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Abstract: Fuel cell electric vehicles represent a possible solution to meet the objectives of the en-
ergy transition currently underway, which sees the replacement of combustion vehicles with low
environmental impact vehicles. For this reason, this market is expected to markedly grow in the
coming years. Currently, the most suitable fuel cell technology for both light and heavy transport
applications is the Proton Exchange Membrane fuel cell. This review provides a comprehensive
description of the state of the art of fuel cell electric vehicles at different levels: vehicle configuration,
fuel cell stack, and all the necessary operation systems. The current advantages and limits of the
mentioned technology are highlighted, referring to recent studies aimed at optimizing the efficiency
of the system and providing future perspectives.

Keywords: PEM; fuel cells; road transport; BoP; electric mobility; electric vehicle; energy transition;
efficiency; stack

1. Introduction

Since the beginning, the automotive industry has developed road transport systems
based on internal combustion engines (ICE). Fossil fuels became the essential energy source
that allowed road transport in our society. Unfortunately, due to the continuously increas-
ing number of light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs), emissions from
the transport sector became a significant component of the share of emissions from fossil
fuels, accounting for 23% of the world’s energy-related carbon dioxide (CO,) emissions [1].
A recent study by the International Energy Agency (IEA) describes the global transport
sector’s CO, emissions by mode according to the Sustainable Development Scenario,
2000-2070: in 2025, LDV emissions (passenger cars, light commercial vehicles, and
two-wheelers) are forecast at 3.3 GtCO, /year, 43.4% of transport sector emissions, whereas
HDVs (trucks and buses) account for 30.3% (2.3 GtCO,/year) [2]. The increase in green-
house gas emissions due to transport is faster than the increase in emissions in any other
energy-using sector and represents a serious threat for the negative effects on climate
change [3]. In addition, traditional road transport contributes significantly to local air
pollution [4].

In order to fulfill the targets of the Paris Agreement, it is essential to decarbonize the
transport sector. Different policies are being implemented by government institutions. The
IEA provides an accessible database with an overview of different regulations [5]. In order
to achieve a European carbon-neutral economy by 2050, a European Union agreement
was recently officialized, stipulating that from 2035 on, only zero-emission vehicles can be
sold [6-8]. As far as heavy-duty transport is concerned, in 2023, the Commission proposed
an amendment (still to be approved) to the 2019 regulation on CO, emissions standards,
setting a 100% zero-emission target for city buses by 2030 and a 90% CO, reduction target
for trucks by 2040 [9].
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To comply with the decarbonization goals, an evolution towards a sustainable trans-
portation system integrated with a sustainable energy production system is required. In
order to mitigate emissions, the energy system should rely heavily on renewable energy.
Assuming that the transport sector can rely on the availability of this clean energy, electric
mobility may represent a possible solution to mitigate emissions [10].

The distinctive patterns of intermittence and unpredictability exhibited by renewable
energy sources have introduced significant obstacles to maintaining steady power system
operation. This has led to temporal and spatial disparities between energy consumption by
end-users and its availability. Consequently, energy storage technology emerges as a viable
solution to attain stability and enhance the efficiency of renewable energy utilization [11].
For this reason, the use of hydrogen as an energy vector is gaining more attention, taking
into consideration the desirable decoupling of energy production and consumption [12].
Among the many different applications, hydrogen can be profitably used in the transport
sector, especially as a complementary solution for electrification, where pure electric vehi-
cles are difficult to implement. For this purpose, fuel cells represent the core technology to
allow the propulsion of vehicles with hydrogen as a fuel.

This work will review the present status of fuel cell electric vehicles (FCEVs) tech-
nology and give an overview of the principal systems, their configuration, and their
characteristics. The state-of-the-art in PEM Fuel cell applications in the automotive sector
will also be analyzed.

2. FCEVs Current Status

Different studies highlight several advantages of the application of fuel cells for
powering automotive systems [13-15]:

The efficiency of a FCEV (>60%) is higher than that of ICE-powered vehicles;
Zero emissions: water and heat are the only by-products;

Wide range of operating power capabilities for vehicles (20 to 250 kW);
Autonomy ranges are comparable with market references (over 400 km);
Low refueling time (<5 min);

No noise.

Proton Exchange Membrane, or Polymer Electrolyte Membrane (PEM) fuel cell, is the
most suitable technology for vehicles, as evidenced by its use in the platforms of the most
important FCEV manufacturers, namely Hyundai, Toyota, and Honda [13,16].

In comparison with other fuel cell technologies, the main advantages of PEM fuel
cells are their quick start-up process, good cold start capability under low-temperature
conditions, high power density, flexible operating range, lightweight compact system,
operating temperature range (60-80 °C), and low corrosion [13,17-19].

For the aforementioned reasons, the development and market for FCEVs are expand-
ing. The “Global EV Outlook 2023” [8] outlines the electric vehicle market up to date,
including FCEVs. At present, the number of FCEVs has increased by 40% compared to 2021,
reaching over 72,000 vehicles globally, of which 80% are LDVs and 20% are HDVs, with the
latter portion equally distributed between buses and commercial trucks. In particular, it is
interesting to note that the truck segment had a significant increase of 60% only in the last
year [8,16,20].

As shown in Figure 1, Republic of Korea, the USA, China, and Japan are the main
actors in the FCEV market, respectively, with 40%, 21%, 19%, and 11% of total fuel cell
vehicles in their stock. Moreover, Republic of Korea is the leading country for FCEV stock
in 2022; strong supporting policies contributed to reaching 15,000 FCEV sales in 2022 (of
which two-thirds were sold in Republic of Korea) [8]. The second graph highlights the
distribution of FCEV stock subdivided according to application. China is the leading
country for HDV applications, with 800 light commercial vehicles (LCVs), 5400 buses, and
7000 trucks [8].



Energies 2023, 16, 6129

3 0f27

60

Automotive fuel cell stack cost (US$/kW)
B
S

n
o

» BoS

= Membranes

Share of FCEV and HRS stock by region, 2022 FCEV stock by region and mode, 2022

100% 72,100 1020 < 70
90% E 60
80% g
70% £ 50
60% 40
50%

40% 30
30% 20
20% 10
10%
0% 0
FCEVs HRS PLDVs LCVs Buses Trucks

mKorea mUnited States m China mJapan BGermany O RoW

Figure 1. FCEVs and hydrogen refueling station stock by region, 2022. HRS: hydrogen refueling
station; PLDVs: passenger light-duty vehicles LCVs: light commercial vehicles; RoW: rest of the
world [8].

