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ABSTRACT

The transport sector is considered to be a significant contributor to greenhouse gas emissions, as this sector emits
about one-fourth of global CO, emissions. Transport emissions contribute toward climate change and have been
linked to adverse health impacts. Therefore, alternative and sustainable transport options are urgent for
decarbonising the transport sector and mitigating those issues. Hydrogen fuel cell vehicles are a potential
alternative to conventional vehicles, which can play a significant role in decarbonising the future transport
sector. This study critically analyses the recent works related to hydrogen fuel cell integration into vehicles,
modelling and experimental investigations of hydrogen fuel cell vehicles with various powertrains. This study
also reviews and analyses the performance, energy management strategies, lifecycle cost and emissions of fuel
cell vehicles. Previous literature suggested that the fuel consumption and well-to-wheel greenhouse gas emissions
of hydrogen fuel cell-powered vehicles are significantly lower than that of conventional internal combustion
vehicles. Hydrogen fuel cell vehicles consume about 29-66 % less energy and cause approximately 31-80 % less
greenhouse gas emissions than conventional vehicles. Despite this, the lifecycle cost of hydrogen fuel cell ve-
hicles has been estimated to be 1.2-12.1 times higher than conventional vehicles. Even though there has been
recent progress in energy management in hydrogen fuel cell electric vehicles, there are a number of technical and
economic challenges to the commercialisation of hydrogen fuel cell vehicles. This study presents current
knowledge gaps and details future research directions in relation to the research advancement of hydrogen fuel
cell vehicles.
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1. Introduction

Owing to being readily available and reliable, road transport usually
utilises fossil fuels such as petrol and diesel [1,2]. Road vehicles account
for about 74.5 % of transport emissions. Passenger vehicles, including
motorcycles, cars, taxis and buses contribute ~45.1 % of road vehicle
emissions, whereas heavy-duty trucks and lorries share about 29.4 %
[3]. Currently, the decarbonisation of the transport sector is one of the
prime focus areas of the vehicle manufacturing industries. A widely
implemented mid-term solution is that of gasoline-bioethanol and
diesel-biodiesel blends [4,5]. Some countries, including China, Brazil,
the European Union, Canada and Australia, already have set
gasoline-ethanol blend mandates for light-duty vehicles [6]. However,
low energy density, low stability and competition with farming land and
their associated emissions are major issues for using bioethanol or
biodiesel-based fuels in the transport sector, including heavy-duty ap-
plications [7].

Electric vehicles, including battery/plug-in electric, fuel cell electric
or hybrid electric vehicles are a promising alternative to conventional
diesel or gasoline-powered vehicles due to their high efficiency, low
noise, low emission and flexibility [8,9]. Plug-in electric vehicles typi-
cally charge from the main electricity grid, affecting grid functionality
during peak demand and may have life cycle emissions issues, depend-
ing on the electricity generation source [10]. Considering these issues,
hydrogen fuel cells (HFCs) could be another energy source for many
transport applications, such as heavy-duty vehicles. HFCs use hydrogen
and oxygen, converting chemical energy into electrical energy using the
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Fig. 1. Key components and working principle of a hydrogen fuel cell.
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movement of the proton across an electrolyte membrane, as shown in
Fig. 1.

In recent years, HFCs have received significant attention and can
play an important role in the transport sector [11-13]. The integration
of HFCs with electric vehicle technologies can bring technological
innovation for providing a clean and affordable energy solution to the
transport industry and developing the hydrogen economy. Hydrogen
fuel cell electric vehicles (HFCEVs) provide a number of benefits over
other technologies and thereby are considered potential alternative to
conventional vehicles.

e HFCs do not have any moving or frictional parts and require mini-

mum maintenance.

Produces only water and heat as waste products.

The energy efficiency of HFCs is around 40-60 %.

Increased range and comparable refuelling time when compared to

diesel-powered vehicles.

Lighter than battery-electric alternatives for same driving range and

has shorter refuelling time than battery charging.

HFCEVs convert about 60 % of the electrical energy from the source

into work at the wheels while conventional diesel or gasoline-

powered vehicles covert 20-30 % of fuel energy to wheel work.

e HFCEVs operate quietly even at highway speeds as they do not have
any mechanical gears or combustion.

e HFCEVs reduce greenhouse gas (GHG) emissions by 50-90 %
compared to gasoline vehicles, depending on the hydrogen produc-
tion pathway.

Despite several environmental and economic benefits of HFCs, the
successful commercialisation of hydrogen fuel cells for vehicle appli-
cations still have a number of technical and economic bottlenecks that
need to be addressed [14,15]. The fuel cell itself suffer from degradation
issues due to frequent change in driving pattern and temperature rise at
high loading [16,17]. The challenges associated with HFC-powered
vehicles include the high production cost of hydrogen, insufficient
refuelling infrastructure, lack of suitable control strategies for effective
vehicle operation, onboard storage of hydrogen at high pressure, high
cost of the fuel cell system, fuel cell degradation and low durability of
the fuel cell stack compared to the required lifetime for competing with
fossil fuel-powered vehicles [15,18-22]. In addition to these general
issues, there are region-specific issues which impact the life-time and
performance of hydrogen fuel cells, such as weather and fine dust par-
ticulates (particularly from iron ore) [23,24]. This might challenge the
effectiveness of using such technology in different regions.

Research on hydrogen is getting immense interest from the scientific
community for increasing the hydrogen economy and system lifetime,
and as such, research publications are growing rapidly as shown in
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Fig. 2. Literature trend of hydrogen production, storage and application
in vehicles.
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Fig. 2. The ongoing research is focussing on developing low-cost tech-
nology for hydrogen production and low-cost and emerging materials
for hydrogen storage and fuel cell stack for reducing the cost and
enhancing the durability. The majority of the literature so far focusses on
hydrogen production and storage system development. Approximately
61 % of the total literature published in 2021 was dedicated to hydrogen
production, followed by research on hydrogen storage (27 %), whereas
<2 % of literature focussed on HFCEVs.

A number of reviews on innovation and research progress of
hydrogen production and storage systems have been published recently
[25-45]. However, only very few reviews in the context of HFCEVs have
been published so far [20,46-51]. These reviews have mostly discussed
the fundamental description of fuel cells and different vehicle power-
trains, the current dissemination status of vehicles and policies in
different countries. However, there is a need in the literature for a
critical review on other important aspects, including vehicle perfor-
mance and energy management strategies, emissions and economic
footprint, to understand the current state of technological development
and formulate future research directions. Accordingly, this study ex-
plores several research questions such as (i) how the performance of
HFCEVs would be compared to the other technologies, (ii) what would
be the optimum energy management strategy for HFCEVs and (iii) can
the economic and carbon footprint of HFCEVs be comparable to other
vehicle technologies. The aim of this review work is to critically discuss
the performance (modelling and experimental), progress on energy
management strategies, lifecycle cost and emissions of HFCEVs, which
have not been explored in the previous review works.

The structure of this work is organised as follows: Section 2 presents
various fuel cell vehicle powertrains and the current global status of
hydrogen fuel cell-powered vehicles; Section 3 analyses the performance
of hydrogen fuel cell-powered vehicles, which includes the investigation
of modelling studies, on-road trials and energy management strategies;
Section 4 and 5 present the benchmarking of hydrogen fuel cell-powered
vehicles with conventional internal combustion engine vehicles in terms
of lifecycle emissions and cost, respectively; finally, the study recom-
mends several future research directions in Section 6.

In this review, a systematic approach was employed to gather,
identify and evaluate relevant literature through a comprehensive
literature (i.e., journal, conference, books and reports) search in Google
Scholar, ScienceDirect, Springer Link, Wiley Online Library, Taylor &
Francis Online, IEEE Xplore and MDPI databases. A keyword search was
performed initially in title and abstract followed by a full-text screening
to select the most relevant literature and identify the knowledge gaps in
the existing body of knowledge. The results gathered from the analyses
of the literature was primarily narrative which highlighted technolog-
ical advancements, challenges and areas for future research.

(Advantages: Advantages:
* Relatively mature
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2. Hydrogen fuel cell integration into vehicles: various
powertrains and global state-of-the-art

2.1. Hydrogen fuel cell vehicles topology

The transition from diesel engine vehicles to electric vehicle tech-
nologies such as battery electric vehicles (BEVs) or HFCEVs is promising
to decarbonise the transport sector. The integration of hydrogen fuel
cells into vehicles has received significant research interest in recent
times due to their extended driving range, fast refuelling and high en-
ergy density compared to BEVs [52-54]. Fig. 3 depicts the bench-
marking of various electric vehicle powertrains with traditional diesel
engine powertrains.

Despite a number of benefits of HFC-powered vehicles over tradi-
tional internal combustion engine vehicles (ICEVs), the sole employ-
ment of HFC in vehicles still cannot meet all the technical and fuel
economy requirements due to their inherent limitations as well as lo-
gistic challenges. For instance, an HFCEYV is less efficient in terms of the
economic aspects compared to BEVs as the cost of electricity, produced
through HFC, for HFCEV is higher than that of grid electricity [54]. This
high cost is associated with the current high cost of hydrogen produc-
tion, hydrogen transport, storage and fuelling station infrastructure.
However, the production cost of hydrogen is expected to decrease in the
near future by developing scale-up production facilities from renewable
resources and improving the supply chain infrastructure. Additionally,
the degradation of hydrogen fuel cells is one of the key technological
challenges [55,56]. Typical degradation, such as mechanical degrada-
tion, chemical degradation, membrane degradation, catalyst degrada-
tion and carbon corrosion, occur due to the transient load variation, low
and high power operation and frequent start-up/shut-down cycles,
leading to a reduction of lifespan compared to that of stationary appli-
cations (5000 h vs. 40000 h) [56].

