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Abstract: The development of innovative technologies based on employing green energy carriers,
such as hydrogen, is becoming high in demand, especially in the automotive sector, as a result of
the challenges associated with sustainable mobility. In the present review, a detailed overview of
the entire hydrogen supply chain is proposed, spanning from its production to storage and final
use in cars. Notably, the main focus is on Polymer Electrolyte Membrane Fuel Cells (PEMFC) as
the fuel-cell type most typically used in fuel cell electric vehicles. The analysis also includes a
cost assessment of the various systems involved; specifically, the materials commonly employed
to manufacture fuel cells, stacks, and hydrogen storage systems are considered, emphasizing the
strengths and weaknesses of the selected strategies, together with assessing the solutions to current
problems. Moreover, as a sought-after parallelism, a comparison is also proposed and discussed
between traditional diesel or gasoline cars, battery-powered electric cars, and fuel cell electric cars,
thus highlighting the advantages and main drawbacks of the propulsion systems currently available
on the market.

Keywords: Polymer Electrolyte Membrane Fuel Cell system; hydrogen production; hydrogen storage;
hydrogen supply chain; fuel cell vehicles; electric vehicles; internal combustion engines; comparative
analysis; cost assessment

1. Introduction

One of the main scopes of human society is to increase the possibility for everyone to
move quickly, over both long and short distances. In all the past epochs of human history,
traveling capability was limited by the means of transport then available, when carrying
people, goods, or both. Human-powered (e.g., on foot), animal-powered (e.g., horses),
and wind-powered (e.g., sailboats) modes of transport were the only ones available to our
ancestors. When traveling on the ground, that limited the maximum distance covered
in a daily journey down to a few tens of kilometers. Moreover, relatively few people
were sufficiently wealthy to afford long trips, which also emphasizes the need for making
means of transport economically viable to as many people as possible. More recently, the
availability of abundant energy at a low price, such as oil, together with the dramatic
rise of technological development and the industrial economy has made it possible to put
efficient means of transport in the market, with prices that are affordable to a substantial
share of the population. That has allowed the development of the current—and arguably
complex—transport network and infrastructure, which is composed of the following sectors:
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automotive, railway, naval, and air [1–7]. All of them feature some kind of propulsion
system or power supply. After the first steam vehicle in 1769, exhibiting an exceptional
maximum speed of 3.2 km/h, arguably unmatched at the time, the first car featuring an
internal combustion engine was constructed in 1803. Quite remarkably, hydrogen was used
as the fuel. Electric cars also appeared in the late 1800s, but they proved impractical, as a
result of the poor performance in terms of the power available at the wheels [1]. The world
had to wait until the second half of the XIX century to see the first cars propelled by fossil
fuels [2]. In the twentieth century, the expansion of engines that run on fossil fuels was
dramatic: petrol and diesel were first, followed by methane and LPG (liquified petroleum
gas). However, the beginning of the twenty-first century seems to favor the return of
electric cars, the most common types of which are BEVs (battery electric vehicles) [6] and
FCEVs (fuel cell electric vehicles) or FCHEVs (fuel cell hybrid electric vehicles), with the
last ones featuring both a fuel-cell stack and a battery pack [7].

From a physical standpoint, the engine has the function of overcoming the different
forces that oppose motion: not only shall it ultimately provide kinetic energy to the whole
mass of the car and the enclosed bodies, but it shall also balance against resistance. This
latter typically includes tire-rolling resistance, aerodynamic drag, and uphill resistance [3–5].
As a well-known operating principle, an ICE (internal combustion engine) is propelled by
the combustion of an air/fuel mixture within the cylinder. Such a combustion reaction has
heat and gas as its products, with the latter expanding and forcing the piston to move down
along the cylinder axis. The connection rod converts the translational motion of the piston
into the rotational motion of the crankshaft, thus ultimately resulting in roto-translation
of the wheels. The overall efficiency of ICE is known as not being particularly high. For
instance, if the Otto—Beau de Rochas cycle is considered the ideal cycle for modeling
spark-ignition engines fueled by gasoline [8], the following equation describes its thermal
efficiency η:

η = 1− 1

rγ−1
v

, (1)

where rv is the compression ratio (i.e., the ratio between the volume of the cylinder with
the piston at the bottom position and the same volume with the piston at the top position)
and γ is the air heat capacity ratio. The latter is about 1.4 (i.e., that of a mixture of diatomic
gases), so an increase in rv yields an increase in η. However, the compression ratio may not
be infinitely increased; for spark-ignition engines, if the compression ratio grows above
about 10.5, a detonation phenomenon known as knocking occurs. This is detrimental to
engine performance and, if persistent, may result in damage to the engine. Therefore,
thermal efficiency of gasoline-fueled engines is limited by inherent maximum applicable
values of the compression ratio; the same limitation holds for diesel (i.e., self-ignition)
engines, yet their maximum compression ratio is higher. The overall efficiency of an ICE
with a compression ratio of 8 is about 30%, generally ranging from 30% to 35%. Many
factors contribute to make it even lower than thermal efficiency (i.e., a maximum possible
threshold), among which non-instantaneous burning, incomplete combustion of the fuel,
variability of heat capacity with temperature; non-adiabatic condition of the cylinder, and
frictions appear to be the most impactful [9].

Several fuels can be used in ICE, which can be subdivided over two families: organic
and inorganic compounds. A further subdivision can be made within the first group by
identifying other subcategories: hydrocarbons of natural and synthetic origin (i.e., benzine,
diesel, methane, LPG); other organic compounds (e.g., alcohol, biofuel). That subdivision
may not be interpreted as a strict categorization into closed boxes since mixtures are often
used. For instance, several ethanol mixtures are commonly employed worldwide. Ethyl
alcohol is often mixed with gasoline in a weight percentage ranging from 5% to even
above 85%. There are also examples of mixtures of hydrocarbons and non-hydrocarbons,
such as the hydromethane, called H2–NG (natural gas) blends or H2–CNG (compressed
natural gas) blends [10]. Both pure and mixed hydrocarbon fuels produce emissions during
the combustion process, such as CO2, CO, CmHn, H2O, NO, NO2, SO2, and particulate
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matter (PM), according to their chemical composition and reaction with air [11]. Notably,
the combustion reaction of an arbitrary fuel (CaHbOcNd) and air (i.e., oxygen as the
final oxidizing agent, with an assumed nitrogen concentration of 79.05%) is described by
Equation (2):

CaHbOcNd + λ air→ a1CO2 + a2CO + b1H2O + b2H2 + e1O2 + e2N2, (2)

where λ is the excess air ratio (equal to one for stoichiometric reactions and greater for
weak mixtures [12–18]) and a1, a2, b1, b2, e1, and e2 are the reaction coefficients. Most of the
combustion products—if not all of them—are pollutant emissions. Table 1 lists the main
exhaust gases emitted as a result of the combustion process of several fuels and reports
their known effects on air quality and human health.

Table 1. Main exhaust gases emitted by conventional combustion processes.

Chemical Species Pollution Effect

CO2
Greenhouse gas; according to the available scientific literature, its
concentration in the atmosphere is causing climate change [12]

CO
Carbon monoxide; colorless, odorless, and tasteless, but highly
toxic; at a concentration greater than 1000 ppm, it is considered
immediately hazardous [13]

CmHn

For example, benzene (C6H6); it damages the bone marrow,
depresses the immune system, causes leukemia, and is associated
with other blood cancers and pre-cancers [14]

NOx (NO and NO2)

NOx reacts with ammonia, moisture, and other compounds to
form HNO3; it can penetrate deeply into sensitive lung tissue,
yielding lung cancer and causing (or worsening) respiratory
diseases, which may result in premature death in the worst
case [15]

Particulate matter
Better known as PM10 and PM2.5; their inhalation produces
asthma, lung cancer, cardiovascular issues, and premature
death [16]

SO2

highly irritating and harmful to the eyes and the respiratory tract;
by inhalation, it can cause acute pulmonary edema, with
prolonged exposure leading to death [17]

H2O Harmless to the environment and human health within a
medium-term horizon

As a general observation, ICE has made a breakthrough in human society, both eco-
nomically and socially. However, the quest for more efficient and environmentally friendly
propulsion systems prompted the exploration of different and innovative technologies.

