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Abstract: Road transport is recognized as having a negative impact on the environment. Policy has
focused on replacement of the internal combustion engine (ICE) with less polluting forms of technology,
including battery electric and fuel cell electric powertrains. However, progress is slow and both
battery and fuel cell based vehicles face considerable commercialization challenges. To understand
these challenges, a review of current electric battery and fuel cell electric technologies is presented.
Based on this review, this paper proposes a battery electric vehicle (BEV) where components are
sized to take into account the majority of user requirements, with the remainder catered for by a
trailer-based demountable intelligent fuel cell range extender. The proposed design can extend the
range by more than 50% for small BEVs and 25% for large BEVs (the extended range of vehicles
over 250 miles), reducing cost and increasing efficiency for the BEV. It enables BEV manufacturers
to design their vehicle battery for the most common journeys, decreases charging time to provide
convenience and flexibility to the drivers. Adopting a rent and drop business model reduces the
demand on the raw materials, bridging the gap in the amount of charging (refueling) stations, and
extending the lifespan for the battery pack.
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1. Introduction

Environmental and legislational demands associated with the reduction of greenhouse gases
(GHG) is encouraging the automotive industry to move from internal combustion engine (ICE)
propulsion to zero tailpipe emission (ZTE) systems. Battery electric and hydrogen fuel cell (FC)
technologies have been recognized as having the most potential for automotive ZTE systems [1–3].
The remaining challenges preventing wider commercial adoption of battery electric vehicles (BEVs)
include the insufficient range, dependency on charging infrastructure, overall vehicle efficiency, limited
raw materials and recycling. Additionally, fuel cell electric vehicle (FCEV) challenges include hydrogen
fueling infrastructures, vehicle cost and vehicle design to reduce risks associated with accidents.

The current solutions for extending the range of BEVs include increasing battery size and
hybridizing other propulsions to the BEV, such as range extending electric vehicles (REEVs) based on
petrol engine (PHEV) or fuel cell systems (FCEV).

The aim of this paper is twofold. First, to review the current challenges and opportunities
associated with ZTE, and second, to exploit the review to justify the design of a novel demountable
intelligent hydrogen fuel cell range extender for BEVs.

The remainder of this paper is organized as follows. Section 2 reviews the environmental and
political background of the low carbon vehicles (LCVs) with a focus on ZTE vehicle technologies.
Sections 3 and 4 will discuss the current status of BEVs and FCEVs to demonstrate their advantages
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over internal combustion engine vehicles (ICEVs) and other alternative technologies. Section 5 will
introduce the intelligent demountable hybridization method between the BEV and hydrogen fuel
cell technology for passenger vehicles to maximize the advantages of both BEVs and FCEVs and
minimize current challenges of the two technologies and bridge the gaps of speeding replacements in
ICEVs. Based on the challenges of current BEVs and FCEVs, the paper will discuss the potential of the
intelligent demountable hydrogen fuel cell range extender for BEVs to solve the problems, improve
the efficiency and reduce costs for BEV.

2. Changes in the Vehicle Fleet

From the beginning of the 21st century, an increasing number of countries and regions have
regarded the challenges of road transport air pollution and energy shortages as strategic issues. In order
to deal with these issues, a number of countries have put in place policies supported by appropriate
legislation. For example, within the EU, the current regulatory requirement for a fleet average GHG
emission of all new vehicles is 95 g CO2 per kilometer by 2021, which is a decrease by more than 40%
compared to the 2007 target [2]. Further, some countries with leading technology and markets in the
automotive technology have introduced policies that pledge to remove ICEVs from the vehicle fleet,
see Table 1.

Table 1. Planned ban on pure internal combustion engine vehicles (ICEVs) [4].

Country Year to Ban Pure ICEVs

Germany 2040 (Tentative)
France 2040

UK 2040
Spain 2040
India 2030

Canada 2040
Netherland 2025

Aside from policy and legalization, national governments from key regions of the world economy
and those contributing significant GHG emissions have incentivized the purchase of cleaner vehicles
and the charging infrastructures. For example, the US, EU, Japan and China have introduced grants
for the purchase of LCVs, including BEVs and FCEVs [5–9].

Technical Roadmaps and Industrial Revolution

Environmental issues and policy are driving a technological revolution in the automotive industry.
In the long-term, current ICEVs will be replaced by LCVs, especially those that are ZTE capable.
Technology roadmaps have been published by countries around the world to consolidate the role
that policy and technology play in the development of the automotive electrification revolution.
The majority of these roadmaps (including those from the European Road Transport Research Advisory
Council (ERTRAC), the Advance Propulsion Centre UK Ltd. (APCUK) and China’s Society of
Automotive Engineers (SAE) regard BEVs and FCEVs as future market solutions, which are ZTE
vehicles with zero GHG emissions in the Tank-to-Wheel (TTW) stage [1,3,10]. These roadmaps show
that the full commercialization of BEVs and FCEVs is decades away. The roadmaps link limitations
of technology, infrastructure and associated business models with policy instruments in delivering a
product that is competitive to replace ICEVs. Currently, BEVs’ main limitations are vehicle range (with
the consideration of the cost, efficiency and battery energy density), infrastructure and raw material
availability. For FCEVs, significant challenges include hydrogen production, distribution and cost [1,3].
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3. Current Status of Battery Electric Vehicles (BEVs)

BEVs are recognized as a potential ZTE automotive solution in the future, which exhibits high
powertrain energy efficiency and low running costs compared to other LCV technologies such as
hydrogen fuel cell and petrol hybrid vehicles [11]. However, current BEV limitations include range,
cost/efficiency with the consideration on the vehicle sizing as well as the dependency on the charging
infrastructure. The following subsections review the current status of BEVs to justify their advantages
and limitations in terms of technical and associated business perspectives.

