
Citation: Vodovozov, V.; Raud, Z.;

Petlenkov, E. Review of Energy

Challenges and Horizons of

Hydrogen City Buses. Energies 2022,

15, 6945. https://doi.org/

10.3390/en15196945

Academic Editors: Enrique

Romero-Cadaval and

Adolfo Dannier

Received: 15 August 2022

Accepted: 20 September 2022

Published: 22 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Review of Energy Challenges and Horizons of Hydrogen City Buses
Valery Vodovozov 1,* , Zoja Raud 1 and Eduard Petlenkov 2

1 Department of Electrical Power Engineering and Mechatronics, Tallinn University of Technology,
19086 Tallinn, Estonia

2 Department of Computer Systems, Tallinn University of Technology, 19086 Tallinn, Estonia
* Correspondence: valery.vodovozov@gmail.com; Tel.: +372-620-3694

Abstract: This paper discusses fuel cell electric vehicles and, more specifically, the challenges and
development of hydrogen-fueled buses for people accessing this transportation in cities and urban
environments. The study reveals the main innovations and challenges in the field of hydrogen bus
deployment, and identifies the most common approaches and errors in this area by extracting and
critically appraising data from sources important to the energy perspective. Three aspects of the
development and horizons of fuel cell electric buses are reviewed, namely energy consumption,
energy efficiency, and energy production. The first is associated with the need to ensure a useful and
sustainable climate-neutral public transport. Herewith, the properties of the hydrogen supply of
electric buses and their benefits over gasoline, gas, and battery vehicles are discussed. The efficiency
issue is related to the ratio of consumed and produced fuel in view of energy losses. Four types of
engines–gasoline, diesel, gas, and electrical–are evaluated in terms of well-to-wheel, tank-to-wheel,
delivery, and storage losses. The third problem arises from the production, operating, and disposal
constraints of the society at the present juncture. Several future-oriented initiatives of the European
Commission, separate countries, and companies are described. The study shows that the effectiveness
of the FCEBs depends strongly on the energy generation used to produce hydrogen. In the countries
where the renewables are the main energy sources, the FCEBs are effective. In other regions they are
not effective enough yet, although the future horizons are quite broad.

Keywords: hydrogen-powered vehicles; city bus; green transportation; public transportation; fuel
cells; energy efficiency

1. Introduction
1.1. Work Scope, Aim, Features, and Restrictions

Environmental pollution in urban spaces is an important problem in terms of economic,
health, and social costs. Localities are increasingly suffering from poor air quality, exposure
to noise, and traffic jams. Many signs indicate that the world is inexorably approaching an
environmental disaster [1–3].

A list of pollutants is quite long [4], and many of them depend on fuel combustion.
It starts with greenhouse gases, such as carbon dioxide (CO2), methane, and water vapor
contributing to an increase in the temperature of the lower atmosphere. It includes also
suspended substances such as dust, ash, soot, smoke, sulphates, and nitrates formed as a
result of fuel combustion and, depending on the composition, may be either highly or slightly
toxic. With regard to nitrogen dioxide (NO2) from combustion processes, it must be noted
that there is also a significant waste generated from industrial enterprises, power plants,
furnaces, boiler houses, and vehicles. This is of the greatest concern because it affects human
health, although other nitrogen oxides are also dangerous to health. Other pollutants are
carbon monoxide (CO) produced from incomplete burning of carbon in engines, sulphur
dioxide (SO2) released during the combustion of brown coal and oil, and sulphur-containing
petroleum products exuded from the processing of sulphur-containing ores. In addition to
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environmental pollution, serious ecological problems such as climate change, global warming,
acid rain, destruction of the ozone layer, etc. cannot stay in the shadows.

Most authors and organizations consider CO2 to be the worst part of this spectrum.
At the beginning of this review, it is important to note that many estimates of the

pollution degree have a large variation and ambiguity. First of all, this is due to the fact
that many factors must be taken into account to calculate emissions, including accounting
protocols, emission limits, power coefficients, etc. [5]. Secondly, various sources of informa-
tion are used, namely official documents of the European Commission (EC) and national
authorities, calculated data, and experimental (real-world) results. For instance, when
burning one kilogram of crude oil, 3.15 kg of CO2 is obtained according to the chemical
formula, but in practice, more emissions are often obtained from different diesel fuels. In
addition, different engine technologies developed for the same type of fuel emit differently.
For example, one Euro-1 engine corresponds to about six Euro-6 engines in terms of carbon
monoxide emissions. Therefore, among the numerous resources, it was necessary to deter-
mine some averaged values of the most common data. A fuel cell (FC) is often considered
as a “zero-emission” device, since it does not release CO2 at the point of use, but it emits
water vapor and warms air, affecting critical climate changes. When assessing emissions
from electrical machines and grids, pollution from electrical discharges and electromagnetic
noise are sometimes more dangerous than that from gasoline. Consequently, instead of be-
ing “zero-emission”, renewable resources are qualified as alternative or “climate-friendly”
in this review, which means they cause minor harm to the environment.

Regardless of the degree of harm, the obvious cause of environmental pollution lies in
the burning of fossil fuels that has made power available to the globe for many centuries
and currently provides almost 80% of the approximately 172000 TWh/year of global
energy [6,7]. Due to the negative results associated with the burning of fossil fuels, it is
extremely important for the society to make every effort to decarbonize the economy. This
outcome can be achievable only by deploying renewable resources as quickly as possible.

This paper analyzes several possibilities for improving human well-being with the
help of environmentally protected public transportation based on fuel cell electric buses
(FCEB). The aim of the study is to reveal the main innovations and challenges in the
field of FCEB deployment and to identify the most common approaches and errors in
this area by extracting and critically appraising data from sources important from the
energy side. The primary focus is on three aspects of the development and horizons of
these vehicles, namely energy consumption, energy efficiency, and energy production. The
first is related to the need to ensure useful and sustainable climate-neutral mobility. The
second issue is related to the ratio of consumed and produced fuel in view of four types of
machines–gasoline, diesel, gas, and electrical, estimated in terms of well-to-wheel (W2W),
tank-to-wheel, delivery, and storage energy losses. The third problem arises from the
production, operating, and disposal possibilities of the contemporary society and on the
initiatives put forward by the European Union (EU), individual countries, and companies.

Unlike previous works in the field, the strength of the proposed study relates to the
identification, selection, and evaluation of the broad spectrum of the current state of the
bus energy supply, along with an attempt to provide systematic recommendations for its
long-term improvement and development. To this end, a comprehensive search was carried
out for the most relevant documents, studies, and technical reports published in official
EC directives and regulations, scientific journals, conference proceedings, and the Internet.
The application of the established standards was critically appraised and clear qualitative
and quantitative methods of data extraction and synthesis corresponding to the specific
scope of review were used.

At the same time, it should be noted as a limitation of the study that this work leaves
aside at least two important issues. First, only one type of electric vehicles (EV) is being
revised, namely the FCEBs powered by hydrogen (H2), although this does not mean that
the authors diminish the role of battery electric buses (BEB), considering them also as
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promising means of transportation. Second, different fuels are compared here irrespectively
of their prices due to the slowdown in the global economy currently taking place [8].

1.2. Towards Electric Transport

A comprehensive review of transport use cases can be found in [9], which covers
various types of vehicles and their mobility parameters such as range, mileage, payload,
tank volume, engine size, and total cost of ownership in various countries. As an outcome,
this study, as well as [10–12], demonstrates that the world transport sector (road and non-
road, including marine and aviation) accounts for 8.1 Gt (34%) of the global CO2 emission,
the current volume of which is near 23 Gt. About 4.5 Gt of CO2 emission is generated in
the EU, while the EU produces just 3% of the oil it consumes [13]. Emissions at the tailpipe
are discussed here and later in this section.

Road transport represents the bulk of the energy demand of the entire transport
sector, accounting near 75% of global transport energy [12,14]. Herewith, road transport
emits about 15–20% of total CO2 [9]. Some smaller estimation can be found in [15], which
demonstrates the global release of 3 Gt CO2 emission from all road passenger vehicles.

After superposing consumed energy with CO2 emission, an approximate diagram of
global energy consumption and CO2 emission can be built (Figure 1).
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Figure 1. Energy consumption and CO2 emission of world transport.