2. Comparison between Electric and Conventional Vehicles

As mentioned in Section 1, electric mobility is the most relevant alternative to ICE
towards the reduction of greenhouse gases and pollutant emissions; however, the cost of
manufacturing batteries and fuel cells, together with the costs associated with producing
and handling hydrogen (e.g., electrolyzers, storage systems) shall be taken into account
when assessing their viability. In fact, hydrogen—a viable energy vector—may also be con-
sidered promising to balance the intermittent and often unstable availability of numerous
renewable energy sources (e.g., solar energy, wind power), thus allowing the fulfillment of
the end users’ demands over time in terms of electrical power by combining renewable
energy and energy conveyed by hydrogen itself [19,20]. Indeed, electric cars are not new
vehicles: the first examples were brought to the market in the XIX century, and, in 1900,
34,000 electric vehicles were registered in the USA [11]. They display some advantages as
propulsion systems, with respect to ICE:

• Maximum torque can be immediately reached; as a result, acceleration is smoother
than that obtained with a traditional ICE, especially those of large size or turbocharged;
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• All parts included in a conventional car, such as the engine, radiator, pistons, spark
plugs, fuel pumps, exhaust system, and timing belt, are instrumental in performing
traction and prone to replacement over time; on the other hand, an electric-powered
car presents fewer parts that are potentially replaceable, thus reducing maintenance
costs by over 50%;

• All electric cars feature regenerative braking, which employs the electric motor to
slow down the vehicle so that some of the power is returned to the battery; therefore,
braking is more efficient and also reduces wear by developing less fine dust with
consequent savings;

• Electric engines are based on a mature technology, so they allow traveling hundreds
of thousands of kilometers without major maintenance [21].

Comparing the travel costs of ICE- and electric-powered cars implies assessing the
respective costs against the same distance traveled. Usually, the comparison between
spark-ignition and diesel engines is expressed as “liters per 100 km”, which indicates the
amount of fuel (i.e., liters) required to travel one hundred kilometers (i.e., the same distance
traveled). However, the range of electric cars, a famous one of which is shown in Figure 1,
is often expressed as energy—the well-known kilowatt-hours—so harmonizing the selected
units is much needed to make comparisons.
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Figure 1. Photo of Tesla Model S (available online).

Diesel engines feature an efficiency of about 33%, which is essentially the fraction
of energy converted into work, with the rest being dissipated in the form of heat. Diesel
fuel used in diesel engines generates about 10 kWh per liter; the average range can be
calculated by knowing that—considering commonly available price lists—the models on
the market present a combined-cycle consumption between 4 and 12 L of diesel per 100 km.
Therefore, when running that distance, Diesel cars require between 40 and 120 kWh of
energy. On the other hand, spark-ignition engines feature an efficiency of about 28%.
Gasoline yields 8.8 kWh per liter, while the average consumption lies between 5 and 15 L
of fuel per 100 km. That translates into requiring between 50 and 150 kWh of energy when
running that distance. When keeping the same distance traveled, electric vehicles display
an average combined-cycle consumption between 15 and 30 kWh. If the average value
is considered in the analysis, diesel engines exhibit an average consumption of 80 kWh
over 100 km, which is slightly lower than that of spark-ignition engines (87.5 kWh over
100 km); quite remarkably, electric cars exhibit an average consumption much lower than
those: 22.5 kWh over 100 km.

As for an economic comparative assessment, the cost per kWh is obtained by relating
the average amount of energy required to travel the same distance with the cost of each
energy resource employed: 0.14 EUR/kWh for diesel fuel and 0.18 EUR/kWh for petrol.
As for electricity, it is necessary to distinguish the supply source instead: supply from a
domestic socket (3 kWh with slow recharge) bears an average cost of 0.25 EUR/kWh, while
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supply from a fast column implies an increase of up to 0.50 EUR/kWh. Eventually, driving
100 km by a diesel car costs 11 EUR on average, by a spark-ignition car, 16 EUR on average
and by an electric car, 6 to 12 EUR, depending on the recharge mode.

Fuel-cell cars, being either FCEV or FCHEV, embody a small yet very particular share
of electric vehicles. Although fuel-cell technology is effective in converting chemical into
electrical energy and is environmentally friendly, its permeation of the market still appears
to be that of a niche. For instance, if focusing on Europe and specifically Italy, fuel-cell
cars are in fact a novelty: there is only one currently registered, in Bolzano. That is quite
representative of the relationship between the number of cars owned by the population and
the availability of the involved fuel: Bolzano is the place where the only hydrogen refueling
station is currently operating in Italy. This instance is not merely anecdotal and emphasizes
one of the main hindrances against the possibility of spreading fuel-cell cars: the lack of
a widespread hydrogen-distribution network. However, there are plans to expand that
network almost worldwide—with China ad Europe arguably being at the forefront—which
may further the breakthrough of fuel-cell cars on the market. The Italian ENI S.p.A., a
multinational energy company, is currently collaborating with automotive manufacturers
such as Toyota and Hyundai to build hydrogen refueling stations in Rome and Milan, with
the aim of reaching 20 refueling locations by 2023. However, another problem hindering
the spread of fuel-cell cars in Italy and many other European countries consists of the rather
few available models on the market. They are currently two models: the Hyundai Nexo and
the Toyota Mirai (Figure 2); their price is also quite high compared to cars of similar size
and conventionally propelled: Hyundai Nexo 163 CV costs about 70 k EUR and features a
running distance of 800 km with a full tank; the Toyota Mirai Fuel Cell 155 CV costs slightly
more than 65 k EUR and features a running distance of 500 km with a full tank.
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Despite the abovementioned challenges, fuel-cell cars have proven to be a promising
alternative to both conventional and electric cars, as they exhibit several advantages:
being virtually emission-free, obviously not including potential pollutants emitted when
producing hydrogen as a fuel; including fuel-cell stacks that are smaller and lighter than
batteries, also being characterized by a longer life cycle; having a refueling time comparable
to that of conventional cars—either gasoline- or diesel-fueled—and remarkably shorter
than the full recharging time for batteries. On the other hand, fuel-cell cars also have
inherent structural limitations. Notably, their overall weight tends to be higher than that
of the other types of cars, which is mainly due to the hydrogen storage system included
within. This problem also affects the space available in the cabin and trunk. A general
comparison between FCEV and BEV in terms of advantages and drawbacks is proposed
in Table 2.
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Table 2. Advantages and drawbacks of FCEV and BEV.

FCEV BEV

Advantages Drawbacks Advantages Drawbacks

Refuelling in 3–5 min Poor network
of distributors Zero local emissions Battery life uncertain

(5–8 years)

Long distance with a
full tank (400–800 km)

High purchase prices
and few
models available

No CO2 production
Shorter driving range
than other kinds
of cars

Higher energy input
of Li batteries

Transformation,
transport, and storage
still not very efficient

Higher efficiency
(reduced losses
during transport,
storage, and
transformation)

Higher production
costs

Suitable for heavy
transport vehicles
(e.g., buses, trucks)

Safety concerns
(hydrogen
flammability)

Reduced noise
pollution

Charging times and
car performance
not constant

No harmful emissions

Non-environmentally
friendly hydrogen
production from
fossil fuels

Less impactful engine
maintenance

Additional costs of
rental and ownership

Possible reductions
in taxes

Larger availability of
charging stations,

Inefficient battery
recycling technologies

Electric-motor
charging sufficient for
urban driving cycles

It is worth noting that production costs, manufacturing included, are also currently
rather high, as a result of the small segment where fuel-cell cars stand within the market:
economies of scale are somewhat yet to achieved. To better understand the difference in
terms of driving range and cost, Table 3 shows a comparison between actual FCEV, BEV,
and vehicles with traditional ICE. It is apparent that the cost of FCEV is about double
that of traditional cars, featuring about the same power. On the other hand, BEV stands
somewhat in the middle in terms of cost, even if their driving range is significantly lower
than that featured by the other two types.

When considering the comparison between fuel-cell cars and conventional ones, one
of the most remarkable advantages of the former consists of their relatively low energy
consumption, in addition to being environmentally friendly. As an order-of-magnitude
figure, fuel-cell cars consume about 1 kg of hydrogen gas every 100 km. For an analysis
that encompasses the economical aspect, it is necessary to compare this consumption with
that of a conventional car, for instance, a spark-ignition one: a Fiat 500, one of the models
featuring the lower fuel consumption, consumes 3.8 l of petrol every 100 km. Another piece
of information may be included in the comparison: the current average cost of hydrogen
is 10 EUR/kg, which corresponds to an expense of 0.1 EUR/km. On the other hand, the
current average cost of petrol is about 1.5 EUR/L; therefore, a conventional car exhibits a
fuel cost of 0.06 EUR/km, which is not dramatically lower than that of a fuel-cell one. It
is worth remarking that the whole hydrogen technology (e.g., production, distribution)
will likely become more spread and more cost-effective in the near-to-medium term, thus
making the hydrogen cost decrease and fuel-cell cars more affordable over their lifetime.
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Table 3. Comparison between FCEV, BEV, and traditional cars in terms of driving range and cost
(reported data available online).