3.1. Range Limitation

The most significant challenge of current BEVs is their limited range compared to ICEV average
levels, as shown in Table 2 based on the New European Driving Cycle (NEDC) and real world range.

Table 2. The performance and price of popular battery electric vehicle (BEV) models [12–16].

Vehicles Official NEDC
Range

Real-World
Range Retail Price Home Charging

Time (7 kW) Fast Charging

NISSAN Leaf 30 kWh 168 miles 124 miles £26,190 7.5 h 1 h (50 kW)
Volkswagen e-Golf 186 miles 144 miles £29,230 5 h 35–40 min (50 kW)

BMW i3 120Ah 223 miles 160 miles £36,935 4.5 h 35 min (50 kW)
Renault Zoe Z.E. 40 250 miles 186 miles £29,270 7+ h 1 h (43 kW)
Tesla Model S 75D 304 miles 243 miles £69,954 11 h 40 min+ (120 kW)

The range setting of BEVs should consider the average driving distance, household vehicle
ownership and the percentage of household vehicles used for long-distance journeys. The average
daily driving distance in European countries is from 25 miles (UK) to 50 miles (Poland) [17]. In addition,
only 19% of vehicles are used frequently to take long-distance trips, but as many as 81% of cars are used
for long distance trips. This means that most of the cars will do long distance trips but infrequently [18].
This is supported by current travel mode behaviors where more than 60% of people prefer to travel by
road vehicles for long-distance journeys (over 250 miles). The survey also indicates that only 35% of
the families have more than one car to meet the demands of all ranges of their trips [19]. The conflict
between travel demand and daily use cannot be settled with the same electric vehicle (EV). As a result,
the range demand of the BEV cannot be ignored. Since the battery pack is the only energy storage
device (ESD) of a BEV, the method used to increase the range is to increase the battery size and improve
battery performance. Designing large battery packs to fulfil BEVs’ long distances trip requirements
will lead to a higher than necessary use of resources and associated cost for most journeys. It is not
efficient to oversize all BEVs to provide equivalent ranges to ICEVs.

3.2. Battery Characteristics

Battery performance is one of the most significant features of the BEV; Table 3 presents five
alternative battery technologies. Lead acid batteries, nickel batteries and lithium batteries are current
commercial solutions. Metal-air batteries and sodium-sulphur batteries are potential candidates for
use in future EVs [20–25].
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Table 3. The comparison of energy storage specifications for electric vehicles (EVs) [20–25].

Characteristics Lead–Acid Nickel–Metal
Hydride (Ni–MH)

Lithium-Ion
(Li-Ion) Sodium–Sulphur Lithium-Air

Specific energy
(Wh/kg) 35 70–95 118–250 150–240 3463

Energy density
(Wh/L) 100 180–220 200–400 - -

Specific power
(W/kg) 180 200–300 200–430 150–230 -

Life cycle 1000 <3000 2000 800+ -
Energy efficiency

(%) >80 70 >95 80 >95

Production cost
(£/kWh) 48 160–200 120 200–360 150

The main factors to evaluate battery performance include specific energy (Wh/kg), energy density
(Wh/L) and specific power (W/kg). In the automotive industry, the consideration of ESD also contains
life cycle, energy efficiency and production cost. The Ni-MH and Li-ion batteries are widely used in
electric vehicles (including BEVs and hybrid vehicles) due to their higher performance compared to
other types. The Ni-MH battery is mostly used in hybrid electric vehicles (HEVs) such as the Toyota
Prius HEV. Li-ion batteries are widely used as the primary ESD in pure BEVs, such as the Nissan Leaf
and VW e-Golf [11]. Li-ion batteries are currently offering the best compromise in terms of energy
density, lifecycle and cost. This has led to a widespread adoption which has driven its cost down,
strengthening its market dominance for the present and the short-term future. However, compared to
ICE and FC propulsion, the performance of Li-ion batteries is limited. Table 4 presents a performance
comparison of ICE, FC and battery; the data for BEVs includes battery management and cooling
systems. The BEV’s main advantage is its higher average energy conversion efficiency compared
to ICEs and FCs. The benefits of a lower power plant and auxiliary weight is negated by a much
higher energy storage system weight. However, the effective energy density and specific energy/power
density are not in the same order of magnitude.

Table 4. Characteristics comparison of ICEVs, fuel cell electric vehicles (FCEVs) and BEVs. Adapted
from [11]. *Note that the calculations include the weight of the whole propulsion systems.

Characteristics ICEV FCEV BEV

Reference vehicle Volkswagen Golf VI Honda FCX Clarity Nissan Leaf
Fuel weight (kg) 40.8 4.1 171

Storage capacity (kWh) 500 137 24
Specific energy – fuel

(Wh primary/kg) 12,264 33,320 140

Storage system weight (kg) 48 93 300
Specific energy – fuel + storage

(Wh primary/kg) 10,408 1469 80

Net power (kW) 90 100 80
Power plant and auxiliary weight (kg) 233 222 100

Specific energy – total equipment
(Wh primary/kg) 1782 315 60

Average conversion efficiency 21% 60% 92%
Effective storage capacity

(kWh usable) 105.0 82.0 22.1

Specific usable energy – total
equipment (Wh usable/kg) 374 260 55

The battery performance and BEV range are affected by temperature. The range of Renault ZOE
BEV was found to decreases by 56 miles (32%) when temperature decreased from 15 ◦C to −15 ◦C,
see Table 5.
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Table 5. Range variation against temperature for the Renault ZOE Battery Z.E.40 equipped with 16”
wheels and driving at 50 mph [26].