Despite the mentioned benefits, many aspects of FCEV technology must still be im-
proved. Cost is one of the main obstacles, mainly imputable to the cost of the catalyst inside
the fuel cell and the presently unavailable economy of scale due to the small manufacturing
numbers [13,18]. The cost of the catalyst, in terms of both raw materials and manufacturing,
contributes to about 40% of the total cost of a fuel cell system assembly (Figure 2a) [21,22].
As a reference, the 2025 target cost for a fuel cell system has been set by the US Department
of Energy at USD 40/kW, and the ultimate target is USD 30/kW, considering an 80 kW stack
with a production volume of 100,000 sets/year and a durability of 8000 h [22,23]. A second
drawback is the high operational cost: green hydrogen is still prohibitive (see Figure 2b),
and well-to-wheel (WtW) efficiency still presents many losses. The durability of PEM fuel
cells in automotive applications is around 2500-3000 h, still lower than the commercial
target [24,25]. Again, the catalyst is the most critical component [21,26]. Finally, the absence
of an integrated and complete infrastructure, considering its high initial investment costs,
represents a real limit to the viability of hydrogen mobility [27].
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Figure 2. (a) Automotive fuel cell cost evolution and projection. BoS: Balance of Stack; GDL: gas
diffusion layer; MEA: membrane electrode assembly [22]. Inset figure: automotive fuel cell compo-
nent cost distribution based on 500,000 fuel cell systems produced per year; adapted from [28,29].
(b) Hydrogen production costs based on the production method. Adapted from [29].

2.1. FCEVs Configuration

Fuel cell electric vehicles can be classified into two main groups according to the origin
of the energy source:
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All fuel cell vehicles: the traction power is completely provided by the fuel cell. These
less-common systems have major disadvantages such as low power response and low
power density [21,29,30];

Fuel cell hybrid vehicles: the drawbacks of the previous kind of vehicle could be
addressed by an onboard integration of energy storage systems (batteries and/or
supercapacitors) [16,31]. In this hybrid configuration, the power baseline request is
guaranteed by the fuel cell, while all other energy demand (adjusting the dynamic
response, peak power demand, starting off, etc.) is given by the electrical energy
storage system, which can be charged and discharged based on the power demand
and supply. This layout allows the fuel cell to operate at its maximum efficiency [32].
Experimental models are provided with other energy accumulators [33].

Fuel cell hybrid vehicles can be further differentiated into passive and active topologies:

Passive systems: the fuel cell is directly connected with the battery on the DC bus,
implying that their voltages are coupled. No DC/DC converter is used after the fuel
cell, and a reduction in its cost can be achieved [32];

Active systems: typically, a DC/DC converter is used to step up the fuel cell voltage
to the battery system voltage, which is usually higher. For complete control and
flexibility, an additional DC/DC converter can be used in the connection of the battery
to the DC link, decoupling the system operational voltage of each component [32].
Similar topologies can be developed for a supercapacitor [21]. Even if active hybrid
systems are more complex in terms of control and configuration, they are much more
appealing for their higher efficiency.

In addition, all the previous system layouts should include an additional DC/DC

converter to supply power to the BoP and auxiliaries [29]. Figure 3 shows the different

configurations.
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Figure 3. Generic fuel cell electric vehicle (FCEV) powertrain topology, including fuel cell system
(FCS), HV battery, electric drive, supercapacitor (SC), transmission, LV auxiliary loads, onboard
charger, and related power electronics converters [34].

2.2. Synthetic Comparative Analysis of FCEV's and BEV Technologies

Considering the current diffusion of battery electric vehicles (BEVs), it is important to

make a synthetic comparison between the two technologies. Firstly, BEVs and FCEVs are
not to be treated as antithetical approaches; their use has different opportunities that may
be considered in some way complementary, according to the field of application.

Even if fuel cell vehicles have a higher tank-to-wheel efficiency than ICE vehicles,

it is still generally lower than battery electric vehicles: broadly speaking, the average
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tank-to-wheel efficiency of ICE vehicles is 25%, while BEVs and FCEVs have an efficiency
of 80% [18] and 60% [14], respectively. Considering the very low well-to-wheel efficiency
(Figure 4), it is clear that BEVs should be prioritized where possible. It is likely that these
issues have also been taken into consideration by the Volkswagen Group in their recently
published decision to consistently promote e-mobility powered by batteries rather than
hydrogen [35,36]. Moreover, considering typical vehicle driving cycles, batteries are more
suitable than fuel cells, which are more prone to degradation [37]. Fuel cells exhibit their
highest performance when operating under stable power requirements, preferably at a
partial load where efficiency is maximized [32].

Generally, for the small-to-medium vehicle segment, BEV capital and operational
costs are lower than for FCEVs [22,38]. Wilken et al. [36] presented a cost comparison for
ICE, BEV, and FCEV vehicles, showing that at present FCEV capeXx, opex, and total cost of
ownership are higher and not comparable to BEVs.

However, it must be noted that, with a remarkable increase in shares of energy from
renewable sources, hydrogen vehicles can represent an additional chance for BEVs to
decouple the non-programmable offer of renewable energy from the power demand [12].
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Figure 4. Comparison of the efficiency of two types of powertrains. Adapted from www.transportenvironment.
org (accessed on 24 July 2023) [39].

On the other hand, when it comes to applications with elevated power and energy
requirements, vehicle weight, and autonomy ranges, hydrogen can be a game changer
(Figure 5). Given its higher energy density compared to Li-ion batteries, hydrogen theo-
retically allows for range extension without adding much weight [39]. Aghabali et al. [40]
showed how the use of typical 400 V or 800 V lithium-ion batteries may be limited by
the power-to-weight ratio [40,41]. Another point to consider regarding the use of electric
vehicles is the enhanced wear of the road surface due to the higher weight and acceleration
capacity.
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Figure 5. Calculated mass of fuel cell electric vehicles and battery electric vehicles as a function of the
vehicle range; the power trains of all vehicles are adjusted to provide a zero to 97 km/h acceleration
time of 10 s [42].

Indeed, the use of fuel cell systems in HDVs shows different benefits: an operating
cycle more compatible with fuel cells [19]; lower infrastructure costs than other applica-
tions, considering the higher level of route predictability and therefore a lower number
of refueling stations needed [14]; higher capex allowed due to a more important focus on
opex [43]; furthermore, at similar autonomy ranges, fuel cell HDVs have less weight and
more space for payload [34]. As an example, Verbruggen et al. [44] showed that a long-haul
40 ton truck with a range of 600 km experienced a minimal reduction in cargo capacity of
about 4 tons. This was based on the truck’s battery pack energy density of 150 Wh/kg and
an average energy consumption of 1.72 kWh/km [34,44]. In contrast, a typical heavy-duty
FCEV could travel up to 800 km on a single refueling session. The FCEV accomplished this
by using two hydrogen tanks, each capable of storing 40-60 kg of hydrogen at a pressure of
350 bars [34,45].

Another significant positive feature of FCEVs is their consistently shorter refueling
times in comparison with BEVs [14]. In addition, there are no resource limitations for
platinum considering the future demand, compared to the possible lithium availability
constraints in the use of battery electric propulsion for HDVs [46—48].

For the abovementioned reasons, fuel cell propulsion systems are considered more
suitable for HDVs such as long-haul transport and machinery/material handling vehi-
cles [21,43].

2.3. Fuel Cell Light-Duty Vehicles

Presently, the leading companies in the FCEV market are Hyundai, Toyota, and Honda.
This is inferred by the number of FCEVs recently sold per company: in 2019, Hyundai
Nexo accounted for 63% of the total sales, Toyota Mirai for 32%, and Honda Clarity Fuel
Cell for around 5% [13,49]. Furthermore, Hyundai’s objective for 2030 is to manufacture
500,000 FCEVs per year [50]. All the companies mentioned above are using PEM fuel cells
for their vehicles [16,51,52]. In Europe, companies such as Peugeot, Citroén, and Opel are
entering the market with new projects for fuel cell vans [16], while others have decided
to leave the market, such as the Daimler Group, which, after marketing its GLC F-CELL
Hybrid SUV (Plug-In) in 2018, decided not to continue hydrogen car development [53].
Table 1 reports the main characteristics of recent FCEVs.
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Table 1. PEM FCEVs models datasheet [15,16,22].

