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Abstract:

The hazardous effects of pollutants from conventional fuel vehicles have caused the scientific world to move
towards environmentally friendly energy sources. Though we have various renewable energy sources, the
perfect one to use as an energy source for vehicles is hydrogen. Like electricity, hydrogen is an energy
carrier that has the ability to deliver incredible amounts of energy. Onboard hydrogen storage in vehicles
is an important factor that should be considered when designing fuel cell vehicles. In this study, a recent
development in hydrogen fuel cell engines is reviewed to scrutinize the feasibility of using hydrogen as a
major fuel in transportation systems. A fuel cell is an electrochemical device that can produce electricity by
allowing chemical gases and oxidants as reactants. With anodes and electrolytes, the fuel cell splits the
cation and the anion in the reactant to produce electricity. Fuel cells use reactants, which are not harmful
to the environment and produce water as a product of the chemical reaction. As hydrogen is one of the
most efficient energy carriers, the fuel cell can produce direct current (DC) power to run the electric car.
By integrating a hydrogen fuel cell with batteries and the control system with strategies, one can produce
a sustainable hybrid car.
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1. Introduction

Energy is a factor determining a country’s economy, infrastructure, transportation, and standard of life. The
problem faced globally is the disparity between the consumption and the availability of energy. All nations
are presently depending upon fossil fuel for the energy production, and these fossil fuels are not sustainable
sources. To supply the energy demands of the more rapidly increasing global population, it is essential to
upgrade to an alternative, sustainable energy source that does not negatively affect the environment [1,2]. In
recent decades, the United States has been putting emphasis on the environmental impact of the
transportation sector and reducing petroleum dependence. Depletion on non-renewable conventional fuels
is one of the main issues of the modern energy scenario, which makes the state of the energy industry
unsustainable, and it also causes environmental problems such as the greenhouse effect [3,4]. Today, the
proportion of fossil fuel use is still high, and it is projected that it will account for approximately 75% of
energy production in 2050 [5]. Overall, the current energy scenario has many downsides. However, there
exist many sustainable energy sources, and if their use increases, the scenario will be much more optimistic
for future generations. It is predicted by environmentalists that the worst-case scenario of global warming
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and its effect will not be reached because of different initiatives. Over the last two decades, vehicles have
become more fuel efficient, and hybrid electric vehicles are becoming more common. One of the fastest
growing alternative Appl. Sci. 2019, 9, 2296; doi:10.3390/app9112296 www.mdpi.com/journal/applsci
energies in vehicles is electricity. As with conventional energy sources such as petroleum and coal,
electricity is not a primary energy source. A fully charged battery is an energy carrier. Battery electric
vehicles (BEVs) are highly efficient at converting energy from the grid into tractive force, and they can
recover energy during drives by utilizing regenerative braking. One major drawback of BEVs is that they
usually have a limited range due to the size and the cost of batteries necessary for vehicle power and
energy requirements. The “refueling” of the battery systems can also take several hours, rather than a few
minutes with a conventional vehicle (CV). To use advantages of both electric and conventional vehicles
and to bridge the gap between CVs and BEVs, an alternative is considered. Hydrogen is a chemical energy
carrier that has the capability to produce electricity up to 39.39 kWh/kg, which surpasses the energy density
of most batteries. A fuel cell (FC) has a direct analogy to an internal combustion engine (ICE). An ICE
converts chemical energy stored in the fuel supplied to the engine to produce rotational mechanical energy
[6]. The rotational energy produced is then either used to propel a vehicle or focused through a generator
and converted into electrical energy. An FC acts much in the same way as an ICE in that chemical energy
is directly converted into electrical energy in the FC, but in an environmentally friendly process [7-12].
Unlike a battery that drains while it is used to power electrical components, internal combustion engines
and fuel cells act as continually operational power sources as long as fuel is being provided to them [13].
Hence, it is projected that the hydrogen fuel cell can overcome the disadvantages of BEVs, making
hydrogen the transportation fuel of the future.