Propulsion Model and
Power (kW/CV)

Driving Range
(km) Cost (kEUR)

Cost per Unit of
Power

(EUR/kW)

FCEV

Hyundai Nexo,
120/163 800 70 583

Toyota Mirai,
114/155 500 65 570

Honda Clarity
FC, 130/177 500 60 461

BEV

Dacia Spring,
48/65 220 21 437

Fiat 500e, 70/95 300 27 386
Tesla Model 3,

239/325 491 45 188

Volkswagen
ID.3, 150/204 422 40 267

ICE

Hyundai i20 1.0,
88/120 800 24 273

Toyota Land
Cruiser, 150/204 800 57 380

Volkswagen Golf
2.0 TDI 110/150 1000 36 327

Dacia Sandero,
49/65 1000 13 265

In summary, the initial and operating costs of fuel-cell cars are heavily impacted by
the methodology for producing hydrogen and the challenges in storing and transporting
it, together with the costs associated with manufacturing fuel cells and the components
included in a fuel-cell stack. As a hint at a potential further analysis of the impact and
costs of hydrogen production, the three well-known routes—green, blue, and grey [22]—to
separate hydrogen from other substances represent a categorization in that regard. No-
tably, producing hydrogen without releasing any pollutants (e.g., carbon dioxide, carbon
monoxide) makes it “green”: it is very environmentally friendly, but associated costs are
higher. On the other hand, separating hydrogen from hydrocarbons (i.e., “grey” hydrogen)
is the most cost-effective approach, yet it is environmentally more damaging. However, if
the carbon released through grey-hydrogen production is subsequently captured (“blue”
hydrogen), costs rise, but the related environmental impact is reduced.

3. Hydrogen Supply and Associated Costs
3.1. Production

Technologies for hydrogen production from several sources have been in use for more
than 40 years and more than 90% of them exploit fossil fuels [23]. The current challenge
consists of developing techniques that process renewable sources to extract hydrogen
without emitting pollutants. Unfortunately, about 68% of the hydrogen currently produced
worldwide is separated from hydrocarbons, with natural gas being the most popular (48%),
followed by oil (20%); however, most of that hydrogen is consumed internally within oil
refineries [24]. Hydrogen production processes are manifold, and, as shown in Figure 3,
they can be divided into two main categories: conventional technologies relying on fossil
fuels and renewable technologies. Notably, the former processes fuels obtained from fossil-
based waste and basically consists of the reforming and pyrolysis of hydrocarbons [25]. In
this category, the most renowned are steam reforming [26], partial oxidation [27], gasifica-
tion [28], and electrolysis [29], if the energy required to operate the electrolyzer is provided
by conventional plants. On the other hand, the renewable production category includes
a variety of sources: biomass [30], and indirect production from nuclear [31] and natural
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energy sources such as wind, sun, and water (i.e., hydroelectricity) [32], with the electroly-
sis sustained also falling within this category. If biomass is considered as a raw material,
other subcategories may be distinguished, such as thermochemical [33] and biological [34]
processes. Thermochemical technology mainly involves pyrolysis [35], gasification [36],
combustion, and liquefaction, while the main biological processes are direct and indirect
bio-photolysis [37].
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Figure 4 shows a comparison of the theoretical (i.e., standard enthalpy of the reaction)
energy spent to produce hydrogen from different sources. It is worth noting that hydrogen
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while electrolysis requires a bigger quantity and is the most energy-intensive process.
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As another comparison among extraction methods from fossil fuels, Figure 5 shows
the stoichiometric efficiency of hydrogen production by gasification of natural gas, LPG
(liquified petroleum gas), naphtha, heavy oil, and coal. The general rule to assess hydrogen
yield implies that as the hydrogen-to-carbon ratio in the hydrocarbon molecule increases,
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production efficiency grows, while CO2 production decreases. This simple outcome from
chemical formulations supports the use of light hydrocarbons for hydrogen production
rather than heavier hydrocarbons, limiting the associated pollutants emitted.
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It is also interesting to discuss a comparative assessment of the hydrogen production
methods in terms of costs, which is reported in Table 4. As expected, steam reforming still
appears to be the most cost-effective approach, since its production rate is high (Figure 5)
and the associated cost is remarkably low. For the sake of comparison, biomass gasification
and pyrolysis are slightly less expensive, yet their yield is significantly smaller, which makes
biomass viable only if a large amount of it is available. On the other hand, electrolysis fed
by renewable sources bears the inherently high costs related to the latter, while nuclear-
sustained electrolysis exhibits remarkably lower costs.

Table 4. Hydrogen production costs.

Source Production Rate (kg/day) Cost (EUR/kg)

Nuclear (electrolysis) 1000 3.83
Solar thermal 1000 6.46

Solar PV (electrolysis) 1399 21.48
Wind (electrolysis) 1000 5.12

Biomass (gasification) 194,141 1.33
Biomass (pyrolysis) 72,893 1.36

Coal gasification 281,100 1.15
Natural gas (steam
methane reforming) 236,239 2.29

Evaluating production costs may not be disconnected from the analysis of the toxic
or harmful byproducts (e.g., COx, NOx) that each considered technique brings. When
combining economic and environmental aspects, conventional methods of processing
fossil fuels appear to be disadvantageous since CO2 emissions from the reforming process,
coal gasification, or hydrocarbon pyrolysis imply either pollution, or expensive recovery
procedures that yield a consequent increase in the hydrogen-production costs. That reason
makes coal-gasification technologies—even though at a high readiness level—not at the
forefront: their yield is not particularly high (Figure 5), so the environmental concerns
related to high COx production rise; moreover, the production costs are not so much lower
than those associated to methane reforming (Table 4) as to make the former technology
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particularly cost-effective. However, the dataset reported in Table 4 may require updates in
the near future, thus impacting on the analysis of future energy scenarios: the possibility
to have low-cost hydrogen production from renewable sources is becoming more likely,
which may also suggest reconsidering the option of coal hydrogasification. Coal represents
a sort of large reservoir of low-cost energy and could support the development of emerging
countries in a medium-term horizon, simply by fostering hydrogen economy. However,
coal is the fossil fuel that produces the highest greenhouse gas emissions, and therefore
its use shall be accompanied by subsystems that allow implementing the reduction of its
environmental impact (e.g., carbon sequestration) and increase its social acceptability.

Summarizing the current energy scenarios and highlighting their potential futures,
on the one hand, it appears that steam reforming of light hydrocarbons (i.e., natural
gas) still appears to be the most cost-effective and least polluting hydrogen-production
technique among the traditional, non-renewable ones. However, the large availability
of coal may make it a promising low-cost source. A wider penetration of renewable
hydrogen production is also expected, which, however, would require a reduction of the
costs associated with electrolyzers and the renewable sources used to feed them (e.g., solar,
wind), or large amounts of biomass to sustain a poorly yielding technology. As for nuclear
power employed to supply the energy required for electrolysis, the current concerns on
nuclear energy (e.g., management of nuclear waste, safety requirements) may or may not
act as a hindrance against this approach in the future.

3.2. Storage

As remarked in Section 2, the hydrogen cost does not depend only on the current
production techniques, but also on the storage technologies. To be directly available to end
users, hydrogen has to be properly stored and transported in its different possible phases:
solid, liquid, or gaseous. To date, this challenge embodies one of the most significant
problems to be solved towards a transition to a hydrogen-based economy [38]. From a
gravimetric standpoint, hydrogen is the substance that allows the best ratio between stored
energy and weight. On the other hand, in standard conditions, the energy-to-volume ratio
is not favorable at all. The US Department of Energy (DOE) established that hydrogen can
be considered an acceptable fuel when its energy density is 6.5 wt% of the total weight of
the tank, which must contain 62 kg/m3 of hydrogen [39,40]. DOE targets are summarized
in Figure 6 for all the classes of materials involved.
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Overall, the most common and widespread storage method is hydrogen compressed
in pressurized tanks as a gas. In addition to that, liquid hydrogen is also adopted as a
storage strategy, provided that thermally insulated tanks be employed to avoid evaporation
by heat transfer with ambient air. A novel and promising technology consists of the
adsorption—either physical or chemical—of hydrogen molecules into solid nano-porous
matrices at a generally low temperature and pressure close to the atmospheric value. The
whole assembly is in the solid phase, with hydrogen combining with other compounds,
thus yielding simple or composite metal hydrides; as opposed to the other two more
conventional methods (i.e., gas and liquid), no extreme conditions in terms of temperature
and pressure are featured in hydrides, with both being close to standard.