Tank Capacity

Stack Power Fuel Economy Range [km]
Name Launch Date [KWI [km/kg] (MPGe) @700 ][?'I;gr](Wt%) (EPA)

Daimler GLC FC Hybrid 478 + 51

SUV Plug-in 2018 141.6 120 km/kg 44 (battery)
Honda Clarity 2016 103 118 km/kg 5 589
Hyundai ix35 2014 100 105 km/kg 5.64 594
Hyundai Nexo 2022 120 119 km/kg 6.33 756
Toyota Mirai 2021 128 116 km/kg 5.6 650

2.4. Fuel Cell Heavy-Duty Vehicles

Manufacturers are gaining familiarity with zero-emission HDVs; currently, twelve models
of fuel cell HDV are available on the market, and eight more will be in 2023-2024 [8]. Pardhi
et al. [34] listed current and future fuel cell heavy-duty vehicle initiatives.

For public transport, multiple projects and demonstrations are being carried out;
see [15,54] as references. A total of 12 European bus OEMs are involved in fuel cell bus
transport, and about 1300 fuel cell buses are planned to be deployed in the next few
years [15].

Fuel cell technology also shows great potential in the fields of machinery and materials
handling [55].

Most of the fuel cell power systems for HDVs, including forklifts [55], utilize com-
pressed hydrogen, stored on board in gas cylinders at pressures up to 350 bar.

Tables 2 and 3 report a selection of fuel cell HDVs with their main characteristics.

Table 2. Selected hydrogen electric truck models [6,56,57].

Stack Power Battery Size Tank Capacity [kg]

Name [kW] [kKWh] @350 Bar (Wt%) Range [km]
Hyundai-Xcient 190 72 31 400
Daimler-GenH2 300 70 80 liquid 1000

DAF-VDL 60 82 40 400

Kenworth T680 FCEV 310 200 58.8 724

MAN 100 120 34 400

Nikola TRE 200 164 70 805

Scania 90 56 33 500

Table 3. PEM fuel cell electric buses in Europe and the U.S. [15].
Tank Capacity
Name Stack Power [kW] Battery Size [kWh] [kgl @350 Bar Range [km]
(Wt%)
ACT ZEBA 120 17.4 40 204
SL AFCB 150 11 50 260
UC Irvine AFCB 150 11 50 244
Businova 30 132 28 190
Streetdeck FCEV (double-decker) 85 48 30 200-265

H2. City Gold 60 29-44 375 250
Urbino 12hydrogen 70 30 375 220

3. Proton Exchange Membrane (PEM) Fuel Cells

A fuel cell, the core of FCEVs, is an electrochemical system that allows the conver-
sion of the chemical energy stored in hydrogen to electrical energy through a controlled
redox reaction. Differently from electrochemical batteries, fuel and oxidants are externally
supplied to the system.

Single fuel cell units are composed of [6]:

e A Membrane electrode assembly (MEA), composed of two electrodes separated by
an electrolyte, is used for PEM fuel cells. It is a polymer membrane. The electrodes
have different layers: the Catalyst Layer (CL) in direct contact with the electrolyte
membrane, followed by a Microporous Layer (MPL) and a Gas Diffusion Layer (GDL),
both referred to as diffusion media. Typical dimensions and materials are shown in
Table 4;
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e  Gasket: hydrogen is a very small molecule, and the fuel cell environment is particularly
harsh; therefore, specific elastomers must be used to avoid gas leakage [58];

e  Bipolar plates: thanks to their geometry, they allow the different reactant gases to be
fed to the specific electrode. They also have dedicated channels for heat exchange
purposes. The bipolar plates enable the electrical connection of more fuel cell units for
assembling a whole stack.

In the case of a direct hydrogen PEM, hydrogen is supplied at the anode while oxygen
is provided at the cathode, just canalizing ambient air; to avoid degradation caused by
contaminants, pure hydrogen is needed unless specific technology is used [59].

The reactions occurring at the MEA level are depicted in Figure 6a.

Hydrogen oxidation reaction (HOR) at the anode:

H, — 2H" 4 2e™, 1)

oxygen reduction reaction (ORR) at the cathode:
1
Eoz +2H" +2e¢~ — H,0, )

overall reaction: .
H, + 502 — HyO + heat. 3)

Under standard conditions, the maximum voltage thermodynamically reachable with
one cell producing water in a liquid state as a by-product is given by the Nernst equation:

nF
Ey = “AC = 1.229V, 4)

where:

AG is the free Gibbs energy variation (237.2 kJ /mol for the production of liquid water at
25 °C);

n is the number of electrons participating in the reaction;

F is the Faraday constant (96,485 C/mol);

Ey is the reversible potential of the cell.

Generally, the voltage of a single cell is limited, for physical reasons, to nearly 1 V [60]

and is determined as:
RT
Ecett = Eo + ~1n<pr>, 5)
nF Pp

where:

R is the universal gas constant [J/mol KJ;
T is the temperature in [K];
n is the number of transferred electrons;
F is the Faraday constant [C/mol];
pr is the partial pressure of reactants [bar];
pp is the partial pressure of products [bar].
To increase the voltage for common use, a stack of fuel cells may be constructed by
connecting multiple units in series [13]. The current collector and end plates complete the
stack structure (Figure 6b).
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Figure 6. (a) Working principle of a fuel cell unit [61]. (b) Schematics of a fuel cell stack [62].

Table 4. Typical materials of PEM fuel cell components in a stack [63].

Name Thickness Density (g/cm?) Typical Material
Polymer electrolyte .
membrane (PEM) 0.01-0.1 mm ~2 Nafion
Catalyst layer (CL) 100 nm—0.05 mm 04 Carbon-supported catalyst. and ionomer
porous composite
Gas diffusion layer (GDL) 0.1-0.4 mm 0.3-0.5 Carbon fiber-based porous paper
Microporous layer (MPL) ~0.05 mm 0.3-0.5 Carbon black and PTFE binder
Bipolar plate (BP) 0.3-2 mm 1.7-8 Carbon-based composites or materials

3.1. Electrolyte

The main functions of PEM are to separate the anode and cathode reactant gases,
ensure proton conductivity from anode to cathode and provide electrical insulation between
cathode and anode.

For the above reasons, the material must be impermeable to gases, electrically in-
sulating, and have high ionic conductivity. Furthermore, membranes should have suf-
ficient mechanical resistance and be chemically and thermally stable in their operating
ranges [15,63].

The state-of-the-art material for automotive applications is perfluoro-sulfonic acid
(PFSA). This material has a main hydrophobic perfluorinated chain, which grants me-
chanical support and chemical stability, and hydrophilic sulfonic acid end-groups, which
facilitate water absorption for proton conduction [63]. The length of those side chains
influences the stability and performance of the electrolyte. Long-side chain and short-side
chain membranes are mainly different in the number of CF; units [15].