Oil, petroleum, compressed natural gas (CNG), and liquid petroleum gas (LPG) prod-
ucts continue to fulfil above 95% of all transport energy needs [12,16]. Now, petrol cars
are the most commonly sold vehicles, constituting 59% of all registrations, and diesel
vehicles comprise about 31%, whereas the sales of gas-fueled vehicles and EVs represent
near 5% each [15]. The number of EVs and plug-in hybrid passenger cars on the road was
about 10 million of the totally estimated 1.5 billion road vehicles in 2020 [17], with almost
400 million in Europe.

Particularly, according to the traffic research portal FIS, over 95% of CO2 emissions in
Germany’s transport sector are caused by road traffic, and about 30% of this is caused by
long and short-distance road haulage [18]. In Russia, the proportion of all road transport
emissions in the total volume of pollutants into the atmosphere is about 42%, which is
higher than the share of any industry. At that, in large cities this figure reaches 80 to
90% [19].

Different fossil fuels pollute differently. After processing a number of sources, such
as [20,21], the CO2 share from various fuels can be presented as shown in Figure 2.
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Figure 2. Approximate CO2 emissions of different fossil fuels.

In particular, as follows from [22], in the USA the transport sector acquires 90% of its
energy from petroleum, 4.5% from CNG and LPG, and only 5.5% from renewables, mainly
biomass.

Bus fleets are the core of the public transport sector. According to Bloomberg New
Energy Finance [23], there were 3 million city buses in operation worldwide in 2017. In
2019, diesel was the most popular type of fuel, as it accounted for 50% of all types of bus
fuel [24]. Above 32% of buses used biodiesel additives and gas fuel, and only 18% of buses
were electric in 2020, that is, between 0.5 million [23] and 0.6 million [12] (Figure 3).
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Figure 3. World numbers of vehicles, millions.

In the EU, about 60% of all public transport journeys are made by urban and sub-urban
buses, that is, above 32 billion passenger journeys per year. In small- and medium-sized
cities where there are no other types of public transport, buses can comprise up to 100%
of passenger traffic. Alternatively powered vehicles cover near 27% of new European bus
sales [25].

According to [10,26], emissions in urban areas could be reduced by at least 20% as a
result of switching to cleaner buses. Therefore, the EC recommends renewing the bus fleets
in big cities of the EU first [27]. Thus, replacing internal combustion engines (ICE) with an
alternative propulsion has become a priority of the city transport modernization.

Significant volumes of information on competitiveness of different technologies sup-
porting this direction can be found in [28–30]. Ultimately, the choice of optimal technology
for bus transportation depends on preferences for flexibility, operational constraints and
infrastructure costs set by a fleet operator. As follows from [4], the key decision criteria
are the cost of purchasing buses and their operation, in addition to a number of other
parameters, such as comfort and space requirements, operation in hot or cold climates,
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flexibility across line needs, bus durability, the infrastructure, and the time of refueling.
The important reasons for the marketing issues also lie behind the feasibility of production
processes, the quality of vehicles, the reliability of the supply chain, and the acceptability
of resources. All these factors affect the choice of propelling methods, but, given that
many bus fleets are subsidized today, this may be a segment in which policy decisions can
encourage early adoption.

The two ways to transfer to alternative equipment are to switch from diesel and
gasoline to either gas (CNG, LPG, biogas, syngas, etc.) or electric propulsion.

The first alternative is to power buses with gas, which is more environmentally friendly
than gasoline and diesel fuel [31,32]. Unlike an engine running on gasoline, which emits
relatively easily such oxidizing substances as ethyl and ethylene, a gas engine running
on LPG emits hydrocarbons, which is the most resistant to oxidation. Once the gas is
completely burned, only CO2 and water vapor enter the atmosphere, whereas when
gasoline and diesel fuel are burned, toxic carbon monoxide, nitrogen oxide, hydrocarbons,
soot, and other small particles harmful to health are released as well.

Theoretically, 1 kg of natural gas releases 2.75 kg of CO2 [33] in contrast to crude oil,
which yields 3.15 kg CO2 [34]. LPG burns more completely than gasoline, and therefore the
concentration of carbon monoxide in the gas car exhaust is several times lower than in the
exhaust of a gasoline car. As follows from [35], CO emission can be reduced by 2–3 times
when using LPG instead of gasoline and diesel fuel. In accordance with [36], the use of
natural gas improves air quality due to the reducing of NO2 emission by more than 90%
and of particulate matter by 99%. Herewith, nitrogen oxides are decreased by two times,
hydrocarbons by three times, smoke by nine times, and formation of soot common for
diesel engines is almost absent when engines are running on LPG. It is noteworthy that
gas equipment itself is simpler than any fuel injection pumps and diesel injectors since it
practically does not contain complex gears [37].

The second alternative is to equip buses with electrical motors (EM) that are much
more environmentally friendly than the ICEs and gas engines when discussing emissions
at the tailpipe. Electric traction is a widely discussed topic in the field of technology and
engineering today, given that currently the total share of electricity in the transport sector
remains low [26].

At least two types of electric buses are usually compared, namely BEBs and FCEBs.
Both are at the forefront of solving pollution problems, since they are not only clean but
also silent, and produce much less vibration [26]. Both BEBs and FCEBs are electrically
driven, use the same Ems, and have many components in common. The key difference is
that batteries of BEBs store electricity in electrochemical form, while FCs of FCEBs generate
it on board from stored hydrogen.

As a whole, the dynamics of the growth of harmful emissions are directly related to the
increase of the transport fleet. At that, the number of automobiles globally tends to double
every 20 years [16]. To follow the scenario [9,12,38], the mass of the global CO2 emission
must be reduced by at least 90% by 2050 in order to avoid an environmental catastrophe.
However, though ICEs (and diesel engines as their variety) are the sources of pollution, the
contemporary transport sector is not yet ready to reduce environmental contamination [12].
According to an optimistic forecast [9], the switching to gas supply is reachable by 2030,
but it is difficult to name the timing of the complete transition of the bus fleet to electrical
technology, since this process depends on the pace of transport electrification, especially
among companies operating in cities [39].

1.3. Fuel Cell Electric Vehicles

Hydrogen is currently considered the cleanest fuel, since the introduction of the
hydrogen-powered FCs promises to significantly decrease the city pollution [1,4]. Therefore,
FCs are now being implemented in transport, including not only buses, but also cars, trucks,
forklifts, trains, ships, planes, submarines, rockets, etc. The list of models of hydrogen EVs
exceeds several hundred products.
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FC is an electrochemical converter that transforms chemical potential energy into elec-
trical energy upon the continuous hydrogen (reductant) and oxygen (oxidant) reaction [40].
It generates electricity without combustion by extracting electrons from hydrogen and
combining them with oxygen from the air (Figure 4).
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Any type of FC has two electrodes–a negative anode and a positive cathode–sandwiched
around a membrane made of a special polymer film called an electrolyte, which keeps the
electrodes apart. Hydrogen from the tank feeds down a pipe to the anode, and oxygen from
air comes down a second pipe to the cathode. The anode is made of platinum, a precious
metal catalyst designed to speed up the chemical reaction, which breaks down the fuel into
electrons and ions. Ions flow through the electrolyte towards the cathode. The released
electrons, meanwhile, travel through the outer circuit including the electrical drive, which
propels the vehicle wheels when road transport is considered. Upon reaching the cathode
catalyst, usually nickel, ions join electrons and combine with water oxygen, which exits
through the exhaust pipe in the form of vapor or steam.

An elementary FC generates 0.6 to 0.7 V voltage. To deliver the desired amount of
energy, FC stacks are used, in which the FCs are combined in series to yield a higher voltage
and in parallel to ensure the supply of a higher direct current (DC).

Thus, the FCs utilizing pure hydrogen fuel are completely carbon-free, and their only
products are electricity, heat, and water. Since FCs do not emit pollution, they are classified
as “zero-emission” devices and have a promising chance of becoming the equipment of the
future. Since there are no moving parts in FC systems, they operate with high reliability, do
not need frequent recharging like batteries, and generate energy as long as there is a fuel
source. Electric vehicles built on the FC (FCEV) and EMs are not silent, but they operate
more quietly than vehicles with ICEs, which make a combustion noise as the cylinder
pressure changes.

Nevertheless, the hydrogen FCs are comparatively expensive because their construction
requires rare substances. The highest cost of the FC assembly falls on the catalyst, which
accounts for more than 40% of the total price due to the platinum material used [4]. From the
standpoint of packaging, weight and, mostly, reliability, fuel storage, and high-volume manu-
facturability, the FC-fed drives cannot yet compete with ICEs in the automotive applications.

