis, utilizing a three-
dimensional, two-phase model to compare the modified design with the conventional one.
Their findings revealed substantial improvements in mass transfer and cell performance
at elevated humidity levels (>60%). Additionally, their study indicated that the modified
design also leads to improved temperature uniformity. In a follow-up study, Zhu et al. [120]
validated their earlier findings through an extended experimental investigation involving a
stack of five cells, which included the oblique-fin air-cooled configuration and supplemen-
tary simulations. However, they did not address the manufacturing complexities associated
with implementing this design on a larger scale compared to traditional designs.

____________________________________

Anode side

[[—
I il

Conventional Modified
flow field flow field

OF channel inlet:
0.6 mm

OF channd
outlet: 0.3 mm

Air outlet

Figure 3. (a) Photos of the air-cooled PEMFC of the experimental test system and BPs and
(b) schematic diagram of the computational domain and meshing details in numerical simula-
tions [119]. Reproduced with permission from Elsevier.
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2.3. Inovative Flow Fields

Chen et al. [121] introduced an innovative tree-shaped fractal cooling flow field for
bipolar plates in fuel cells, drawing inspiration from the microstructure of biomimetic leaves
and featuring varying dimensions (Figure 4). Their findings indicate that this bio-inspired
cooling flow field provides superior coolant distribution and improved temperature unifor-
mity compared to traditional parallel cooling flow fields. Furthermore, when compared
to serpentine cooling flow fields, the tree-shaped fractal design effectively addresses the
issue of excessive cooling pressure drops and minimizes parasitic power losses while
maintaining efficient cooling performance. This novel design presents a promising solution
for mitigating localized overheating in PEMFCs.

(b)

CaseC CaseD CaseE

Figure 4. Fuel cell geometry: (a) schematic diagram of the PEMFC and (b) tree-shaped fractal cooling
flow field [121]. Reproduced with permission from Elsevier.

Liu et al. [122] investigated three biomimetic cooling channel designs based on the
heat dissipation characteristics of human capillaries. To precisely evaluate fluid distribution
and heat transfer within these channels, they employed a three-dimensional flow model,
comparing the cooling performance of the biomimetic capillary cooling channels with
that of conventional parallel channels. Their results show that the topology-optimized
biomimetic cooling channels can significantly improve overall cooling performance.
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Zhang et al. [123] conducted a numerical investigation on a serpentine cooling channel
featuring dimples to enhance the internal thermal management of proton exchange mem-
brane fuel cells (Figure 5). They compared three types of cooling channels: an elliptical
dimple cooling channel, a circular dimpled cooling channel, and a smooth cooling channel.
Their findings demonstrate that the elliptical dimple cooling channel outperforms the other
two configurations due to the narrower surface area of the elliptical dimple, which improves
fluid flow and creates a vortex trailing edge that facilitates heat exchange. Additionally,
when the optimal dimple dimensions are utilized, the elliptical dimple cooling channel
effectively reduces the maximum temperature while also decreasing pressure drops.

(b)

N

T, Low

Cooling water]

A-BP —

to 1o

N

A-GDL—
C-GDL—¢

C-BP —

L>>< F—o-<

Cooling water|

Figure 5. (a) PEMFC model; (b) smooth cooling channel; (c) circular dimpled cooling channel and
(d) elliptical dimple cooling channel [123]. Reproduced with permission from Elsevier.

However, the authors did not address the manufacturing challenges associated with
implementing these designs on a larger scale compared to conventional designs.

2.4. Constrained Flow Fields

As indicated by Poirot-Crouvezier and Roy [124], the use of metallic bipolar plates
obtained from stamped thin foils can produce complicated coolant flow fields, which
are rarely studied in the literature. Indeed, in such bipolar plates, the cooling circuit
results from the overlapping of the ribs of the anode flow field and the ribs of the cathode
flow field. If the anode and cathode flow fields are not wavy or parallel, but rather
serpentine or interdigitated, the cooling flow field contains linear channels in different
orientations, chaotic connections, and eventually flow blockages. Consequently, uniform
coolant distribution is not reachable with such bipolar plates. Therefore, a common and
simultaneous optimization of the three fluid circuits has to be conducted in order to
reduce the temperature heterogeneity as much as possible. Furthermore, experimental
and numerical analyses of the thermal behaviour of such cells are necessary to correctly
apprehend their performance and lifetime [125].