As previously remarked, hydrogen is mostly stored and transported as a compressed
gas; unfortunately, it also appears to be the least effective method, as is apparent in
Figure 6 [40]. A typical industrial steel tank (50 L volume) can contain an amount of
hydrogen of about 0.9 kg, with storage pressure of 200 bar (recently, storage pressure
has reached over 350 bar). It is worth noting that about 10 m3 of gaseous hydrogen can
be stored at standard temperatures and pressures. Increasing the storage pressure up
to 700 bar in steel tanks poses some structural challenges and typically results in poor
energy density: tank weight and dimensions must increase since a larger thickness of the
steel walls is required to support the higher pressure. The most promising solution is to
employ and make largely available in the market low-weight and high-strength tanks,
often made of composite materials [41]. For instance, fiber-reinforced tanks have recently
been developed (e.g., aluminum-carbon made [42]), but their current high cost embodies
an implicit surcharge on the overall storage cost, thus making composite materials an even
less cost-effective strategy. The associated energy density still remains somewhat low, even
though it is higher than that provided by pure steel tanks when storage pressure rises up
to 700 bar [43]. If storage is put into the automotive context, it is worth remarking that
high-strength steel or other metals are able to guarantee mechanical resistance, but their use
on vehicles may cause problems due to the substantial weight associated with those tanks.
Tanks made of composite materials (i.e., Al, Fe, or polymers) are then employed for the
purpose, thanks to their lower density than that of metals. Their typical storage pressure
ranges between 350 and 700 bar. The energy density associated with a 700 bar container
for automotive applications is 4.5 wt%, which is close to the aforementioned target set by
the US DOE [39,40]. In their most recent prototypes, car manufacturers such as Daimler
Chrysler, General Motors, Honda, and Toyota installed tanks with those characteristics;
dedicated tests demonstrated their reliability, and some models featuring those tanks have
also been homologated in Germany, well-known for its high safety standard. Even if a
leakage occurred in such tanks, thus potentially fueling a fire, the associated hazard is
smaller than that of gasoline tanks. As an expected outcome, any accidental rupture of a
tank containing pressurized hydrogen causes the immediate dispersion of the gas, which
makes explosion quite unlikely. On the other hand, fuels such as petrol or diesel, despite
being liquid, release flammable vapor, which persists in the region where the release occurs
as a result of their relatively high density and may likely lead to an explosion [44].

Another methodology to compress hydrogen consists of electrochemical compression,
the system of which is practically a fuel cell that works in reverse mode. The efficiency of
such systems is usually higher than that of common mechanical compressors, given the
absence of moving parts; electrochemical compressors also benefit from silent operation,
thus being almost noise-free [45].

As for hydrogen storage in the liquid phase, the liquid-hydrogen density is obviously
much higher than that in the gas phase under standard conditions [46]. Therefore, tanks for
liquified hydrogen are not required to withstand high pressure since a considerable mass
can be contained at a pressure close to the atmospheric value. Therefore, wall thickness may
be reduced with respect to storage as a pressurized gas, thus reasonably achieving a weight
ratio that satisfies the target suggested by the US DOE (6.5 wt% [39,40]). Unfortunately,
hydrogen liquefaction involves energy consumption of up to 30% to 40% of the intrinsic
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energy content of the liquid phase. Furthermore, once liquefied, hydrogen shall be kept at a
temperature of about 20 K (critical temperature is 33 K). That means heat exchange with the
outer air through the walls causes immediate evaporation, which implies wasting part of
the energy used to liquefy. Moreover, evaporation leads to reduced efficiency of the storage
system, as part of the contained hydrogen is lost as a gas. This is why thermal insulation is
instrumental in achieving the effective storage of liquified hydrogen; a double shell is often
provided in the tanks used for the purpose, with liquid nitrogen—indeed, another fluid at
very low temperature—is included within the envelope between the internal shell and the
external jacket of the tank. However, this structural configuration adds complexity to the
whole system, which translates into costs higher than those of a single-layer tank.

As previously mentioned, metal hydrides are becoming an alternative to the more
conventional storage methods since they combine the possibility of operating at conditions
close to standard and a relatively simple setup. For instance, at cryogenic temperature
(70–100 K) and moderately high pressure (1–50 bar), carbon nanostructures can be em-
ployed to host hydrogen molecules through adsorption. Among the most promising and
investigated carbon structures, nanotubes, nanofibers, and graphene are arguably the most
renowned [47]. The chemical reaction describing how a generic metal hydride is formed is
reported in Equation (3):

M + xH2 → MHx (∆H < 0), (3)

where M is the type of metal or metal alloy capable of reacting with hydrogen, MH is the
corresponding metal hydride formed, and ∆H is the enthalpy of reaction. This reaction is
reversible: increasing pressure or decreasing temperature implies hydrogen adsorption
(i.e., exothermic process), with an equilibrium shifting to the right; increasing temperature
or decreasing pressure implies hydrogen desorption (i.e., reverse process, endothermic)
through the well-known Le Chatelier-Braun principle [48].

One of the main conditions for the use of metal hydrides for this purpose is their
stability during the process of desorption or dissociation of hydrogen. Stable hydrides are
generally formed of poorly electronegative pure metals, called “type A metals” (e.g., Li,
Na, K, Cs, Mg, Ca, La, Ti, Zr); they exhibit a high dissociation temperature and/or low
equilibrium pressure. Among those metals, only magnesium can be potentially employed,
since its desorption pressure and temperature are 1 bar and 573 K, respectively. The most
electronegative “type B metals”, such as Cu, Ni, Co, Fe, Mn, Cr, and Mo, form unstable
hydrides with their operating temperatures and pressures being rather high [49]. To benefit
from the characteristics of both classes of metals, mixed classes of compounds are also
being considered, which are called intermetallic type AB [50]. Various combinations of
metals belonging to the two classes have been and are still being investigated. Table 5
reports some of the metal hydrides that are proven effective in hosting hydrogen under a
pressure condition (1 bar) close to atmospheric [51,52].

Table 5. Summary of largely available metal hydrides with their characteristics.

Metals Type Hydrides H2 Capacity
(wt%) T (K)

Mg A MgH2 7.60 552
MgTi AB FeTiH2 1.89 265

ZrMn2 AB2 ZrMn2H2 1.77 713
Mg2Ni A2B Mg2NiH4 3.59 528
LaNi5 AB5 LaNi5H6 1.37 285

Other types of complex hydrides are available, such as NaAlH4 or NaBH4, which are
capable of reaching and exceeding the storage of the liquid phase (over 7 wt%) [53]. These
complex hydrides can return hydrogen under temperature and pressure conditions, which
is not too different from standard. When referring to this storage method in automotive
applications, it is worth noting that hydrogen is made available by desorption directly on
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board, without requiring a massive storage volume, since volumetric capacity tends to be
higher than that of conventional storage systems (Figure 6). The main drawbacks consist
of the relevant initial cost of the involved materials, approximately equal to 50 times the
energy equivalent in gasoline. Moreover, the desorption cycle is practically irreversible
since reobtaining NaBH4 after desorption would entail too much energy consumption.

In all the conventional storage methods reviewed here (i.e., compressed, and liquefied
hydrogen), hydrogen distribution in pipelines requires the use of mechanical or electro-
chemical compressors [45]. Some types of metal hydrides are an exception in that regard
since their pressure plateau is relatively low. The cost of compressors depends on the
inlet and outlet pressure and the operative flowrate. The most common are reciprocating
compressors, which cost between 650 and 6600 USD/kW [54]. Their unit cost is inversely
proportional to their dimensions: the larger they are, the higher the savings on the unit cost.
It is worth remarking that liquid-hydrogen storage also depends on the amount of hydrogen
released per hour, with the price ranging from about 25,600 to 118,000 USD/(kg h) [55]. On
the other hand, the purchase cost of metal hydrides includes not only the metal-alloy assem-
bly but also the vessel containing it and an integrated heat exchanger, which is necessary
during both the absorption (i.e., heat removal) and the desorption (i.e., heat supply) phases.
Some metal hydrides also require high operative pressure, which implies the use of a
compressor. Their unit cost for processed hydrogen ranges from 820 to 60,000 USD/kg [56].

3.3. Distribution

Hydrogen distribution is of paramount importance, as remarked in Section 2. However,
the selected distribution method mainly depends on the employed storage technique. In
general, compressed hydrogen is transported by high-pressure cylinders, tankers, and gas
pipelines [57]. Although they are of a relatively small size, high-pressure cylinders are
somewhat dangerous and difficult to transport; tankers are the most suitable carriers for
hydrogen cylinders, with the latter being made of steel and mounted into protective frames
able to host many of them. Each cylinder can contain from 63 to 460 kg of compressed
hydrogen at 20 MPa pressure. Tankers can also carry liquified hydrogen. This form is more
convenient in terms of transport, as the mass-to-space ratio is higher than that featured by
the gaseous phase, thus also increasing the energy capacity of the whole transport system.
However, it is inconvenient if the costs associated with maintenance and refrigerating
the tank are also included in the overall evaluation. Another major problem consists
of transport safety: in the unfortunate event of a road accident, the possible rupture of
cryogenic cylinders may cause serious issues, as the employed refrigerant would be released
without control. Quite remarkably, rail transport of compressed or liquified hydrogen is
not yet carried out, since it would entail a substantial increase in the transport costs due
to the need for providing wagons specifically designed with materials suitable for its
transport [58]. As for maritime transport, the long-distance journeys involved make it
preferable to transport liquified hydrogen to avoid large amounts of high-pressure gas
aboard. It is worth mentioning that Canada has developed numerous naval projects for
the transoceanic transport of hydrogen. One project involves the use of five small barges
carried within a larger ship, which can be separated upon reaching the final destination [59].
Each barge is capable of carrying 21,200 kg of hydrogen.