2. Hydrogen as a Transportation Fuel

Hydrogen is the simplest form of all molecules; it has the lowest energy content by volume, but it has the
highest energy content of any fuel by weight. It is available in the atmosphere as gas and in water as liquid.
Due to the high energy content of hydrogen, it is employed as a fuel in applications such as FCs and rockets.
Hydrogen creates zero harmful emissions, which is one of the most significant drawbacks of fossil fuels, and
the heating value of hydrogen is three times higher than that of petroleum. There is a hefty production cost
involved with hydrogen, since it is a manmade fuel, costing about three times more than petroleum refining
[14]. Substantial amounts of research are dedicated to creating an efficient and sustainable way to produce
hydrogen and applications for hydrogen in transportation engines. Automobile manufacturers such as
Honda, Toyota, and Hyundai have started to manufacture fuel cell vehicles (FCVs) with hydrogen as fuel.
These FCVs are currently available in North America, Asia, and Europe, and have primarily been bought
by early adopters. The current consumers—early adopters—are primarily highly educated people, high
income families, those with larger household units, those willing to change their lifestyle, and those with
other similar attributes [15]. As of June 2018, there have been over 6500 FCVs sold to consumers.
California is the leading market for FCVs, with nearly 3000 FCVs being delivered there out of the 5233
vehicles sold globally due to the state housing the largest network of hydrogen refueling stations in the
world and automakers selling the vehicles there. Presently, several automakers are promoting FCVs to
consumers, which are often compared to BEVs. Both BEVs and FCVs offer zero tailpipe emissions, the
ability to be fueled using renewable and sustainable energy sources, and use electric motors. The most
notable differences between FCVs and BEVs are the driving range and the refueling style. FCVs have
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above a 300-mile driving range and can be refueled in less than 10 min at a hydrogen refueling station,
which is more comparable to a traditional ICE fossil fuel powered vehicle. Hydrogen has greater potential
for use as a fuel in the future. It is estimated that, by the year 2030, the cost of fuel cells will be competitive
with ICEs based on the technological improvements being made and the increased availability [14]. One of
the main hurdles that mass hydrogen use faces is more efficient storage. Because of the low density of
hydrogen, it cannot be stored as easily as traditional fossil fuels. Hydrogen requires compression, cooling,
or a combination of them. The most favorable method of hydrogen storage is physical containment,
specifically in compressed tanks, because they are readily available. All composites (Type V) are primarily
used, and sometimes metal lined composites (Type I11) are used. The fill time of these tanks is competitive
with fossil fuels when the hydrogen is pre-cooled. Cost is the main setback for the wide scale use of
compressed hydrogen (CH.) tanks, because the material and the assembly are expensive. Another
potential setback is the public’s concern of using such high pressure (70 MPa) storage tanks in vehicles
[16]. An alternative to traditional CH> tanks that is still being researched is a tank with an internal skeleton,
which is a complex design of struts in tension within the tank to resist the forces of the compressed gas.
Liquid hydrogen (LH>) storage has improved significantly, achieving the best specific mass (15%) of any
other automotive hydrogen storage system [17]. Energy efficiency is decreased when liquid hydrogen is
used. Boil off is an area that needs improvement before LH> systems can be widely accepted. A promising
alternative design is a cryo-compressed tank in which hydrogen is highly compressed at cryogenic
temperatures. More studies must be done on this method to determine long term durability and public
acceptance of the system. Hydride storage systems require substantial research and progress to meet the
requirements for large scale use. The most well studied hydride is NaAlH4, but it does not have the capacity
necessary for application. Based on the results of the few existing studies, it is indicated that tanks with
no internal heat transfer elements could be constructed based on the moderate heat of absorption of
hydrogen on surfaces [18]. Though hydrogen presence is abundant in the atmosphere, it is not in the purest
form. Hydrogen can be extracted from water, hydrocarbon fuel, hydrogen sulfide, and other chemical
elements [19]. The energy that is used to produce hydrogen from its associated elements requires external
energy, such as thermal, electrical, photonic, and biochemical energy. The chemical element, ammonia,
has a high percentage of hydrogen within and was proposed as a fuel for internal combustion engines
through onboard decomposition to hydrogen and nitrogen [20,21]. Hydrogen can be extracted from either
non-renewable or renewable energy sources. Hydrogen production from renewables is always
environmentally friendly, whereas the hydrogen produced from non-renewables emits greenhouse gases
(GHG) [22,23]. Hydrogen production from the waste biomass using electrochemical reactions is GHG-
less, and it does not require a large amount of energy or high production costs. Possible biomass feedstocks
are bread residue, cypress sawdust, and rice chaff [24,25]. Similar to these, newspaper could be used to
produce hydrogen by direct electrolysis. Newspaper is composed of 69.2% cellulose and 11.8% lignin, and
it is decomposed into monosaccharides and disaccharides as well as aliphatic keto acid in the solvent
H3PO4 under conditions similar to electrolysis [26,27]. Hydrogen can also be generated by the electrolysis
of humidified methane [28].