When the FC stack directly feeds the EM, the propulsion system suffers from voltage
instability and nonlinear behavior in dynamic conditions, since the city driving cycles are
characterized by decelerations, accelerations, and stop phases. To avoid supply instability,
EVs are usually powered in a hybrid way [10], using both the FC energy and electricity
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from additional rechargeable batteries, ultracapacitors, and power electronics DC/DC
converters combined into a single power unit.

Schematically, the powertrains of the FCEVs with EMs can be divided into three
categories, namely FC with battery (FC + B), FC with ultracapacitor (FC + UC), and FC with
battery and ultracapacitor (FC + B + UC) [40]. The latter is a favorite design configuration
among carmakers such as Honda and Toyota, and are used in many FCEV models (Figure 5).
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Onboard batteries possessing high specific energy are constantly charged from FCs
to propel the EV. Unlike a battery electric vehicle (BEV), whose battery must be large
and heavy to meet the maximum power requirement, the battery in this configuration is
charged from the FC without need for charging stations and charging time delays [41]. The
battery recaptures braking energy, provides extra power during short acceleration events,
and smooths out the power delivered from the FC with the option to turn off the FC during
low power needs. The amount of energy stored onboard is determined by the size of the
hydrogen fuel tank. This is different from the BEV, where the amount of available power
and energy is closely related to the battery size.

In contrast, ultracapacitors have high specific power to support power bursts during
EV uptake, braking, and load variations. Since FCs cannot recuperate energy and batteries
recuperate it too slowly, the ultracapacitors are used to quickly buffer braking energy. They
store energy when it is available and release it with high power when it is needed. FCs in
conjunction with ultracapacitors can thus create high power with fast dynamic response,
which makes them well suited for automotive applications [41]. This arrangement promotes
a decrease of the battery size due to electricity self-generation, enlargement of the driving
range between 7 and 12 km/kg H2 for heavy EVs [42] and between 18 and 180 km/kg H2
for light EVs [43], and ensures shorter fueling times due to charging with hydrogen instead
of electricity [44].

This configuration downsizes the FC power and mass by taking the transient energy
upon itself. The powertrain is capable of kinetically accumulating energy with a very fast
response and a long lifecycle [41]. The service life of FCs overcomes 30 thousand hours.
Batteries usually retain their effectiveness for several thousand charge/discharge cycles.
Ultracapacitors can maintain performance for about one million cycles.

Using power from the FC, the battery, and the ultracapacitor, the EMs feed the EV wheels.
The EMs are connected to the FC stack via the DC/DC power electronics converter that
handles the level of electrical voltage needed to provide the required vehicle speed and the



Energies 2022, 15, 6945 8 of 27

torque it produces [4]. Other converters transform higher-voltage DC power from the battery
and ultracapacitor stacks to the lower-voltage DC power needed to run vehicle accessories.

To manage the flow of electrical energy delivered by the FC, the battery, and the
ultracapacitor stacks, a power electronics controller is used. Management of the energy
exchange between the battery, the ultracapacitor, and the FC, i.e., deciding whether to
use the stored electricity or generate it with the FC system, is an important challenge.
This strategy affects the required battery power and optimal ultracapacitor sizing [44,45].
Paper [4] introduces different energy management strategies leading to the improvement
of the performances from both the energy and reliability points of view. In addition to
assessing fuel consumption, several control strategies prevent the degradation of energy
storage systems represented by batteries and ultracapacitors [41].

Another issue facing the hydrogen FCEVs is related to the onboard hydrogen storage.
This fuel is dangerous because of the low ignition energy and high combustion energy of
hydrogen, as well as because it tends to flow out of the tanks easily [46]. Once the structure
of the supply system is damaged, hydrogen leakage may occur, which will lead to the
environmental problems and an insufficient FC power supply. A hydrogen leak can also
cause a fire and endanger the safety of people and property, so a reliable supply system is
key to the normal operation of the FCEV [47].

1.4. Hydrogen Buses–The Next Frontier in City Transport

New bus fleets are now being carefully designed considering environmental con-
straints. In this regard, the implementation of FCEBs demonstrates many benefits, flexi-
bility, and the safety of urban areas. According to forecasts [1,29], buses should switch to
hydrogen fuel first. They will be followed by trains, sea, and air transport. After that, the
mass use of hydrogen in warehouses, logistics, and heavy industry could begin.

Over the last decade, the number of FCEB models has exceeded one hundred [48].
In 17 European cities, FCEBs are operated daily at a distance of about 8 million km [11]
demonstrating stable power supply during the work cycle in heat and cold weather, proven
durability, and a power reserve of 140 to 450 km between refueling in hydrogen refueling
stations (HRS) at a refueling duration of 7–12 min [18,49].

Several companies are testing and introducing FCEBs [4]. These include: Daimler AG
powered by Ballard Power Systems FCs; Thor Industries and Irisbus, based on UTC Power
FC technology in California and operated by SunLine Transit Agency; TATA Motors and
Indian Oil Corporation (Starbus, FC); Van Hool having commercial fleets in Aberdeen, Scot-
land; Wrightbus with a fleet in London, England; etc. Since 2018, FCs have been introduced
into Korean Elec City buses developed by H Company [50]. The FCEBs are also supplied
by other manufacturers in different locations, such as Power Vehicle Innovation, Skoda,
MAN, Fiat, Navistar International, Volvo Buses, Hyundai Motor Company, Mitsubishi Bus
Corporation, General Motors, VDL, Scania, and Ursus Lublin. In 2019, Solaris Bus & Coach
introduced its Urbino 12. As of 2021, the largest fleet of FCEBs in Europe, with 38 buses in
daily operation, was in Cologne, Germany [18].

The general design of FCEB electrical powertrains is largely unified (Figure 6).
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Hydrogen is usually stored on board the bus either as compressed gas (200–1000 bar)
in tanks, or as a cryogenic low-temperature (−253 ◦C) liquid, or even in an atomic state
reversibly adsorbed in metal hydrides [10]. High-pressure tanks located on the roof of the bus
provide sufficient range for a full-day operation, over 16 to 18 h [18]. In [49], Brazilian FCEBs
with a driving range between refueling of 300 km are described. Korean Elec City FCEB has
two hydrogen FCs stacks with a capacity of 90 kW [50]. Ballard’s Fébus FCEB presented
in [18] covers more than 300 km between hydrogen refueling. Another Ballard bus carries
near 40 kg of hydrogen onboard and is able to travel 350 km throughout the day.

2. Commitment to Excellence via Increase of Energy Efficiency
2.1. FCEB vs. BEB

A battery is the main competitor of the FC, with a hydrogen storage for powering
an electrical drive. Commonly, a bus operator must decide which supply is most suitable
for replacing the conventional ICE, either the FC with a hydrogen storage or the battery.
Various scenarios are discussed by different authors.

At first glance, cost estimates of BEBs and FCEBs seem rather similar, both in terms
of capital expenditures and operating expenses [18]. The advantage of FCEBs is that they
provide higher flexibility and longer mileage at less additional investment than BEBs and
their refueling time is short. In turn, the analysis [51] shows that BEBs are more sensitive
then FCEBs to the environment conditions since they suffer quite noticeably of overheating
during summertime and overcooling during wintertime. BEVs are mainly inferior to
FCEVs due to the dangers associated with the production of heavy batteries [4]. As well,
the sustainability of BEVs depends in part on the ability to reuse and recycle batteries and
the compounds they contain.

Cost analysis conducted in [9] considers three specific options, namely short-distance
urban trips with a 150 km reserve for refueling, long-distance urban trips with a 300–450
km range, and coach trips for intercity routes with a range of 500 km and longer. For
long-range capabilities, hydrogen is considered the most practical alternative, whereas
for urban short-distance trips BEBs remain quite competitive, since the needed battery is
smaller and, therefore, cheaper.

The key aspect that affects the promotion of BEBs is the well-known “battery problem”,
since the batteries are too heavy and expensive because the fleets must install fast chargers
and the appropriate infrastructure. Long charging time, high weight, limited number of
charge/discharge cycles disposing to aging with a maximum lifespan of 10 years, and
sizable self-discharge rate at low specific power are the main drawbacks of batteries [11].
Manufacturing of batteries is accompanied with pollution, since 15 tons of CO2 are emitted
into the air for every ton of lithium mined [52]. By far, the disposing of EV batteries is
a great waste management problem as well. BEB batteries made up of lithium-ion cells,
all of which need to be dismantled, contain hazardous materials and have an unpleasant
tendency to explode if improperly disassembled [53].