To overcome this issue, Mahdavi et al. [126] proposed the incorporation of an interme-
diate “spacer plate” which facilitates the cooling fluid’s passage through the cooling flow
field, promoting uniform temperature distribution. They numerically designed three spacer
plates, labelled A, B, and C. Their results indicated that model C performed best, exhibiting
the lowest surface-averaged temperature among the designs. To further improve cooling,
additional modifications to model C were explored by adding some holes in critical areas
of the spacer plate to reduce the maximum temperature. It was shown that the modified
spacer plate C was successfully optimized, achieving a better cooling efficiency.

Rahimi-Esbo et al. [127] conducted a numerical study on a serpentine design for the
reactant flow field of a PEMFC, incorporating a spacer plate between the bipolar plates
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(Figure 6a). They evaluated several configurations, progressing from an initial design
without a spacer to an optimized geometry (design 8) by adjusting the placement and
number of spacers (Figure 6b). The results indicated that, in the absence of a spacer, cooling
fluid tended to become trapped in some regions of the bipolar plate. Therefore, they used,
at first, a simple spacer with parallel rectangular holes (design 1). They observed high
contact resistance for this design with an IUT of 2.09 °C and an average temperature of
73.88 °C. They then iteratively refined the design by analyzing the IUT (Figure 6¢) and
temperature contour on the spacer surface at each step to reach the lowest IUT (1.45 °C)
with their optimized design.

(b)

DOOO000D000000000
DO00000000000D000
DO00000000000000
DO00000000000000
000000000000000
000000000000000
000000000000000

= [p000000D00D000000

N

5™ design 6™ design 7™ design Optimized design

IUT(°C)

Design Number

Figure 6. (a) Location of the spacer between two bipolar plates; (b) the design steps of a spacer
from the first design to the optimized design; and (c) IUT obtained according to the different spacer
designs [127]. Reproduced with permission from Elsevier.

3. Coolant Operation

Many studies investigate the influence of the cooling flow-field design, but other
authors have also considered the effects of the coolant’s operation, including the coolant
flow velocity and temperature gradient.

3.1. Effect of Coolant Flow Velocity

Song et al. [114] studied the maximum temperature, temperature difference, tempera-
ture uniformity index and pressure drop of the multi-channel cooling plate under varying
liquid-coolant inlet flow rates by numerical simulation (Figure 7). Overall, they found
that the temperature of the cooling plate decreases as the total inlet coolant flow increases,
especially in designs with less efficient cooling processes. However, when the flow channel
is excessively long, it can substantially increase the pressure drop, potentially leading to
fluid blockage.
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Figure 7. (a) Design scheme of flow field. Effect of inlet flow on heat transfer characteristics; (b) maxi-
mum temperature and (c) temperature difference [114]. Reproduced with permission from Elsevier.

Liu et al. [115] validated previous findings with a multi-phase numerical study of
a large-scale PEMFC analyzing three CFF designs (Figure 8a). Although increasing the
cooling flow rate reduced the IUT and increased the current density of the cell, they noticed
a risk of flooding near the cathode outlet for excessive flow rate (Figure 8b). Moreover, the
benefits in temperature uniformity and current density became less pronounced at higher
flow rates. Consequently, they recommended a moderate flow rate, as high flow rates
significantly increase the pressure drop, leading to a substantial increase in the pumping
power needed (Figure 8c).
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Figure 8. (a) Three coolant flow-field designs for large-scale PEMFCs; (b) average cathode liquid
saturation and index of uniform temperature profile for the PEMFC under different cooling water
inlet volume flow rates; and (c) average current density profile and pumping power profile under
different coolant volume flow rates [115]. Reproduced with permission from Elsevier.

Recent studies have also examined the effect of coolant flow velocity in a serpentine
CFF with an optimized spacer plate [127], wavy CFF [117], and fractal CFF [121], all
using numerical simulations. These studies consistently found that increasing the inlet
coolant flow velocity enhances the cooling process but can lead to a significant pressure
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drop. Additionally, they noted that once the flow velocity reaches a certain threshold, a
further increase has minimal impact on the cell. Consequently, they suggested that the
highest coolant flow rate may not be the optimal choice, as it requires balancing temperature
distribution with pump output power. A systems-level approach is therefore recommended.