Temperature Distance Range

−15 ◦C 120 miles
−5 ◦C 140 miles
5 ◦C 169 miles

15 ◦C 176 miles

According to a report by the Global EV Outlook 2018, the top ten BEV sales (in thousands) by
countries in 2017 are China (579), USA (198), Norway (62), Germany (54), Japan (54), UK (47), France
(34), Sweden (20), Canada (16) and Netherlands (11) [27]. Most of these countries are located in the
mid-high latitudes of the Northern Hemisphere, and the temperature usually drops under 0 ◦C in the
winter, which means the BEV range in winter is a significant issue.

As a result, increases of the stored energy in BEVs will lead to higher growth in vehicle size,
and the performance of the BEV in terms of range is influenced by the temperature.

3.3. Battery Raw Material Limitation

The mass demand for BEV sales and range extension to replace current ICEVs will lead to a
significant growth in raw material usage. The materials involved in battery manufacture includes
manganese, nickel, lithium and cobalt. Manganese and nickel have large scale reserves, mature supply
chains and only 0.4% of the global nickel demand is for battery use [28]. They are therefore not expected
to be strongly impacted by demand growth for batteries. Lithium and cobalt, which are used in lithium
batteries, have a significantly greater influence on the global EV market, with batteries representing
about 6% of the total demand for cobalt and 9% of the total demand for lithium in 2017 [28].

It is predicted that lithium-ion batteries will remain the market leader for the next twenty years
in [27]. Therefore, even if Li-Air or sulphur batteries overtake the lithium-ion battery in the future,
raw materials such as lithium and cobalt will be essential. The availability of resources for the
manufacturing of lithium-ion cells is an important topic for the continuing development of electric
vehicles. Two key elements of material availability are the material market distribution and the
industrial structure [29]. According to McKinsey (Figure 1) [30], the battery market for lithium has
almost trebled between 2010 and 2017. It is expected to represent more than three-quarters of overall
production by 2025. There is a potential discrepancy between the demand and resource for the amounts
of lithium required to feed the expansion of EVs. The latter is envisaged to require 1 Mt/year after 2026,
whilst current resources are estimated to be between 19.2 Mt and 71.3 Mt [31].

Despite this gap between supply and demand, some authors believe that the increased demand
for Lithium should not become an obstacle in the future due to the presence of untapped reserves.
However, commercially viable means to exploit oceanic lithium are yet to be developed and terrestrial
stocks have limited extraction capacity. Further, restricted geographic resource distribution has
geostrategic implications [28]. In particular, the lithium supply relies on a minority of countries and
companies. China, Chile and Australia occupy 85% of the global production market, and only four
companies—Talison, Sociedad Química y Minera (SQM) de Chile, Albemarle, and and Livent Corp.
(formerly FMC Lithium)—supply the majority of mining exports [30].

Although lithium is widely used in EV batteries, cobalt availability is believed to be more critical
due to its geographical distribution and geostrategical implications. Global Energy Metals Corp
has predicted that 75% of all lithium batteries will contain cobalt by 2020 and above half of the
cobalt demand will be driven by batteries [32]. The percentage of cobalt production used for battery
manufacturing has so far increased at a much slower rate. It is however expected to grow significantly,
reaching more than 50% of cobalt production by 2025. The growing demand for rechargeable batteries
and a low volume of cobalt production has caused the cobalt price to quadruple from 2016 to 2018 [33].
Cobalt is mostly a by-product from mining nickel and copper. Therefore, cobalt production is not
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expected to be able to meet market demand. According to Macquarie Research, a global production
shortfall of approximately 6.4% equivalent to 7194 t is expected in 2020 [34].
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A method to alleviate supply issues is to develop lithium-ion battery remanufacturing and
recycling to form a cost-effective supply chain for the electric vehicle battery industry [28,35–37], as well
as other modes of electric mobility. Lithium battery recycling is a long-term strategy to mitigate the
magnitude of material shortages. However, less than 3% of lithium batteries are currently recycled,
and less than 1% of lithium is reused in new products [38–40]. This is firstly due to the recycling
technologies lagging behind lithium battery technologies [41]. Secondly, policy and regulations for
lithium battery recycling are not adapted. Therefore, the industry is focusing more on cobalt as opposed
to lithium due to its high value [28,41].

Battery manufacturers, raw material producers and the recycling industry are making a strenuous
effort to alleviate the expected raw material crisis. The expected improvements in design, materials,
manufacturing and recycling should decrease in raw material usage. Battery end users should also
consider the battery capacity requirements for most common journeys; therefore reducing battery size
is a possible solution for material saving. Raw material shortages could not threaten the EV market as
long as battery size is not increasing continuously in an attempt to replicate ICEV range, when most
journeys require significantly smaller ranges. Alternative solutions should be developed to cater for
infrequent longer journeys or adapted to specific vehicles designed for longer journeys.

3.4. BEV Efficiency and Cost

BEVs have powertrains with high energy conversion efficiencies compared to ICE vehicles.
However, the current trend of oversizing batteries to increase vehicle range to become equivalent
to ICEVs results in battery size and overall vehicle weight increases. This results in higher energy
requirements to move the same vehicle and therefore decreases the vehicle’s overall Well-to-Wheel
(WTW) energy efficiency, see Figure 2.
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Simultaneous increases in battery size and reductions in overall vehicle WTW energy efficiency
and material consumption are increasing both the manufacturing and running costs of BEVs. Brennan
and Barder found in 2016 that the average manufacturing cost of a mid-size BEV is £14,000 more than
ICEVs, with the cost of the battery pack being one of the main costs [42], see Table 2.