Nevertheless, in the energy storage industry, there has been a gradual reduction in
costs in the introduction of innovations in battery technology [12]. In accordance with [4], al-
ready BEVs have an advantage in reducing production costs, both in the small and medium
class segments. Investments in the battery manufacturing sector have been increasing over
the years, and it is expected that by 2040, the global deployment of cumulative storage
will reach approximately 1 TWh worldwide, which raises expectations of improvements in
related technologies [26]. Some authors believe that increase in mileage will benefit BEBs
due to their lower energy consumption.

Most likely, both for long-distance transportation and on short-range routes the FCEBs
and BEBs will have a cost parity between 2020 and 2050, since without breakthroughs
in technology, a complete alternative to the battery remains challenging. This means
that the choice of the future system will be very sensitive to local conditions, such as the
cost of electricity or hydrogen, the available infrastructure for refueling, and the required
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mileage [9]. Much depends on the willingness of consumers to pay for the increased
flexibility of a particular offer.

In [54], a case study on transport perspectives conducted in Germany is presented,
in which an attention is paid to various classes of road, rail, inland waterway, and air
transport. The criteria assessed from the production side included technical maturity, costs,
and environmental impact, while from the user side, possible mixing with existing fossil
fuels and compliance with the required application ranges. For BEBs, the highest fuel cost
reduction was predicted, namely by 50–65% compared to conventional ICEs for coaches
and city buses, while for FCEVs, a reduction of only 22% was expected.

In [26], two variants of the Citaro buses of Mercedes-Daimler, BEB and FCEB, were
selected for comparison. Their characteristics were analyzed, applying traditional diesel
buses as a reference. It has been shown that FCEBs have a great advantage in terms of
autonomy, since they do not require charging during a full work shift on the line, which
makes it possible to bypass one of the main problems of BEBs. They also differed in their
way of refueling, which is similar in time to the method of refueling traditional diesel buses,
since a full refueling takes only a few minutes.

On the other hand, in 2019, Honda Europe managers announced their intention to
promote BEBs, while FCEVs were relegated to the technologies of the next era [55]. Similarly,
the “USA Today” stated that “the dream of FCEVs is practically dead for the passenger car
market” [56]. The plan to buy hydrogen FCEBs was also cancelled in the French city of
Montpellier after it was found that their operation would cost 6 times more than BEBs [57].
Nissan also discussed abandoning FCEBs development [58]. Several other automobile
companies initially focused on FCEBs have shifted their attention to BEBs as well [59,60].

2.2. Efficiency Issues

Pollution originates from unused energy losses that, instead of propelling, are released
into the environment. Energy saving is the main way to decrease losses. Therefore, energy
efficiency is a very important factor when choosing the bus propulsion system.

Energy efficiency is the ratio between the energy available to wheels and the supply en-
ergy. In [61–63], efficiency is defined as the useful fraction of total final energy consumption
representing the propulsion energy without losses following production, transformation,
storage, energy sector own-use, delivery, and distribution. In other words, efficiency η is
the propulsion energy E (i.e., useful energy) divided by the same propulsion energy plus
all the energy losses δ occurred up to the primary energy source:

η = E/(E + δ) × 100% (1)

For example, in 2021, in the USA transportation sector, this parameter was estimated
as 26.9% of the total amount of energy generated in the country. Only about approximately
1/5 of this energy was directly used to propel vehicles, while the remaining 4/5 were
wasted. At that time, the amount of total usable energy in the USA was 31.8%. This means
that the efficiency of the transport sector is less than the overall efficiency of the overall
power generation efficiency in the USA [22].

To propel the vehicle, friction and aerodynamics must be overcome; it is necessary
to overcome friction and aerodynamics, which, in the case of ICE-powered vehicles, is
accompanied by an emission from the exhaust pipe. Fuel production and distribution
also lead to emissions. To obtain gasoline, for example, oil extraction from the ground is
followed by its delivery to an oil refinery, oil refining into gasoline, and delivery of gasoline
to a service station. Each of these steps is accompanied by energy losses. EVs do not fume
while driving, but they also need to overcome friction and produce heat, vapor, dust, solid
fractions from tire wear, etc., and a large amount of emissions is generated during the
production and distribution of electricity used to charge EVs.

The integral efficiency of the complete fuel lifecycle is often referred to as W2W effi-
ciency [64]. It is inversely proportional to the losses occurring in the overall fueling system,
including its generation, delivery, storage, processing, and disposal. Mathematically, en-
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ergy efficiency is equal to the product of efficiencies of all energy conversion stages given
that they are developed as in-series processes. Since it is quite difficult to evaluate the
W2W efficiency, the efficiencies of the separate segments in this chain are usually discussed,
such as engine efficiency, FC efficiency, drive efficiency, altogether originating the onboard
(tank-to-wheel [62]) efficiency, etc.

In particular, the average refining process for gasoline is around 85% efficient [65]. The
efficiency of gas and steam turbines exceeds 70% [66]. The theoretical maximal efficiency
of a wind turbine is 59.4% [61]. A typical solar farm has about 10% efficiency, but after
interconnecting it with a wind farm, their total loading will grow, which will lead to
an increase in efficiency. This scale is expanding annually and is considered the most
promising since photovoltaic and onshore wind energy is reaching 2–3 cents/kWh in an
increasing number of places [67].

The efficiency of hydrogen production of electric power obtained from renewable
energy sources is 50–60% for small units and about 65–70% for larger installations [20].
An average electrolyzer works about 10% of the time or less with 50 to 79% efficiency
dependently of the degree of loading [68]. Generally, the higher the system load factor,
the cheaper the cost of hydrogen. Additional energy losses occur during the compression
of hydrogen (efficiency of hydrogen liquefaction is about 90% in accordance with [20,58]).
Another problem is that hydrogen is difficult to store because it easily leaks out. Moreover,
the pipelines usually have much more losses [69] than electricity transmission grids, the
efficiency of which exceeds 95% [70].

After transition from W2W to the tank-to-wheel level, the authors of [37] quantify the
efficiency of ICEs as 30–35%. Following [26,71], the efficiency of ICE is between 20 and 30%,
but 16–37% in [62]. In [72], the ICE-driven vehicles are called 10–16% efficient. The authors
of [37] estimate the efficiency of gas engines as 38–40% in a wide range of driving modes,
whereas in [71] this efficiency is rated as 27%.

In [26], it was revealed that EVs are characterized by having twice-higher efficiency
than ICE-fed vehicles. The efficiency of the propulsion electrical drives is usually about
70–80%, including the efficiency of an average EM of 75–90% and the efficiency of a power
converter of 90–95% [62,73]. In [20], the efficiency of the battery-fed electrical drive is
evaluated as 80%.

The authors [4,58] quantify the FC efficiency as 60–65% at peak power. In turn, in
accordance with [74], the FC efficiency is counted as 51%, which is higher than that of a
gas turbine and ICE. However, when comparing different types of vehicles, the efficiency
of the FCEV is evaluated between 25 and 38% in [42,72], though it still exceeds that of the
ICE-driven vehicles. A similar estimation can be found in [4], where it is emphasized that
the efficiency of FCEVs is 16–26%, which is 60–70% higher than that of ICE vehicles. On
average, replacing the ICE with an FC system could save at least 60% of onboard energy
consumption [26,71]. In contrast, according to [16,20], FCEBs are less efficient than BEBs,
and in some extreme cases they may even be less efficient than ordinary vehicles with
gasoline or diesel engines.

Regarding BEBs as compared with FCEBs, the authors of [67] promise higher efficiency
from the former, since they offer the potential for up to 75% energy savings compared
to FCEBs in the same applications. A study conducted at Stanford University and the
Technical University of Munich in 2016 revealed that, even assuming local hydrogen
production, investing in BEBs is the most economical choice due to their higher energy
efficiency [75].

In addition to the efficiency, several authors are referring to other parameters aiming to
estimate vehicle effectiveness. In transport, mileage is often used, that is, the distance that a
car overcomes at a given amount of fuel, usually km/kg, or liter/100 km, or kWh/km [12].
The authors [62], having collected a complete set of data from 428 EVs, found the average
energy consumption of BEBs starts at 0.4 kWh/km. On the other hand, an estimation of [23]
has resulted in average BEB energy consumption of 0.8 kWh/km at operations in a normal
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mode with 20 ◦C, low traffic, and a skilled driver, but the same BEB operating in winter, at
−10 ◦C, with electric heating turned on, has reached a consumption of 2.5 kWh/km.