3. Hydrogen Storage in FCVs
Hydrogen storage is the one of the most important research issues in the development of FCVs. Hydrogen
storage systems are under development to introduce new methods to meet the needs of customers. Due to
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hydrogen’s low energy-density, it is difficult to store enough on-board a vehicle to obtain adequate driving-
range without the storage container being too large or too heavy. Figure 1 shows a hydrogen FCV with
on-board storage of compressed gas [29]. Hydrogen storage techniques and the required research in this
area are summarized in the following points.

3.1.Pressurized Tank Storage

Pressurized tanks of enough strength—involving impact resistance for safety in collisions—are made of
carbon-fiber wrapped cylinders. Compressed hydrogen in such tanks has been illustrated at a pressure of 34
MPa with a mass of 32.5 kg and a volume of 186 L, which is adequate for a 500-km range. The tank volume
is about 90% of a 55-gallon drum, which is large for individual automobiles. While the 6 wt% goal can be
obtained, the tank volume is problematic. Pressures of 70 MPa have been achieved, and in 2002 in
Germany, Quantum Technology’s 10,000 psi (68 MPa) on-board storage tank was certified [30]. The
office of technology policy report [31] says that Toyota and Honda vehicles available for lease in late-2002
use hydrogen stored in high-pressure containers [32]. Nevertheless, unlike other gases, enough hydrogen
cannot be stored in the tank because of its low density. Liquid hydrogen storage at low temperatures is
not appropriate for normal vehicle use, although research on this feasibility is being continued at a low
level by some manufacturers. Moreover, a liquid hydrogen storage system loses up to 1% of its storage
volume per day by boiling, and liquid hydrogen requires high refrigeration to keep the hydrogen at 20 K

Fuel Cell Stack - Baery Pack
Electric Traction Motor | \ -

DC/DC Converter

Thermal System (cooling) Fuel Tank (hydrogen)

i

Power Electronic Controller
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Figure 1. Fuel cell vehicle with on-board storage [29].
3.2.Hydrogen Uptake in Metal-Based Compounds
Metal hydration can be employed to store hydrogen below 3 or 4 MPa at above room temperature; however,
the metals induce too much additional weight for most vehicles and are also expensive [33]. It has been
found that lithium nitride can reversibly store large amounts of hydrogen. This material stores hydrogen

rapidly in the temperature range of 170-210 °C and obtained a 9.3 wt% uptake when the sample was held at
255 °C for 30 min. Under high vacuum (10-9 MPa, 10-5 mbar) about two-thirds of the hydrogen was released
at temperatures below 200 °C. The remaining third of the stored hydrogen required temperatures above 320

°C for release. The hydrogen was taken up as lithium amide (LiNH2) and lithium hydride (LiH). The authors
suggested that the related metal-N-H systems should be studied to find more practical pressures and
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temperatures for a hydrogen storage system [34].
3.3.Cryogenic Liquid Hydrogen Storage
In the cryogenic liquid storage method, hydrogen is stored in the liquid form by getting to the cryogenic

temperature of —259.2 °C. Liquid hydrogen (LH.) is low density, and 1 L of liquid hydrogen weighs only

71.37 x 1073 kg. One liter of hydrogen can produce electricity of 8.52 MJ. Maintaining the hydrogen at
such a low temperature is highly challenging and requires insulation, thus increasing the cost. Liquid
hydrogen becomes explosive when it mixes with certain other gases, thus before refilling the tank with
hydrogen, one should use nitrogen gas to drain the residual gases present inside the tank [35-37].

4. Principles of Fuel Cell

There are various types of FC systems. However, the principle of their function is similar. For a fuel cell
system, three pillars are required: an anode, a cathode, and an electrolyte. FCs are categorized by the type
of electrolyte material used. An FC can be composed of hundreds of individual cells, but each has the three
same fundamental components. The electrolyte is located between the cathode and the anode. Figure 2
depicts a schematic of a polymer electrolyte FC (PEMFC) operation diagram [38]. This FC type is also
known as a proton exchange membrane FC. The PEMFC is what is most commonly used in mobile power
applications, such as vehicles. While the electrolyte material used varies depending on the type of FC, the
general function of the FC is as follows—fuel (pure hydrogen) is fed into the anode compartment of the
fuel cell while air or pure oxygen is fed into the cathode side of the FC. On the anode side of the cell,
electrons are separated as the gas tries to make its way through the electrolyte membrane. The membrane
acts as a filter to separate the electrons and the hydrogen ions while only allowing the hydrogen ions to
pass through. In the cathode compartment, the hydrogen ions that passed through the membrane combine
with the oxygen atoms from the air supply to produce H20O as a by-product; heat is also produced as a by-
product [39]. Unlike internal combustion engines, where the fuel is mixed with air and fuel, there is
separation of the fuel and the oxidant with no combustion of the fuel in an FC. Therefore, FCs do not
produce the harmful emissions that internal combustion engines produce.