HFCs can be employed as the main power source in vehicles along
with other auxiliary power sources such as batteries and super-
capacitors, usually known as hybrid electric vehicles. The hybridisation
can be HFC-battery, HFC-supercapacitor or HFC-battery-supercapacitor.
An additional power source in HFC-powered vehicles can reduce the
degradation of fuel cells, enhance the fuel economy and provide power
during cold starting [57,58]. The hydrogen fuel cell hybrid electric ve-
hicles (HFCHEVSs) can be either plug-in or non-plug-in types [59,60].
Fig. 4 presents a typical configuration of a HFCHEV powertrain.
Non-plug-in type HFCHEVs usually use smaller-size batteries to assist
with the vehicle start and fluctuations during load changes. However,
plug-in type HFCHEVs use larger-size batteries for providing flexible
driving ranges along with the assistance during vehicle start and load
fluctuation.
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* Smooth propulsion and
no noise

« Flexible driving ranges
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* No exhaust emission
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Fig. 3. Comparison of different electric vehicle powertrains with conventional diesel engines.
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Fig. 4. Configuration of hydrogen fuel cell hybrid electric vehicle powertrain.
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2.2. Global state-of-the-art of hydrogen fuel cell vehicles

Fuel cells were first invented in 1839; since then, research and
development works have been continued by universities, industries and
research institutions. The world’s first commercial fuel cell vehicle was
launched in 2014 by Toyota [61]. Fig. 5 shows a brief history of fuel cell
and fuel cell-powered vehicle advancement.

HFCEVs have now entered into a golden era of improvement in the
transport sector through governmental policies towards decarbonising
the transport sector and industrial involvement. Hydrogen fuel cells can
be used to power forklifts, public busses, and light- and heavy-duty
vehicles. Light-duty vehicles can store 4-6 kg of gaseous hydrogen in
an onboard tank at high pressure (70 MPa) to avoid the sacrifice of
useable vehicle space, whereas heavy-duty vehicles typically store at
lower pressure (35 MPa) [65].

Up to 2021, approximately 51,437 HFCEVs, consisting of 82 % cars
followed by 9.2 % buses and 8.7 % trucks (medium- and heavy-duty),
and 729 hydrogen fuelling stations have been in operation throughout
the world [66] as shown in Fig. 6(A). South Korea is the leader in the
number of vehicles used, sharing about 38 % of the global number and
56 % of Asia’s total vehicles. The second top disseminator of fuel cell
vehicles is the USA, accounting for about 12,358 vehicles, followed by
China (8474) and Japan (6741). The number of fuel cell-powered ve-
hicles in 2021 significantly increased by ~7.2 times compared to 2017
(7186); the increasing trend can be defined by a second-degree poly-
nomial [66]. The increasing trend of refuelling stations from the year
2017-2021 also showed a dynamic trend as the number increased from
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330 to 729 by 121 % in 2021; therefore, the trend is described in terms
of a second-degree polynomial trend. Similar to the increasing trend of
fuel cell vehicles and refuelling stations, the increasing trend of fuel cell
vehicles per fuelling station followed a second-degree polynomial [66].
The number of fuel cell vehicles per fuelling station was 22 in 2017 and
increased to 71 in 2021. The leading countries such as the USA, Japan,
Europe and China have set their target as shown in Fig. 6(C) and initi-
ated a number of national strategies to make the refuelling infrastruc-
ture more feasible and to meet the global fuel cell-powered vehicles
target of ~13 million by 2030 and 400 million by 2050 [67,68]. The
current numbers of fuel cell vehicles are far lower than the target
numbers; therefore, a third-degree polynomial can describe the trend
lines combining the current numbers of fuel cell vehicles with the future
target [66], as shown in Fig. 6(D).

3. Performance analysis of HFC-powered vehicles
3.1. Modelling/simulation studies of HFC—powered electric vehicles

A number of modelling/simulation studies have focused on the
investigation of HFCEVs’ performance and comparison with conven-
tional fuel vehicles in order to optimise the various strategies or vehicle
design. Chao et al. [70] simulated a 3.6 kW hydrogen fuel cell-powered
scooter of 115 kg in Taiwan using Caspoc software. The simulation re-
sults showed that the scooter was able to cover a mileage of 80 km at a
constant speed of 30 km/h with hydrogen consumption of 1.6 g Hy/km
and fuel economy of 1.34 g/km on hydrogen when compared to a
gasoline-powered scooter. The maximum speed limit tested for this
scooter was 50 km/h. Han et al. [71] simulated a one-stack fuel cell
hybrid passenger car using the parameters of a fourth-generation fuel
cell prototype vehicle developed by Tongji University. The simulation
results showed 265.3 g hydrogen consumption per New European
driving cycle (NEDC) and 2252.82 g hydrogen per 100 km within the
entire driving range. Fig. 7 presents the effects of the state-of-charge
(SOCQ) of the battery and various driving cycles on the hydrogen con-
sumption obtained from the modelling studies. Xu et al. [72] observed
that the consumption of hydrogen increased linearly with the SOC of the
battery and, thereby, the operation cost. Song et al. [73] also noted a
similar linear correlation between SOC and hydrogen consumption. Sun
et al. [74] reported that the hydrogen consumption of fuel cell-powered
cars varies from one driving cycle to another, which depends on several

*The world’s first fuel cell was developed in 1839.

1800s *In 1889, Ludwig Mond and Charles Langer

developed the world’s first hydrogen fuel cell.

)
9
*NASA used fuel cells as the power
source for spacecraft in the 1960s.
1900s
*General Motors developed the world’s
first fuel cell vehicle in 1966.

@

*Ballard developed the first fuel cell bus
in 1993.

1990s

*Modern fuel cell vehicle (NECAR 1)
was launched in 1994 by Daimler.

) )
\9, \,
*The world’s first fuel cell hybrid vehicle *Initiated the commercialisation of fuel cell
was launched by Toyota in 2002 in USA vehicles in 2014 by Toyota.
2000s and Japan. 2010s

*In 2001, the world’s first hydrogen fuel
vehicle was tested.

*Germany launched the world’s first hydrogen
fuel cell tram in 2018.

*Upto 2021, 51437 hydrogen fuel cell
vehicles were in operation.

*Global target for hydrogen fuel cell
vehicles is more than 400 million by
2050.

Fig. 5. key milestone on fuel cell and fuel cell-powered vehicle development (data from Refs. [61-64]).
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Fig. 7. (A) Effect of SOC on hydrogen consumption (data from Refs. [72,73]) and (B) effect of driving cycle on hydrogen consumption (data from Ref. [74]).

factors, including driving speed and braking energy. The capacities of
fuel cell, battery and ultracapacitor, considered in the modelling, were
10 kW, 25.6 kWh and 0.32 kWh, respectively. Ahmadi et al. [17] esti-
mated that the hydrogen consumption per 100 km for highway driving
cycle (1514.2 g) was about 9 %, 27 % and 43 % less than that of urban
dynamometer driving schedule (UDDS), City of Surrey and New York
driving cycle, respectively. Changizian et al. [75] also noted a significant
variation in fuel economy among different driving cycles.

Lewis et al. [76] modelled a hybrid delivery van using MATLAB/-
Simulink software and the Powertrain System Analysis Toolkit and

performed the estimation of vehicle performance for a case in the USA
context. They concluded that a 32 kW fuel cell with a 49 kWh battery
system and 15 kg hydrogen storage system would be sufficient for Class
6 walk-in delivery vans for a 100-200 km long route. D’Ovidio et al.
[77] investigated the effects of the flywheel energy storage system on
the performance of HFCEV through the simulation of a city bus with a
capacity of 15 passengers over the European urban standard drive cycle.
The power of the flywheel energy storage system was about 41.4 % of
the electrical energy (1.607 MJ) required to complete the cycle, and the
rotational speed of the flywheel increased when the fuel cell power was
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higher than that of traction power. Zhao [78] established a dynamic
model of a gear transmission system for a hydrogen fuel cell-powered
car and optimised it using MATLAB/Simulink software to enhance the
performance and economy. The optimised gear transmission system
increased the speed by 3 % and 4 % under no load and full load con-
ditions, respectively, while the energy consumption was reduced by 3.5
% and 3 % for those conditions respectively.

Turkmen et al. [79] modelled HFC-powered vehicles using Advanced
Vehicle Simulator (ADVISOR), developed by National Renewable En-
ergy Laboratory (NREL), in Simulink/Matlab interface. The
HFC-powered vehicle with 30 kW and 50 kW fuel cell consumed 123 L
H, (8.3 L gasoline equivalent)/100 km and 194.6 L Hy (13.2 L gasoline
equivalent)/100 km, respectively. The equivalent gasoline of hydrogen
consumed by an HFC-powered vehicle was ~27.1 % less than gasoline
(in L) consumed by a gasoline vehicle, irrespective of the fuel cell ca-
pacity. Changizian et al. [75] simulated hydrogen fuel cells/batter-
y/ultracapacitor hybrid electric cars for various driving cycles using
Amsim software and investigated the vehicle performance. The model
reported a reduction of 3.3 % hydrogen consumption and 20.2 % SOC in
the battery pack due to the inclusion of an ultracapacitor. Lane et al.
[80] modelled a plug-in HFC-powered electric car in the context of
California using the FASTSim vehicle simulator developed by the NREL
to investigate the performance and fuel economy of the vehicle. The
input parameters in the FASTSim simulator were 13 kWh battery stor-
age, 4 kg hydrogen storage, 75 kW fuel cell power and 1665 kg vehicle
mass. According to the simulation, the total driving range, hydrogen
consumption, average electric efficiency and charge-depleting efficiency
were 341 miles, 12.195 g Hy/mile, 0.203 kWh/mile and 0.322
kWh/mile, respectively. The simulation also suggested that a gasoline
internal combustion engine (ICE) car consumed ~80 g of gasoline per
mile. Compared to the HFC-powered electric car, the plug-in
HFC-powered hybrid electric car consumed ~30.7 % less hydrogen
per km millage. Hienuki et al. [81] studied the input-output-based
model for analysing the lifecycle energy consumption of a HFC pas-
senger car and reported about 1.8 MJ/km less energy consumption by
the HFCEV compared to that of a similar-sized gasoline vehicle (large car
of 1690 kg weight). Medium sized (1250 kg) gasoline ICE car consumed
same amount of energy as of the HFC-powered car; however small sized
(940 kg) gasoline ICE car consumed 1.2 MJ/km less energy than the
HFC-powered car. Vehicle manufacturing contributed 64 % of total
energy consumption for the HFC-powered car compared to 33 % for the
gasoline ICE car. Vehicle usage shared 50 % of total energy consumption
for the gasoline ICE car, while it is 19 % for the HFC-powered car.