Xu et al. [128] investigated the effect of steady or pulsating coolant flow with bionic
tree-like microchannels by simulation with a 2D thermal model. They concluded that
pulsating flow could improve the IUT compared to a steady coolant flow rate, due to a
reduced boundary layer.

Nandjou et al. [125] developed a physics-based model to study variations in tem-
perature, humidity, and current density across a large-area PEM fuel cell. To measure
temperature and current density under real operating conditions, they used a printed cir-
cuit board with an S++ sensor plate placed between two monopolar plates at the centre of a
30-cell stack with an active area of 220 cm?. The model accurately predicted temperature
and current density distributions when comparing computed and experimental data. In a
follow-up study, Nandjou et al. [129] explored how the cooling flow velocity impacts tem-
perature and current density distributions under varying operating conditions (Figure 9).
Their model revealed that the multi-serpentine channels used for reactant flow create a
complex, chaotic cross-flow cooling field, which induces significant spatial heterogeneities
in local conditions, accelerating cell component degradation. The findings showed that
cooling flow is the primary factor affecting temperature distribution. Specifically, the
membrane exhibited a hotspot reaching approximately 94 °C, compared to the operating
temperature of 80 °C regulated at the stack outlet, due to the decrease in the cooling flow
velocity in this region, from about 0.3 m-s~! to 0.03 m-s~! (Figure 9). In contrast, variations
in local current density had a comparatively smaller impact on temperature distribution.
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Figure 9. (a) Temperature distribution at the reference cut line in the membrane, cathode microporous
layer, cathode gas diffusion layer and bipolar plate for a current density of 0.42 A cm~2 and (b) current
density and cooling flow velocity at the cut line [129]. Reproduced with permission from Elsevier.
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Building on previous work, Tardy et al. [69] applied the prior model to investigate
water management considering the real bipolar plate design. To validate their results,
they compared the liquid water thickness distribution predicted by their model with
neutron imaging measurements obtained at the National Institute of Standards and Tech-
nology (NIST) for a stack of five cells. At low current densities, the model successfully
and quantitatively reproduced the regions of liquid water accumulation within the stack
(Figure 10). Finally, they observed a greater accumulation of liquid water in the cooler
regions, consistent with the temperature distribution predicted by Nandjou et al. [125,129].

(b)

Water thickness / mm

-

Cooling O air Hz @ Cooling °* air

circuit circuit

Figure 10. (a) Measured and (b) simulated total liquid water thickness for a stack of 5 cells for a
current density of 0.25 A cm ™2 and for an inlet cooling water temperature of 64 °C [69]. Reproduced
with permission from Elsevier.

3.2. Effect of Coolant Temperature Gradient

As shown in the previous sections of this review, studies focus mainly on the structural
parameters associated with the coolant (flow-field design and flow configuration) and
primarily seek a uniform temperature distribution. They do show that a high flow rate
may not be of interest in terms of system efficiency and that coolant flow configuration
influences the temperature and water distribution. However, they do not try to find a more
optimal coolant flow rate and do not study the effect of the cooling water parameters (flow
rate, inlet temperature and flow configuration) as a whole. Indeed, the operation of the
coolant, meaning its operating temperature and flow rate, influences the heat exchange
between the BP and the coolant and, as a result, the temperature distribution and operating
temperature of the cell. This last section investigates the coolant flow direction compared to
the air or hydrogen one and the coolant temperature gradient in parallel flow configuration.