Load
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Figure 2. Fuel cell operation diagram [38].
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4.1.Types of Fuel Cell
sFC systems are classified by the type of membrane they use. Table 1 shows some of the more common
FCs and the type of membrane each uses.

Table 1. Classification of fuel cell systems based on the employed membrane [40].

Fuel Cell Abbreviation Membrane
Solid Ondde Fuel cells SOFC Yttria-stabilized zirconia
Diirect methanol fuel cell DMFC Solid polymer electrolyte (Wafion)
Phosphaoric Acid fuel cell PAFC Phosphoric Acid (H:PO4)
Polymer electrolyte fuel cell
Cr PEMFC Selid polvmer electralvte (Nafion)
Proton exchange membrane
. Agqueous solution Potassium
Alkaline fuel cell AFC Hydroxide (KOH)

4.1.1. Solid Oxide Fuel Cell (SOFC)

A common stationary power FC is a solid oxide fuel cell [41]. SOFCs conduct ions in a ceramic membrane
at high temperatures. In SOFCs, the ceramic usually is a yttrium stabilized zirconia (YSZ) that will conduct
oxygen ions (O2), but other ceramics conduct hydrogen ions. Solid oxide fuel cells operate at elevated

temperature ranges, usually around 650-800 °C. An advantage to an SOFC is that, due to the elevated
temperature ranges and oxidizing ion (O") transport, these fuel cells can handle a variety of fuels [39]. A
common use for these fuel cells is as backup power for cell phone towers. The reactions associated with
solid oxide fuel cells are presented below [42].

Full reaction:

Oxidation reactions (anode):

Hy + 20, — H0 ) )

H, + 0> — H,O +2e 2
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CO and hydrocarbons can also be used in SOFC at high temperatures, thus a water gas shift reaction

is possible:
CO+H20 — H; +CO2 (€))
and the steam reforming reaction is also possible:
CHs + H20 — H2 + CO2 (in the case of natural gas separation). (4) Reduction
reaction (cathode):
H, +0* — H,0 +2e” (5)

4.1.2. Direct Methanol Fuel Cell (DMFC)

Methanol can be directly employed as fuel in the FC in a DMFC system. Methanol is an organic fuel
produced from coal or agricultural products. In DMFCs, both the cathode and the anode are platinum or
platinum-adopted catalysts. The electrolyte solution used is trifluromethane sulfonic acid. A DMFC is an
example of a low temperature non-fuel flexible fuel cell. These fuel cells were initially implemented in
small portable electronic devices, such as laptops and cell phones [43]. Compared to the PEMFC, the
DMFC has lower density and efficiency.

4.1.3. Phosphoric Acid Fuel Cell (PAFC)

PAFCs rely on an acidic electrolyte, as with PEMFCs, to conduct hydrogen ions. The reactions in the
anode and the cathode are the same as the PEMFC reactions. Phosphoric acid (HsPOg) is a viscous liquid
that is contained by capillarity in the FC in a porous silicon carbide matrix. PAFCs are medium
temperature fuel cells that conduct hydrogen ions, thus they are not as fuel-flexible as the high-
temperature fuel cells that conduct oxidizing ions (e.g., O7, CO"). While PAFE&s are predominantly used
for stationary power, they have also been implemented in some large-scale vehicles, such as public buses
[44]. The overall reaction can be characterized as follows:

Hz+10, — H0 ©)
The half reaction associated with the phosphoric azid fuel cell is as follows: Oxidation reaction:
Reduction reaction:

H, — 2H" +2¢e” @)

10, +2H" +2¢ — H,0 , ®)

4.1.4.Polymer Electrolyte Membrane Fuel Cell (PEMFC)

Solid polymer membranes are used as the electrolyte in PEMFCs. The polymer membrane is
perfluorosulfonic acid referred to as Nafion. This polymer membrane is acidic; hence, the ions transported
are hydrogen ions or protons. The PEMFC is fueled with pure hydrogen, and the oxidant is air or pure
oxygen. PEMFCs are low temperature fuel cells that conduct hydrogen ions (H*), making them not fuel-
flexible. These fuel cells are the most widely used in the transportation sector because they are low

temperature FCs, operating around 80 °C, thus they have relatively short starting and stopping times.
Another advantage to PEMFCs is that they have very high efficiency and power density in the vehicle
engine size class [45]. These features are well-suited to a vehicle power source where power density is
desired and the dynamic power demands are significant. Some of the drawbacks to PEMFCs include a
higher risk of CO poisoning and that they require cooling.