A number of studies [81-86] have investigated the well-to-wheel
(WTW) energy consumption of HFCEVs using the Argonne National
Laboratory developed Greenhouse gases, Regulated Emissions, and En-
ergy use in Transportation (GREET) model in different countries.
Although the energy consumption in MJ/kg was different from one
study to another due to the variation in driving cycles, hydrogen pro-
duction pathway and other considerations, all studies exhibited a sig-
nificant reduction in energy consumption by HFCEV (~29-66 %) when
compared to a conventional ICEV, as shown in Fig. 8. A contradiction of
this observation was reported by Li and Kimura [87] where they
demonstrated a significant increase in energy consumption per km with
a hydrogen fuel cell car and truck compared to gasoline ICEVs with an
exception for a hydrogen fuel cell bus, in the Association of Southeast
Asian Nations context. The higher energy consumption by HFCEVs over
gasoline ICEVs can be attributed to the high energy losses/consumption
in hydrogen production and transport pathways.

Joseck et al. [88] performed a WTW energy analysis of an HFCHEV
with different hydrogen sources, such as natural gas, coal with carbon
capture and storage (CCCS) and coke oven gas (COG) and made a
comparison to gasoline and diesel vehicles using GREET simulation
model. The energy consumption per mile for HFCHEVs was nearly
similar to gasoline and diesel hybrid vehicles; however, approximately
32.6-49.8 % lower than that of gasoline-only vehicles (depending on the
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ventional ICEV.

hydrogen source) due to the reductions in energy use during vehicle
operation. Tang et al. [89] modelled an HFC-powered electric car and an
HFC-powered hybrid electric car equipped with a traction battery of
capacity of 15 kW using AVL Cruise software and investigated the en-
ergy distribution for the Worldwide Harmonized Light Vehicle Test
Procedure (WLTP) driving cycle. The energy consumption of HFCHEVs
was 8 % less than that of HFCEVs (3.701 kWh vs 4.07 kWh), while the
hydrogen consumption was 32 % lower (0.701 kg/100 km vs 1.125
kg/100 km). Another study also reported an ~8.3 % increase in fuel
economy due to the hybridisation of the powertrain [90].

Kast et al. [91] simulated the performance of medium- and
heavy-duty fuel cell trucks using the Autonomie vehicle model from
Argonne National Laboratory, considering the truck dimensions, tank
design, drive cycles and average payload in order to assess the suitability
of the transition from diesel trucks to hydrogen fuel cell trucks in the
USA. The trucks required 25 kg or less hydrogen and 180 kW or less fuel
cell power to meet daily range and performance needs, as well as to meet
the vehicle range requirements of 95-100 % of the routes. Abouelkhair
et al. [92] also analysed the energy distribution in a hydrogen fuel
cell-powered medium-duty truck using AVL Cruise software and
compared it with that of a conventional truck using the Urban Driving
Cycle. The power consumption of the hydrogen fuel cell-powered truck
was 68 %, 30 %, and 7.12 % less than a conventional truck at low,
moderate, and high cruising speeds, respectively.

Therefore, the hybridisation of HFCEVs can be more efficient in
terms of energy consumption and fuel economy compared to pure fuel
cell vehicles, a modality that demands more investigation.

3.2. Experimental/on-road investigations of HFC—powered electric
vehicles

The USA department of energy (DOE) conducts research and devel-
opment works on on-road testing of HFCEVs through a number of lab-
oratories, including Argonne National Laboratory, Brookhaven National
Laboratory, Lawrence Berkeley National Laboratory, National Energy
Technology Laboratory, NREL, Pacific Northwest National Laboratory
and Sandia National Laboratories for improving the performance and
durability of vehicle systems. The NREL has completed the on-road
evaluation of 230 HFCEVs manufactured by different companies,
including Honda, General Motors, Hyundai, Nissan, Mercedes-Benz and
Toyota since 2006 after starting the USA DOE Fuel Cell Technologies
Office Learning Demonstration project in 2005 [93]. The aim of the
on-road testing was to benchmark the HFCEVs against DOE technical
targets and typical gasoline vehicle operation as depicted in Fig. 9. The
key parameters considered for the on-road evaluation included fuel
economy, durability, efficiency, range, system specification, fuelling
performance, energy management and emissions.
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Fig. 9. On-road evaluation results of HFCEV in relation to the DOE target (in
parentheses) (redrawn from Kurtz et al. [93]).

In 2002-2003, the fuel economy of HFCEVs was tested at the United
States EPA National Vehicle and Fuel Emissions Laboratory and they
proposed three methods for estimating hydrogen consumption [94]. Xie
et al. [95] developed a test bed for an HFCHEV powertrain with a 10
kWh LiFeO4 battery pack for validating the control strategy, proposed
for minimising hydrogen consumption. Weigl et al. [96] designed and
developed a hydrogen fuel cell-powered motorcycle with a fuel cell
capacity of 7 kW for South East Asia. The performance of the motorcycle
was tested at the “South African Solar Challenge” road rally and re-
ported lower energy consumption for a fuel cell powered motorcycle
(2.41 L petrol equivalent) than that of petrol motorcycles (3.15-4.1 L)
for 100 km millage with a daily average speed of 70 km/h. On-road
testing of an HFC-powered scooter in Taiwan showed that the scooter
with a 3 kW proton exchange membrane (PEM) fuel cell consumed 1.2 g
Ho/km at a speed of 30 km/h [97]. The HFC-powered scooter consumed
35 % less energy than of the equivalent gasoline ICE scooter.

Mubenga and Stuart [98] investigated the feasibility of an HFCHEV
powered by hydrogen produced primarily by solar energy. They ob-
tained about a 183 % increase in driving range for a Kronosport electric
vehicle when integrated with HFC. Venturi et al. [99] reported the real
testing experience of an HFC-powered Mercedes-Benz car for more than
3.3 million kilometres in the USA and Europe in 2001 and reported ~1
kg H2/100 km and ~1.11 kg Hz/100 km consumption by the car in the
USA and Europe, respectively. Following their previous study [76],
Lewis et al. [100] later validated the model through the demonstration
of a prototype vehicle and observed a variation within 5 %. The Uni-
versity of Texas, in collaboration with the “Center for Transportation
and the Environment and Unique Electric Solutions”, converted 16
diesel-powered parcel delivery vans to fuel-cell hybrid vehicles in 2017
[76]. The average hydrogen consumption was estimated to be
9.92-10.02 kg and 5.89-6.11 kg for HTUF Class 6 P&D and Sacramento
driving cycle, respectively, depending on the fuel cell and battery ca-
pacity. A small single-operator HFCEV with a fuel cell capacity of 20 kW
and a fuel tank capacity of 5.8 L was fabricated at Kanagawa Institute of
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Technology, Japan for university education purposes and they experi-
mentally investigated the performance [101]. The required driving
power at a constant speed of 3.57 km/h was estimated at about 7 W. In
another study, Takahashi validated a control algorithm for determining
optimum cruising speed based on remaining hydrogen and distance to
destination using a 1 kW HFCEV experimental setup [102]. Sefkat and
Ozel [103] experimentally validated a fuzzy logic-based energy man-
agement model for hydrogen fuel cell/battery hybrid electric vehicles
and reported around a 7-11 % increase in energy efficiency, depending
on the ambient temperature.

A prototype of a hydrogen fuel cell-powered racing car was designed,
developed and tested by a team named “HydRU Racing Team” at the
University of Ruse, Bulgaria [104]. According to the trial, the car ran
approximately 116 km on 1 m® of hydrogen at an average speed of 35
km/h. Martel et al. [105] tested a hydrogen-fuelled light-duty truck with
a 271 kg pack of nine 8 V “deep cycle” lead-acid batteries for validating
the proposed dynamic model for the management of battery degradation
and found good agreement between the model and experimental data.
Sefkat and Ozel [106] experimentally validated the energy and thermal
management model for a mini-hydrogen fuel cell-battery hybrid electric
vehicle and noted an approximate 9.1 % reduction in total energy
consumption and around 7-11 % increase in energy efficiency
depending on the ambient temperature. REVA Electric Car Company
developed a hydrogen fuel cell-powered prototype pick-up vehicle with
a 1 kW DC motor and 200 Ah lead acid batteries [107]. On-road testing
of the prototype vehicle exhibited a power requirement between —1 and
7 kW during the drive, depending on the road conditions and driver.
Lohse-Busch et al. [108] performed laboratory testing of a 2016 Toyota
Mirai hydrogen fuel cell car using the cold-start North American city
drive cycle to investigate the performance of the vehicle. The average
vehicle efficiency for the fuel cell vehicle was 62 % compared to 23 % for
an equivalent conventional vehicle. The energy consumption at 35 °C
(321 Wh/km) was approximately 57.5 % lower than that of —18 °C (758
Wh/km). Recently, the BMW group has started field testing the BMW i
Hydrogen NEXT prototype in everyday conditions on European roads to
investigate the performance in real-life conditions and is expected to
launch this model in late 2022 [109]. Table 1 shows the summary of
some key features of HFCEVs currently available in the market.