Incentives from governments have helped balance the significant price difference between EVs
and ICEVs. In addition, changes in customer behaviors and motivations and the impact of the diesel
gate have resulted in increased sales. In particular, registrations of BEVs more than doubled in 2017,
whilst they only increased by 7% between 2015 and 2016 [43–50]. The ICEV cost-effectiveness (high
performance-price ratio) is still slightly higher than BEVs [44]. ICEV’s cost-effectiveness is reliant on
the oil price, and uncertainty associated with the latter can potentially make this highly variable.

Today, BEV prices are higher than ICEVs for an equivalent model. However, in certain conditions,
such as suitable subsidies, appropriate length of ownership and refueling costs, the lifetime costs of EVs
are competitive when compared to ICEVs [51,52]. For example, the Toyota Prius is London’s favorite
private hire car, with twice as many than the second-place vehicle which is the Ford Galaxy [53].

According to the 2017 APCUK Roadmap from British Automotive Council, future BEVs need to
be ‘tailored for usage’ [1]. This means that the range and size of BEVs should be adapted to demands
and applications. This could avoid oversizing the BEV that would otherwise result in increased
manufacturing and running costs and purchase prices. Appropriate vehicle and battery sizing will
decrease the demand for the limited raw materials. Based on the National Travel Survey England
2018 by the Department for Transport, the average annual driving range in the UK is 6580 miles in
2017, which equals to around 25 miles per day [19]. Hence, tailored BEVs will mostly be small- or
medium-sized vehicles, and they will rely more on charging infrastructure.

3.5. BEV Infrastructure Dependency and Availability

Limited by vehicle efficiency, costs and raw materials, future BEVs require a reduction in battery
size, and this will lead to a range decrease. As a result, the charging frequency will increase, and this
will make BEVs depend more on charging infrastructure. Table 2 presents the charging time using
home and fast charging facilities for popular BEVs. Most current BEVs require more than five hours
when using home charging, and when using public fast-charging infrastructures, the charging speed is
much higher but still over 30 min, which is not comparable to the refueling speed of ICEVs and FCEVs.
Thus, to fully commercialize and replace current ICEVs, the demands of BEV charging infrastructure
will much higher than current petrol stations. The growth in the speed of BEV charging infrastructures
has been fast in the past few years, due to increasing ownership of BEVs and governmental efforts.
Figure 3 presents the amount of total charging connector changes in the UK from 2011 to 2018.
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The “slow” chargers are most 3 kW normal home chargers, “fast” chargers are more than 7 kW
chargers including household and public facilities, and rapid chargers are most public specific vehicle
charging points. The latest data from the UK ZAP-MAP, a UK-wide map of charging points, indicates
that the total number of public points is 1481, the amount of rapid charging devices is 2162 and the total
number of rapid charging connectors are 4973. There were 45 new rapid charging devices installed
in the last 30 days in the UK [54]. It seems that the growth of charging infrastructure is fast, but the
total amount of public charging points is still incomparable with petrol stations. As the Department
of Energy and Climate Change claimed in 2012, the distance between each petrol station in the UK
is shorter than 10 min driving [55]. Hence, charging infrastructure construction will be a long-term
project which will require decades to reach the current petrol infrastructure level. The rapid growth of
BEV charging infrastructure will also lead the electricity demand increases and actions are required
from the National Grid System [56].

3.6. Summary

BEVs have advantages in energy efficiency and higher environmental performance compared to
ICEVs and ICE-based HEVs, and are recognized as one of the future road vehicle solutions with the
most potential. In order to meet the requirements of peoples’ vehicle demands and reach the target
goals to replace current ICEVs, BEVs will need to increase their range and reduce their cost. However,
limited by battery performance and main raw material resources, increasing the battery amount for
range extension will decrease vehicle efficiency, and lead to growth in both manufacturing and running
costs. Another method to realize future BEVs as “tailored for usage” will not be easy to achieve since
more than 65% of families own only one vehicle which is expected to fulfil any length of road journey
demands. Moreover, the “tailored for usage” BEVs, which are mostly small/medium-sized vehicles,
will depend more on infrastructure, but the amount of charging facilities will not reach the level of the
current petrol stations in a short period.

Similar to BEVs, as another future vehicle solution, FCEVs have advantages compared to ICEVs
and other competitive vehicles, and limitations in both technical and associated business aspects.

4. Current Status of FCEVs

Similar to BEVs, FCEVs are identified as a future option to reduce the dependence on foreign
oil significantly and to lower harmful emissions that contribute to climate change. As another future
solution, compared with BEVs, FCEVs has advantages such as an extended range, quicker refueling
speeds and less environmental impacts, but similarly have limitations on costs and infrastructure.

4.1. Performance and Cost of the Current FCEV Fleet

FCEVs use hydrogen as the power source, where the hydrogen fuel cell supplies the appropriate
voltage to the battery or the power system. There are some competing energy storage technologies for
use in FCEVs. Table 6 shows an overview of the latest situation for energy storage technologies of fuel
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cells. The advantages and disadvantages of various fuel cell technologies, such as electro-chemical,
chemical and electric, are examined for different kinds of fuel cell vehicles.

Table 6. Summary of fuel cell characteristics [20,57–59].