The overall chemical reaction for PEMFC is:

H, — 2H" +2e” 9

The chemical half reactions for the PEMFC are as follows: Oxidation reaction:
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Reduction reaction:
H, — 2H" +2e (10)

L0, +2H +2¢ — H,0 , (11)

The PEMFC in an electric vehicle is taking the role of the internal combustion engine in a conventional
vehicle, as it is the driving power source in the FC electric vehicle. Thus far, the PEMFC is the only fuel
cell found to be suitable for automobiles. By pairing PEMFCs with rechargeable batteries, a hybrid vehicle
is created that is competitive with both battery electric and fossil fuel vehicles. The electric motor, the
battery, and the PEMFC are the three interdependent parts of this hybrid vehicle [46]. Figure 3 shows the
basic structure of an FC-based electrical vehicle.

/
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Regeneration,
Auxili Recharge Bat when needed
oy, —— Assist fuel cell when needed

Devices ;
Power vehicle at

high battery SOC

Fuel DC/DC
Cell Stack Conv
_—
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- ~/

Figure 3. Basic structure of fuel cell based electric vehicle [47].

Different configurations of the hybrid electric vehicle are discussed in the following section.

4.1.5. Alkaline Fuel Cells (AFC)

AFCs use an aqueous solution of potassium hydroxide (KOH) as the electrolyte to conduct ions between
electrodes. Since the electrolyte is alkaline, the ion conduction mechanism is different from PEMFCs.
The ion carried by the alkaline electrolyte is a hydroxide ion (OH), which affects several other aspects of
the FC.

The half reactions are as follows: Oxidation:

Reduction:

H,+2 OH — 2H,O +2e (12)

02 + 4e” +2H,O — 4 OH" (13)

Water is required at the cathode by the oxygen reduction, thus water management is an important issue that
is sometimes resolved by using waterproof electrodes and keeping the water in the electrolyte. The cathode
reaction uses water from the electrolyte, whereas the anode reaction rejects its produced water. The excess
water (2 mol per reaction) is evaporated outside the stack. AFCs can operate over a wide range of pressures

and temperatures, from 0.22 to 4.5 MPa and 80 to 230 °C, respectively. High-temperature AFCs also make
use of a highly concentrated electrolyte— highly concentrated enough that the ion transport mechanism
changes from an aqueous solution to molten salt [48].

4.1.6. Unitized Reversible Fuel Cell

A unitized reversible FC (URFC) is an energy-storage device that performs in water-electrolysis mode
(EC mode) to produce hydrogen and works in FC mode to generate electricity. During the mode switching
of the URFC, a reversible electrochemical reaction takes place that causes the change in temperature [49].
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Research on URFCs found pre-reactant switching, oxygen flow rate, hydrogen flow rate, and time interval
length makes the URFC more efficient and reliable. The water accumulation in URFCs is a major problem,
as it decreases the mass flow rate of reactants in FC mode. It also affects the mode switching in URFC. The
residual water left during EC mode and the water produced during FC mode should be eliminated to
facilitate smooth mode switching. Gas purging has been used to remove the water at the proton exchange
membrane at the end of the FC operation [50]. Gas purge time increases with a decrease in the cell
temperature. The gas purge flow rate should be greater than the purging time. Due to the high flow rates,
the water droplets in the PEM can be pulled away from it. In FC mode, the mass flow rate of reactants is
affected by the water content in the cell. To make the successful mode switching process from electrolysis
mode to fuel cell mode, enough time should be provided. Allowing adequate time for gas purging enhances
the mass flow rate, which helps the FC start up. The water in the channel is pushed by the oxygen gas, but
the water in the oxygen side is still present due to the increased amount of time required for water
electrolysis to occur. Pre-reactant switching is the method where the reactant gases (oxygen and hydrogen)
are switched on before transitioning to the FC mode. By supplying the oxygen to the FC before the current
supply, the residual water stored in the channels and the gas diffusion layer made during EC mode is
eliminated. The gas must be supplied 180 s before the current transition to FC mode [51]. This will
effectively consume the residual water at end of EC mode.