Shen et al. [130] introduced three innovative cooling modes (Figure 11) designed to
enhance heat distribution within a PEM fuel cell, offering alternatives to the traditional
unidirectional cooling flow (Model A): reverse flow cooling in the interlayer channel (Model
B), reverse flow cooling in adjacent channels (Model C), and bidirectional circulation cooling
(Model D). In Model D, the cooling water flow direction periodically alternates, which
indicates that all are inlet at T and all switch to outlet at 2T. Based on their results, compared
to Model A, Model B shows only minor improvements in temperature distribution and
performance. However, both Model C and Model D significantly enhance temperature
distribution, resulting in higher power density and efficiency. Indeed, the maximum
temperature difference is reduced by 4.3 K and 3.2 K for Models C and D, respectively,
compared to Model A. Moreover, the power density of Models C and D increases by 23%
and 20.6%, respectively, compared to the traditional cooling flow, when operating at a
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voltage of 0.65 V. Additionally, the commutation time affects temperature distribution,
especially at higher commutation frequencies.

i
- Out

(a) Model A (b) Model B
(¢) Model C (d) Model D

Figure 11. Cooling schemes of each model: (a) traditional unidirectional cooling flow (Model A);
(b) reverse flow cooling of the interlayer flow channel (Model B); (c) reverse flow cooling of the
adjacent channel (Model C;) and (d) bidirectional circulation cooling (Model D) [130]. Reproduced
with permission from Elsevier.

Chen et al. [117] studied wavy flow fields using 3D simulation of one cell. They noted
that when the coolant is introduced in the same direction as oxygen, the temperature
distribution is more uniform, and the performance is increased at high current density.
On the contrary, when the coolant and hydrogen are introduced in the same direction,
a higher temperature gradient is observed. In their numerical study, Zhang et al. [131]
studied the effect of the direction of the coolant using a large-scale multi-phase model.
Based on their simulations of the liquid water distribution at the different layers of the
cell, they conclude that, for a counter-current gas flow configuration, the coolant must flow
in the same direction as the air flow. Indeed, this configuration avoids the accumulation
of liquid water at the cathode outlet in the cathode catalyst layer and at the interface
between the cathode catalyst layer and gas diffusion layer. Finally, Morin et al. [55] also
emphasize the impact of the flow configuration on the distribution of liquid water content,
which is linked to the current density distribution. Their study employed a P3D model
and data from neutron imaging to analyze the current density, temperature and liquid
water content distributions and concluded that best performances are obtained for the
counter-flow configuration, especially with the coolant in the same direction as the air.

Very few research works have studied the effect of the coolant flow rate coupled with
its inlet or outlet temperature. Amirfazli et al. [132] numerically studied the effect of the
coolant flow rate on the uniformity temperature distribution for different manifold cross
sectional areas. They showed that the uniformity of the temperature distribution increases
systematically with the coolant flow rate. They concluded that it is beneficial to increase the
flow rate but that it can lead to higher parasitic losses caused by excessive coolant pumping.
However, this study assumes that the most uniform temperature distribution possible is
desirable. Moreover, it is carried out at a constant coolant inlet temperature of 46 °C for a
cell voltage of 0.6 V and a stack output current of 220 A.
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Liu et al. [115] studied the effect of the coolant by (1) keeping the coolant flow rate
constant for three different coolant flow-field designs and (2) varying the flow rate while
keeping the coolant inlet temperature at 70 °C with a large-scale cell, non-isothermal and
3D model. They found that the PEMFC operating temperature is determined by the chosen
coolant inlet temperature and that a higher PEMFC operating temperature reduces the risk
of flooding. They also found that the coolant flow rate impacts the temperature gradient of
the PEMFC between the inlet and the outlet for a constant inlet coolant temperature, and
that maximal temperature distribution uniformity can lead to liquid water accumulation in
the gas diffusion layers. They conclude that an optimal coolant flow rate can simultaneously
decrease the risk of flooding and the pump power consumption.