Laboratory and on-road testing of PEM fuel cell/battery hybrid
electric vehicles showed that a hybrid power source was able to meet
vehicular energy requirements [110]. Li et al. [111] experimentally
investigated the degradation behaviour of the fuel cell system of a
plug-in hydrogen fuel cell city bus with a fuel cell capacity of 60 kW and
a mass of 80 tons. According to the demonstration operation in China,
the average voltage of the fuel cell declined at a rate of approximately
346 mV/h. Tsinghua University developed the first Chinese hydrogen
fuel cell/battery hybrid city bus of mass 11600 kg and fuel cell of 100
kW with its partners and completed a 3000 km on-road testing in Beijing
in 2004 [112]. The hydrogen consumption of the bus was about 9.68 kg
H5/100 km at a maximum speed of 69.7 km/h. The Research Center for
Advanced Science and Technology at Mingdao University in Taiwan
developed a light weight HFCEV named Mingdao hydrogen vehicle with
a 5 kW PEM hydrogen fuel cell [113]. The performance of the vehicle
was tested at the “2004 Taiwan Flower Exposition”, and the road test
revealed that the vehicle could achieve a maximum velocity of 40 km/h.

Wang et al. [117] experimentally examined the performance of fuel
cell vehicles under different drive cycle conditions, including NEDC,
worldwide light-duty test cycle (WLTC) and China light-duty vehicle test
cycle (CLTC) in the context of China. The hydrogen consumption of
CLTC was lower than that of the other driving cycles and ordered as
CLTC (0.93 kg/100 km) < NEDC (0.98 kg/100 km) < WLTC (1.05
kg/100 km). Sun et al. [118] also experimentally investigated the effects
of constant speed and China heavy-duty commercial vehicle test
cycle-heavy truck (CHTC-HT) driving cycle on the driving range,
hydrogen and energy consumption of a hydrogen fuel cell truck. The
experimental results demonstrated that the hydrogen and electricity
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Table 1
Summary of HFCEVs currently available in the market [114-116].

Renewable and Sustainable Energy Reviews 199 (2024) 114543

Vehicle model Driving cycle Driving range Fuel tank capacity Motor capacity FC capacity Hydrogen consumption (g/

(km) (kg) (kW) (kw) km)
Passenger car
Toyota MIRAI IT Combined 650 5.6 137.2 7.6
Toyota MIRAIL Combined 650 5.6 137.2 7.6
Hyundai NEXO Combined 756 6.33 120 8.4
Honda Clarity FC 589 5 130
Hyundai ix35 NEFZ 594 5.64 100 10
Transporter
Citroén é-Jumpy Hydrogen WLTP combined 400 4.4 100 45
PEUGEOT e-Expert WLTP combined 400 4.4 100 45

Hydrogen
Opel Vivaro-e HYDROGEN WLTP combined 400 4.4 100 45
HOLTHAUSEN HyMax-75 WLTP combined 350 6 72 40 20
HOLTHAUSEN HyMax-80 WLTP combined 300 6 72 40 20
QUANTRON QLI FCEV WLTP combined 500 8.2 100 45
Truck
FAUN Bluepower 250 16.1 240 90
FAUN City Power 500 32 140 90
Hyundai Xcient FC 400 30.08 350 180
QUANTRON QHM FCEV WLTP combined 700 500 120
T680 FCV 725 58.8 309.5
HYZON HYHDS8-200 Hyzon internal 563 50 275 200
testing
HYZON HYHDS8-110 Hyzon internal 563 50 275 110
testing

HYZON REFUSE TRUCK 201 25 240 110
HYZON HYMAX 24 tonne 400 30 160 80 75.19
HYZON HYMAX 46 tonne 680 50-60 190-295 110-200 103.09
HYZON HYMAX 70 tonne 600 50-60 190-295 110-240 153.85

consumption per 100 km increased by approximately 52 and 60.4 %,
respectively, under the CHTC-HT driving cycle scenario when compared
with those of the 40 km/h constant speed driving cycle scenario. The
driving range under the CHTC-HT scenario was reduced by 43.5 % when
compared to that of the constant speed scenario.

Therefore, it can be concluded that the driving cycle significantly
affects the vehicle’s fuel economy, efficiency and driving range and
thereby, any reasonable comparison should consider the drive cycle
scenarios that resemble real-world driving conditions or perform on-
road evaluations.

3.3. Energy management strategies for HFCHEV

In an HFCHEVs powertrain, the hydrogen fuel cell is used as the
primary power source, and a battery and/or supercapacitor system is
used as the auxiliary power source for the drive system. Energy cost from
each of the power sources along with the aging of fuel cell and battery
affect the performance of HFCHEVs and their overall implementation.
The aging of fuel cell and battery arises due to chemical and mechanical
degradation and reduces the lifespan of the power sources [119].
Hydrogen consumption or fuel economy and source aging are important
operational parameters which require real time optimisation. Therefore,
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Fig. 10. Performance of the energy management optimisation strategies (modified and redrawn from Teng et al. [121]).
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energy management strategies are being employed in the HFCHEVSs for
assigning the power distribution between the fuel cell and auxiliary
power sources, controlling the operation of the power sources as well as
mitigating the source aging. In the supervisory level control, the distri-
bution of loads into multiple power sources is maintained while the
low-level controllers follow the points set by the supervisory controllers
[120]. The implementation of efficient and robust energy management
strategies can maximise the fuel economy, performance and lifespan of
the power sources, as well as help to retain the battery charge for a
longer time. The optimisation strategies can be global, real-time or
rule-based. The most commonly used optimisation algorithms for con-
trolling the energy management in HFCHEVs include dynamic pro-
gramming (DP), pontryagins minimum principle (PMP), fuzzy logic
controller (FLC) and equivalent consumption minimisation. The per-
formance comparisons of the optimisation strategies are shown in
Fig. 10.

DP optimisation has been employed by a number of studies in order
to reduce energy consumption and enhance fuel cell lifespan [122-127].
Zohu et al. [125] developed an open DP software package-based on
MATLAB Object Oriented Programming and compared it with basic DP
and level-set DP. The optimisation problem was solved by setting the
fuel cell power, battery SOC, gears and working modes as state variables.
The proposed open DP method outperformed the basic DP and level-set
DP models in terms of calculation time and computational accuracy.
Optimisation using the open DP method resulted in a 3.7 % and 1.4 %
lower hydrogen consumption compared to that of the level-set DP and
basic DP optimisation, respectively, as presented in Table 2. Tao et al.
[126] reported 18.4-21.7 % lower hydrogen consumption with the
DP-based strategy compared to the state machine strategy for a fuel cell
hybrid tramway. Ravey et al. [124] investigated the performance of the
DP algorithm-based offline strategy and FLC-based online strategy and
compared it with the on-road testing of HFCHEV. The DP-based energy
management strategy exhibited about 36.5 % and 18.4 % lower
hydrogen consumption using the same driving cycle compared to that of
the FLC and optimised FLC-based strategy, respectively. The experi-
mental benchmarking suggested 24 % higher hydrogen consumption
than the simulation owing to a lack of penalty for hydrogen purge in the
fuel cell model during the simulation. A novel rule-based strategy was
developed by Chen et al. [123] from the DP solution to enhance fuel
economy. The proposed model was capable of maintaining the SOC of
the battery near 95 % during the charge-sustaining period.

Xu et al. [122] proposed a determined dynamic programming
(DDP)-based novel real-time optimal energy management strategy,
called charge depleting — blended — sustaining — depleting (DBSD), and
compared with DDP and charge depleting and charge sustaining (CDCS)
strategies. The operating cost with the DBSD strategy was 6.4 % lower
compared to that with the CDCS strategy and 3.4 % higher compared to
that with the DDP strategy. The study also reported that the SOC
significantly affected the operation cost; the operation cost per 100 km
driving distance increased by 28.7 % (from 496 to 638.5 Sig. $) when the
SOC increased from 10 % to 90 %. The validation of the DBSD strategy
was investigated through the on-road performance testing of Singapore
Bus Route 179. The hydrogen consumption in real vehicle testing was
10.6 % higher than that of the simulation value. Xu et al. [130] proposed
a DP-based energy management strategy for HFCHEVs for simultaneous
optimisation of hydrogen economy and system durability. The model
was further integrated with multi-objective optimisation for sizing the
parameters of the vehicle in the China context. The simulation results
suggested a 150 Ah battery and 40 kW fuel cell for a China city typical
bus cycle. Hu et al. [131] also minimised source aging and hydrogen
consumption using DP-based energy strategy. The lifecycle cost of the
system was improved significantly due to the prolonged service life of
fuel cell. The model was further validated in a three months demon-
stration operation of a fuel cell city bus.

Minimum loss power algorithm (MLPA)-based instantaneous strat-
egy reduced hydrogen consumption by a 35.9 % for a dual-stack fuel cell
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Table 2
Summary of energy management studies.
Key considerations Software Algorithm  Key findings Reference
Vehicle mass: MATLAB/ Level-set H, consumption: [125]
2000 kg; Drive Simulink DP 1065.60 g/100
ratio: 8.298; km; Calculation
Battery capacity: time: 48.1126 s
16 Ah; Fuel cell Basic DP H, consumption:
power: 45 kW 1040.96 g/100
km; Calculation
time: 28.7839 s
Open DP H, consumption:

1026.19 g/100
km; Calculation
time: 22.3491 s
H; consumption: [122]

Vehicle mass: MATLAB/ CDCS

15000 kg; Mass Simulink 10965.91 g/100
factor: 1.1; km
Battery capacity: DBSD H, consumption:
180 Ah; Fuel cell 10227.27 g/100
power: 40 kW; km
SOC: 10 % DDP H, consumption:
9886.36 g/100
km
Vehicle mass: MATLAB/ PMP H, consumption: [72]

13000 kg; Mass Simulink
factor: 1.1; Drive
ratio: 6.3;
Battery capacity:
175 Ah; Fuel cell
power: 60 kW;
Gear ratio: 1.65
Vehicle mass: MLPA H, consumption: [71]
2000 kg; Battery 1503.76 g/100
capacity: 8 Ah; km
Fuel cell power:
70 kW;
Vehicle mass: PMP
2064 kg; Drive
ratio: 8.867;
Battery capacity:
37 Ah; Fuel cell
power: 65 kW;
SOC: 67.77 %

4800 g/100 km

H; consumption: [73]
1050.9 g/100 km

Vehicle mass: MATLAB MPC H, consumption [128]
2000 kg; Gear reduction: 6.67 %
ratio: 7; Accuracy
Transmission improvement:
efficiency: 95 % 5.7 %

Vehicle mass: Simcenter MLA H, consumption: [129]
1850 kg; Battery Amesim 912.19 g/100 km

capacity: 1.6
kWh; Fuel cell
power: 114 kW

hybrid vehicle within NEDC compared to a one stack fuel cell hybrid
vehicle [71]. Min et al. [132] proposed a genetic algorithm-optimised
neural network-based energy management strategy for HFCHEVs
under start/stop conditions and observed a 33 % reduction in hydrogen
consumption as well as an enhancement in fuel cell lifespan. Air flow
global extremum search algorithm-based load servo control loop and
optimised loop strategy also improved the hydrogen economy for
HFCHEVs [133].