5. Fuel Cell Hybrid Vehicles

The development of one important aspect of the fuel cell vehicle—the electric motor—dates back to the
early 19th century. Although electric vehicles were a strong contender in the early 20th century to become
a mainstream transportation method, the ICE vehicle eventually won out due to the short range and the
high cost of electric vehicles. Additionally, the discovery of Texan oil reduced the price of gasoline, thus
it became affordable to the average consumer, which caused fuel cell and electric vehicles to take a
backseat to the ICE vehicle for most of the last 100 years [47]. The oil embargo in 1973 kick-started a
renewed interest in FC power for personal transportation applications, as governments looked to mitigate
their dependence on petroleum imports. In the early 1970s, K. Kordesch [52] modified a sedan to operate
from a 6-kW FC and a lead acid battery pack. The automobile was driven on public roads for about three
years. In 1993, Ballard launched a fuel cell-powered light-duty transit bus using a 120-kW FC system,
followed by a heavy-duty transit bus using a 200-kW FC system in 1995. In 1994 and 1995, H-Power built
three fuel cell-battery hybrid buses, each using a 50-kW FC and a 100-kW nickel-cadmium battery [53].
The importance of these releases was to make FC technology understandable to key decision makers in
industry and government. These buses helped to prove that fuel cells would work in the real world. Fleet-
vehicle operations, such as buses and delivery services, were early adopters of fuel cell technology due to
the ease of centralized refueling and the reduced requirement for a high range capability between fill-ups.
Trials of FC powered buses have occurred in Vancouver and Chicago, as well as in other cities in
Europe and North America [54]. In July 2005, the first FC vehicle was leased to a family in California as
an important step in getting more fuel cell vehicles on the road. However, many obstacles remain to
be overcome before the FC vehicle can become a mainstream form of transportation. An obvious issue
is the need for a hydrogen infrastructure to enable refueling of the vehicles. Hydrogen filling stations
currently exist in many countries around the world, such as Canada, the USA, Iceland, Japan, Singapore,
and Germany. Though these stations are currently not widespread enough to allow large numbers of people
to begin driving FCVs, it is expected that more hydrogen infrastructure will be built as more FCVs become
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commercially available. Hydrogen FCVs have evolved significantly; currently, they can drive between 311
to 597 miles on a full tank. The development of these vehicles is increasing, but they still require
significant improvements [14].

It should be noted that FCEVs are more promising in city bus applications due to two reasons—the supply of
hydrogen is not crucial, because the buses refuel in one place, hence only one refilling point is required,
and the price of FCs. FCs are still expensive, therefore it makes more sense to buy them for vehicles that
are in use for many hours each day [55]. As of June 2018, there have been more than 6500 FCVs delivered
to consumers. California was the leading market for FCVs, with nearly 3000 vehicles being delivered due
to it having the largest network of hydrogen refueling stations (HRS) [56]. In Europe, Germany’s Linde AG
and France’s Air Liquide have been working together to increase Germany’s stations from 15 to 100 by
2017 and to 400 by 2023. About 1000 HRS would be required to provide full coverage in countries such as
Germany or France, with a cost of 1.5 to 2 billion euro [57,58]. FCV sales volumes are projected to be
significant, but only in the long term, even with a favorable climate-policy scenario. Figure 4 shows
FCV sales volume anticipations based on a long-term powertrain mix scenario (million annual units) [59].
Considering a similar scenario, the international energy agency (IEA) anticipates an FCV market share
of about 17% by 2050 (35 million annual

unit sales) [60].

250
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u CNG/ALPG Diesel Gasoline

Figure 4. Fuel cell vehicle (FCV) sales volume. Source: IEA. All rights reserved. [59].

Another option to increase the HRS prevalence is to use electrolysis at refueling stations to convert
electricity from the grid into hydrogen. This idea could be extended to residential applications, where
people would have a hydrogen refueling station in their own homes [61-63]. The obstacles associated
with developing an adequate hydrogen infrastructure brings up another important question—where will
the hydrogen come from? Although hydrogen is the most abundant element in the universe, it rarely exists
alone in nature. Today, hydrogen is mostly produced by reforming natural gas. In this way, pollutants can
be captured if the reforming is done at a central plant. However, other options, such as direct solar hydrogen
from methane at landfills and hydrogen from bacteria [64], are continually being explored. If electrolysis
is used to generate hydrogen, there may have to be an increase in electricity generation to satisfy the need
for hydrogen, though the increase may be small, since hydrogen can be produced during off-peak times
(e.g., overnight). Methods to generate electricity that have a minimal impact on the environment include
nuclear, wind, solar, hydro, and geothermal. It is often said that, at the beginning of the hydrogen economy,
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most of the hydrogen will still be reformed from natural gas, but as time goes by, society will move towards
more ideal sources of energy, such as wind and solar [65]. Although generation and transportation of
hydrogen is a major issue in the deployment of fuel cell vehicles, many diverse ideas are being developed
to solve the problem. Other obstacles for fuel cell vehicles include improving on-board hydrogen storage,
improving fuel cell and battery durability, and increasing the efficiency and the performance of a fuel cell
vehicle. The last barrier to commercialization is cost—a true challenge—as fuel cells are still extremely
expensive today. Many parts used to work with fuel cells (e.g., power electronic converters) must be
custom-made and can be very expensive as aresult [66]. However, these costs will decrease as technological
processes are improved and components are mass-produced.