Hydrogen is a great energy carrier in relation to weight. The energy value of hydrogen
is between 30 and 50 kWh/kg [42]. Since the volumetric energy density of gasoline and
diesel fuel are near 8.8 and 10 kWh/liter, respectively, they contain only 12–13 kWh/kg [76].
Since the volumetric energy density of liquid hydrogen is about 20% of the volumetric
energy density of gasoline, hydrogen liquefaction requires about 12 kWh/kg of additional
energy, which is equivalent to 20–40% of the useful energy contained in 1 kg of H2 [77].

The study in [67] revealed that an average FCEB consumes 2.4 times more energy
than an average BEB. An analysis published in “Green Car Reports” shows that the FCEVs
consume even three times more electricity per kilometer than BEVs [78], and the same can
be said about the best FCEVs in Japan. In [42], the amount of energy required to move an
FCEB is accepted between 1 and 1.25 kWh/km. In the first projects [49], it was expected
than FCEBs will use maximum 15 kg of H2/100 km. Now [79], a typical range of FCEBs is
from 4 to 7 kg/100 km.

Figure 7 roughly demonstrates different efficiency estimates of the four types of buses.
It is considered that a diesel bus normally consumes 19–24 L per 100 km [80,81] and a bus
propelled by LPG consumes 10–15% more, that is, 21–27 L. These data are reasonable for
high-density traffic in urban areas, but surely not for long-mileage cruises.
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Figure 7. Efficiency estimates of the four types of buses.

2.3. Diversity of Efficiency

It is noteworthy that efficiency is a variable value, which changes depending on driving
modes, degree of consumption, loading level, and environmental conditions [62,80].

The average efficiencies discussed above were mainly focused on the propelling in
some standard driving conditions. At the same time, city driving is characterized by the
modes of random accelerations and braking, stopping, and overtaking. Herewith, the
efficiency itself changes in a way similar to that shown in Figure 8 for EMs [82].
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Figure 8. Efficiency map of an EM in torque (T) to speed (ω) reference frame.

Propulsion efficiency grows as the degree of loading increases, demonstrating a maxi-
mum that is more pronounced for EMs at upper speeds. Higher transmission ratio also
has a positive effect on efficiency: it increases as the power unit rotational speed decreases.
Less efficiency is achieved with overload and low-speed conditions, so the lowest values
are typical for idling and slow operation. It means that in the case of slow city driving, the
losses are much higher than in the case of fast-speed bus travel on highways.

Variable losses are also associated with power converters and driven wheels [82]. As
for losses related to the so-called “well-to-tank” chain, there are also many examples of
changing efficiency.

A very effective way to utilize the excess mechanical energy of the engine is to convert
kinetic energy into electrical energy and feed it back to the battery power source by means
of regenerative braking. This approach differs from conventional braking, in which excess
kinetic energy is converted into heat and released into the environment. The advantages of
regenerative braking compared to traditional braking are energy saving, reduced tire wear,
and fuel economy [49,83].

Traditionally, there are some practical limitations on how much and how quickly
regenerative braking can be applied, since it is impossible to completely recover energy. The
amount of regenerative energy depends on many factors, such as the deceleration rate of the
engine and the receptiveness of the energy storage system. A review of numerous sources
in the literature has led to a diagram of the typical distribution of braking energy [83]
presented in Figure 9.
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Regarding the previously evaluated efficiency of an electrical drive, the amount of
energy returned to the supply at regenerative braking is between 20 and 35%. At the same
time, it was reported in [84] that the return of braking energy in typical urban areas can be
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increased much more, and can potentially reach 80% in large cities with intensive traffic
and deceleration regimes.

3. Advancing the Hydrogen Production Technologies
3.1. Engagement in Hydrogen

Both the global and the EC strategies consider hydrogen as one of the key fuels of
the future. In the transport sector, the competitiveness of hydrogen compared to other
fuels depends on the degree pollutions in the entire W2W chain, from fuel production
to consumption, so the priority is to reduce pollutions [85,86]. Although the hydrogen-
powered FCEB emits few pollutants, producing mainly water and heat, the overall W2W
chain is associated with creation of a great amount of pollutants in the non-driving stages.
This is because the largest number of problems hindering the introduction of FCs in the
transport sector is not related to onboard equipment, but to the hydrogen manufacturing,
storage, and delivery [26].

From 1980 to 2018, the use of hydrogen has tripled [67]. In 2018, the worldwide
hydrogen production was valued at over 110 billion euros and its use was amounted to
225 thousand units installed [67]. Nevertheless, hydrogen still makes up a modest fraction
of both the global and the EU energy balances, accounting for less than 2% in energy
consumption. Simple estimates show that it means roughly 3000 TWh/year or near 70 Mt
of hydrogen from electrolysis and from hydrocarbons reforming worldwide [85].

The global hydrogen production is expected to grow over 5% annually through
2028 [87]. However, in order for hydrogen to reduce the pollution of the planet, it must
reach a much broader scale. The EU has set a goal to produce up to 1 million cubic meters
of industrial hydrogen by 2025 and 10 million cubic meters by 2030. These 10 million
will comprise a fairly small share of Europe’s total energy consumption. Herewith, by
2050 hydrogen should already account for more than 60% of seasonal energy storage
needs [39].

In [74], calculations of worldwide prices are given for hydrogen and other fuel sources
from 2017 to 2050. In 2019, the cost of hydrogen, including its manufacturing, distribution,
storage, and delivery was estimated from 1.5 to 10 €/kg. This cost depends on whether
the production is centralized or decentralized, as well as on the market segment and many
other factors. In comparison with gasoline, the hydrogen cost per kilometer was up to three
times greater [44].

To decrease the cost, it is convenient to produce hydrogen in places most closely
located to the corresponding energy resources [88]. For example, in [89] a situation was
considered in which a bus with an ICE costs to the fleet about 0.6 €/km for fueling and
maintenance. The BC Transit Company from Vancouver had to spend twice as much on
FCEB, about 1.3 €/km, because Vancouver does not have its own supplier of hydrogen fuel
and hydrogen was delivered by diesel trucks from Quebec located 4800 km away. This not
only doubled operating costs, but also reduced the benefits of the using the “zero-emitting”
FCEBs in the first place. As a result, three FCEBs were deactivated and returned back to the
Ballard Company producing these FCEBs, and the others were converted to ICE electric
hybrids and eventually discarded.

At the same time, hydrogen can be obtained as a by-product in specific energy-
intensive industrial processes. It leads to the creation of new jobs and potentially has a
multiplier effect, at which hydrogen can be used in combination with other resources (such
as ammonia fabrication, iron release, methanol elaboration, oil refining and processing of
biofuels for hydrocracking, making diesel and biodiesel fuels, synthetic fuels, electronics,
etc.) to export goods with higher added value [67]. For example, the steel and cement
industries currently account for 15–27% of global CO2 emissions [90,91], as well as dust,
ash, soot, and smoke. Obtaining hydrogen as a byproduct of these industries predicts great
benefits. According to the calculations of [43], the modernization of heavy industry could
reduce greenhouse gas emissions by at least 50–60%, becoming an important contribution
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to the national economy. Examples are enterprises of this kind in Australia, Chile, Norway,
Morocco, China, etc. [92].

Hydrogen manufacturing concentrated at centralized large enterprises commonly re-
duces the cost of production, but requires additional costs for storage and delivery to HRSs.

Given the estimates of [74], the cost of hydrogen storage and distribution ranges from
30 to 170% of the fabrication cost. The authors of [67] promise that the demand for storage
of high volumes of solar and wind energy should increase significantly by 2050 compared
to today, and hydrogen should help meet this requirement.

Logistics of imported hydrogen accounts for 30–40% of the total cost of its delivery [67],
which ranged from 0.2 to 3.4 €/kg in 2019 [74]. In the case of delivery, significant losses
are added to the logistics chain, which can multiply the need for electricity for hydrogen
supplies.

Analysis of [9] presumes that over the next decade, the cost of the entire hydrogen
manufacturing cycle should decrease by about 60%, and by about 70% if only distribution
and retail are taken into account.

The following projects look prospective around the hydrogen W2W costs reduc-
tion [67,93,94]:

• improving the efficiency of the hydrogen fuel chain and search for options to
decrease losses;

• estimation of the potential for reducing greenhouse gas emission in the hydrogen production;
• solving the problem of transferring pipeline systems from natural gas to hydrogen;
• assessment of the possibilities for using the best available renewable resources outside

the country;
• assessment of the socio-economic consequences of the hydrogen economy.

3.2. Leaving behind Fossil Fuels

Hydrogen is absent on earth in its pure form, and must be extracted from other
compounds using various approaches. A wide range of fuels can produce hydrogen,
including renewable energy, nuclear energy, natural gas, coal, and oil. It can be transported
via pipelines or on ships in liquid form. It can be converted into electricity and methane.