Finally, Cornet et al. [133] numerically tested over a hundred operating conditions on
a 250 cm? PEMFC operating in counter-flow with the coolant in the same direction as the
air. These operating conditions include variation in coolant temperature outlet and coolant
temperature gradient between the cell inlet and outlet (meaning a variation in the coolant
flow rate to maintain the outlet temperature and the coolant temperature gradient). In a
general way, the increase in coolant outlet temperature and coolant temperature gradient
limits both drying and flooding of certain areas of the cell. Among all the simulated results,
the two highlighted polarization curves indicate that increasing the coolant temperature
gradient (i.e., decreasing the coolant flow rate) while lowering the coolant outlet tempera-
ture can enhance the cell’s performance at current densities above 1.5 A/cm? (Figure 12a).
Indeed, a higher coolant temperature gradient allows for lower cell temperature at the
air inlet, improving the membrane hydration in this area which is usually subject to dry-
ing (Figure 12b). A higher coolant outlet temperature enables an increase in the cell’s
operating temperature, which improves performance in the activation zone at low current
densities but reduces performance at high current densities (Figure 12a) due to membrane
drying (Figure 12b). A higher temperature gradient also implies a smaller coolant flow rate,
limiting the power consumption of the coolant pump. Optimizing these two parameters
together is therefore beneficial for both cell performance and system efficiency.
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Figure 12. (a) I-V curves and (b) averaged water content obtained for the 108 simulations with the
calibrated spatially averaged P3D model featuring a variation in coolant outlet temperature (60 °C,
70 °C and 80 °C), in coolant temperature gradient between inlet and outlet AT (2 °C, 6 °C, 10 °C
and 20 °C) and in anode and cathode RH (30%, 50% and 60%). The best (red) and the worst (blue)
performances at high current density have been highlighted.

The coolant operation has a direct impact on the temperature distribution in the cell,
which itself impacts the humidity distribution and, therefore, the cell performance. It also
impacts the consumption of the cooling pump and therefore the efficiency of the whole
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system. Yet, little research has been carried out on the coupled effect of coolant temperature
and the temperature gradient between the inlet and outlet.

4. Ageing

Many phenomena can contribute to the ageing of a PEMFC [40,134,135]: corrosion of
the carbon support of the electrodes, chemical degradation of the membrane or the ionomer
of the active layers, dissolution of the platinum, etc. It is worth mentioning that ageing
studies are generally carried out using small single cells (25 cm? or less), placed under a
variety of conditions. Experiments on segmented cells have shown the relevance of this
technique for understanding such mechanisms [136]. Few studies have been carried out
on the scale of a complete stack, where all the phenomena are coupled (thermal, fluidic,
etc.) [67,137-141]. Since lifespan remains a major challenge for the commercialization of
PEMEFCs, understanding their ageing process is crucial for prognosis and health manage-
ment. This enables proactive interventions to prevent fuel cell failures and, ultimately,
extends the operational life of PEMFCs. Most of the parameters influencing degradation
kinetics must be considered on a local scale, since operating heterogeneities can have a
major impact on ageing. Given the diversity of the mechanisms involved, ageing is influ-
enced by the size of the PEMFCs under consideration and by the way they are stressed.
As a result, any durability study begins by selecting the operating parameters to be main-
tained over several hundred hours, under either steady or variable conditions, including
start-up and shutdown phases. Given the long duration of these tests, the specific study of
certain degradation mechanisms can be approached with shorter tests [67,141-143], named
accelerated stress tests. At the end of these tests, studies are often completed with post
mortem analyses realized at different locations in the active area [144]: optical, SEM or TEM
visualizations with layer thickness measurements, contact angle measurements, element
distribution measurements, etc.

The stresses applied to the stacks undergoing ageing tests are generally defined
according to the intended application. The first tests are carried out at constant current,
often at the nominal operating point. The degradations that appear during this type
of test, particularly those that are reversible, are not necessarily representative of those
encountered when the operating parameters vary over time, as in the real application. The
latter causes a drop in cell voltage that can be recovered, for example during a simple
start up or shut down or characterization protocol. The recovery of reversible voltage loss
through polarization curve tests and other interventions results in intermittent performance
degradation. To address this challenge, Meng et al. [145] proposed a novel health indicator
that significantly minimizes its dependence on current density, providing a more accurate
reflection of fuel cell status. It differs from so-called ‘irreversible” degradation, which
corresponds to a reduction in performance that no regeneration protocol can reverse [146].
As a result, variable stress profiles have been defined to investigate the impact of an air
supply fault [147] or the impact of alternating fuel feeding [140]. Moreover, many have
focused on performance degradation during start-up/shut-down phases [148,149]. Other
mechanisms, such as membrane degradation, have been the subject of analyses linking
operating conditions to the location of degradation [150].