5.1.Parallel Hybrid

One of the earlier hybrid drive train designs was the parallel hybrid architecture. In this configuration,
both the internal combustion engine and the electric motor can be used to power the vehicle independent
of one another. The ICE has a low torque output at low speeds, therefore in stop-and-go drive cycles, the
ICE is extremely inefficient. However, electric motors provide almost instantaneous torque, making them
ideal for stop-and-go drive cycles. Implementing a parallel hybrid system allows each power source or both
to operate at varying degrees when it is most efficient in the drive cycle [35]. For example, during low
speeds and stop-and-go cycles, the electric motor would primarily be used, and the internal combustion
engine would be mostly off for efficiency reasons. Conversely, during steady-state highway conditions,
the electric motor would be off, while the ICE would power the vehicle to induce a long driving range by
utilizing the high energy density of the fuel [65]. In the parallel configuration, one can also operate both the
ICE and the electric motor together when the torque demand is greater than the torque produced by either
the ICE or the electric motor independently [66]. Since both power sources can be operated in unison when
torque demands are high, it allows both the engine and the motor to be scaled down in size, since most of the
time the drive cycle will not have a high torque demand. Reducing the size of both motors can further
increase the overall efficiency of the parallel design. Another advantage to the parallel hybrid drive
train architecture is the ability to harvest energy through deceleration in the drive cycle with the
implementation of regenerative braking. Regenerative braking is not exclusive to parallel hybrid
architecture, rather, almost all hybrids can deploy regenerative braking to harvest what would otherwise
be wasted heat energy from the mechanical brakes [67]. Regenerative braking works by converting the
electric motor into a generator during stops and decelerations in the drive cycle; this energy then gets
stored in the batteries of the vehicle to be used later in the drive cycle [68]. A visual representation of a
parallel hybrid drive train is depicted below in Figure 5 [69].
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Figure 5. Parallel hybrid configuration [69].

5.2.Series Hybrid

A series hybrid drive train architecture differs from a parallel hybrid drive train in that the two power
sources are no longer independently able to power the vehicle. In this configuration, generally the ICE will
act as a charger for the batteries that supply electricity to the electric motor—the only source to propel the
vehicle [70]. One of the advantages of this design is that there is no need for atransmission, since the
ICE is not powering the vehicle directly. Eliminating the transmission from the engine system reduces the
weight of the vehicle, which directly correlates to increased efficiency. In a series configuration, the ICE
does not have to account for any of the transient dynamics in the drive cycle as it would in a parallel
configuration. Because of this, the engine can be operated at a steady state at its most efficient rpm, further
increasing its efficiency. In a series configuration, there is more flexibility regarding the implementation
of alternative energy devices. For example, for this project, the ICE was replaced with a hydrogen FC. In
a series hybrid, the ICE converts chemical energy to mechanical energy and then to electrical energy, thus
it is actually more efficient to use an FC to convert directly from chemical energy to electrical energy to
charge the battery pack. This is one of the main reasons the decision was made to implement a series
configuration in this project. It should be noted that a fuel cell can be used in a parallel configuration as
well. However, to achieve parallel use, the fuel cell would need to be robust enough to handle the transient
dynamics created by the drive cycle. Most fuel cells have high enough power density to handle transient
dynamic loading well. Usually, fuel cells are required to operate near steady-state conditions, which makes
them ideal for series hybrid architectures [71-75]. An example of a series hybrid configuration with an
ICE is depicted below in Figure 5.

The series hybrid design can also support regenerative braking to recover energy during stops and
decelerations the same way the parallel hybrid does by converting the motor into a generator during these
instances in the drive cycle. A drawback to the series hybrid design is that the motor is required to be
larger, since there is no way to use both power sources during a hard acceleration.

5.3.Series-Parallel Hybrid

The series-parallel hybrid is a combination of both series and parallel hybrid drive train configurations.
In a series-parallel hybrid, both the electric motor and the ICE can power the vehicle independently or
jointly. The ICE can divide its power between driving the car and charging the batteries simultaneously
[76]. This configuration provides the most control flexibility, since the modes of operation can be
optimized to compensate for the current drive cycle. However, one of the drawbacks to this design is the
amount of hardware required. Since the ICE must be able to drive the vehicle, a transmission is required,
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and a generator is required to enable the ICE to charge the batteries. The series-parallel design has all the
benefits of both the series design and the parallel design, which makes it more flexible to different drive
cycles; however, it also has all the drawbacks of both designs [77-81]. An example of a series-parallel
hybrid configuration is shown below in Figure 6.
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Figure 6. Series hybrid configuration [35].