An innovative technique benefiting from the transport of hydrogen consists of employ-
ing a gas pipeline that also contains a superconducting material. Liquid hydrogen would
act as a refrigerant for the superconductor and would allow the transport of electricity
over long distances, without the substantial current losses typical of conventional power
lines. In general, gas pipelines, also known as hydrogen pipelines, are largely used for the
purpose of distributing hydrogen. As with every gas, it can be transported in the same
fashion as natural gas currently is; however, the materials used to make up the network
shall be selected appropriately to address the specific substance involved. Notably, the
contact between hydrogen and special steel causes embrittlement, which may lead to a
massive increase of leakages and losses. Therefore, it is necessary to carry out an a priori
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assessment of the piping and subsequently monitor the average flowrate to detect potential
leaks that may also be hazardous due to hydrogen ignitability [60–65].

On average, hydrogen pipelines have a 35–50 mm diameter, and gas flows within them
at 2–10 MPa pressure. It is worth noting that hydrogen has a volumetric energy density
and a dynamic viscosity slightly lower than that of natural gas. So, the energy required for
hydrogen pumping is higher, yet comparable to that required to convey the same amount of
energy by natural gas. In some pipelines, the hydrogen flows as a liquid, but the conditions
at which it must be kept (20–25 K) and the difficulty of selecting appropriate materials
able to withstand them make this strategy hardly feasible on a large scale. The existing
pipelines for hydrogen, although to a much smaller extent than those for natural gas, are
approximately 1000 km in North America and 1500 km in Europe. Large-sized pipes
made of standard steel—therefore not subject to specific requirements—have transported
hydrogen in Germany since 1938 without any remarkable safety problems. However,
those pipes are equipped with sensors for the detection of potential leaks, and periodic
inspections are also enforced.

4. Fuel Cell Components

Despite the high expectations surrounding fuel-cell vehicles, especially related to
the possibility of increasing running distance in electromobility, the manufacturing and
production of fuel cells is still a costly process. The cost per unit of power generated by fuel
cells is estimated to drop by a factor of ten, as this technology is expected to increasingly
penetrate the market. The high costs are mainly due part to the materials involved, such
as the Nafion membranes and the Pt-based electrocatalysts [66], and the manufacturing
techniques employed; however, the transition from small batches to large-scale production
has not been completed, which would in fact allow benefiting from an economy of scale.
Market surveys show that with a production rate of over 100,000 pieces per year, materials
procurement costs are typically cut by more than 70% compared to a production rate
of 100 pieces per year. A further reduction in costs may be yielded by new materials,
which is the main motivation for research in that realm. Overall, the quest for more cost-
effective solutions for each component of the fuel-cell stacks is still ongoing. As mentioned
in Section 1, PEMFC is the fuel-cell type most employed—if not the only one—in the
automotive sector; as expected, it is also the type bearing the lower associated costs, thanks
to its low-temperature operation that leads to relatively minor stress on the materials.

Over the past decade, fuel cells have exhibited a general improvement in terms of sys-
tem performance. World-renowned car manufacturers, such as Daimler Chrysler, Honda,
Hyundai, and Toyota, have recently developed a new set of fuel-cell cars that can match
the characteristics of spark-ignition and diesel cars in terms of speed, acceleration, and
running distance with a full tank. This step forward was made possible by the advance-
ments achieved both on fuel cell components and on the entire system, with durability and
reliability standing out as the most improved aspects. While material properties determine
the power density of fuel-cell stacks, on the other hand, the arrangement of the systems,
the thermal management of the whole assembly, the fluid circuit, and the control strategy
determine the driving conditions.

4.1. Proton Exchange Membranes

Usually, the solid PEMFC differ from other cells known as high temperature PEMFC
(HT-PEMFC): the main difference between those two categories of the same fuel-cell
type, apart from operating temperature, consists of the different type of proton exchange
membrane included within the MEA (membrane electrode assembly). The well-known
membrane material for PEMFC includes a PTFE (polytetrafluoroethylene) backbone, where
a perfluorovinylether side chain binds a sulfonic acid group. These kinds of commercial
standard membranes, mostly named Nafion, Flemion, or Aciplex, have an equivalent
weight of 1100 g/eq. As reported in Table 6, the condition leading to the best performance
in terms of proton conductivity is an operating temperature of 80 ◦C, as a maximum proton
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conductivity of 0.1 S/cm is reached. It is also necessary that hydrogen be saturated with
steam before being supplied to the cell at the anode site to prevent the Nafion membrane
from drying out. This step is of paramount importance because the proton transport
mechanism—either vehicle or jump mechanism—through the membrane relies on water
as a vehicle for protons. On the other hand, the opposite problem to PEMFC dehydration
also occurs and consists of flooding of the outlet cell. To address those two issues, several
strategies have been pursued to improve water management in fuel cells. Among them,
the use of a porous septum in the electrolyte appears promising [67], together with a
modification of the geometry of bipolar plates [68]. However, to date, the most beneficial
approach is the humidification of the reagent gases [69]. Past works [70] show that an
optimal range of humidification of the gases entering the cell lies between 40% and 70%.

Table 6. Nafion membranes (RH stands for relative humidity).

Nafion Type Maximum Power
Density (W/cm2)

Current Density
(mA/cm2)

Operative
Conditions References

Nafion HP 2.28 ~5000 H2/O2; 90% RH;
100 ◦C [71]

Nafion 211 0.6 1250 H2/air; 96% RH;
70 ◦C [72]

Nafion NR211 0.98 1500
H2/O2; 100%

RH;
80 ◦C

[73]

Nafion 212 0.9 2250
H2/O2; 100%

RH;
80 ◦C

[74]

Nafion NE1035 1 2000
H2/O2; 100%

RH;
70 ◦C

[75]

Aquivion
E87-05S 1.1 2500 H2/O2; 60% RH;

120 ◦C [76]

Nafion 117 0.4 784 75 ◦C/95% RH [77]
Nafion 112 0.5 1041 90 ◦C/95% RH [78]

Although operating PEMFC at a high temperature can rule flooding out, that would
lead to detrimental membrane dehydration and to a substantial loss of ionic conductivity.
Several kinds of Nafion membranes are currently available, which differ in equivalent
weight, thickness, and other properties. Each displays various values of performance
indexes; Table 6 reports the maximum power density as the most significant one.

Conductivity of membranes is strictly dependent on the equivalent weight of the
polymer; for instance, in a polymer featuring a high equivalent weight, conductivity drasti-
cally decreases with the relative humidity of the reacting gases: from 100% to 25% RH, the
decrease is higher than an order of magnitude [79]. Despite the fact that membrane conduc-
tivity increases with temperature, it was found that at a 120 ◦C operative temperature and
25% RH, it cannot reach the target value. This condition has further promoted studies of
proton-exchange polymeric membranes able to operate in low humidification conditions.
The new developed membranes are also expected to have lower cost and higher durability
than those currently on the market [80]. With reference to the automotive sector, the cost of
the membrane amounts to about 30–40% of the total cost of the fuel-cell stack [81].

The most studied membrane classes include PFSA (perfluorosulfonic acid) membranes
with low equivalent weight. They are composite membranes, developed by adding metal
oxides into the polymer matrix, such as SiO2, ZrO2, Al2O3, TiO2, clays (montmorillonite),
zeolites, heteropolyacids, and zirconium phosphates (ZrP) [82,83]. These chemical com-
ponents have the main function of keeping the absorption of water as high as possible at
a high temperature and low humidity, as well as increasing the mechanical stability of
the membrane itself. The inorganic/organic filling material can improve water absorption
through its hydrophilic groups by reducing the water transfer into the membrane, while
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simultaneously increasing proton conductivity. Since inorganic nanoparticles also act as a
mechanical barrier, it is worth establishing the most effective amount of material to add to
the polymeric matrix to prevent reduction of proton conductivity [84]. Another class of
widely studied materials is the family of aromatic polymers, such as sulfonated polyether-
ketones (SPEK, SPEEK, SPEEKK, and SPEKEKK [85]) and sulfonated polysulfones [86],
which show high mechanical and thermal stability at high temperatures, together with
conductivity comparable to that of the commercial Nafion membranes and are also low
cost. However, the limitation of these membranes consists of the need for hydration to
achieve high proton conductivity, which is indeed a major limitation to overcome. Other
types of developed membranes are acid-base polymers. The use of nonaqueous solvents
as proton carriers in place of water and solid-state materials as proton-conducting media
has been at the forefront of research. As another potential breakthrough in membranes
for PEMFC, one of the most relevant acid-based polymeric membranes is phosphoric
acid-doped polybenzimidazole (PBI) [87]. In fact, the proton conductivity of PBI is quite
low, so doping substances such as sulfuric acid, nitric acid, and phosphoric acid, are used.
Phosphoric acid exhibits many advantages in terms of stability with respect to other acids.
However, the phosphoric acid loss rate during cell operation should be minimized, and the
doping level of phosphoric acid should be optimized to emphasize proton conductivity
and mechanical stability.