There are various options for generating hydrogen from both non-renewable and
renewable energy sources (Figure 10).
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Currently, there are many methods of industrial hydrogen generation from water,
garbage, ethanol, metallurgical slag, biomass, etc. Such methods include electrolysis,
steam conversion of methane and natural gas, coal gasification, pyrolysis, partial oxidation,
biotechnology, and others. A variety of methods is one of the main advantages of the
hydrogen supply since it increases energy security and reduces dependence on certain
types of raw materials [95].
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Most of the global industrially manufactured hydrogen (80% according to estimates
of [6]) is made from fossil fuels, including natural gas and nuclear energy. Depending on
the fabrication method and the carbon footprint, that is, the amount of harmful emissions,
hydrogen from fossil fuels is distinguished with color gradation as hydrogen produced
without CO2 capture (“grey” hydrogen), hydrogen from atomic energy (“yellow” hydro-
gen), and hydrogen from natural gas and fossil fuels produced with CO2 accumulation in
special storage facilities (CCU, “blue” hydrogen) [95].

Hydrogen from fossil fuels is still largely obtained with harmful emissions entering
the atmosphere. While manufacturing, about 830 to 900 Mt of CO2 are emitted annually
in the world [2,48]. This means almost 4% of the total global CO2 emissions. Hydrogen
production in EU using this method is associated with 70 to 100 Mt of annual emission of
CO2 [1,87].

Its vast majority (96% according to [87]) is obtained without CO2 capture (“grey”
hydrogen). Hydrogen generation for hydrocracking, used in the manufacturing of gasoline,
produces approximately 10% of greenhouse gas emissions [2,96], which is equivalent to
CO2 emission in the UK and Indonesia combined [85,86]. Hydrogen produced by steam
reforming of methane has an emission factor of about 285 g CO2/kWh (9.5 kg CO2/kg H2),
and when coal is gasified, the emission factor grows to about 675 g CO2/kWh [67]. At that,
the amount of hydrogen produced should be calculated, taking into account its losses at
transportation, storage, and liquefaction. Moreover, according to the Ford Motor Company,
this “grey” hydrogen includes 40% other pollutants besides 60% CO2 [96].

In addition to the inefficient conversion of fossil fuels into a usable form of resources,
the common disadvantages of “grey” technologies include political instability in countries
rich in fossil fuels and some other variable factors; therefore, costs of “grey” hydrogen
oscillates between 0.1 to 2€/kg [97] (Figure 11).

Energies 2022, 15, x FOR PEER REVIEW  17  of  28 
 

 

rich  in fossil fuels and some other variable factors; therefore, costs of “grey” hydrogen 

oscillates between 0.1 to 2€/kg [97] (Figure 11). 

 

Figure 11. Approximate ratios between hydrogen prices (€/kg) in 2020. 

Another option is “blue” hydrogen based on natural gas storage and on fossil fuels 

with carbon capture. According to [1,60], the main limiting factors for the utilization of 

“blue” hydrogen in public transport are higher investment expenses than in the case of 

direct use of fossil fuels in ICE. These expenses include both operations and additional 

investments  towards hydrogen‐based equipment, storage, and  facilities. Moreover,  the 

possible impact of risks in the supply chains and uncertainty in the market are amplified 

due to high margins on final products in the global competition. In 2020, the estimated 

costs for “blue” hydrogen were from 2 €/kg [1] to 6 €/kg H2 and higher [97]. Now, it highly 

depends on the current natural gas prices. 

Criticism is often related to the high intensity of carbon emissions when hydrogen is 

released from fossil fuels. In addition, such problems await their solutions as the burden 

of capital costs,  low energy content per unit volume  in environmental conditions, and 

investments in the hydrogen manufacturing and compression, along with the creation of 

infrastructure for hydrogen distribution, delivery to HRSs, and limited capacity to pro‐

duce or generate it in the bus‐operated territories. 

3.3. Time for Renewable Hydrogen 

The most prospective option is the implementation of the “green” hydrogen technol‐

ogy. The  future of cleaner energy requires an  increase  in  the supply of hydrogen  from 

renewable resources [2]. Renewables can replenish themselves, thereby replacing the part 

depleted at consumption, for a finite period of time on a human timescale, in contrast to 

fossil fuels that are being consumed at a much faster rate than they are replenished. Tran‐

sition from the “grey” and “blue” technologies to renewable hydrogen leads to achieving 

the goal of climate neutrality and “zero emission” in the long term, being the most con‐

sistent with an integrated energy system. Climate neutrality refers to the idea of achieving 

net zero greenhouse gas emissions by balancing these emissions so that they are equal to 

(or less than) the emissions that are removed by the natural absorption of the planet. 

Environmentally friendly renewable hydrogen is an energy carrier obtained either 

using an electrolyser from water by electrolysis (red bar in Figure 11) or from renewable 

energy sources by gasification of the renewable feedstocks, as well as from hydro, tidal, 

wave, wind, or solar resources (green bar in Figure 11). Biofuels (biomass and biogas) and 

waste are also considered renewable energy sources [12], though  they are not environ‐

mentally friendly.   

0.1 – 2

2 – 6

3 – 10

5 – 15

0

3

6

9

12

15

"Grey" "Blue" "Green" "Green"
electrolisis

Figure 11. Approximate ratios between hydrogen prices (€/kg) in 2020.

Another option is “blue” hydrogen based on natural gas storage and on fossil fuels
with carbon capture. According to [1,60], the main limiting factors for the utilization of
“blue” hydrogen in public transport are higher investment expenses than in the case of
direct use of fossil fuels in ICE. These expenses include both operations and additional
investments towards hydrogen-based equipment, storage, and facilities. Moreover, the
possible impact of risks in the supply chains and uncertainty in the market are amplified
due to high margins on final products in the global competition. In 2020, the estimated
costs for “blue” hydrogen were from 2 €/kg [1] to 6 €/kg H2 and higher [97]. Now, it highly
depends on the current natural gas prices.

Criticism is often related to the high intensity of carbon emissions when hydrogen is
released from fossil fuels. In addition, such problems await their solutions as the burden
of capital costs, low energy content per unit volume in environmental conditions, and
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investments in the hydrogen manufacturing and compression, along with the creation of
infrastructure for hydrogen distribution, delivery to HRSs, and limited capacity to produce
or generate it in the bus-operated territories.

3.3. Time for Renewable Hydrogen

The most prospective option is the implementation of the “green” hydrogen technol-
ogy. The future of cleaner energy requires an increase in the supply of hydrogen from
renewable resources [2]. Renewables can replenish themselves, thereby replacing the part
depleted at consumption, for a finite period of time on a human timescale, in contrast to
fossil fuels that are being consumed at a much faster rate than they are replenished. Transi-
tion from the “grey” and “blue” technologies to renewable hydrogen leads to achieving the
goal of climate neutrality and “zero emission” in the long term, being the most consistent
with an integrated energy system. Climate neutrality refers to the idea of achieving net
zero greenhouse gas emissions by balancing these emissions so that they are equal to (or
less than) the emissions that are removed by the natural absorption of the planet.

Environmentally friendly renewable hydrogen is an energy carrier obtained either using
an electrolyser from water by electrolysis (red bar in Figure 11) or from renewable energy
sources by gasification of the renewable feedstocks, as well as from hydro, tidal, wave, wind,
or solar resources (green bar in Figure 11). Biofuels (biomass and biogas) and waste are also
considered renewable energy sources [12], though they are not environmentally friendly.

In most cases, renewable hydrogen sources are economically unprofitable, and its cost
estimated in [1,97] oscillates from 2.5 to 15 €/kg.

High installation and storage costs, dependence on weather, and climate are the
main barriers for expanding the use of renewables. In most cases, renewable sources
are located far enough away from the consumer. In several regions, some of them are
completely inaccessible, while in others delivery costs are high. The uncertainty in the
energy production capacity of variable renewables aggravates the problem.

Today, the share of renewable energy sources in global energy consumption is about
12%, and about 20% of the electric power generation sector [85,86]. It is planned to grow
to 25% by 2035 and to 40–50% by 2050. It is also expected that renewable energy sources
will occupy an important place, accounting for more than 60% of the newly installed
capacities [12].