During the operation, (H") ions diffuse across the membrane in the form of hydronium
ions (H30%) [63—65]. The proton conductivity is determined by the membrane hydration:
when the membrane is too dry, the ionic conductivity is reduced, determining an increase
in the ohmic voltage loss; on the other hand, excessive hydration leads to unwanted
membrane flooding that hinders the transport of the reactant gases [15,63]. In standard
working conditions, the volume and weight of the membrane increase, respectively, by
up to 20% and 50%, due to water uptake from the initial dry condition. The optimum
hydration level of the membrane depends on different phenomena such as electro-osmotic
drag, back diffusion, water generation, and hydraulic permeation across the electrolyte [63].

Dupont’s Nafion is the most common long-sidechain PFSA for PEMs. Its characteristics
show a proton conductivity of 0.13 S/cm at 75 °C and 100% RH, durability above 60,000 h,
and high chemical stability [63]. Wang et al. also illustrated the main fabrication methods.
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An example of a short side-chain material for membranes is Solvay’s Hyflon. Figure 7
reports the chemical structures of Nafion and Hyflon.

_(CF2CF)h_ (CFQCFQ)k

—(CF2CF)i— (CFCFo)y— 0

|
o} CF;
| CGF—CFs
CF2 Short-Side-Chain | Long-Side-Chain
C|:F2 (SSC) ionomer Cl) (LSC) ionomer
SO3H CF;

CF;

SOzH

Figure 7. Polymer structures of Hyflon ion/dow, and Nafion [15].

Even if, at present, PFSA is the most commonly used material for PEMs, several
drawbacks are still present [13,15,53,66]:

1. Proton conductivity is highly dependent on membrane hydration. This implies the
need for accurate humidification control through different strategies (i.e., humidifica-
tion of reactant gases), which increase system complexity and cost;

Temperature limits (around 80 °C) for hydration and mechanical reasons;

High production costs;

Decomposition of polymer chains due to susceptibility to metallic cations;

PEM swell/shrinking during cyclic operation, which can result in membrane failure;
Environmentally unfriendly material;

Possible degradation of the polymer backbone (-CF,-) for the reaction with hydrogen.

NG

In order to mitigate those problems and extend the operational ranges at low humidity
conditions (i.e., 0% RH) and high or low temperatures (i.e., >120 °C), different strategies,
reinforcements, or materials have been proposed [15].

Wang et al. [63] provided a review of membrane improvements and production
methods, while Wang et al. [15] and Rosli et al. [67] summarized the major alternatives for
PEM membrane materials.

A short summary of some interesting solutions is highlighted hereafter: the blend
of sulfonated polymers and non-volatile, thermally stable ionic liquids increases ionic
conductivity but may decrease mechanical properties; the incorporation of nanoparticles
as additives or fillers (graphene oxide, carbon nanotube, silica, polytetrafluoroethylene,
ZrOy, TiO,, TiSiOy, etc.) or the use of different materials such as Sulfonated Hydrocar-
bon Polymers (polysulfones, polyetheretherketones, polybenzimidazoles, etc.) avoids
excessive humidification. Additional strategies are the use of thinner membranes to im-
prove humidification (the transport resistance of protons and water is proportional to
the membrane thickness), but they are more prone to mechanical damage and degrada-
tion, so reinforcement becomes essential; the use of MPLs to increase water retention;
and the use of a counterflow configuration of reactant gases, which improves membrane
humidification [63,68].

3.2. Electrodes
3.2.1. Catalyst Layer

Catalyst Layers (CLs) are the electrode surfaces where electrochemical reactions occur.
Their role is to facilitate the reactions along with providing pathways for reactant gas
supply, water removal, proton transport towards the membrane, and electron conduction
towards the current collector [15,63].

A typical CL is composed of catalyst nanoparticles, usually platinum, adsorbed onto
carbon particles as support material and impregnated with ionomer thin films, creating a
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tortuous void structure with pores [69,70]. The redox reactions take place at these triple-
phase boundaries of the CLs [63]. It is essential that the Pt/C powder be mixed with the
ionomeric form of the membrane to ensure adequate ionic conduction between CLs and
the membrane. There is a precise Pt/C/ionomer equilibrium value: a large quantity of
ionomer can reduce the gas diffusion pathways and the contact with the catalyst [71]. Wang
et al. [63] determined an optimum Nafion loading of around 30 wt%.

Usually, those blends come in the form of ink/paste that can be deposited either
on the membrane or the diffusion media surface. Several methods, such as spraying,
screen printing, painting, decaling, rolling, electro-deposition, impregnation reduction, and
evaporative deposition, have been used and studied [72].

Even if, due to its high activity, Pt is considered the state-of-the-art material as a PEM
catalyst, it has several drawbacks, such as its high cost and poisoning susceptibility to
pollutants like CO, which progressively reduce the catalytic performances [13,63,73,74].

Research efforts are focused on improving CO tolerance and reducing the high-cost
platinum loading without affecting the durability of the cell using less expensive valuable
metals such as ruthenium or palladium, several Pt alloys (Pt-Co, Pt-Ni, Pt-Fe, Pt-V, Pt-
Mn, and Pt-Cr) [63], or using cheaper metals [75]. Figure 8 shows the cost and loading
targets of platinum catalysts for a 100 kW FCEV, while Table 5 reports the main catalyst
alternatives along with their related benefits and drawbacks. For a specific, in-depth
analysis, see [13,15,63,70,76-81].

ULTIMATE

TARGETS EXL N <0.10 mg/em?, <10 g

2020 EZIIAVE 0.125 mg/em?, 1259

2015 0.14 mg/cm?, 16 g

2010 0.18 mg/cm?, 20 g

2009 $69/kW 0.20 mg/cm?, 25 g

2008

$81/kW 0.25 mg/cm?, 40 g

2007 0.35 mg/cm?, 60 g

0.65 mg/cm?, 80 g
0.90 mg/em?, 110 g

2006 $124/kW

2005 $125/kW

0 500 1000 1500 2000 2500 3000 3500
PGM cost for 100 kW FCEV (US$)
Figure 8. Cost and loading of platinum group metals (PGM) for 100 kW FCEV from 2005 to 2020,
based on the current Pt raw price of USD = 30/g. The values inside the bars show the total fuel cell
stack cost for a manufacturing volume of 500,000 units per year. The values outside the bars give the
total catalyst loading per unit cell area (mg/ cm?) and for a 100 kW FCEV (g). Adapted from [13].

Table 5. Benefits and remaining challenges for each of the primary categories of electrocatalysts [15];
ECSA: electrochemical surface area, is the active area of the catalyst where reactions occur. Mass
activity is defined as the current at a specified voltage per given mass loading of catalyst; PGM:
platinum group metals.

Catalyst-Type

Benefit Remaining Challenges

Platinum

Unable to meet long-term automotive Pt

Mature technology. loading and catalyst layer durability targets.

Pt alloy/de-alloy

Difficult to meet the long-term automotive Pt

Mature technology; loading target.