4.2. Electrodes

The MEA of a fuel cell comprises the membrane, at least in the case of the solid bodies
involved, as in PEMFC, and the electrodes, with the latter being the anode and cathode.
As shown in the generic sketch presented in Figure 7, the polymeric membrane physically
separates the anode from the cathode. The electrodes are typically porous and impregnated
with platinum that acts as a catalyst for the reduction/oxidation reaction occurring between
hydrogen and oxygen. The external surface of the electrodes is made water-repellent by
applying a Teflon-coating that allows diffusion of the incoming and outgoing gases to and
from the electrodes, while also keeping water in contact with the membrane [88]. The
electrodes are basically an interface between the reacting gases and the electrolyte, so
they should allow permeation of moist gas, provide a reaction layer anywhere they are
in contact with the electrolyte, and finally be conductive: conduction of the free electrons
made available by the reaction has to flow from the anode towards the cathode. The
materials complying with these requirements are carbon fibers, thanks to their porosity,
water-repellent nature, conducting nature, and corrosion resistance. Furthermore, they can
be assembled in a very thin structure that maximizes the transport of gas and water.
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Figure 8 shows a schematic configuration of a fuel-cell electrode, highlighting the
interphase and interface between the electrolytic component and the electrode ones (i.e., the
diffusion layer of the reagent gases and the electrocatalyst). The catalyst (e.g., Pt), reduced
to nanometric dimensions, can be efficiently dispersed on and within the carbon substrate,
thus reducing the load of such critical raw materials down to a few milligrams per unit area.

Energies 2023, 16, x FOR PEER REVIEW 17 of 27 
 

 

Figure 8 shows a schematic configuration of a fuel-cell electrode, highlighting the 
interphase and interface between the electrolytic component and the electrode ones (i.e., 
the diffusion layer of the reagent gases and the electrocatalyst). The catalyst (e.g., Pt), re-
duced to nanometric dimensions, can be efficiently dispersed on and within the carbon 
substrate, thus reducing the load of such critical raw materials down to a few milligrams 
per unit area. 

 
Figure 8. Electrode configuration. 

The reactions at the electrodes do not occur spontaneously; catalysts are instrumental 
in making them take place by lowering activation energy. A well-known electrochemical 
concept, the forward reaction, is favored when production of electrons and therefore of 
electric current is as fast as possible, with the voltage between the electrodes not being too 
low. The high initial cost of the catalyst layer embodies one of the main challenges hin-
dering PEMFC commercialization. Notably, it is closely related to the low stability and 
high cost exhibited by the electrocatalysts used for the oxygen/air reduction reaction at 
the cathode and the oxidation reaction of hydrogen at the anode [89]. 

4.3. Electrocatalysts 
As recalled in the previous section, to favor the reactions at the electrodes and accel-

erate their kinetics, it is necessary to resort to applying catalysts at those sites since the 
electrode processes, such as the oxidation of hydrogen and the reduction of oxygen, pro-
ceed through adsorption/desorption phenomena on a solid substrate. Notably, the sub-
strate is where hydrogen or oxygen releases or receives electrons. In the hydrogen oxida-
tion reaction, the process can be assumed to take place through a sequence of steps, which 
initially involve the transport of a hydrogen molecule from the gas phase onto the solid 
substrate and its adsorption on the surface; this stage is followed by the electrochemical 
oxidation of the adsorbed hydrogen and, finally, by the release of the formed species into 
the electrolytic phase. The oxygen reduction process is even more complex since it in-
volves several parallels and consecutive steps, including hydrogen peroxide as an inter-
mediate product. Therefore, the speed of the electrode processes is affected by the sub-
strate nature, particularly by the value of hydrogen or oxygen adsorption enthalpy. As a 
straightforward consequence, the kinetics of the electrode processes can be accelerated, 
thus reducing the undesired overvoltage at both electrode sites by selecting the most suit-
able substrate. More specifically, the substrate acts as a catalyst for whichever electrode 
reaction. The most effective catalysts for the hydrogen oxidation process are noble metals, 
such as platinum, palladium, or ruthenium, while for oxygen reduction, in addition to 

Figure 8. Electrode configuration.

The reactions at the electrodes do not occur spontaneously; catalysts are instrumental
in making them take place by lowering activation energy. A well-known electrochemical
concept, the forward reaction, is favored when production of electrons and therefore of
electric current is as fast as possible, with the voltage between the electrodes not being
too low. The high initial cost of the catalyst layer embodies one of the main challenges
hindering PEMFC commercialization. Notably, it is closely related to the low stability and
high cost exhibited by the electrocatalysts used for the oxygen/air reduction reaction at the
cathode and the oxidation reaction of hydrogen at the anode [89].

4.3. Electrocatalysts

As recalled in the previous section, to favor the reactions at the electrodes and ac-
celerate their kinetics, it is necessary to resort to applying catalysts at those sites since
the electrode processes, such as the oxidation of hydrogen and the reduction of oxygen,
proceed through adsorption/desorption phenomena on a solid substrate. Notably, the
substrate is where hydrogen or oxygen releases or receives electrons. In the hydrogen
oxidation reaction, the process can be assumed to take place through a sequence of steps,
which initially involve the transport of a hydrogen molecule from the gas phase onto the
solid substrate and its adsorption on the surface; this stage is followed by the electro-
chemical oxidation of the adsorbed hydrogen and, finally, by the release of the formed
species into the electrolytic phase. The oxygen reduction process is even more complex
since it involves several parallels and consecutive steps, including hydrogen peroxide as
an intermediate product. Therefore, the speed of the electrode processes is affected by the
substrate nature, particularly by the value of hydrogen or oxygen adsorption enthalpy. As
a straightforward consequence, the kinetics of the electrode processes can be accelerated,
thus reducing the undesired overvoltage at both electrode sites by selecting the most suit-
able substrate. More specifically, the substrate acts as a catalyst for whichever electrode
reaction. The most effective catalysts for the hydrogen oxidation process are noble metals,
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such as platinum, palladium, or ruthenium, while for oxygen reduction, in addition to
platinum and palladium, nickel and its oxides can be used if the operative temperature is
sufficiently high.

To date, the most used electrocatalysts for PEMFCs are Pt-based, with platinum being
well-known as a noble metal with a significantly high cost. Other materials (e.g., nickel,
palladium, cobalt, silver) may also be used, even though their impact on reaction kinetics is
relatively less favorable than that of platinum [90]. The catalyst is added to the surface of
each electrode on the side where it is in contact with the electrolyte. Notably, it is bonded
to carbon powder, with the latter having an average particle size in the order of 10 nm.
Platinum particles have a characteristic diameter of 2–3 nm and are adsorbed within the
solid mixture. To be truly effective, the Pt/C powder should be also intimately mixed
with the ionomeric form of the polymer membrane to ensure adequate ion conduction
between the catalytic layer and the membrane itself. Therefore, the electrocatalyst is
actually composed of a mixture of Pt/C/ionomer and each of the three components is
uniformly distributed in the catalytic layer. If the cell is fed with hydrogen obtained from
hydrocarbon reforming, the fuel may not be pure: even a small fraction of carbon monoxide
(usually greater than 10 ppm) is sufficient to poison the active sites of the catalyst. This
undesired mechanism is due to the strength of the Pt-CO bond being greater than that of
the Pt-H bond: carbon monoxide can bond tenaciously with platinum, thus preventing the
adsorption of hydrogen and ultimately leading to rapid degradation of cell performance.

As promoting the anode reaction is arguably most in-demand since hydrogen is
involved at that site, the requirements for an anodic electrocatalyst can be summarized
as follows:

• High activity in hydrogen oxidation, even at low catalyst loading (0.1–0.3 mg/cm2);
• Tolerance to carbon monoxide in a concentration ranging between 10 and 100 ppm;
• Stability in the selected operating conditions;
• Low cost.