Several production plants to produce up to one million tons of “green” hydrogen are
designed for the next years. On the way to 2050, renewable hydrogen should be gradually
introduced on a large scale along with opening new renewable energy sources as technology
is developed and manufacturing costs decrease. According to [1], by 2030 renewable
hydrogen will become economically competitive compared to other forms of hydrogen
production. Analyses of [85,86] indicate that the cost of hydrogen from renewables may fall
by 30% by this time. The priority for the EU is to develop renewable hydrogen, produced
using mainly wind and solar energy. The cost of renewable hydrogen in this area is
rapidly declining. The cheapest wind power and solar projects can now offer hydrogen
at a price comparable to the cost of hydrogen released from several fossil fuels. Already,
some renewable energy resources have become competitive with natural gas. The authors
of [67] show that hydrogen from low-cost wind and solar photovoltaic projects will achieve
competitiveness with fossil fuels by 2025–2028.

Setting quotas for CO2 emission from fossil fuels further increases the competitiveness
of “green” hydrogen. From 2030 to 2050, renewable hydrogen technologies should reach
maturity and be implemented on a large scale to cover all sectors that are difficult to
decarbonize and where other alternatives may not be feasible or have higher costs. This
is an ambitious plan, given that there are no global examples yet of large-scale “green”
hydrogen production [96]. Elaboration of a large volume of hydrogen from renewable
energy sources, in combination with hydrogen storage, should contribute to ensuring
long-term seasonal flexibility. Researchers from [67] consider seasonal storage of renewable
electricity, and primarily hydrogen, to be an especially promising direction after 2030.
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Since the FC technology offers many advantages when the fuel is hydrogen from
renewable sources, multiple global and national policies promote the application of re-
newables in road transport, including measures to directly support the use of biofuel and
“green” electricity in FCEBs and encourage the introduction of “zero-emitting” vehicles [12].

The transport sector, including FCs, HRSs, and electrolysers, will just benefit from the
transition from experimental to mass production. Considering that transport remains the
sector with the lowest share of renewable energy sources, the European Chemicals Agency
aims to introduce “green” hydrogen technologies to transport by combining renewable and
“zero-emitting” hydrogen offering. As a result, as follows from [31], the share of “green”
hydrogen should increase to 13–14% by 2050.

3.4. Challenges and Prospects of Electrolysis

An optimal way is to manufacture hydrogen by direct electrolysis of water by electric-
ity, especially because electricity is easier to deliver to the consumer by wires than hydrogen
by pipes.

Electrolyzers are the devices that split water into hydrogen and oxygen, thus issuing
hydrogen electrically from water as outlined in Figure 12. Here, a DC voltage source is
connected to the negative anode and positive cathode of the electrolyser. Upon the voltage
between anode and cathode, a water electrolyte solution is splitting into positively charged
hydrogen ions and negatively charged oxygen ions. The former are attracted to the anode
and recombine in pairs to form hydrogen. Likewise, the negative oxygen ions are drawn to
the cathode and form oxygen there.
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In this way, the HRSs can manufacture hydrogen in urban areas. It is noteworthy that
hydrogen generation in HRSs is an energy-intensive process, which makes the hydrogen
too expensive (10–15 €/kg H2 [97]) and leaves negative the overall balance of energy
consumption of this alternative fuel. Hydrogen prices for consumers largely depend on
how many HRSs there are, how often they are used, and how much hydrogen is delivered
daily. It is probably impossible to manufacture a significant amount of hydrogen using
exceptionally cheap or even free water if the electrolysers work about 10% of the time
or less. Given this level of use, produced hydrogen turns out to be uncompetitive. To
reduce the cost of hydrogen generation from water, electrolyzers must have a much higher
utilization factor, which, in turn, is incompatible with the sharply increasing demand for
electricity. In this connection, the need to find a balance between buying electricity during
periods of low prices and increasing use of electrolyzers is discussed in the literature [95].

As follows from [6,98], the global electricity generation now overcomes 27,000 TWh/year
at the total world electricity installed capacity above 7 TW. However, 35% of this capacity
come from coal, 23% from natural gas, 11% from nuclear, and 4% from oil. Just 16% come
from hydro resources, 5% from wind, 3% from solar stations, 2% from biomass and waste,
and 1% from other renewables. In 2020, 20% of 3700 TWh electricity in the USA [99] and
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38% of 2664 TWh electricity in the EU [100] were obtained from renewables, and in the
EU it was the first time when renewables overtook fossil fuels and became the primary
source of electricity [101]. Nevertheless, renewable electricity satisfies as few as 0.3% of
total hydrogen needs [12] whereas biofuels continue to make the largest contribution from
renewable energy sources to the road transport sector.

Hydrogen is obtained from both the regional and the local HRSs. Those locations follow
a careful analysis of the demands for the fleet and other requirements of FCEBs and heavy-
duty vehicles [67] because any interruption at a hydrogen supply can shut down multiple
consumers [102]. There are various concepts of refueling infrastructure that are suitable for
different levels of hydrogen demand, from refueling a single FCEB to large filling stations
capable of refueling multiple cars and FCEBs daily [40]. The regional HRSs are equipped
with powerful electrolyzers whereas the local HRSs can be either also equipped with the
own electrolyzers or acquire hydrogen from the regional HRSs aiming only to share it in situ
among fueling FCEBs with extremely low emissions [18]. Generated hydrogen is compressed
and stored ready for dosing until needed. Many HRSs have a distribution system that allows
multiple buses to be used for simultaneous hydrogen refueling. Each refueling in HRS takes 5
to 12 min, which is much faster than BEBs overnight charging.

As an example, the first commercial HRS of the Nation-Energy Company in Yunfu
(China) can be considered. The daily capacity of this station is 500 kg of hydrogen, and
the storage capacity is 665 kg. Refueling the bus with 22 kg H2 takes 5–7 min, while the
average consumption per bus is about 12 km/kg H2 [18].

Over the past decade, the costs of electrolyzation have decreased by 60% and the
study [1] predicts that by 2030 they will be halved compared to today. With the expected
reduction in both the cost of electrolyzers and the cost of electricity from renewable sources
in the long term, hydrogen produced from water will become competitive with other forms
of hydrogen generation. Higher capacity factors of wind and solar farms are also an impor-
tant factor in reducing overall costs. Thus, the question is how early this competitiveness
will be achieved and to what extent new technologies can accelerate this trend.

The EU has presented a hydrogen strategy, whose goal is to issue a set of powerful
electrolyzers. The following projects are progressing in this direction [67,93,94]:

• assessment of the economic efficiency of seasonal storage and flexibility on the elec-
trolyzers’ demand side;

• assessment of the potential to reduce the electrolyzers’ cost and their ability to work
with a partial load, given the availability of variable power;

• assessment of possible improvement of the characteristics of various electrolyser
designs and their degradation under different operating conditions that affect the cost
of hydrogen;

• assessment of the potential and the rate of reduction of investment costs for
the electrolyzers.

According to [12,67], it is expected that by 2030 the installed capacity of all electrolyzers
will be about 700 GW and 1700 GW by 2050. With this development, the cost of electrolyzers
should be reduced from 840 to 375 €/kW by 2050.

3.5. Future-Oriented Initiatives

In 2011, the International Renewable Energy Agency (IRENA) has been established as
the principal platform for international cooperation in promoting the widespread adoption
and sustainable use of all forms of renewable energy, including bioenergy, geothermal,
hydropower, ocean, solar, and wind energy, in the pursuit of sustainable development,
energy access, energy security, and low-carbon economic growth and prosperity [103].

In 2015, a legally binding international treaty on climate change called the “Paris
Agreement” was adopted aiming to limit global warming to well below 2, preferably to
1.5 ◦C, compared to pre-industrial levels [104].

Five years later, the European Clean Hydrogen Alliance was founded as part of the
European new industrial strategy [29] with a plan to accelerate the reduction of CO2 emission.
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In this connection, the “European Green Deal” project was approved in 2020. Its
“Fitfor55 Package” issued by the EC proposes reducing net greenhouse gas emission by at
least 55% by 2030 compared to the 1990 level [39]. This strategy must turn Europe into a
climate-neutral continent by 2050 through measures in all areas of its economy, including
investments in transport electrification [12].

Seeking to promote a more efficient and sustainable transport policy, the EC considers
the use of hydrogen in the transport sector in its “Strategy for Sustainable and Reasonable
Mobility” announced in the “European Green Deal.” To boost the introduction of new
technologies, the Package amends the “Renewable Energy Directive” (RED II) [105] and
sets renewable hydrogen quotas for the transport sector by 2030. As a result, all new
transport means, including buses, on the European market should become “zero-emitting”
from 2035.