Energy
Storage

Source Type

Alkaline
Electrolyte
Fuel Cells

(AFC)

Phosphoric
Acid Fuel

Cells
(PAFC)

Solid Oxide
Fuel Cells

(SOFC)

Molten
Carbonate
Fuel Cell
(MCFC)

Proton Exchange
Membrane Fuel
Cells (PEMFC)

Direct Methanol
Fuel Cells (DMFC)

Anode
catalysts Nickel

Platinum
supported
on carbon

Nickel–YSZ
composite

Nickel
chromium

Platinum–ruthenium
supported on carbon

Platinum–ruthenium
supported on

carbon

Cathode
catalysts

Silver
supported
on carbon

Platinum
supported
on carbon

Strontium-doped
lanthanum
manganite

Lithiated
nickel oxide

Platinum–ruthenium
supported on carbon

Platinum–ruthenium
supported on

carbon

Interconnect
material

Metallic
wires Graphite Ceramics Stainless

steel Graphite Graphite

Electrolyte

Aqueous
solution of
potassium
hydroxide

Liquid
phosphoric

acid

Yttria-stabilized
zirconia

Liquid
solution of

Lithium,
sodium,
and/or

potassium
carbonates,

Solid polymeric
membrane

Solid polymer
membrane

Fuel Pure H2 Pure H2
H2, CO, CH4,

other
H2, CO,

CH4, other Pure H2 CH3OH

Cell voltage 1.0 1.1 0.8–1.0 0.7–1.0 1.1 0.2–0.4

Operating
temperature

(◦C)
70–100 150–220 600–1000 600–700 50–100 60–200

System
output (kW) 10–100 50–1000 1–3000 1–1000 1–250 0.001–100

Electrical
efficiency

(%)
60–70 36–45 35–65 45–65 43–58 40

The most popular fuel cell technologies are Direct Methanol Fuel Cells (DMFC), Proton Exchange
Membrane Fuel Cells (PEMFC), Alkaline electrolyte Fuel Cells (AFC), Phosphoric Acid Fuel Cells
(PAFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cells (SOFC). The PEMFCs,
AFCs and direct methanol have advantages such as portability and miniaturization. PAFCs and
SOFCs are suitable for medium and large power generation, as well as combined heat and power.
MCFCs are suitable for large scale energy generation [25]. The technology with ideal characteristics for
road vehicle applications is PEMFC. It has high overall efficiency, quick start-up, low-temperature
operation, zero emission, a long lifetime, simple design, small volume, less weight and non-corrosive
features [60,61]. However, the costs of the proton exchange membrane and the platinum catalyst
are prohibitively high. Researchers and automotive manufacturers are continuing to optimize fuel
cells. For example, the Toyota Mirai™ fuel stack not only reduced volume by 43% and weight by 48%,
but also improved power delivery by 26% compared with the 2008 model of fuel stacks [62]. Due to the
developmental potential of fuel cell for portable applications, transportation applications and stationary
applications, the fuel cell could become an environmentally-friendly, economically-competitive energy
storage device for the future market [59]. Table 7 presents the comparison of FCEVs with ICEVs,
BEVs and HEVs in different perspectives.
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Table 7. Comparison of vehicle specifications. Adapted from [11].

Features ICEV
(VW GOLF 1.4TSI)

Hybrid
(Toyota Prius III) BEV (Nissan Leaf) FCEV

(Honda FCX Clarity)

Power supply IC engine ICE, electric motor Battery and electric
motor

PEMFC and
electric motor

Fuel Petrol, diesel and
alternative fuel

Petrol/diesel as
main fuel ‘Electricity’ Hydrogen

Top speed (mph) 124 112 94 100

Acceleration (s) 9.5 10.4 7 10

Range (miles) 552 716 73–109 366

Purchasing price £22,500 £25,500
£31,560 (including
£6000 government

incentive)
£45,400

Running fuel price
(per mile) £16.8 p £10.7 p From £2 p From £5 p

Fuel economy (mpg or
mpg equivalent) 45.6 72.4 99 81

Tailpipe CO2 emission
(g/km) 144 89 0 0

Charging time (min) 5 5–120 60–450 5

In terms of vehicle range, the FCEV has longer a range than the BEV and a similar range in
comparison to conventional vehicles, but with the development of fuel cell technology and due to the
high energy density of hydrogen, it is not hard to increase range and this will not lead to oversizing and
significant mass increases. For example, Toyota have targeted a 620 mile driving range with a fuel cell
concept car which can offer more than 50% of the drive range of the current Toyota Mirai™ FCEV [63].

In the customer’s view, the purchase price of FCEVs are much higher than other vehicles. This is
related to the production/sales volume, since the current number of FCEVs is incomparable with other
types of vehicles. The running costs of FCEVs and BEVs are currently much lower than ICEVs as
taxes are not added to the hydrogen fuel and electricity for charging. However, FCEVs’ operating
costs are still expected to remain lower than ICEVs, even if taxes were to be added for fuel and
electricity charging.

4.2. Hydrogen and Infrastructure Limitation

The refueling speed of FCEVs is similar to ICEVs which only takes about a few minutes. The most
significant problem for fuel cell vehicles is a lack of hydrogen refueling stations. In total, there were
330 stations around the world and only 15 fueling stations in the UK [64]. John Hayes, the UK Transport
Minister, said the government knows that the main obstacle to hydrogen fuel cell electric vehicles
is refueling infrastructure, and a new £23 million fund has been announced by the government to
boost the development of hydrogen vehicles and the required infrastructure [65]. This move shows the
ambition of the UK government to achieve zero-emissions for every new car by 2040. Following this
help from government, Burgh stated that this incentive program would attract more investment and
encourage further development of hydrogen-powered vehicles and infrastructure [65].