To reduce the cost associated with the catalysts and therefore the total cost, two
possible strategies have been explored over the last three decades. The first consists of
reducing the platinum load, whereas the other is replacing platinum with non-noble metal
catalysts [91]. As reported by an analysis of the National Renewable Energy Laboratory
(NREL) [92], until 2008, the cost reduction in fuel-cell manufacturing achieved was almost
entirely related to the reduction of platinum loading down to 0.25 mg/cm2, with this
assessment being based on the platinum cost of USD 1.100 per 31.1 g.

A distinction exists between catalysts formed with a low platinum content and Pt-
free hybrid catalysts. The latter do not exhibit sufficient stability yet, so the comparison
with Pt-based catalysts appears penalizing; however, catalysts with low platinum con-
tent require lengthy activation (longer than 10 h). It is known that Pt-based catalysts
show remarkable capability of dissociating the highly corrosive and harmful peroxide
intermediate for PEMFC. Therefore, the interaction between Pt-based catalysts (including
platinum-group metals, PGM) at low platinum concentrations and PGM-free catalysts
yielded encouraging results [93].

Notably, the interaction between a noble metal and a non-noble metal belongs to the
core-shell type: the outer shell is made of the noble metal, while the core is made of a
non-noble metal. Among the catalysts used, the core-shell, noble metal-based structural
nanomaterials are the most promising. The main advantages consist of employing a rel-
atively inexpensive material in the core, which acts as a support for the noble metal in
the outer layer, and reducing the cost associated with preparing the catalyst. Moreover,
improvements in the catalytic activity and higher stability appear to arise in a particularly
complex reaction environment. From previous studies, this benefit is related to multiple
factors, such as the bond between the two metals that leads to a structural variation with
electron transfer in the core-shell area; the effect of deformation caused by compression of
the noble metal shell lattice that creates a change in the surface adsorption energy; and vari-
ation of the three-dimensional atomic structure on the surface that governs electrochemical
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properties [94]. As a distinctive example in the automotive sector, a PtCo/C-based cathodic
catalyst is used in the fuel-cell stack of the Toyota Mirai. PEMFC performance has been
significantly improved in recent years by using a PGM-free cathode, thus approaching the
suggested targets in terms of power density and efficiency. However, durability is still a ma-
jor challenge. Moreover, a phenomenon directly impacting on the amount of catalyst in the
electrode and ultimately the stack cost is mass-transport resistance, which is emphasized
in the proximity of the platinum layer due to the thin polymer layers of the ionomer [95].
Among the non-noble metal catalysts, some show good catalytic behavior, high stability in
acid solutions with anodic potential, and resistance to CO poisoning [96,97]; they include
carbides of the molecular complexes of macrocyclic transition metals belonging to the
IV—VI groups, such as tungsten carbide [98].

4.4. Additional Components of the Membrane Electrode Assembly (MEA)

In addition to the polymeric membrane of PEMFC, MEA also consists of a gas diffusion
layer (GDL) and catalyst layer (CL), as included in the sketch of Figure 7. The performance
of electrodes—even featuring high catalytic activity—strongly depends on the electrode
structure. The removal of water formed through the involved electrochemical reaction
is a significant target; to this end, the gas diffusion layer (GDL) plays a crucial role in
the water management of any fuel-cell type. Macro-porous GDL, with thickness between
200 and 400 mm, are typically coated with a microporous layer (MPL, 30–50 mm thickness),
which facilitates the transport of gas and electrons. GDL is usually made of carbon,
water, alcohol, and a hydrophobic substance such as polytetrafluoroethylene (PTFE) that is
aimed at promoting gas and water transport in flooding conditions [99]. While a certain
thickness is required for GDL to distribute gas in the horizontal direction (i.e., the direction
perpendicular to the membrane surface, from left to right, and vice versa, in Figure 7), the
microporous layer facilitates the removal of the produced liquid water, thus preventing
the undesired flooding of electrodes. It is worth noting that the effective prevention
of such flooding can significantly increase cell voltage. As for the GDL cost, the most
acknowledge reference consists of the assessment of the stack employed within the Toyota
Mirai propulsion system [81], which features a net power slightly lower than 100 kW
(370 cells, with total active area of about 9 m2). The total associated cost ranges from above
80 to less than 40 USD/kW, when annual production raises from 200 to 1000 stacks. An
increase of 1.00–1.50 USD/kW applies to those amounts if hot pressing of the GDL onto the
MEA is taken into account. The impact of GDL cost on the total cost of the fuel-cell stack
(e.g., about 170 USD/kW in the case under consideration, with 1000 stacks produced per
annum [81]) results in slightly lower percentage than 15%.

The other MEA component is CL, where the electrochemical conversion reaction
of hydrogen and oxygen into water and electricity occurs. CL has a porous structure,
with porosity ranging between 40% and 70%; the catalyst, with particle size varying from
1 to 10 nm, is dispersed within this layer. The thickness of the full CL is in the order of
5–100 µm [100]. The costs associated with CL production may take several parameters into
account, including the platinum cost—inherently variable over any considered timeframe—
and the manufacturing cost. If the catalytic ink is deposited by slot-die coating—one of the
most popular techniques in mass production—the manufacturing cost is about 2 USD/kW,
with the total cost, materials and manufacturing included, in the 70–80 USD/kW range [81].
This amounts to about 40% of the total cost of the fuel-cell stack.

Substantial research on different types of MEA is ongoing and promising results have
been achieved in relation to the main challenges, including performance, lifespan, and
cost reduction. One of the areas where most improvements have been recently proposed
is the gas diffusion electrode (GDE). The most crucial step when preparing a GDE is
depositing the required amount of the catalyst at each relevant location onto the layer, thus
limiting any waste of raw materials and making associated costs decrease [101]. To this
end, 3D printing has recently demonstrated its potential [102–104], also benefiting from
applying a consolidated approach (e.g., extrusion) to additive manufacturing [101,105,106].
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Among the large-scale GDE manufacturers, Gaskatel is one of the most renowned [107];
however, many other companies (e.g., Fuel Cell Store and Fuel Cells Etc.) produce GDE
upon request—both small and massive batches—also allowing to vary dimensions, type of
catalysts and their amount and concentration in the catalytic layer.

As another type of MEA currently on the market are catalyst coated membranes (CCM).
Among the most employed and effective methods to prepare CCM are ultrasonic spray
atomization and inkjet printing [108–111]. MEA, prepared by those techniques, exhibits a
higher performance level, compared to other techniques employed in the past (e.g., spin
coating); they provide lower electrical resistance, emphasized proton transfer and reduced
amount of platinum required. The last feature is obtained, thanks to deposition being more
homogeneous, with consequent reduction in production costs. This type of MEA is being
developed on a large scale by various companies, such as Johnson Matthey, Ballard, 3M,
Gore, and Toray.

4.5. Bipolar Plates

The component having the most significant impact on weight and volume of a fuel
cell is the gas-flow plate, also known as bipolar plate (Figure 7), the purpose and features
of which are very important, as they allow assembling a stack of single cells connected in
series with each other. Therefore, electrical, and thermal conductivity of this component are
characteristics instrumental to achieve high performance of the whole stack. For the same
reason, resistance to electrochemical corrosion is also of paramount importance. Moreover,
they shall allow a homogeneous distribution of hydrogen at the anode and of oxygen at the
cathode, thus preventing dangerous hot spots from occurring, which consist of locations
where higher current density arises, thus consequently yielding a major possibility of
damage for the cell.

Graphite is the most used material in producing bipolar plates, thanks to its hydropho-
bicity, low corrosion, high electrical conductivity, and relatively easy machinability. Metals,
such as aluminum, exhibit an even higher conductivity and are also manageable in the
manufacturing stage, but feature poor corrosion resistance, thus requiring treatments with
anti-corrosion paint to prevent their deterioration. Currently, the preferred material is a
composite made of a graphite/polymer blend. Although it shows conductivity slightly
lower than that of pure graphite, it exhibits greater strength and flexibility; therefore, it
allows constructing plates with minimal thickness. Ultimately, that yields a remarkable
reduction in weight and volume of the cell. One of the main advantages of these com-
posite materials consists of the possibility of manufacturing through injection-molding
technique [112]. Another material used for the same purpose is steel, with which extremely
thin layers can be manufactured, and also benefits from mass-production techniques typical
of that material [113]. Another type of material used to make the plates is a mixture of
graphite and metal powder, the structure of which is porous with an average pore di-
ameter of about 10 µm [114]. Another type of bipolar plates, developed at Los Alamos
National Laboratory, is made of a blend of compounds (i.e., porous graphite, polycarbonate,
and stainless steel). This mixture allows a reduction of the cost associated with graphite
processing, since treating a more porous material is less expensive. The waterproofing
characteristic is provided by plastic polycarbonate and steel; the latter also yields rigidity
and mechanical strength to the whole structure. On the other hand, polycarbonate creates
a barrier against chemical attacks and also features high shapeability. In recent years, these
types of multi-material plates have become increasingly popular as an alternative that
combines mechanical and chemical stability with reduced costs [115].