6. Control Strategies to Make FCV More Efficient

The disadvantage of FCV, such as low power density and low power response, can be overcome by
implementing super capacitors (SCAPS) and batteries (BATs) with a fuel cell in an FCV [82-84]. An
FCEV has a three phase traction motor, an energy storage system, a direct current (DC) bus, and
auxiliary devices. The energy is transferred in the order of FC-BAT-SCAP, and an inverter is used to control
the output energy to the traction motor and the output from the SCAP. The most common control strategies
used by these controllers are given below.

1. Peaking Power Source Strategy (PPSS)

2. Operating Mode Control Strategy (OMCYS)

3. Fuzzy Logic Control Strategy (FLCS)

4. Equivalent Consumption Minimization Strategy (ECMS)

6.1.Peaking Power Source Strategy (PPSS)

In PPSS, the controllers, the wheels, the traction motor, and the pedals are electronically interfaced to collect
the signal. The power and the torque are controlled by the vehicle controller based on the commands from
the gas and the brake pedals. Based on the demanded power, the energy alters between FC and PPS to
meet the vehicle power requirement. The required energy is provided either from the FC, with the PPS, or
both, and according to the demand from the driver to respond quickly, traction is designed to control the
output power [85,86].

6.2.Operating Mode Control Strategy (OMCS)

OMCS manages the power variances and the power control between the FC and the BAT. In the discharge
mode, the vehicle’s power demand (Pdemand) May be less or more than the nominal Prc, depending on the
acceleration. If Pgemand IS lower than the nominal Prc, the required energy is provided by FC. If Pgemand IS
more than the nominal Pec, the required energy is generated by both FC and from BAT. In charging mode,
Pdemand 1S the nominal PFC, and the FC both provides the power demand and charges the BAT. Pgemand iS
much smaller than the nominal Prc in the fast charge mode. In this condition, the FC supplies both Pgemand
and the power to all units that require extra energy [87,88].
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6.3.Fuzzy Logic Control Strategy (FLCS)

To control the energy storage system and enhance the efficiency of the FCV, FLCS is applied. While
the power levels of SCAP and BAT state of charging (SOC) are low (Lsoc), Poc ought to be maximized
(DCmax). When SCAP and BAT power levels are high, Poc must either be at the minimum level (DCmin)
or the middle level (DCnmiddie), depending on Pgemand. The goal is to maintain the optimum power levels
of SCAP and BAT while meeting Pgemand, allowing operation at a nominal Prc.

6.4.Equivalent Consumption Minimization Strategy (ECMS)

The ECMS is applied to manage the energy resource in the energy storage device. The electricity
consumption of SCAP and BAT is converted into the equivalent hydrogen consumption. Moreover,
ECMS can use electrical energy supplied by energy storage systems such as the SCAP and the BAT as
hydrogen from the FC, if necessary, with the concept of equivalent fuel consumption [89].

7. Conclusions

In this paper, an investigation into hydrogen-based energy generation using fuel cells and their utilization

in hybrid vehicles was conducted. Various types of FCs and their applications were analyzed, namely the

application of FCs in hybrid vehicles. FCs with adequate control strategies could become the more

advantageous choice for applications in vehicles over batteries alone. Hydrogen fuel cells will play a

significant role in the transportation industry in the near future. The price of fuel cells will reduce when

producing fuel cells in large quantities and commercializing them. We could expect fuel cell-based

transportation, power plants, and electricity generators to become prominent in the coming decades.
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Abbreviation

AFC Alkaline Fuel Cell

BAT Battery

BEV Battery electric vehicle CH2 Compressed Hydrogen CV  Conventional vehicle DMFC
Direct methanol fuel cell

ECMS  Equivalent Consumption Minimization Strategy FC Fuel cell

FCEV  Fuel cell electric vehicle FCV Fuel cell vehicle

FLCS  Fuzzy Logic Control Strategy HRS Hydrogen refueling stations ICE Internal

combustion engine LH2 Liquid Hydrogen

OMCS  Operating Mode Control Strategy PAFC  Phosphoric acid fuel cell

PEMFC Polymer electrolyte membrane fuel cell PPSS Peaking Power Source Strategy

SCAP  Super Capacitor SOC State of Charge SOFC Solid oxide fuel cells

URFC  Unitized regenerative fuel cell YSZ Yttrium stabilized zirconia
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