The increase in hydrogen refueling stations is significantly increasing the demand for hydrogen.
The latter requires a significant growth of hydrogen production and a vast distribution network.
The remainder of this sections addresses both issues:

• Hydrogen production

Although hydrogen is abundant on earth, it cannot be obtained directly, unlike oil and gas.
There are many ways to produce hydrogen. Natural gas reforming is the most common processes
used to create hydrogen. Steam reforming and partial oxidation methods can produce hydrogen from
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methane. Low-cost natural gas reforming can provide hydrogen for FCEVs and other applications
such as electric power grids [66]. Usually, industries use the natural gas reforming method to produce
hydrogen and CO2. Due to the unwanted release of CO2 into the air, the hydrogen resulting from
this production method is called “grey hydrogen” [67]. With a long-term view, the usage of oil and
gas will be replaced by solar power and wind power to generate hydrogen. This type of hydrogen is
often called “green hydrogen”. A technology called Carbon Capture and Storage can capture almost
90% of the CO2 by-product during the industrial process, preventing most of the CO2 from entering
the atmosphere [68]. This type of hydrogen is called “blue hydrogen”. New techniques to produce
hydrogen will be implemented, such as photocatalytic water splitting and high-temperature water
electrolysis by nuclear technology. Once these methods become reliable and efficient, the whole
production chain will exclude the use of carbon-based energy.

• Hydrogen storage and distribution

The high-pressure gaseous hydrogen storage method is the most widely used in the world.
This method is suitable for vehicles because of its light weight and low cost. Liquid hydrogen storage
results in evaporation of 2–3% of hydrogen every day [69]. Materials-based storage methods need
a reduction in cost and improvements in capacity to meet future demands. Hence, for vehicular
applications, compressed gas storage has two ways it can be improved to meet ongoing demand.
One way is to change the composition and structure of the hydrogen that is stored in the tank, such as
a combination of liquid hydrogen and cryogenic hydrogen. The other way is to improve the structure
inside the tank [69].

Hydrogen delivery problems are closely linked to hydrogen storage technology. Currently,
hydrogen gas is usually stored in a high-pressure tank and delivered by trucks, gaseous tube trailers
and railway. Liquid hydrogen is bulk-stored in low-temperature adiabatic tanks and delivered by
planes, trucks, ships and railway. It is straightforward to deliver solid hydrogen; however, the efficiency
of transportation is less than 1% due to the heavy weight [70].

4.3. Summary

FCEV advantages include range (compared with BEVs), overall efficiency, running cost and
zero tailpipe emission (compared to other ICEVs and HEVs). FCEV limitations include the limited
hydrogen infrastructure and distribution network as well as a high purchase cost. FCEVs can meet the
requirements of daily use and travel demand in the future. FCEVs are currently an integral part of
the hydrogen economy could supplement it or be restricted by this relation. For now, the high cost of
the fuel cell system, the shortage of infrastructures and the immaturity of the hydrogen economy all
limit the development of FCEVs. Hence, a transition solution is required for bridging the gap between
today’s and future BEVs and FCEVs. The next section proposes a solution to bridge this gap.

5. Intelligent Fuel Cell Range Extender

The previous sections have highlighted the challenges faced by BEVs and FCEVs. The gap
needed to be filled to achieve full commercialization includes the limited range of BEVs (with
consideration of cost, efficiency and raw material shortage), infrastructure availability and battery
lifespan. FCEVs require a substantial increase in hydrogen infrastructure and a reduction in vehicle
cost. To overcome these limitations, a novel demountable hybridization method for BEVs based on
a demountable fuel cell range extender is introduced in this section. The conceptual framework of
the intelligent fuel cell range extender is first described. Then, the intelligent FC range extender
potentials will be presented in relation to the aforementioned challenges in terms of range extension,
infrastructure dependency reduction, raw material saving, cost, efficiency improvement, and battery
lifespan extension for BEVs as well as infrastructure utilization increases for the FC technology.
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5.1. Description of Intelligent FC Range Extender

The proposed demountable intelligent fuel cell range extender aims to bridge the gap between
the current ZET vehicle technology with its deficient supporting infrastructure and full BEV and
FCEV commercialization with a level of infrastructure equivalent to that offered to ICEVs with current
petrol stations.

The intelligent fuel cell range extender is designed to use a demountable fuel cell system to charge
the BEV in both running and parking conditions. The connection system allows the range extender to
plug-in charge the vehicle with a communication bus with the vehicle control unit (VCU) of the BEV
enabling appropriate load management. Figure 4 shows the conceptual framework of this intelligent
hydrogen fuel cell range extender system. This range extender contains a hydrogen tank as the energy
storage, a PEMFC stack as a power generator with its control, cooling and communication systems.
It has a physical connection component, charging interface and communication path to connect the
range extender with the BEV.

World Electric Vehicle Journal 2019, 10, x FOR PEER REVIEW 12 of 19 

FCEV commercialization with a level of infrastructure equivalent to that offered to ICEVs with 
current petrol stations. 

The intelligent fuel cell range extender is designed to use a demountable fuel cell system to 
charge the BEV in both running and parking conditions. The connection system allows the range 
extender to plug-in charge the vehicle with a communication bus with the vehicle control unit (VCU) 
of the BEV enabling appropriate load management. Figure 4 shows the conceptual framework of this 
intelligent hydrogen fuel cell range extender system. This range extender contains a hydrogen tank 
as the energy storage, a PEMFC stack as a power generator with its control, cooling and 
communication systems. It has a physical connection component, charging interface and 
communication path to connect the range extender with the BEV. 

 
Figure 4. Intelligent FC range extender demonstration. 