Considering the good real-time controllability advantage of a
wavelet-based model, Erdinc et al. [134,135] proposed an integrated
strategy consisting of wavelet-based load sharing and a fuzzy
logic-based control algorithm for energy management of fuel
cell/ultra-capacitor hybrid vehicles and fuel
cell/battery/ultra-capacitor hybrid vehicles. The simulation was per-
formed using the MATLAB, Simulink and SimPowerSystems environ-
ments. The energy management strategy ensured the operation of the
fuel cell in part loading conditions avoided transients and sharp peak
loads, leading to the enhancement of the lifespan and efficiency of the
fuel cell. Hydrogen consumption of the fuel cell/battery/ultra-capacitor
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hybrid vehicle was 0.06962 kmol Hy with a wavelet-based strategy
during the UDDS cycle, which further reduced to 0.06421 kmol Hy
(~7.8 % reduction), when FLC was integrated with the wavelet-based
strategy [135]. The SOC of the battery and ultra-capacitor was
0.659-0.7 and 0.588-0.711, respectively, which helped to maintain
enough charge in the battery and ultra-capacitor, leading to a decrease
in hydrogen consumption.

Xu et al. [72] studied the PMP strategy for energy management of
PEM HFCHEVs due to the advantages of considering more state vari-
ables and real-time control over DP and CDCS strategies. The operation
cost with the PMP control strategy was 5.9 % lower compared to that
with the CDCS strategy while 1.4 % higher than the DP strategy. The
validation of the proposed PMP strategy on 30 China city bus cycles
revealed a 20.8 % higher hydrogen consumption than the simulation
result. Song et al. [73] developed a suboptimal real-time PMP-based
energy management strategy, considering both hydrogen economy and
power source durability. The study reported an improvement in fuel cell
durability with a slight increase in hydrogen consumption and battery
degradation using a PMP-based real-time energy management strategy
for HFCHEVSs. Zheng et al. [136] also considered degradation effect of
fuel cell in PMP-based strategy. The results of the model revealed that
there is a trade-off between the fuel cell lifetime and hydrogen con-
sumption although the strategy increased the lifetime of fuel cell. Ou
et al. [137] proposed and simulated an adapted-PMP model for a fuel
cell/battery hybrid system in the MATLAB/Simulink environment,
which prevented the battery from deep discharging or overcharging.

Model predictive control (MPC)-based energy management strate-
gies have been studied for the improvement in fuel economy and life-
time due to its capability to simultaneously deal with various constraints
[128,138-141]. Ma et al. [128] proposed an MPC-based strategy, which
reduced hydrogen consumption by 6.67 % while avoiding fuel cell
degradation. Considering velocity forecast in the model further reduced
hydrogen consumption by 3 %, compared to that of a traditional
non-forecast energy management strategy. Wang et al. [141] also re-
ported an 8 % reduction in hydrogen consumption using an MPC-based
approach compared to that of a rule-based energy management system.
Zhou et al. [138] proposed a multi-mode MPC approach and observed an
over 87 % reduction in fuel cell power transients and a 2.1 % decrease in
hydrogen consumption in the single-mode MPC strategy.

Learning-based energy management, such as a machine learning
algorithm (MLA) or reinforcement learning (RFL), has received wide-
spread attention due to its satisfactory optimisation performance and
good adaptability [74,129,142-144]. Raeesi et al. [129] investigated
the impact of fuel cell degradation on the hydrogen consumption of a
hydrogen fuel cell hybrid passenger vehicle using an MLA-based energy
management technique. The hydrogen consumption of the degraded
fuel cell was increased by 14.32 % within the NEDC and 13.9 % within
the FTP-75 driving cycle. Tang et al. [142] also reported a decrease in
hydrogen fuel economy in the case of degraded fuel cells within the
UDDS cycle. The proposed deep RFL energy management framework
resulted in 10.8 % higher hydrogen consumption than that with the
DP-based approach; however, the proposed learning technique was 78.8
% faster in computation than the DP-based technique. Based on the
findings of Ahmadi et al. [17], it can be concluded that the power re-
covery from the regenerative braking system is not enough to compen-
sate the degradation effect of fuel cell, irrespective of driving cycle. This
indicates the higher hydrogen consumption of degraded fuel
cell-powered vehicle even with regenerative braking system. Sun et al.
[74] noted a 75 % faster computation of the data-driven RFL-based hi-
erarchical energy management approach compared to that of the
DP-based method. Lee and Cha [144] reported 4.6 % lower hydrogen
consumption with model-based RFL compared to that of a rule-based
approach and 9.5 % higher consumption than the DP-based technique.

Although the DP-based energy management strategy for HFCHEVs
exhibited better performance in terms of reduction of hydrogen con-
sumption over most other strategies, the major issue of the DP-based

10

Renewable and Sustainable Energy Reviews 199 (2024) 114543

strategy are its large computational loads and difficulties in real-time
control, which require further improvement.

4. Environmental assessment of HFC-powered vehicles

The lifecycle cradle-to-grave emissions of vehicle powertrains
include the emissions analysis of fuel and vehicle cycles. The fuel cycle-
termed as WTW analysis, is comprised of fuel production to its delivery
to the vehicle’s fuel tank (known as the well-to-tank (WTT) stage) and
consumption of fuel during the operation of vehicles (known as the tank-
to-wheel (TTW) stage). The vehicle cycle consists of the manufacturing
of vehicles and end-of-life (i.e., disposal and recycling) analysis. In the
case of HFCEV and BEV, the TTW stage GHG emissions are zero as there
are no emissions associated with the operation phase of electric vehicles
[145,146].

Hwang [97] stated 58 % less GHG emissions from an HFC-powered
scooter in Taiwan compared to a gasoline ICE scooter. Offer et al.
[147] reported the positive impact of decarbonising electricity genera-
tion on the lifecycle emissions of HFCHEV, as the lifecycle emissions
significantly reduced from 85 to 90 gCO»/km to 40-50 gCO2/km when
the carbon emissions from electricity generation reduced from 20 to 80
%. Zhang et al. [148] estimated that the substitution of all diesel buses at
Zhangjiakou in North China by hydrogen fuel cell transit buses could
reduce approximately 17,524 tons of CO5 in 2035, considering the CO,
emission from a 12 m transit bus as 125.72 kg/100 km [149]. Huang and
Zhang [150] evaluated WTW emission impacts of various hydrogen
pathways in China using the GREET fuel-cycle model and found that an
inefficient hydrogen pathway coupled with HFCEV may not provide
GHG emissions benefits. Li and Hesary [151] performed a WTW lifecycle
analysis of various HFCEV powertrains with different storage and supply
systems (i.e., pipeline, compressed hydrogen, liquid hydrogen and liquid
organic hydrogen carrier) in the context of China and compared it with
that of a conventional vehicle powertrain. The analysis showed that the
carbon emissions (kg/km) of hydrogen fuel cell powertrains with all
storage and supply systems except liquid hydrogen were significantly
lower than BEV and conventional vehicle powertrains. Additionally,
Ugurlu [152] demonstrated that gaseous hydrogen-powered fuel cell
vehicles were associated with the lowest total emissions, whereas fuel
cell vehicles using liquid hydrogen showed the lowest VOC, CO and NOx
emissions. Table 3 presents the findings of the key literature on lifecycle
emissions analysis.

Li et al. [153] conducted a lifecycle emissions analysis of HFCEVs
and compared it with that of BEVs and conventional fuel vehicles. The
WTW CO, emissions of HFCEVs were similar to BEVs; both HFCEVs and
BEVs emitted significantly less WTW CO; than a conventional vehicle.
However, the total lifecycle (cradle-to-grave) CO, emissions of an
HFCEV was 31.2 % higher than a conventional vehicle and 84.2 %
higher than a BEV owing to the higher emissions associated with the
vehicle cycle for HFCEVs, as it contributes approximately 59.1 % of the
total lifecycle COy emissions. Hienuki et al. [81] also reported that
approximately 65 % of total GHG emissions from HFC-powered pas-
senger car was associated with vehicle manufacturing, whereas 45 % of
emission from gasoline ICE car was attributed to vehicle usage. The
HFC-powered car exhibited ~0.14 kg-CO2eq./km less emissions than
the same-sized gasoline vehicle (large car of 1690 kg weight). Ahmadi
et al. [17] showed that fuel cycle shares the highest portion of GHG
emissions per km from the HFCEV followed by vehicle cycle. The GHG
emissions associated with fuel cycle of HFCEV was significantly higher
than ICEV; however, the total lifecycle GHG emissions of HFCEV was
less than ICEV, due to the zero tailpipe emissions of HFCEV.