Improved performance over Pt/C;

Enhanced MEA durability.
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Table 5. Cont.
Catalyst-Type Benefit Remaining Challenges
Improved mass activity over Pt alloy; Difficult to maintain the quality of the shell;
Core-shell * Improved durability over Pt/C; Dissolution of the core is still a concern.
Highest reported ECSA.

Shape controlled nanocrystal

Significantly higher mass activity (~x15) over Pt;  Scale-up is at an early stage;

Chemical synthesis (vs. electrochemical) may

allow for easier scale-up vs. core-shell. Conflicting data on stability;

MEA performances have not been
demonstrated yet.

Nano-frame/nano-cage **

Significantly higher mass activity (>x20) over Pt;  Scale-up is at an early stage;

Ionomer penetration into the nanocage will
likely be difficult;

MEA performance at high current density
may be challenging.

Highly stable (improved durability over Pt/C).

Non-precious metal catalyst

Potentially offer the largest benefits (significant ~ Close to meeting targets for non-automotive
cost reduction); applications but far from automotive targets;

At current volumes, PGM loading is not a
Tolerant to common contaminants. major concern for
non-automotive applications.

* Core-shell: nanostructures composed of catalyst nanoparticles protected by a porous shell used to prevent
their migration and coalescence during the catalytic reactions while still allowing free access to chemical species.
** Nano-frame/nanocage: structural configuration of nano-catalysts similar to porous cage structures or nano-
frames.

3.2.2. Diffusion Media

The role of the diffusion media layers is to provide electron conduction between the
bipolar plate (BP) and the CL, uniform and direct passage for reactant gas distribution,
by-product removal, mechanical support for MEA, and protection of the CL from corrosion
and erosion [63]. It must be noted that at the GDL surface, accumulation of water droplets
may hinder the reactants flow; therefore, a proper water removal strategy is needed, and
the presence of a diffusion media layer is part of it [15].

Carbon paper, made of about 7 um-diameter fibers aggregated with a binder, is
the state-of-the-art material used for GDLs. In order to allow effective water removal,
compounds such as Polytetrafluoroethylene (Teflon) are often added to GDL to provide
hydrophobic behavior. However, excessive loadings should be avoided; otherwise, the
pore volumes will be reduced and gas passage through the pores will be limited. New
developments are focusing on metallic and Porous Silicon GDL [63].

A Microporous Layer (MPL) is often inserted between GDL and CL to offer protection
for the catalyst, provide a better and smoother physical interface between layers, improve
multi-phase contact [63], and improve MEA chemical and mechanical stability [15]. It also
has beneficial effects on water management, resulting in reduced ohmic losses (see Zhang
et al. [82] for an in-depth study on the influence of MPL on water management). MPL
is usually made of carbon black powder bound together with PTFE, which makes MPLs
hydrophobic and provides a porous structure with pore dimensions greater than the voids
of CLs but smaller than those of the GDL [15,83].

3.3. Bipolar Plates

BPs positioned after the MEA layers allow the series connection of different cells to
form a stack, acting as a current collector and giving mechanical support. Their structure,
with three different and separated channelings grooved in the surfaces, supplies reactant



Energies 2023, 16, 6129

13 of 27

gas to each cell as well as the liquid coolant flow. Water removal is performed through the
same channels, which should be more hydrophilic than the other layers [15].

The state-of-the-art material for BPs is graphite, which shows good corrosion resistance

and good electrical conductivity. On the other hand, graphite is brittle, causing problems
during production, and gas permeable, leading to possible leakages [15,63].

Research is exploring several alternative materials, such as carbon composites, which

show good electrical and thermal conductivity but weak mechanical robustness, and metals
(aluminum, stainless steel, and titanium), which have good mechanical, electrical, thermal
properties, and easy machining. In the case of metals, protective coating is needed due to
their susceptibility to corrosion, which leads to the formation of oxidants, passive layers,
and metal ions that can harm the integrity of the MEA [6,63,84]. Wang et al. [15,63] collect
different studies on these new solutions.

Another important aspect is the BP’s flow field (channeling) design. It can influence

pressure losses and the uniformity of gas spreading, as well as electrical current and heat
transmission. Straight parallel rows, serpentine, pin-type, and interdigitated-type flow
fields are the most common designs used in PEM fuel cells (Figure 9). Different studies
performed an evaluation of several BP flow field geometries [6,15]:

Parallel: low pressure drops, homogenous distribution of reactants, low water removal
capacity, and voltage instability:

Interdigitated: high water removal capacity, homogenous distribution of reactants,
and high pressure drops;

Pin-type: low pressure drops, low water removal capacity, and uneven distribution of
reactants;

Spiral: low humidity requirements and high pressure drops;

Serpentine: high water removal capacity, uneven distribution of reactants, high pres-
sure drops.

=
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Figure 9. Main flow field designs for bipolar plates [85].

As device power increases, electrode and BP sizes also tend to increase. However,

using larger electrodes can lead to problems like uniformity issues in reactions, causing
uneven current distribution and potentially forming high-current density hot spots that
raise temperature and damage the membrane. This degradation shortens cell and system
lifetimes. Hence, BPs must withstand current density variations and be able to distribute
appropriate current across the electrodes to counter degradation effects [86].

4. BoP of Fuel Cell Systems in FCEVs

The operation of a fuel cell stack depends on a series of auxiliary systems and compo-

nents generally referred to as Balance of Plant (BoP). The BoP is composed of three main
sub-systems [87]:

Air supply system: Generally consisting of a compressor, a humidifier, and an air filter.
This subsystem provides air to the cathode of the fuel cell;

Hydrogen supply system: Generally consisting of a tank, a pressure control valve, a
recirculator, and purge valves. This subsystem provides hydrogen to the anode of the
fuel cell;
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e  Temperature management system: Generally consisting of a pump, a thermostatic
valve, a radiator, and a heater. The circuit is connected to appropriate exchange
surfaces in specific channels of the cells’ bipolar plates.

Schematization of the fuel cell BoP with the representation of the sub-systems and

their components is reported in Figure 10.

e Air supply system (// Load E
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e Hydrogen supply system e G

s Thermal management system T T T

Intercooler Humidifier
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i |
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H, Pump m ; ‘-m'tﬁThermostat
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Air Filter Compressor \ !
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Purge valve

Relief valve  Ejector

Water Tank

Figure 10. Schematic diagram of the BoP of the PEM fuel cell stack [87].

In vehicle applications, BoP is of key importance considering the limited space and
the reliability and affordability requirements of the system.

Recent research in the automotive field [88,89] shows that BoP power consumption,
which varies according to the load and operating conditions, can be of the order of 10%
compared to the LHV (Lower Heating Value) of hydrogen. Overall, the total cost of the BoP
is estimated to represent approximately 56% of the total cost of the fuel cell system [28].
Figure 11 shows the percentage cost distribution of the BoP components in a fuel cell

system.