In 2020, the world’s largest developers of renewable hydrogen systems joined to-
gether to form the “Green Hydrogen Catapult” initiative, aimed at significantly reducing
costs to stimulate a faster transition to renewable energy in the most carbon-intensive
industries [12].

For the development of low-carbon technologies, a European Innovation Fund with a
volume of about 10 billion euros was created [1]. The Fund aims to facilitate the demonstra-
tion of innovative hydrogen-based systems and to reduce the risk of large and complex
projects and, therefore, offers a unique opportunity to prepare such technologies for large-
scale implementation in the period of 2020–2030. The first tender of proposals within the
framework of the Fund was announced in 2020.

The goals for 2025 and 2030 set out in the “Regulation on CO2 Emission Standards” [106]
are important factors for creating a leading market for hydrogen solutions as soon as the
FC technology becomes sufficiently mature and cost-effective. The “Horizon 2020 FCs”
and “Hydrogen Joint Venture” (FCH-JU) projects [88] are aimed at accelerating Europe’s
technological leadership. In the scope of the FCH-JU joint project, the EU is promoting
the “Joint Initiative for Hydrogen Vehicles across Europe” (JIVE and JIVE2) programs that
support the introduction of large-scale FCEBs and hydrogen HRSs.

A hydrogen strategy for a climate-neutral Europe has been developed in 2020 [1]. Its
most important section is “Promoting research and innovation in the field of hydrogen
technologies.” First, as far as hydrogen production is concerned, this entails scaling up to
larger, more efficient, and economical gigawatt plants, which, together with fabrication
capabilities and new materials, provide hydrogen to large consumers. Second, it is planned
to further develop the infrastructure for the distribution, storage, and delivery of hydrogen
in large volumes and, possibly, over long distances. Third, an important place is occupied
by the creation of large-scale applications for use in transport, including FCEBs. Finally, it
is offered to support policy development in a number of cross-cutting areas, in particular
to ensure improved and harmonized safety standards, as well as monitoring and assessing
the impact on the social sphere and the labor market. Robust methodologies need to be
developed to assess the environmental impacts of hydrogen technologies and associated
value chains, including lifecycle greenhouse gas emission and sustainability.

The EC also provides targeted support to prepare financially sound and viable hy-
drogen projects in countries where this is identified as a priority in relevant national and
regional programs. During the funding period, a special “Interregional Innovation In-
vestment Tool” with a pilot project on hydrogen technologies in carbon-intensive regions
supports the development of innovative value chains in the context of the “European
Regional Development Fund” [107].

Most countries of the world recognize an important role of the transport sector in
reducing emissions and include transport modernization in their national energy plans
following the “Paris Agreement” [101,104]. Herewith, according to [85], the number of
countries that directly support investment in hydrogen technologies is constantly increasing,
with most of them focused on transport. To date, 18 countries, whose economies account for
70% of global GDP, have already developed detailed strategies for implementing solutions
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in the field of hydrogen energy. About 10 thousand HRSs are under construction by
2030 in China, Japan, the USA and South Korea [9]. This factor may become an important
management point for considering the use of hydrogen technology in general.

According to publicly available data, the FCEV stocks in China are expected to reach
50 thousand by 2025 and 1 million by 2030. Japan has set similar ambitious goals regarding
FCEVs, aiming for 20 thousand FCEVs by 2025 and 800 thousand by 2030. The most
ambitious targets are those of South Korea and Germany, with a total of 18 million FCEVs
by 2030s.

The “Green New Deal” of the Republic of Korea outlines the country’s plans to issue
20 thousand FCEVs by 2025 and achieve carbon neutrality by 2050 that include 1.13 million
euros. The Korean goal is to provide funding for 65 HRSs by 2035 [12] by 2040 as a part of
the eco-friendly public transportation expansion policy in the scope of “The Roadmap for
the Hydrogen Economy” program [50].

In 2016, the German government adopted the “Climate Action Plan” for 2050, making
Germany one of the first countries to adopt the long-term low greenhouse gas emission
reduction strategy [18]. Germany’s hydrogen strategy is planning to increase hydrogen
production capacity to 5 GW by 2030 and 10 GW by 2040 using electricity from renewable
energy sources. Germany has also pledged to invest up to 7 billion euros in the renewable
hydrogen technologies [12].

As part of the “10-point plan” of the green industrial revolution of the UK, about
12 billion GBP of public investment is allocated for decarburization of the country. The
plan includes grants for “zero-“ or ultra-low-emitting vehicles with the phasing out of sales
of gasoline and diesel buses and vans by 2030. The UK has also announced the allocation
of 28 million GBP to finance five hydrogen-issued projects [12].

Canada has published a climate plan that includes the goal of banning the sale of new
gasoline-powered passenger cars, vans, and pickups by 2035 with their replacement being
BEV and FCEV transport.

Norway has allocated 3.6 billion NOK to support the transition from “grey” to “blue”
hydrogen and, finally, to “green” hydrogen.

Spain has unveiled a plan to increase hydrogen production from renewable sources
and set a target for 300–600 MW of their capacity by 2024 and 4 GW by 2030.

Scotland has announced the allocation of 100 million GPB for new electrolyzers and
set a goal to obtain 25 GW of renewable hydrogen by 2050.

The Estonian Transport Administration, coordinating the development of the nation-
wide public transport, expects that the public transport fleet in Tallinn will be carbon-
neutral [108], assuming that all diesel buses will be replaced by 2025 and gas buses by 2035.
At the same time, with the support of the EU, it is planned to create a network of HRSs and
to supplement the Tallinn bus fleet with FCEBs.

The Australian government has allocated 70 million AUD to support the deployment
of at least two new renewable hydrogen projects and established a new 300 million AUD
fund to invest in the renewable hydrogen national industry.

Chile has unveiled a national “green” hydrogen strategy aimed at turning the country into
a global producer and exporter of hydrogen by 2040. The strategy consists of a commitment
to develop regulation of the use and fabrication of renewable hydrogen, analyze world best
practices related to renewable hydrogen, and convene a government sector to develop a
roadmap and action plan by 2025, which will identify opportunities for joint financing with
the private sector. Chile’s strategy also updates the country’s rules, setting a goal to reduce
greenhouse gas emission by 18–27% by switching to renewable fuels.

In several developed countries, more and more active efforts are also being made
to expand the use of hydrogen with an emphasis on larger-scale, more environmentally
friendly technologies.
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4. Summary and Outlook

The state-of-the-art introduction of the hydrogen technology into the city bus transport
sector has been analyzed in this review. The three sections of the study focus on the three
sides of these vehicles’ development and prospects, namely energy consumption, energy
efficiency, and energy production. The current problems of bus energy supply are selected,
identified, and evaluated in terms of their solution, improvement, and development.

The comprehensive search among the most relevant documents, studies, and technical
reports published in official EC directives and regulations, scientific journals, conference
proceedings, established standards, and on the Web resulted in the following conclusions.

First, the widespread use of clean FCEBs faces several challenges. The hydrogen
infrastructure is developing slowly, and many obstacles have been found on the way to its
implementation. The effectiveness of the FCEBs depends strongly on the energy generation
used to produce hydrogen. In the countries where the renewables are the main energy
sources, the FCEBs are effective and their benefits strongly depend on the number of HRSs,
the intensity of their use, and the amount of hydrogen delivered. In other regions, where
hydrogen is almost entirely supplied from natural gas, coal, and other fossil fuels, efficiency
of the FCEBs remains rather low.

Second, the review shows that the main pathway to follow to refine the present
technology is to expand the use of renewable energy sources and production volumes, from
which FCs and HRSs can benefit so that hydrogen from renewables could become a reliable
medium to decarbonize bus transport, improve air quality, and strengthen energy security.
The deployment of FCEBs, focused primarily on long and medium mileage and passenger
transportation on popular routes, promises to increase the competitiveness of FC vehicles.

Third, to solve the problems identified in this review, the active participation of
national and local authorities, industry, and investors is required. Recent advances in the
implementation of FCs in city buses have shown that policies and technological innovations
have the potential to create a global industry of environmentally friendly public transport.
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Abbreviations

EV electric vehicle
BEV battery electric vehicle
BEB battery electric bus
FC fuel cell
FCEV fuel cell electric vehicle
FCEB fuel cell electric bus
EU European Union
EC European Commission
CO2 carbon dioxide
H2 hydrogen
DC direct current
EM electrical motor
ICE internal combustion engine
HRS hydrogen refueling station
CNG compressed natural gas
LPG liquid petroleum gas
W2W well-to-wheel
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