The WTW lifecycle analysis of various car powertrains in the
Australian context showed the highest CO2 emissions for battery electric
vehicles followed by ethanol, gasoline, biodiesel, diesel, liquid petro-
leum gas (LPG) and compressed natural gas (CNG) vehicles and was
lowest for HFCEVs [154]. The highest emissions for battery electric
vehicles were associated with the higher emissions (nearly 10-70 % of
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Table 3
Summary of some literature on lifecycle analysis.
Location Vehicle type System Model Hydrogen pathways GHG emission (gCOz-eq/km) Reference
(year) boundary
HFCEV/ BEV ICEV
HFCHEV
USA (2007) WTW GREET SMR of natural gas 161.6 [88]
Coal gasification with CCS 74.6
Coke oven gas separation 49.7-136.7
China (2020) Cradle-to- GREET 374 203 285 [153]
grave
WTW 154 149 249
Australia Car WTW Eco-invent 3.2 and 32.4 364 136 [154]%
(2016) GREET
China (2017) light-duty passenger WIW GREET SMR of natural gas 173 189 309 [86]
vehicle Electrolysis by renewable 35
electricity
Electrolysis by grid electricity 431
Coke oven gas separation 98
Europe (2018) Passenger car Cradle-to- GREET SMR of natural gas 147 225 [82]
grave Electrolysis by renewable 38
electricity
Korea (2015) WTW GREET SMR of natural gas 218 220 [83]
Electrolysis by grid electricity 388
China (2016) WTW GREET SMR of natural gas 140 295 [84]
Electrolysis by grid electricity 390
USA (2018) WTW GREET SMR of natural gas 145 228 [85]
Electrolysis by renewable 28
electricity
Japan (2020) Passenger car WTW Input-output Crude oil steam reforming 340 480 [81]
Korea (2020) WTW GREET SMR of natural gas 110 [155]
Canada (2015) Passenger car WTW Eco-invent 2.2 and Coal gasification 57 165 [156]
GREET
Finland Bus WTW GREET SMR of natural gas 95 121 [1571°
(2014)
USA (2014) Bus WTW GREET SMR of natural gas 120 182 [157]¢
USA (2015) Light-duty vehicle Cradle-to- GREET SMR of natural gas 196 263 [158]¢
grave
China (2017) Passenger vehicle WTW GREET Electrolysis by wind electricity 36 233 307 [159]
Electrolysis by grid electricity 495
Biomass gasification 49
SMR of natural gas 173
USA (2016) Passenger vehicle WTW FASTSim 33 % renewable hydrogen from 100 87 174 [80]
biogas
USA (2021) Passenger vehicle WTW GREET SMR of natural gas 79.53 123.34 329.64 [160]
China (2020) Heavy-duty truck Cradle-to- AFLEET Coal gasification 1.63 1.49 1.21 [161]°
grave
Canada (2020)  Heavy-duty truck WTW Electrolysis by grid electricity 419 325 [e2]’
USA (2016) Heavy-duty truck WTW GREET SMR of natural gas 0.85 1.05 [163]%¢

# gCO,/MJ and average of diesel and gasoline.

b Average of Espool11 and H550 driving cycles.

¢ Average of Linel8 and Line51B driving cycles.
4 Average of diesel and gasoline.

¢ kgCOz—eq/km

f gCOy/kWh.

8 Tractor trailer; SMR: Steam methane reforming.

the manufacturing GHG emissions [164]) from battery production. The
WTW CO; emissions for a hydrogen fuel cell car were about 78.8 and
72.8 % lower than that of a gasoline vehicle and diesel vehicle,
respectively. Liu et al. [85] reported 15-45 % less WTW GHG emissions
for HFCEVs compared to gasoline ICEVs in the context of the USA.
Rosenfeld et al. [82] and Yoo et al. [83] estimated about 35 and 65 %
lower WTW GHG emissions for HFCEVs compared to gasoline ICEVs for
Austria and South Korea, respectively. In another lifecycle emissions
study, the WTW GHG emissions of hydrogen fuel cell passenger cars
were reported as 65.5 % and 81 % lower than that of battery electric and
methanol cars, respectively [156]. Zamel and Li [165] reported a nearly
similar amount of CO; emissions reductions (~32 %) by HFCEVs
compared to that of conventional ICEVs in Canada and the USA.

Wang et al. [86] noted slightly higher WTW GHG emissions of
HFCEVs powered by hydrogen from coal gasification compared to that
of gasoline ICEVs. Whereas HFCEVs with hydrogen produced from
on-site water electrolysis using grid electricity exhibited about 2.3 and

11

1.4 times higher WTW GHG emissions compared to BEVs and gasoline
ICEVs, respectively. The TTW stage contributed about 80 % of the WTW
GHG emissions by gasoline ICEVs while the majority of the WTW GHG
emissions by HFCEVs (~63-80 %) were associated with the hydrogen
production pathway (i.e., coal gasification and steam methane reform-
ing) and transport (i.e., pipeline and tube trailer). Joseck et al. [88]
performed a WTW emission analysis of HFCHEVs using hydrogen from
COG and compared it with that of HFCHEVs using hydrogen from nat-
ural gas and CCCS, as well as with gasoline vehicles and diesel vehicles.
HFCHEVs using hydrogen from COG outperformed the gasoline vehi-
cles, gasoline hybrid vehicles, diesel hybrid vehicles, HFCHEVs using
hydrogen from natural gas and CCCS in terms of WTW GHG emissions
and ordered them as HFCHEV-COG (0.08 gCO2/mi) < HFCHEV-CCCS
(12 gCO»/mi) < HFCHEV-natural gas (26 gCO2/mi) < diesel hybrid (29
gCO2/mi) < gasoline hybrid (34 gCOy/mi) < gasoline vehicle (47
gCOy/mi).

Nguyen et al. [166] analysed the WTW GHG emissions of HFCEVs,
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BEVs, and plug-in hybrid vehicles and compared them with that of
gasoline ICEVs. The HFCEVs powered by hydrogen sourced from wind
energy exhibited the lowest carbon emissions among the vehicle op-
tions, shown was: HFCEV-wind < HFCEV-biomass < HFCEV-natural gas
< HFCEV-CCCS. Lee et al. [167] reported a 22-80 % WTW air emissions
reduction on a hydrogen fuel cell bus using hydrogen from a central
steam methane reforming pathway and around 54-97 % reduction with
a wind electrolysis pathway, compared to that of a diesel bus in a USA
scenario. According to Wong et al. [168], the WIT CO; emissions of
gasoline ICEVs were 49.5 % lower than HFCEVs with natural gas
reforming pathway and 200 % higher than HFCEVs with a renewable
electricity water electrolysis route. The WTW CO. emissions of gasoline
ICEVs were 3.37-20 times higher than HFCEVs, depending on the
hydrogen production pathway. A recent study in China demonstrated
that an HFCEV operated by hydrogen from electrolysis using solar power
reduced global warming potential by 76.4 % (in terms of CO5 emissions)
when compared to a steam reforming route; however, electrolysis using
the Chinese electricity grid mix resulted in almost 158.3 % higher global
warming potential [169]. The GHG emissions per 100 km travel of
HFCEV in USA using electrolysis hydrogen, produced from grid elec-
tricity, was higher than that in Canada due to the variation in electricity
grid mix [170]. Hydrogen production using solar power electrolysis
exhibited the lowest GHG emissions among the other hydrogen pro-
ducing approaches. Other studies also showed significantly lower WTW
GHG emissions for HFCEV with solar power electrolysis, hydropower
electrolysis and wind power electrolysis compared to that of conven-
tional ICEV [129,146,171-173].

A case study on the lifecycle assessment of HFCEVs in Korea under
the NEDC driving cycle reported about 47.1 % lower GHG emissions for
HFCEVs powered by hydrogen sourced from off-site natural gas
reforming, compared to that of a naphtha and electricity mix [155]. An
approximate 11-29 % variation in GHG emissions in California under
NEDC, worldwide light vehicle test, procedure federal test and proced-
ure highway fuel economy test driving cycles was observed, irrespective
of production pathways. Lajunen and Lipman [157] also reported a
variation in CO3 emissions from a hydrogen fuel cell bus between two
driving cycles in the context of Finland and California, USA.

Zhang et al. [161] conducted a lifecycle emissions analysis of a
heavy-duty truck in China wusing the Argonne National
Laboratory-developed Alternative Fuel Life-Cycle Environmental and
Economic Transportation (AFLEET) model and observed 9.4 and 34.7 %
higher CO, emissions than that of conventional ICEVs and BEVs,
respectively. Lajevardi et al. [174] quantified the WTW GHG emissions
of sixteen different heavy-duty truck drivetrains powered by hydrogen,
natural gas, diesel and electricity in the context of Canada and recorded
the hydrogen fuel cell hybrid electric truck as the second lowest WTW
GHG emissions contributor, with BEVs as the lowest for both short and
long-haul cycles. Forrest et al. [175] assessed the technical feasibility of
hydrogen fuel cell heavy-duty trucks in California, USA and estimated a
more than three times higher energy requirement for hydrogen fuel cell
heavy-duty trucks. The study suggested building high-capacity refuel-
ling infrastructure with a zero-emission hydrogen production pathway
in California to meet the travel demand of hydrogen fuel cell heavy-duty
trucks. The substitution of diesel with a hydrogen fuel cell in a
heavy-duty tractor in China reported 80.50, 87.83, 91.30 and 97.22
kg/100 km GHG emissions reduction for the truck tonnage of 14-24t,
24-25t, 25-29t and 31-60t, respectively [176]. The annual GHG emis-
sions of a tractor and freight truck were quite similar; however, they
were significantly higher than that of a dump truck and a special truck.
In another study, a 28, 19 and 7 % reduction in CO3, NOx and particulate
matter emissions, respectively, were reported by using a hydrogen fuel
cell/battery electric heavy-duty trucks in Germany [177]. Gustafsson
et al. [162] investigated the effect of different energy carriers on WTW
GHG emissions of heavy-duty trucks. Energy carriers with a high elec-
tricity dependency showed high per kWh WTW GHG emissions, as
hydrogen from electrolysis using grid electricity mix exhibited about
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28.9 % higher per kWh WTW GHG emissions than that of diesel. Liu
et al. [178] noted that a heavy-duty truck using hydrogen from steam
methane reforming and renewable power (both solar and wind) elec-
trolysis routes were associated with lower per km GHG emissions than a
diesel truck, while coal gasification and grid electricity pathways
showed significantly higher emissions. Ren et al. [179] also showed that
electrolysis using renewable electricity could reduce the WITW GHG
emissions of a heavy-duty truck by 29-52.4 %.