27.1%

Bipolar Plates: sml 12.4%

1.6%
1.5%
Coolant Gaskets: $41 ~ 1.2%

25.8%

BOP: $1969
~ Coolant Loops (High- & Low-Temp.): sml 11.2%

8.8%

idifier & Water Recovery | 3.8%
oller & Sensors: $111 1 3.2%
3.5%

Total System Cost:
$3500

Figure 11. Component cost breakdown at a production volume of 500,000 units/year for fuel cell
systems; 2017 updated. Adapted from [28].
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4.1. Air Supply System

FCEVs generally use ambient air to obtain the oxygen needed for the reaction with the
hydrogen in the fuel cell. In order to improve the performance of the system, the operation
is performed in a pressurized condition, generally around 1.5-2.5 bar [90,91]. An increase
in the air pressure is beneficial from different points of view [13,91-93]:

e  According to Nernst Equation (5), pressurizing the air inlet increases the voltage and
thus the power of the fuel cell. However, beyond 4 bar, the voltage increase will be
smaller due to mass transport constraints;

It reduces the stack volume;

A higher pressure will result in a higher oxygen concentration with reduced polariza-
tion in bulk transit, thus improving the kinetics of the reaction and finally allowing a
higher efficiency;

e Improved gas transport and water management, with a reduction in membrane
degradation.

One of the main problems related to oxygen supply to the fuel cell is oxygen starvation.
Gas supply lag due to a sudden fluctuating load (e.g., start-stop or quick change in working
conditions) can cause oxygen shortages in the stack. If this condition occurs even in a single
cell, it will be forced by the other cells to operate at the same current. Therefore, it will
start to operate in voltage reversal conditions (electrolytic mode) with the energy provided
by the other cells. This anomaly will deteriorate the catalyst and seriously damage the
cell [94,95].

Excess air supply, A > 1, is a solution to mitigate this problem. The air excess ratio,
lambda A, is defined as the ratio of actual oxygen flow into the stack to the consumed
oxygen flow [92]:

A=

1'hair
In-M ) ©)
4-F*Xo2

where

iy [kg/s] is the air mass flow flowing through the cathode;
I [A] is the stack current;

n is the number of cells in the stack;

M,ir [g/mol] is the molar mass of air;

F [C/mol] is the Faraday constant;

X0z is the mole fraction of oxygen in air.

On the other hand, the increase in the air excess ratio will increase the power con-
sumption of the air compressor due to more demanding conditions, reducing the net power
output [94,96]. Therefore, a proper balance has to be found; generally, the ratio for the
optimal operation of PEM fuel cells is A = 2 [91,97]. In order to achieve proper pressure, a
compressor with a compression ratio of ~2-3 is needed [93].

Operating parameters of the air compressors strongly influence the fuel cell and system
efficiency [92], being the component of the BoP with the highest power consumption, up to
about 30% of the fuel cell output power [91,98].

Three different layouts of the air compression stage are considered in fuel cell applica-
tions (Figure 12) [91-93,99]:

1.  Single stage connection: one compressor and an eventual throttle valve after the stack
to control an additional increase in pressure;

2. Turbocharger: one compressor and one expander (turbine). This combination can
recover 20-50% of the power consumed by the compressor;

3. Two-stage serial compressors: a second compressor is used to boost the compression
of the first one.
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(a)

Stack

(b)

Figure 12. (a) Single-stage compressor (either positive displacement or centrifugal); (b) combined
compressor and expander; and (c) two-stage serial turbocharger (M: motor; C: compressor; and
T: turbine) [93].

The turbocharger layout shows the greatest potential, being compact, light, and having
high efficiency [30,91]. Similar components are also used in ICE vehicles, but the operating
conditions are very different: for example, in PEM fuel cells, the exhaust stream is at
80-120 °C, while in typical ICE turbines, the exhaust stream is at about 950 °C. Thus,
developing compressors with high efficiency for these applications and implementing
an optimal layout are essential [91,92]. The main kinds of expanders for PEM fuel cells
currently include screw-type, root-type, scroll-type, and turbine-type [91]. Many studies
suggest centrifugal turbo-compressors and root compressors/expanders as the two main
possible compressor kinds for FCEVs use, with the first being the most common. They
have high efficiency, compact size, and reduced cost, though with some constraints such as
surge, pulsation, and a narrow operation range [91,93].

Many research activities are focusing on the study of different types of controllers
based on different measures and algorithms to grant optimal working conditions and
prevent compressor damages due to overheating, high pressures, and pressure fluctua-
tions [91,92,94].

Water management is a crucial aspect of fuel cell operation and is largely influenced
by the working condition of the air supply system. At low supply air velocity, a higher
tendency for water accumulation will occur, leading to flooding as well as problems linked
to oxygen starvation. With increasing air mass flow, the air pressure will increase, and
the stack voltage will rise. Water removal will also be facilitated; however, membrane
drying-up problems may occur after long operation at high air mass flow [92].

The system must be tuned according to its characteristics to find a proper balance,
even with the possible use of a humidifier that can be installed in the air supply system
in addition to the compressor. On FCEVs, the restricted amount of space available for
transporting water for humidification may require the installation of a humidification
system with internal or external water recirculation (as used in the Toyota Mirai) [13,63].

The most popular humidifier technologies are water bubblers, where the temperature
of the liquid is controlled and hence the relative humidity (RH) of the passing gases [63].
Recent studies are examining the use of membrane humidifiers, so self-humidification is
becoming more and more interesting thanks to new membrane technologies [68,93].

Finally, the air supply system should also include a filter. Rojas et al. [100] reported that
bad air quality may reduce fuel cell efficiency due to particle and compound accumulation
in the stack membrane [13].

4.2. Hydrogen Supply System

Hydrogen has a very low volumetric density, and therefore having sufficient onboard
storage capacity in order to grant autonomy ranges similar to those of ICE vehicles is
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challenging in terms of weight, volume, safety, and cost. Different approaches have been

proposed [13]:

e  Compressed hydrogen: Generally, FCEV manufacturers implement this method to
store hydrogen onboard. Pressure can vary between 350 and 700 bar according to
the application and technology. To reach those values, around 15% of the lower
heating value of hydrogen must be spent in the process. At those pressures, the
capacity to provide a driving range similar to ICE vehicles has already been shown
in Tables 1-3. Compressed hydrogen is usually contained in carbon fiber-reinforced
plastic composites vessels [13,63];

e Liquid cryogenic hydrogen: To keep hydrogen in a liquid state at atmospheric pres-
sure, a temperature of —253 °C must be reached and assured for the whole storage
duration [101]. The density of liquid hydrogen is 71 kg/m3 at 1 bar and 20 K, which is
much higher than the 40 kg/ m3 of H, compressed at 700 bar and 288 K [63]. Even if
a high-pressure system can be avoided, this method shows different disadvantages,
such as higher energy consumption (more than 30% of the heating value), boil-off
losses, high costs, and limited storage time [13]. Liquid hydrogen must be contained
in properly insulated vessels [63]. To achieve the desired driving range for a wide
variety of light-duty vehicle models, it will be necessary to have onboard hydrogen
storage capabilities ranging from 5 to 13 kg of hydrogen [102];

e  Metal hydride: This method provides high storage capacities on both a gravimetric and
volumetric basis. Hydrogen molecules are stored in the chemical structure of either
binary hydrides, composed of a single metal, or intermetallic hydrides, containing
multiple metals [103]. Common examples are Alane (aluminum hydride, AlHj3),
lithium borohydride (LiBH,), and sodium borohydride (NaBH,) [63]. The principal
advantages of this technology consist of its compactness and a reduction in refueling
costs of around 36-39% [55,103,104]. The main drawbacks of this approach are the
heavy storage devices required (even though in some cases they can be used as
ballast) [55], the low hydrogen release rate, the higher refueling time, and the high
temperatures/pressures necessary for reversible operation [63]. However, thermal
integration may be achieved: hydrogen absorption and desorption are associated
with the release/absorption of large amounts of heat; hence, it is possible to use up
to 40-45% of the heat produced by the fuel cell during the operation to improve the
overall system efficiency [55,105,106];

e  New hydrogen storage approaches are being explored using metal organic frameworks
(MOFs), but they are still at an early stage of research [13].