Studies in large cells of the degradation phenomena can be conducted at a local scale
with current scan sensors, such as S++ boards, which are able to measure surface mappings
of current density and temperature over the active area. It can be employed in large single
cells, like in the work of Lochner et al. [138], where real stamped metallic bipolar plates,
similar to the ones used in stacks, are used in a single cell equipped with a current scan
sensor and subjected to durability tests (Figure 13). Their results show that, depending
on the location of the active area, different degradation behaviour occurs, leading to an
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evolution of the current density distribution. At the end of the test, in this case where water
flooding occurs frequently, a part of the cell produces a current density close to zero. This
validates the use of real components in single cells, providing a single cell hardware closer
to a stack hardware than classical segmented single cells that use machined flow-field
plates. However, in this study, the in-plane temperature gradient through the cell remains
lower than 1.5 °C, due to a fixed high coolant flow rate. One can estimate that it has an
impact on water flooding, which is, in this study, a major cause of cell degradation.
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Figure 13. Example of single cell hardware using real bipolar plates and current scan sensor: (a) sec-
tional view of the cell and (b) air side of the bipolar plate. The airflow direction in the straight
channels is indicated by white arrows [138]. Reproduced with permission from Elsevier.

Lochner et al. [151] propose a review focused on the effect of temperature on the
degradation phenomena in PEMFC. To gain insight into the location of the degradations,
the authors observe that ex situ studies are numerous, such as post-mortem analyses of
degraded components. However, regarding in situ studies, they note that the in-plane
distribution of temperature in stacks is generally unknown, impeding the validation of
local improvements in cells” materials.

As discussed in the previous sections, the current density distribution depends on
the local gas composition and water content and, to a lesser extent, the local temperature.
A variation in this distribution during cell ageing can have an impact on degradation.
Knowledge of this variation can lead to ways of increasing durability, as shown recently by
Chandesris et al. [152]. As shown in the literature [137-139], the current density distribution
can vary differently depending on the operating conditions. Nevertheless, local temperature
could be a driving force for many degradation mechanisms. For example, the loss of
hydrophobicity of gas diffusion layers is promoted by high temperature and by the presence
of large and variable amounts of liquid water [153].

To delve further into the understanding of the coolant flow effect, Nandjou et al. [67]
proposed an accelerated stress test based on the standard Fuel Cell Dynamic Load Profile
derived from New European Driving Cycle in the frame of the FCH-JU 303445 StackTest
project [154]. This incorporated a variation in relative humidity in addition to a variation in
current in order to consider the reduced efficiency of high-power humidifiers. The stack
used for the durability test presented serpentine flow fields at the anode and cathode.
Post-mortem analyses of the aged membrane—electrode assemblies and bipolar plates were
conducted at the end-of-life. The experimental findings were then compared with the
simulated temperature, humidity, and membrane water content within the cell. In this
study, a detailed analysis of the influence of local temperature and humidity on PEMFCs’
degradations was performed. The tests carried out, in the absence of start-up and shut-
down phases, correspond to stresses on the cell that do not favour carbon corrosion or
loss of active surface area. Detailed observation of the corrosion on the stamped metallic
bipolar plates was performed. The location of the corrosion marks was recorded for all the
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bipolar plates and a statistical analysis was carried out. This provided the most frequent
location of corrosion marks on the active surface. For the anode, these coincided with
the areas of highest temperature on the active surface. For the cathode, they coincided
with the areas where the humidity in the cathode channels was highest, according to
the results of the pseudo-3D model. The measurement of fluorine in the effluent, as the
test progresses, provided an indicator of chemical attack on the membrane [155]. There
was a major difference between the steady-state and dynamic tests. Indeed, the fluoride
release was around ten times greater in the dynamic test, indicating greater degradation
of the membrane material (Figure 14). As a result of ageing, structural degradation of the
membrane occurred in certain well-defined areas of the active surface. The SEM observation
showed that this was delamination of the material. The defects were located mainly in
front of the rib, as shown by microscopic observation. Both the anode and cathode designs
were visible, with the cathode predominating.
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Figure 14. Evolution of the fluorine release rate [156].