Two of the main car manufacturers, Honda, and Toyota, include metal bipolar plates
in the fuel-cell stacks installed in their models. However, processing metal plates bears
significantly higher costs than other materials, as the material, 316 L coated stainless steel,
is typically selected. However, the use of metal bipolar plates is affected by two negative
aspects [113]. As previously mentioned, the first concerns corrosion that occurs at the
anode, where the released metal ions can bond with the protons of the ionomer in the
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electrode and the membrane, thus causing an increase in the resistance of the electrode and
of the membrane. The second problem occurs at the cathode, where an increase in contact
resistance caused by the accumulation of an oxide layer may arise, with the latter showing
lower conductivity than the metal itself. Many studies have been conducted to address
those drawbacks, such as thermal nitration on metal alloys (based on Ni and Fe), coating
of nitride plates (e.g., Cr, Ti, TiAl, Al) [116,117], or deposition of an Au film that meets
the requirements in terms of oxidation stability and electrical conduction. Unfortunately,
the last strategy is not conducive to cost reduction. As an order of magnitude, the cost of
bipolar plates impacts on the total cost of fuel-cell stacks by 25–40%, with its value ranging
from 25 to 50 USD/kW [81]. This relatively wide span depends mostly on the ability to
create an economy of scale and on the materials involved.

Flow channels of bipolar plates are aimed at both removing the formed amount of
water and at distributing the reagents uniformly towards the MEA; they are actually hosted
on the surface of the bipolar plates. The areas between channels, in the space between two
adjacent cells of the same stack, are used to collect and transport electric current and heat
generated in the MEA. If water remains in the channels and is not made to flow away, there
are not only problems with transferring the reacting gases, but also pressure drops that
make current distribution inhomogeneous over the aforementioned areas, thus implying a
consequent reduction in performance. To address these problems, channel geometry can
be adapted and varied: among the possible design strategies, parallel, interdigitated, and
serpentine channels are the most popular [118].

Gaskets of bipolar plates are also particularly important to achieve a virtually full
prevention against the escape of the reactants to the outside through the whole thickness
of the cell, thus compensating for the inherent variability in thickness of the various other
components. Usually, a special rubber is selected, exhibiting mechanical and thermal
resistance characteristics, flexibility and chemically stability within a reducing, oxidizing
and acid environment. The most common materials used are ethylene-propylene-diene-
monomer (EPDM), butyl rubber (IRR), or fluorinated rubbers (FKM, such as Viton®).
The cost of gaskets is often included in that of bipolar plates or MEA when assessing
the relative impact of the components on the total cost of the fuel-cell stacks used in the
automotive sector.

4.6. Thermal and Water Management

In conventional cars propelled by ICE, heat generation takes place mostly in the engine
body, and heat is largely carried away by the exhaust gases. On the other hand, in fuel cells
heat is generally kept within, so over 95% of it shall be managed by a dedicated system
for external cooling. With quite an expected outcome, this is one of the most significant
subsystems governing the performance of the entire fuel-cell stack [119], also because
poor thermal management would lead to an internal heat imbalance within the MEA and
specifically in the polymeric membrane. This latter is particularly sensitive to the presence
of water, as remarked in Section 4.1. The rapid variation in heat generation is associated
with actual driving cycles, which can cause additional thermal and mechanical stress that
can damage the materials involved and consequently the whole stack [120]. Into this
context, the main cooling methods used for this purpose are liquid cooling, air cooling, and
phase change materials [121–125].

Water management is the control, not only of water in its liquid phase, but also of
the vapor phase. Transport of liquid water in the flow channels and optimization of
water discharge are instrumental in achieving high performance, thus requiring dedicated
design [126–132]. Notably, the production of water vapor from electrochemical reactions
leads to its condensation; water as a liquid can flood the pores of the electrodes, which is
indeed the well-known water flooding phenomenon. In such conditions, water acts as a
plug that reduces the feeding speed of the reagents to the reaction sites, thus becoming
detrimental to the performance of each cell and therefore of the entire stack. The presence
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of water and an unsuitable distribution of it within the channels may also cause corrosion
of carbon compounds included within of the bipolar plates.

It is worth noting that the auxiliary systems inserted in the FCEV to perform thermal
and water management of the fuel-cell stack are often included within the balance of plant
(BoP), together with several other components used to supply and circulate the required
reactants. Liquid cooling—usually by deionized water—is typical of applications where
power is of 100-kW order of magnitude; that subsystem features a hydraulic circuit with a
radiator and a pump; an intercooler is often added to exploit the temperature difference
between hot water (i.e., the coolant) downstream of the stack and air at the inlet. Water
management may require a humidifier for the incoming air, to be inserted upstream of the
stack inlet; however, humidification of PEMFC membranes is usually performed by water
crossover from cathode to anode. A water recovery system is also often provided. As an
estimate, the cooling subsystem embodies a share of about 15% of the total BoP cost, while
the most impactful components are the air compressor, the share of which is slightly lower
than 50%, and the balance of system (e.g., sensors and controllers), amounting to about
25% [81]. In FCEV, the cost of the fuel-cell system is made by two main entries: stack (about
75%) and BoP (about 25%) costs. For instance, the overall cost of the Toyota Mirai fuel-cell
system is about 235 USD/kW, with 170 USD/kW associated to the stack and 65 USD/kW
to the BoP [124].

5. Conclusions and Future Directions

In line with the objectives of the European Green Deal, in July 2020, the European
Commission (EC) also identified a strategy to create the conditions for a massive diffusion
of hydrogen within Europe in the coming years. The scope comprises the automotive
sector, which in fact would serve as the magnet for hydrogen economy. To make hydrogen
propulsion viable, it is necessary to match supply and demand, firstly by solving the
infrastructural problems associated with the distribution network and the availability of
refueling stations. From that standpoint, Europe is making steps forward, both by urging
the construction of hubs aimed at beginning a fast-growing infrastructural expansion,
and by supporting the construction of electrolyzers, to produce up to 10 million tons of
hydrogen in Europe by 2030. These aspects will govern the hydrogen cost in the near- to
medium-term horizon, which is a significant parameter in the calculation of the total cost
of ownership (TCO). As already mentioned, the comparison between FCEV—with FCHEV
included—and BEV, with a focus on the viability of fuel cells, a parameter of extreme
importance, is also the cost per unit power. Those figures also highlight the impactful effect
of production volumes: fuel-cell cost per unit power could be brought down to about USD
80/kW in 2030, if fuel-cell production reached 100,000 pieces per year. Generally, it appears
crucial for manufacturers both to continue reducing costs of their fuel-cell models and to
create partnerships that aim at increasing the volumes on the market by integrating the
same fuel-cell stacks in different cars. As reported and described in detail within Section 4,
research on new materials may be particularly instrumental in achieving a substantial
cost reduction. Accomplishing this quest appears feasible in a short- to medium-term
horizon with regard to the fuel-cell membrane and bipolar plates. However, discovering
or developing new (and nonprecious) catalysts capable of matching the action currently
realized by platinum is still a major challenge, even though promising results have been
brought in the recent literature on this specific aspect.

To evaluate the degree of acceptance of fuel-cell technology, it is necessary to progress
with the analysis of TCO and in particular with the economic comparison between the
fuel-cell-based powertrain and the battery-powered one; that includes electric motors,
batteries, fuel cells, storage, power electronics and control systems. Furthermore, it is
necessary to evaluate the variable costs associated with the energy sources (i.e., electricity
for BEV and hydrogen for fuel cells), the variable costs linked to maintenance operations
(ordinary and extraordinary), and taxes. In addition to these elements, the manufacturer’s
markup may also be considered since it typically covers development costs and profit.
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Therefore, making fuel cells penetrate the automotive market may imply a continuous
growth over some years in the future. For this same reason, hydrogen-fueled ICE may be
considered an excellent solution to satisfy an immediate request for eliminating carbon
emissions in a short timeframe, while waiting for fuel-cell costs to decrease by the onset of
a dedicated economy of scale.

Finally, all aspects of safety in hydrogen storage and distribution will likely pose as
the main challenges as popularity of hydrogen and fuel cells grows. There have been and
currently are numerous research efforts spent on these challenges, with the application
of new European regulations being a step forward in terms of awareness of the inherent
problems related to managing hydrogen. Safety requirements are usually complied with
by enforcing the stringent resistance requirements of the tanks, by ensuring the presence
of pressure regulating and limiting valves, and by continuous monitoring of hydrogen
concentration in all the compartments of a vehicle through sensors capable of detecting
leakages. It is worth noting that the design of fuel-cell cars mostly follows the regulatory
standards (e.g., the UN R134 standard) that rule any hydrogen-powered vehicles.
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