The hydrogen pressure at the fuel cell inlet, typically 1.1-3 bar at a temperature 40 to
85 °C [107], is controlled by an electric pressure control valve [92]. For optimal functioning,
fuel cell stacks typically require an over-stoichiometric ratio of fuel supply at the anode,
approximately App2 = 1.2, to ensure that the fuel cell has always enough hydrogen available
for the electrochemical reaction [107]. In fact, a lack of hydrogen on the anode side can
cause voltage reversal, leading to the collapse of the catalyst carbon carrier, corrosion
perforation of the carbon paper and bipolar plate, and even scrapping of the cell. This
phenomenon, known as hydrogen starvation, is analogous but more harmful than oxygen
starvation on the cathode side [95].

In order not to lose precious fuel due to oversupply and to improve water manage-
ment [94], the system works in Dead End Anode (DEA) mode [108], and the recirculation
of unreacted hydrogen is essential [13]. Pressure losses in the fuel cell imply the necessity
of pressure control for the recirculation; to this end, active recirculation can be carried out
using a blower. This component contributes to the vast majority of the energy consumption
of the fuel supply system; moreover, among the BoP components, the blower’s power con-
sumption is in second or third place after the air compressor and the coolant pump (around
0.9 kW for an 80 kW fuel cell) [92,108,109]. As an alternative, a passive recirculation system
based on a jet pump can be used. This method reduces power consumption, increases
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efficiency, and is preferred for its simple structure, high reliability, and low cost [94,110,111].
The two approaches are shown in Figure 13.
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Figure 13. Anode subsystem of a PEM fuel cell: (a) active recirculation and (b) passive recirculation [107].

As described in Figure 14, the primary hydrogen flow passes through a nozzle and
provides the kinetic energy for suction. The secondary hydrogen flow, which must be
recirculated, enters the suction chamber, is mixed in the mixing chamber with the primary
flow, and exits the jet pump through a diffusor [107].

Suction Mixing G
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Secondary -
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Figure 14. Jet pump working principle [107].

With this technology, complex fluid interactions must be taken into account, making
the control of hydrogen supply more difficult [107]. Yin et al. [94] listed many studies
addressing the ejector recirculation system, including operating parameter optimization
to improve general efficiency. At present, this is the most commonly used technique in
FCEVs (differently from the Toyota Mirai, where active recirculation with a blower is
installed) [107].

The control of the hydrogen supply system, which is strictly linked to the air supply
system, also has an important impact on stack water management. Different chemicals
reaching the anode by diffusion mechanisms, such as air nitrogen buildup in the cell or fuel
impurities, can deteriorate the stack and reduce its voltage [108]. Under DEA operating
mode, water and impurity accumulation in the membrane also contribute to a voltage
drop [16,20,108].

Usually, the hydrogen supply pressure at the anode is higher than the air supply
pressure at the cathode to limit the migration of nitrogen and the permeation of water
vapor through the membrane [88].

A widely used approach to reducing those problems is purging the anode channel.
Different purging strategies are proposed in several studies where triggering criteria for the
hydrogen purge are defined. Under higher humidity conditions, an adequate triggering
value markedly influences stack efficiency, whereas under dry conditions, the purging
triggering values do not have a significant impact on efficiency [108].
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Hydrogen for automotive fuel cell systems is usually not externally humidified [92].

4.3. Temperature Management System

Assuming an average efficiency of the fuel cell stack of about 60%, the remaining 40%
is dissipated as waste heat, produced at a rate proportional to its power output [112].

The heat transfer in PEM fuel cells is characterized by a complex non-isothermal two-
phase flow (liquid water and vapor). Chen et al. [112] performed a study on the different
heat sources in PEM. The major contributors are the irreversibility of the electrochemical
reactions due to the presence of the overpotential in the CLs (up to 60% of the total heating);
entropic heat arising from the entropy change in the electrochemical reactions (up to 30%
of the total heating); and joule heat resulting from both the ionic and electric resistances
(up to 10% of the total heating) [112].

Such an amount of heat greatly influences the performance of a fuel cell, which strongly
depends on the working temperature and temperature distribution in the membrane [12,113].
Temperature management is also strictly linked to water management, which also greatly
influences the efficiency of the cell.

Optimal working conditions involve two main requisites:

e A nearly constant temperature of about 80 °C: Membrane hydration strongly depends
on saturated steam pressure, which is an exponential function of the temperature.
Excessive temperature may give rise to membrane dryness, resulting in high ionic resis-
tance, ohmic losses, and material degradation. Meanwhile, low temperatures facilitate
the formation of liquid water products, with a higher risk of electrode “flooding”, oxy-
gen starvation, and large mass concentration polarization. Furthermore, it hinders the
CL’s electrochemical reaction kinetics and the membrane’s proton conductivity [112];

e Isothermal conditions over the cell area: An uneven temperature distribution in
the stack may cause local water phase changes, altering the local relative humidity.
However, most importantly, it causes different electrochemical reaction rates across
the system. This will finally result in scarce utilization of the catalyst and the reactants,
as well as the creation of hot spots, which can lower efficiency and endanger the
durability of the fuel cell [113].

Under stoichiometric conditions, a small amount of heat (<5%) can already be removed
just by the reactant gas flow. This is not enough to adequately cool down the stack in
most cases, but increasing the air stoichiometric ratio can be sufficient to remove the heat
and maintain good operation conditions for fuel cells < 100 W. However, for automotive
applications, where higher power is needed, this is not sufficient, and in order to meet
operative requirements, a proper heat dissipation system is required [112]. Moreover, it
must be considered that waste heat removal in a fuel cell system is way more difficult than
in ICEs due to the lower base temperature (engine surface temperature of 400 °C vs. the
80 °C of the fuel cell stack) [63]. To this end, different technologies can be used.

Air cooling is the simplest approach. Heat removal is performed on the bipolar
plates, where dedicated coolant channels, separated from air and hydrogen channels, are
specifically designed. In the case of air cooling, air is forced through a fan to achieve
thermal dissipation. This approach can only be applied to small fuel cell systems <2 kW.
Liquid cooling is the most common design for PEM fuel cells due to its advantages of
large cooling capacity, heat removal efficiency, and flexible control. Liquid is circulated in
the cooling channels integrated into BPs using a pump. The most frequent coolants are
deionized water (for its high specific heat) and an antifreeze liquid, such as a mixture of
ethylene glycol and water. The disadvantages of this technology may be represented by
the power consumption of the coolant pump, possible leakages, and corrosion [112].