The electronic control unit (ECU) of the range extender will refer to external traffic information 
(infrastructure availability, traffic flow congestions and GPS information), environmental conditions 
(temperature and humidity) and internal data from the BEV (SoC, battery health and route planning) 
to determine the most appropriate charging method to efficiently provide range extension as well as 
avoiding over-discharge, reducing the environmental effects and extending battery lifespan for the 
BEV. 

Based on the system cost data from Microcab Ltd. in Coventry University, the cost of this 
demountable fuel cell range extender mainly comes from the 3.3 kW PEMFC system (£10,000), 1.8 kg 
350 bar hydrogen tank (£6500), and a 250 kg load trailer (£200) [71]. Thus, the total cost of this fuel 
cell range extender is around £16,700. 

Based on the demands of current BEV market and the cost consideration on fuel cell system, the 
ideal marketing strategy of this demountable intelligent fuel cell range extender is ‘Rent & Drop’. 
This strategy can increase the utilization of fuel cell power units, which is the most expensive 
component compared to installing a fixed fuel cell system into a BEV. This will enable the owners to 
select their vehicle range based on typical usage as opposed to infrequent long-distance trips, thereby 
minimizing cost and maximizing usability. 

5.2. Potentials of Intelligent FC Range Extender 

Based on the previous review and discussion, the main challenges for current BEVs and FCEVs 
are range limitations, infrastructure availability, raw material shortages, limited lifecycles, cost and 
efficiency. The potentials of this intelligent fuel cell range extender will be discussed based on these 
aforementioned challenges. 
  

Figure 4. Intelligent FC range extender demonstration.

The electronic control unit (ECU) of the range extender will refer to external traffic information
(infrastructure availability, traffic flow congestions and GPS information), environmental conditions
(temperature and humidity) and internal data from the BEV (SoC, battery health and route planning)
to determine the most appropriate charging method to efficiently provide range extension as well
as avoiding over-discharge, reducing the environmental effects and extending battery lifespan for
the BEV.

Based on the system cost data from Microcab Ltd. in Coventry University, the cost of this
demountable fuel cell range extender mainly comes from the 3.3 kW PEMFC system (£10,000), 1.8 kg
350 bar hydrogen tank (£6500), and a 250 kg load trailer (£200) [71]. Thus, the total cost of this fuel cell
range extender is around £16,700.

Based on the demands of current BEV market and the cost consideration on fuel cell system,
the ideal marketing strategy of this demountable intelligent fuel cell range extender is ‘Rent & Drop’.
This strategy can increase the utilization of fuel cell power units, which is the most expensive component
compared to installing a fixed fuel cell system into a BEV. This will enable the owners to select their
vehicle range based on typical usage as opposed to infrequent long-distance trips, thereby minimizing
cost and maximizing usability.

5.2. Potentials of Intelligent FC Range Extender

Based on the previous review and discussion, the main challenges for current BEVs and FCEVs
are range limitations, infrastructure availability, raw material shortages, limited lifecycles, cost and
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efficiency. The potentials of this intelligent fuel cell range extender will be discussed based on these
aforementioned challenges.

5.2.1. Range Extension

The most significant challenge for current BEVs is their limited range compared to the average ICEV
level. The first and most important feature of this fuel cell range extender is to enable BEVs to perform
long-distance journeys. The energy density by weight of hydrogen fuel is 33.3 kWh/kg [72]; the average
efficiency of the PEMFC stack is 50.5%. The charging efficiency of the current BEV is 87%. Based on
Figure 2, the efficiency of the BEV will drop by 5% while the mass increases to 250 kg, which is the total
mass of this range extender based on the combined weight of its components [11]. Thus, the electricity
provided by the range extender to the BEV is around 14 kWh per kilogram of hydrogen fuel.

Based on the vehicle parameters presented in Table 8, the estimated ability of the fuel cell range
extender is illustrated in Figure 5.

Table 8. Specifications of current BEVs [3].

Vehicle Model Original
Range/mile

Energy
Storage/kWh

Energy
Consumption
kWh/100 mile

Range
Extender

Energy/kWh

Extended
Range/mile

Tesla Model S 263 70 27 25 95
BYD E6 188 82 44 25 58

Nissan Leaf 125 24 19 25 131
VW e-Golf 119 24 20 25 125

BMW I3 116 22 19 25 132
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Figure 5. Range extending performance for the BEV.

As Figure 5 shows, when the FC range extender is sized with a 1.8 kg hydrogen tank, more than
30% of the range can be extended for large BEVs and 50% for small BEVs. The average range after the
extension is around 250 miles which makes BEVs suitable for many long-distance journeys.

5.2.2. Infrastructure Dependency and Utilization

The second potential of this range extender is to reduce the dependency on charging infrastructure
and increase the utilization of hydrogen refueling infrastructure. The charging and refueling method
for the BEV with the range extender can be flexible and fast due to the contemplated “rent & drop”
marketing model.

• Since the demountable design allows the BEV to “charge everywhere”, the charging time for
BEVs can be saved and avoid queueing or looking for charging positions in peak travel periods,
reducing the time wasted on charging.
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• It can produce a more flexible charging method. In the first stage, before the full commercialization
of hydrogen fueling stations, users can rent and replace it quickly. In the second stage, when the
number of hydrogen fueling stations are acceptable, drivers can have a fast self-refueling.