Among the numerous local degradations observed in Figure 15, only elevated local
temperature can be identified as the main factor promoting anode plate degradation. Never-
theless, the membrane degradation is indirectly linked to the local temperature. Indeed, the
occurrence of membrane pinholes and micro-cracks, responsible for a sudden loss of func-
tionality of the cells, is correlated with the amplitude of the local water content variation
induced by the current density and temperature variation. Therefore, the local degradation
phenomena are deeply related to the reactive gasses and cooling flow-field designs.
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Figure 15. Overview of the observed degradations. [67]. Reproduced with permission from Elsevier.
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5. Conclusions

The primary technical challenges in developing PEMFCs are closely related to the
management of temperature and water within the stack, as performance and degradation
are inherently dependent on local temperature and humidity conditions. Nowadays, the ref-
erence temperature is 80 °C and the reference relative humidity values vary between 30 and
50%. However, there is an important push to higher temperature, in order to decrease the
weight, volume and cost of the cooling devices. Moreover, further simplification of the fuel
cell system is desirable, involving a suppression of the air external humidification. In this
context, the precise control of the maximum cell temperature is of paramount importance to
prevent membrane drying (which reduces ionic conductivity) and to minimize component
ageing. Therefore, thorough investigations are essential to tackle the specific challenges of
heat and water management within the cell and to understand their impact on degradation.

Experimental methods are valuable for studying temperature and water distribution
within the cell, but they are often limited by the high cost and invasiveness of measurement
techniques. In the literature, printed circuit boards emerge as the most practical choice
for local measurements due to their high resolution and accuracy, coupled with relatively
low invasiveness compared to other available technologies. Another solution consists of
the development of a physics-based model, with the resolution at the same time of the
heat sources and cooling water heterogeneities. The challenge for these models lies in
achieving an optimal balance between the dimensionality of its description, the accuracy
in representing physical phenomena, and the computational efficiency. Ideally, the model
should operate at the cell scale to capture all global heterogeneities within the fuel cell
components. Additionally, it should enable predictions of temperature, humidity, and
related parameters across each component of the cell.

A review of the literature on operating heterogeneities shows that sensitivity studies
on current density distribution are often based on a limited number of operating conditions
and that the numerical studies mostly neglect the influence of coolant operation with the
associated temperature gradient. Most of the works focus on the impact of the coolant
flow-field design and the operating conditions on the current density distribution.

The BP design largely influences the coolant flow distribution, leading to hot spots
deeply affecting the water content and relative humidity distributions. The cooling flow
field has proven to be a crucial factor in heat management, highlighting the importance of
careful attention to its design.

The operating conditions imposed on the stack also have a clear influence. Hence,
increasing the operating current induces more temperature heterogeneities, emphasizing
the hot spots. Conversely, the increase in the coolant flow rate enables one to reduce the
temperature difference between the inlet and the outlet of the cooling water. Furthermore,
in automotive conditions, the cycling of operating parameters imposed on the stack induces
a non-uniform cycling of the local operating conditions inside the stack, which can lead to
membrane degradation.

This review highlights the significance of the coolant temperature gradient between
the coolant inlet and outlet. Indeed, an increase in the coolant temperature gradient
(which corresponds to a reduction in the coolant flow rate) combined with an increase in
operating temperature enhances the cell’s performance at a given current density. The
control of this parameter is closely linked to the balance of the plant of the system, because
it depends on the flow provided by the coolant pump and on the performance of the heat
exchanger. On the other hand, innovative architectures of the cooling circuit inside the
stack targeting a reduction in this gradient are likely to increase the mass and volume of the
stack. Consequently, a decrease in the coolant temperature gradient can be associated with
a decrease in the power density of the system, which is often not desirable in automotive
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applications but could be acceptable for some heavy-duty transport, railway, maritime or
industrial applications.

Some ageing studies have been carried out to investigate the influence of the cooling
flow-field design and configuration but none are dedicated to the influence of the coolant
temperature gradient. This work suggests that additional durability studies should be
conducted in future research, focusing on the application of a high coolant temperature
gradient (by decreasing the coolant flow velocity) across various operating points, in
particular since it remains unclear whether alterations in the profiles of current density
production over the active surface area, resulting from the compensatory effects of current
production areas, may influence the durability of the cell.
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Nomenclature

BP Bipolar plate

CFF Cooling flow field

IUT Index of uniform temperature

PEM Proton exchange membrane

PEMFC  Proton exchange membrane fuel cell
RH Relative humidity
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