It can be concluded from the literature that the GHG emissions of
HFCEVs are largely dependent on the hydrogen production pathway and
transport system. Although the assumptions of these studies were
different, the same trend of WTW GHG emissions of HFCEVs with
different hydrogen production pathways was observed when compared
to other vehicles, as HFCEVs fuelled with hydrogen from renewable
electricity showed the lowest WTW GHG emissions.

5. Economic analysis of HFC-powered vehicles

Despite a number of advantages of HFC, a comprehensive economic
feasibility study and synergies in road vehicle applications are required
to understand the future potential of HFC-powered vehicles as an
alternative to ICEVs, and to develop policy accordingly, as high cost is
still the major bottleneck of HFC-based transport. According to the
NREL, the current cost of a medium size HFC-powered passenger vehicle
is approximately $53.1k and is expected to reduce to $33.1k by 2050
[65]. The current cost of a hydrogen fuel cell is around $160 per kW and
is expected to go down to $40 per kW by 2050. Offer et al. [180] per-
formed the cost analysis of HFCEVs and compared it to that of BEVs and
HFCHEVs over 100,000 miles. According to the cost analysis, the life-
cycle cost of an HFCEV, BEV and HFCHEYV for 2030 was estimated in the
range of $7360-$22,580, $6460-$11,420 and $4310-$12,540, respec-
tively. The lifecycle cost of an HECHEV was around 1.75 times lower
than that of a conventional IC powertrain. The HFCHEVs and HFCVs
were significantly cost-sensitive to capital and hydrogen costs. In
another study, Offer et al. [147] conducted an economic assessment of
HFCEV, BEV and HFCHEV powertrains in the context of the UK using
cost prediction analysis for 2030 and reported a 5-15 kWh battery as the
optimum battery size for an HFCHEV depending on the size of the
vehicle and their usage pattern. The cost of hydrogen had a significant
impact on the returns from an HFCEV, whereas hydrogen cost had a
large impact on HFCHEV only with a small battery size (<10 kWh). The
cost of an HFCHEV, even with a large battery size, was much lower than
that of an HFCEV due to the compensating of cost by downsizing the fuel
cell. In another techno-economic analysis, it was observed that the
economic profitability of both fuel cell powertrains and conventional
internal combustion engine powertrains are highly sensitive to fuel price
[181]. Table 4 shows the findings of the economic assessment from some
key literature.

Chen and Meliana [182] and Cox et al. [183] developed a
techno-economic assessment framework for future HFCEVs to compare
the cost of HFCEVs with ICEVs and BEVs in the context of Switzerland
and the USA, respectively. De Miranda et al. [184] performed an eco-
nomic analysis of a plug-in type hybrid electric-hydrogen fuel cell city
bus in the context of Brazil. The capital cost of the bus contributed
approximately 65 % of the total cost of ownership of a plug-in hybrid
electric-hydrogen fuel cell bus followed by the cost of hydrogen (22 %)
and maintenance (13 %). The capital cost of a plug-in hybrid
electric-hydrogen fuel cell city bus is about 386 % higher than that of a
diesel bus. A lifecycle cost analysis conducted by Jeong and Oh [185]
showed that the lifecycle cost of HFCHEVs is significantly affected by
hydrogen production costs, fuel cell size and fuel cell cost. Whiston et al.
[186] estimated the total cost of ownership as $0.26/km in 2017, but
expected this to reduce to $0.12/km by 2035, which will make it
competitive with ICEVs and BEVs. Wréblewski et al. [187] studied the
potential of HFCEVs market development in Poland through a total cost
of ownership analysis. Jones et al. [188] performed an economic
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Table 4
Summary of economic assessment from some key literature.
Location (year) Vehicle type System Hydrogen pathways Lifecycle cost/Total cost of ownership Reference
boundary ($/km)
HFCEV/ BEV PHEV ICEV
HFCHEV
China (2020) Cradle-to- 0.23 0.25 0.31 [153]
grave
Australia Passenger car WTW 0.24 0.71 0.33 [154]°
(2016)
USA (2015) Light-duty Cradle-to- SMR of natural gas 0.24 0.16 [158]
vehicles grave
China (2017) Passenger WTW Electrolysis by wind electricity 0.41 0.49 0.29 [159]
vehicles SMR of natural gas 0.38
China (2018) Passenger car WTW Electrolysis by solar PV electricity 0.295 0.466  0.504 0.414 [151]°
Bus 3.495 1.607 2.085 1.733
Truck 3.082 0.858 0.944 1.017
Indonesia Passenger car WTW SMR of natural gas + gasification of lignite and biomass + 0.66 0.49 0.41 0.28 [871
(2017) Bus renewable electricity from solar and wind 2.76 1.12 1.53 1.17
Truck 2.20 0.60 0.64 0.64
Malaysia Passenger car WITW SMR of natural gas + gasification of lignite and biomass + 0.75 0.57 0.46 0.32 [87]
(2017) Bus renewable electricity from solar and wind 2.61 1.14 1.51 1.19
Truck 1.99 0.64 0.62 0.64
Thailand Passenger car WITW SMR of natural gas + gasification of lignite and biomass + 0.55 0.42 0.38 0.27 [87]
(2017) Bus renewable electricity from solar and wind 2.26 1.00 1.40 1.27
Truck 1.89 0.64 0.67 0.73
Philippines Passenger car WTW SMR of natural gas + gasification of lignite and biomass + 0.57 0.45 0.39 0.27 [87]
(2017) Bus renewable electricity from solar and wind 2.34 1.21 1.48 1.3
Truck 1.96 0.82 0.69 0.74
Brazil (2016) Bus WTW 2.61 1.12 [184]
Australia Bus Electrolysis by grid electricity 2.66 1.36 [189]
(2015)
Finland (2014) Bus WTW SMR of natural gas 1.93 0.97 [157]°
USA (2014) Bus WTW SMR of natural gas 2.21 1.05 [157]‘1
China (2020) Heavy-duty Cradle-to- Coal gasification 1.3 0.9 0.7 [161]°
truck grave

@ Average of diesel and gasoline.

b Hydrogen transport through pipeline.

¢ Average of Espooll and H550 driving cycles.

4 Average of Linel8 and Line51B driving cycles.

¢ Average of fast and slow charging; SMR: Steam methane reforming.

analysis of thirteen vehicles in order to investigate the economic
competitiveness of HFCEVs in a UK scenario in 2017 and found that the
lifetime cost of HFCEVs was within the range of some diesel ICEVs when
considering the tax benefits and subsidies for HFCEVs. However, diesel
ICEVs still remained the most competitive transport for commercial use
in the UK.

Li and Kimura [87] assessed the economic competitiveness of
different HFCEVs (i.e., passenger cars, buses and trucks) with BEVs and
conventional ICEVs in Association of Southeast Asian Nations countries,
including Indonesia, Malaysia, Philippines and Thailand. The total cost
of ownership for all categories of HFCEVs was significantly higher than
that of BEVs and ICEVs. De Miranda et al. [184] reported a 133 % higher
total cost of ownership for a plug-in hybrid electric-hydrogen fuel cell
bus in Brazil, compared to a diesel bus, due to the significantly higher
cost of the initial purchase of the fuel cell bus. According to Lajunen and
Lipman [157], the capital cost of a HFC bus was higher than a diesel bus,
irrespective of the driving cycle for both Finland and California sce-
narios. The higher total cost of ownership for a hydrogen fuel cell bus
than a diesel bus was also noted by Ally and Pryor [189] in Australia. Li
and Taghizadeh-Hesary [151] studied the total cost of ownership model
of various HFCEV powertrains with hydrogen produced from renewable
energy sources in the context of China and compared them with con-
ventional internal combustion engine vehicles. The total cost of
ownership ($/km) of a bus and a truck with an HFCEV powertrain were
around 117.5 and 259.2 %, respectively, higher than that of a BEV
powertrain. A bus and truck with HFCEV powertrains showed a 101.7
and 203 %, respectively, higher total cost of ownership than a conven-
tional gasoline vehicle powertrain. A fuel cell-powered passenger car
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exhibited 36.7 and 28.7 % lower total cost of ownership than a battery
electric passenger car and a conventional gasoline passenger car,
respectively.

A comparative economic assessment of different car powertrains
with various fuels in the context of Australia performed by Sharma and
Strezov [154] also reported a lower per km cost for fuel cell-powered
cars than other vehicles. The economic cost (in per km) of different
car powertrains was ordered as battery electric car > ethanol car >
biodiesel car > diesel car > gasoline car > CNG car > hydrogen fuel cell
car > LPG car. The higher economic cost per km of a battery electric car
was due to the higher capital costs of battery electric cars [180,190]. The
total economic cost per km of a hydrogen fuel cell car was approximately
66.2 % lower than that of a battery electric car, but about 16.8 % higher
than an LPG car. Li et al. [153] proposed a lifecycle cost model for an
HFCEV and compared it with a conventional vehicle and a BEV in the
context of China. The average lifecycle cost for the HFCEV was
approximately 25.8 % lower than that of a conventional vehicle and 8 %
lower than that of a BEV due to local government subsidies for the
HFCEV.

The sensitivity analysis suggested that the annual average mileage
was the most sensitive to lifecycle cost. A recent case study in Brazil
using an ADVISOR model in MATLAB/Simulink software showed that
subsidies and fuel credits together reduced the total cost of an HFCEV by
up to 27.2 %, whereas mass production reduced the cost by up to 38 %
[90]. Therefore, the total cost of an HFCEV can be reduced by intro-
ducing subsidies and fuel credits, as well as increasing the production
volume, which will further reduce the total cost of ownership. The total
cost of ownership can also be reduced by employing an effective energy
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management strategy [191].