Many variables may influence the efficiency of the thermal exchange: channel layout
and size, which cannot be too small to avoid excessive power consumption; manifold size,
which cannot be too large to avoid non-uniformities; flow rate of the coolant, etc. [113]. For
automotive applications, both the Toyota Mirai and Hyundai Nexo use one cooling unit
per cell in their stacks, while the Honda Clarity uses one cooling unit every two cells to
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decrease the stack volume [112]. Figure 15 shows the design of the coolant channels in the
Honda FCX Clarity Fuel Cell.

Section A-A

Figure 15. Design of coolant channels in the Honda FCX Clarity Fuel Cell [112].

New perspectives in the search for alternative cooling systems are represented by
nanofluids, heat pipes, edge cooling, phase change materials (PCM), metal hydrides, and
better integration with fuel cell water management [112].

The thermal management system is not only used for heat removal, but it also repre-
sents a way to provide the necessary heat for start-up in cold conditions. Below 0 °C, water
will freeze, reducing the reaction surface and reactant transport. Chen et al. [112] report
cooling methods and cold start-up capabilities for different water-cooled FCEVs, usually
around —30 °C.

Finally, the thermal management system can also be used for preheating the gaseous
reactants through heat recovery and reutilization of waste heat where needed in a co-
generative manner [112]. Wang et al. [63] illustrated the pros and cons of the principal
cooling methods.

5. Energy Management System

FCEVs are an assembly of multiple systems that must be managed in an integrated and
comprehensive way in order to reach and maintain optimal working conditions. Hybrid
vehicles must include a system capable of integrating the power flows from the fuel cell,
the battery, and the possibly installed supercapacitors at the different power loads. Those
energy management strategies should be designed to minimize hydrogen consumption,
sustain the energy storage system (ESS) charge, and maximize the lifespan of the different
components, especially the fuel cell, which represents the main concern for the durability
of the vehicle. Indeed, the frequent start and stop cycles, varying loads, and low- and
high-power operation are demanding conditions potentially harmful for the fuel cell. Water
management is an essential aspect of minimizing those problems [114].

The first control level is represented by the energy management system (EMS), which,
by using appropriate algorithms, can perform load distribution and split the power request
among the different energy and power sources of the vehicle. This system also controls
the connected behavior of the fuel cell and the on-board energy storage systems, deciding
whether it is appropriate to use the fuel cell to recharge them. It also addresses the
recharging power flows during regenerative breaking [21].

Secondly, low-level controllers (i.e., fuel cell controllers) regulate the different pa-
rameters of the different power sources (i.e., in the case of a fuel cell, reactant flows,
humidification, cooling, etc.) to comply with the requests set by the energy management
system [21].

Sorlei et al. [21] give an overview of the main control strategies used in FCEVs, as well
as the principal advantages and disadvantages of the different approaches. Those strategies
are briefly summarized below:
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e Rule-Based Strategies: This type of control is based on predefined functions, set
according to the knowledge of the system, the operating conditions, and the desired
performance. Its implementation is relatively simple but not very adaptable: the
results are not always accurate since the driving conditions can strongly influence the
different parameters of the pre-established functions;

e  Optimization-based strategy: It uses specific algorithms to find the optimal operating
point of the various control parameters to optimize specific objectives, taking into
account pre-established constraints. For example, optimizing fuel consumption, mini-
mizing a specific cost function, etc. These algorithms can consider different variables
and constraints simultaneously, at the expense of greater computational effort. By
using this strategy, real-time information can be conveniently taken into account;

e Learning Based Strategies: It makes use of databases containing historical and real-
time data for different driving conditions. This data can also be integrated into a model
that optimizes power flows and overall performance. The main difference between
the other strategies is their ability to learn using updated datasets.

6. Stack System Efficiency

The performance of a fuel cell depends on the performance of the stack and, as
mentioned in the previous chapter, on that of the BoP.

The loss of efficiency of the stack can be represented as voltage drops across the cell, also
called polarization. The origin of cell polarization can be traced back to three phenomena [62]:

1. Activation polarization: it is linked to the energy barrier that must be overcome for
the redox reaction to take place. Its entity is related to the rate of electrode reactions;

2. Concentration or mass transport polarization: it is due to mass transport phenomena
that hinder the reactions at the electrodes (diffusion of the reactant gases through the
electrodes, solution and dissolution of reactants and products inside and outside the
electrolyte);

3. Ohmic Polarization: it is caused by resistance to the flow of ions in the electrolyte and
the flow of electrons through the electrode materials.

The trend of the overall voltage drop determined by the sum of these three components,
also called cell polarization, can be visualized in the polarization curve in Figure 16a.
Generally, the maximum efficiency values of fuel cell stacks for vehicular applications
are around 60% [14]. This efficiency varies, firstly, with the current required by the load,
decreasing as the current intensity increases. Furthermore, it depends on the multiple
variables that influence the three polarizations described above: gas supply pressures,
temperature, humidity, reaction kinetics, material characteristics, etc.

To evaluate the total efficiency of the system, another decisive factor to be taken
into consideration is the efficiency of the auxiliary systems. In addition to the intrinsic
characteristics of the cell, the performance of a stack also depends, as described in the
previous chapter, on the operating parameters of the BoP.

Figure 16b shows the typical power and efficiency curves of the stack and the fuel cell
system. As can be seen from the efficiency curve; the best operating point is for moderate
currents.

The efficiency losses due to the BoP power supply are mainly due to the energy
consumption of the air compressor in the cathode circuit and, to a lesser extent, to the
refrigeration circuit pump and any blower for hydrogen recirculation, if present.

Recent experiments in the automotive industry [88,89] showed that these losses, which
vary according to the load and the operating conditions, can be in the order of 10% of the
LHYV of hydrogen. J. Sery et al. (2022) [88] report different graphs showing the trend of
energy consumption by component of the BoP, the discrepancy between stack efficiency
and system efficiency (including the BoP), and the effects of operating conditions such as
temperature.
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Fuel Cell Voltage (V)

However, very few studies are present in the literature regarding the contribution of
losses due to BoP in vehicular applications of fuel cell systems. Further research could
therefore be the object of this line of activity.
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Figure 16. (a) The polarization curve of a fuel cell [115]. (b) Efficiency, power, and polarization curves
of a PEM fuel cell [116].

7. Conclusions

PEM fuel cells are the most promising technology for vehicle hydrogen propulsion.
The state-of-the-art PEM fuel cell technology and its BoP are outlined in this review. New
research lines, alternative materials, and designs are also described. Many references were
suggested to guide the readers through the landscape of hydrogen—electric mobility.

Furthermore, this work described the possible configurations of FCEVs and also
analyzed the principal benefits and drawbacks of FCEVs in comparison with BEVs.

FCEVs can play a decisive role in reducing emissions from transport activities and
accelerating the decarbonization process, especially with reference to sectors such as heavy-
duty vehicles. However, this is only possible on the assumption that future energy systems
will provide sufficient green energy to produce hydrogen.

Expansion of this sector is most likely expected; however, further efforts are necessary
to cope with the many criticalities still present, such as the durability of the PEM fuel cells,
cost, lack of infrastructure for hydrogen as a transportation fuel, and low well-to-wheel
efficiency.
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