The techno-economic analysis of heavy-duty truck powertrains
demonstrated a significantly higher lifecycle cost for hydrogen fuel cell-
powered trucks compared to that of BEVs and conventional ICEVs [161].
The charging mode of BEV affected the lifecycle cost, fast-charging
resulted in a higher lifecycle cost than slow-charging due to the higher
cost of fast-charging infrastructure. The integration of a hydrogen fuel
cell in a tractor instead of using diesel provided a considerable economic
benefit as the cost per 100 km was reduced by $22.2, $24.2, $25.1 and
$26.8 for truck tonnages of 14-24t, 24-25t, 25-29t and 31-60t, respec-
tively [176].

As can be seen from the literature, although the total cost of
ownership of HFCEVs varies with the hydrogen production pathway (i.
e., hydrogen production cost), the capital cost of fuel cell vehicles plays a
key role in the significant variation of the total cost of ownership of
HFCEVs compared to that of conventional ICEVs. Therefore, both the
production cost of hydrogen and the cost of fuel cell vehicles will need to
be mitigated to make the technology more economically attractive.

6. Future research perspectives and implications of this study
6.1. Limitations of the previous studies and future research directions

In this study, some of the key aspects of HFCEVs such as modelling
and experimental trial, performance improvement strategies, economic
and environmental impacts were critically discussed in relation to the
findings of previous studies from different nationalities. Significant
progress has been made so far on these aspects in terms of technological
advancements and policy framework as discussed in the respective
sections. However, there are still several limitations in modelling as-
sumptions and challenges which require to be addressed to make the
technology more affordable and long-term competitive to other options.
Therefore, taking into account the recent advances in HFCEV research
and limitations of previous studies, the study has summarised some
suggestions for future research directions as follows.

e The hybridisation of HFCEVs by integrating HFCs with battery/
supercapacitor systems ensures rapid energy exchange during ac-
celeration and deceleration and high energy availability for a pro-
longed drive range. Therefore, hybridisation improves the overall
fuel economy and efficiency of hybrid vehicles compared to pure
HFCEVs. However, the degree of hybridisation is required to be
optimised, considering the various driving cycles closer to real-world
driving conditions for different vehicle types and combinations of
different secondary power sources with HFC.

Energy management of hydrogen fuel cell hybrid electric vehicles is
an important factor to enhance the fuel economy, performance and
lifetime of the vehicles’ operation. So far, a number of optimisation
approaches have been developed and investigated for efficient en-
ergy management. Only a few studies have integrated optimisation
of hydrogen economy with mitigation of power source durability
without consideration of both factors at the same time in the model.
The validation of optimisation models with experimental studies has
not been investigated extensively in the literature, though it is
important to understand the real-time applicability of the models.
Therefore, a lack of comparative studies between models and
experimental investigations is demanding more research on bench-
marking the optimisation tools with experimental data to understand
the practical applicability of the approach. Future optimisation ap-
proaches should also consider various driving cycles and precisely
capture the time-varying behaviour of fuel cells to implement a real-
time optimal control policy.

Based on the current literature, the majority of lifecycle assessment
studies investigated the well-to-wheel emissions; however, more
research should focus on considering the vehicle cycle emissions, as
it could significantly affect the total lifecycle emissions. The
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recycling of vehicle components can add positive environmental
benefits to the lifecycle emissions by avoiding the manufacturing of
vehicle parts. This will help to understand the actual contribution of
HFCEV to decarbonising the transport sector. The well-to-wheel
emissions of HFCEVs are also significantly dependent on the
hydrogen production pathway and transport system. On-site
hydrogen production from renewable electricity integrated sustain-
able process, particularly from electrolysis, could be an excellent
option where future optimisation research should focus on, consid-
ering the hydrogen demand and overall cost. Emissions associated
with other important factors including fuel supply chain and
required infrastructure are also required to be considered to make
complex decisions on planning and developing refuelling
infrastructure.

e Vehicle manufacturing shared more than 60 % of the total energy
consumed by fuel cell vehicles, which is associated with a huge
capital cost. The recycling of vehicle components can add a signifi-
cant economic benefit in terms of reducing the vehicle’s capital costs.
Both direct use of recycled components for vehicle manufacturing
and second life use (alternative use) of components can compensate
the manufacturing cost of vehicle. Therefore, the end-of-life salvage
value of the vehicle should be considered in the economic model for
providing accurate information about best scenarios to the
policymakers.
The total cost of ownership for HFCHEVs depends on the production
volume of vehicle and infrastructure components, hydrogen pro-
duction pathway, charging mode and energy management strategy.
Therefore, more studies are required for optimising energy man-
agement strategy and production volume as well as for identifying
the best hydrogen production route suitable for the specific country
or location to get the target total cost of ownership competitive to
ICEVs. Additionally, some other aspects such as uncertainties in costs
associated with the supply chain of hydrogen production, distribu-
tion and storage and vehicle manufacturing along with country
specific government policies and incentives needs to be considered in
the model for exploring more realistic evaluation and competitive-
ness with other technologies.

e The transformation of fossil fuels-powered heavy-duty vehicles to
sustainable low-emissions power technologies is emerging for
decarbonising the transport sector, where the automobile industries
and scientists are currently looking at. However, the modelling,
economic and environmental studies so far reported in the literature
have mostly focussed on light to medium-duty vehicles. It is not well
understood how the optimum energy distribution would be when
hybrid power sources are used for long range driving of heavy-duty
vehicles considering variable weather conditions and driving cycles.
Spatiotemporal multi-objective optimisation model would be helpful
to establish the optimal hydrogen supply chain for long range driving
of heavy-duty vehicles. Therefore, there is a considerable future
research scope in the heavy-duty vehicles sector to identify the
country-specific feasibility.

6.2. Practical implementations of the study

This work systematically analyses the findings of the previous
research on energy management, economic and environmental aspects
of HFCEVs and gives insight into technological and scientific advance-
ments of these aspects from a global perspective. The assumptions and
considerations of the previous studies vary from one nationality/region
to another. Therefore, comparative analyses were conducted discussing
the effect of each assumed parameters on the performance, total cost of
ownership and GHG emissions. The total cost of ownership was con-
verted to US dollar ($) from other currency considering relevant year for
better comparison. The strategic discussions presented in this work
reasonably generalises the findings of the previous studies and provides
benchmarking comparison despite of variation in assumptions.
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However, the limitation of this study lies on the comparison of total cost
of ownership which could be further improved by adjusting the total
cost of ownership estimated in different years to a specific year using the
gross domestic product inflation/deflation factor.

This study gathers the dispersed knowledge on performance, energy
management, emissions and cost of HFCEVs and consolidates on a single
platform to support policymakers involved in the development of
HFCEV infrastructure and vehicle owners. The comparative analysis of
this study can be useful information for policymakers and vehicle
owners to understand the benefits of HFCEVs in terms of performance,
emissions and ownership cost. The discussions and findings of the work
can also provide useful insights for identifying key challenging areas to
be addressed and policy design through research and development in the
future as follows. The discussions on energy management of HFCHEV
can help to design effective strategy for optimising power usage with
extended fuel cell life. The comparative economic and emissions ana-
lyses at various scenarios can guide policymakers to find out hotspot i.e.,
the most critical parameter affecting the total cost of ownership and
GHG emissions and help to rethink on how to reduce the total cost of
ownership and emissions to make HFCEV more affordable, sustainable
and comparable to other technologies. The emissions data of HFCEV
from previous studies revealed a promise for long term alternative in
terms of environmental sustainability despite of higher costs associated
with hydrogen production, storage and refuelling infrastructure.
Therefore, the Environmental, Social, and Governance (ESG) practice
through implementing HFCEVs is linked to the United Nations (UN)
Sustainable Development Goals (SDGs) — 13: Climate action. The
consolidated findings and discussion of this review can help the poli-
cymakers to take decision whether the HFCEV technology will be
adopted as a disruptive technology for the respective country/region;
accordingly, to develop short- and long-term plan to enhance public
acceptance and awareness and support other organisations and new
start-ups.

7. Conclusions

This study provides a comprehensive state-of-the-art review on
hydrogen fuel cell electric vehicles (HFCEVs). The HFCEV is a low-
emission power technology which can help to decarbonise the future
transport sector and to achieve sustainable development goals. Despite a
number of benefits, the commercialisation of HFCEVs is associated with
several issues, including the cost of hydrogen production and fuel cells,
and hence the vehicle itself, refuelling infrastructure and energy man-
agement, where ongoing research is focussing on.

This study critically reviewed the recent research on the performance
of HFCEVs, lifecycle costs and emissions. From the detailed literature
review, it was observed that HFCEVs outperformed conventional inter-
nal combustion engine vehicles (ICEVs) in terms of fuel economy and
well-to-wheel greenhouse gas (GHG) emissions. The lower GHG emis-
sions of HFCEVs can help to attain the UN SDG - 13: Climate action. The
fuel economy and efficiency of HFCEVs depend on the driving cycle,
whereas the GHG emissions are affected by the hydrogen production
pathway and transport system. However, the total cost of ownership of
HFCEDVs is still significantly higher than that of ICEVs due to the higher
production cost of hydrogen and capital cost of fuel cell vehicles. Fig. 11
presents the benchmarking of HFCEVs with conventional ICEVs in terms
of fuel economy, GHG emissions and total cost of ownership based on
the average data of light-duty vehicles of different categories from the
available literature. The study suggested that the higher lifecycle cost of
HFCEVs can be reduced by increasing the production volume of station
equipment and fuel cell components and incorporating low-cost re-
sources and technologies for hydrogen production and transport.

The study has offered suggestions for further research on perfor-
mance improvement of HFCHEVs through hybridisation and proper
energy management strategy and improvement of emissions and eco-
nomic models for understanding best scenarios. The practical
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Conventional ICEV
—— HFCEYV with steam methane reforming
—— HFCEYV with renewable powered electrolysis

Fig. 11. Benchmarking of HFCEV with conventional ICEV.

implementation of this study in relation with policy implications has
also been discussed.
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