• In the long-term, adding the range extender can potentially reduce the pressure on the National
Grid System in terms of electricity consumption by providing an alternative to charging facilities
requiring high power. The replacement of current ICEVs by BEVs has been regarded as an
inevitable trend; however, the full commercialization of the BEV and its charging infrastructure
will lead to an enormous impact on the National Grid System. As the annual power demand
prediction from the UK National Grid, the power demand of BEVs will be around 45 TWh in 2050,
representing around 10% of the power demand of the whole country. Moreover, as the number
of electric vehicles increases, the peak demand for electricity is one of the challenges that needs
to be met. For example, the consumer power scenario suggests that by 2050, electric vehicles
will generate an additional 18 GW of demand, equivalent to an additional 30% of today’s peak
demand [56]. The National Grid Group has directed that the peak power demand issue can be
alleviated by regulating electricity tariffs for different periods to encourage BEV owners to charge
vehicles in the off-peak time period.

• Based on the review of current hydrogen fueling stations and information from automotive
roadmaps around the world, it is clear that the limited amount of the hydrogen refueling
stations has significantly affected the commercialization of FCEVs. Governments around the
world are planning to build the stations at much quicker pace than before. However, the full
commercialization of FCEVs is still decades away [2,8]. This means that before FCEVs become
widely used, there will be thousands of hydrogen stations under low utilization conditions and
operating at a loss (compared with the utility of current petrol stations and charging stations).
Given the significant average annual maintenance cost of a hydrogen station of £71,000 [73] there
will be a significant waste if the utilization of hydrogen stations is qualified in the early years
before the number of FCEVs reaches the expected level. Therefore, commercializing the proposed
BEVs range extender will increase the overall hydrogen economy efficiency and reduce losses for
early hydrogen fueling stations. The adoption of a ‘rent & drop’ marketing model should improve
the management of the distribution of the hydrogen refueling process by centralizing re-fueling to
maximize the utilization of local hydrogen stations.

5.2.3. Raw Material Saving

The rapid growth of the BEV ownership will lead a shortage of raw materials, see Section 3.4.
The most important raw materials for batteries used in BEV are lithium and cobalt. However, since the
automotive market is enormous and growing every year, there are concerns regarding the availability
of raw materials to meet the increased demand.

The proven reserved for lithium and cobalt was estimated in 2017 to be 15.5 million tons and
7 million tons, respectively [74]. Currently, a Tesla Model 3 car is equipped with Panasonic lithium
battery using 90 g.(kW.h)−1 of lithium and 85 g.(kW.h)−1 of cobalt, adding up to 4.7 kg lithium and 4.5 kg
cobalt [75]. Assuming that the total number of vehicles will be two billion in 2035 and that the BEV
market share will be 21% [76], the demand for raw materials is likely to exceed production capabilities.

As a result, shortages of lithium and cobalt are expected when current ICEVs are planned to be
replaced by BEVs. The intelligent fuel cell range extender could provide an alternative solution to
increasing battery size to improve the BEV range. Battery sizing based on most common trip will
reduce battery size, decreasing the usage of raw materials.

5.2.4. Cost and Efficiency Improvement

Based on the findings described in Section 3.1, designing BEVs to have similar ranges to ICEVs
would require a large battery pack which will lead to significant increases in the purchasing and running
costs due to the limited performance and price of current batteries. The use of most vehicles to perform
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some long-distance travel means that there is currently a need to cater for these occasional long-distance
trips. Increasing the vehicle battery size being the most inefficient manner to address this issue,
manufacturers are investigating the most appropriate range to design their batteries. Some researchers
believe that the range extended electric vehicle (REEV) which reduce (or balance) the size of battery
pack and fuel cell system can minimize the cost and reach the demand of vehicle range [77–79].
Compared with this REEV solution, the demountable design provides the most significant advantages
of this demountable intelligent range extender including the fixed-cost reduction and centralization
refueling. The demountable design provides a more flexible and cost-effective option for BEV owners
as they can purchase a cost effective and appropriately sized BEV for ordinary urban usages and rent
this extender for occasional long-distance trips. Also, from the manufacturer’s perspective, the ‘rent &
drop’ strategy will reduce the manufacturing cost compared to the fixed-installation of the fuel cell in
the REEV solution. The demountable fuel cell range extender will be able to serve more vehicles and
their occasional demands. The ‘sharing model’ can avoid wastes in manufacturing costs, purchasing
price and running costs and increase the utilization of hydrogen infrastructure. It could also bridge the
gap in being “tailored for application” for the current BEV [1].

5.2.5. Battery Lifespan Extension

The deep discharge of the battery pack can reduce the stability of the battery pack. The cobalt-based
lithium battery lifecycle is decreased by the reduction of the SoC. The battery lifespan will be decreased
by 50% if the depth of discharge (DoD) reaches 80% (20% SoC) [80]. The control unit of this fuel cell
range extender can determine the charging time and output based on the SoC and temperature of the
vehicle to keep the SoC in the most efficient and healthiest level. This can help the BEV extend the
battery lifespan. The performance of the lithium battery is limited by the operational temperature [81].
In a low-temperature environment, the fuel cell power unit in this range extender can provide enough
electricity while the battery performance is affected by weather and avoid damage to the battery
lifespan caused by repeatedly deep discharges.

6. Conclusions

There is currently a political and ideological desire to move from internal combustion engines to
electric vehicles, to reduce emissions and therefore pollution at the point of use. The current challenges
to realizing this goal include the race to larger battery packs, resource and raw material potential
shortages, battery technology limitations and limited infrastructure to support a large fleet of BEVs.
There is therefore a gap between the political will and achievable BEV fleet increases.

This paper has proposed a new trailer-based intelligent fuel cell range extender to bridge this gap.
The applicability, effectiveness and efficiency of the solution has been justified based on a review of
the current issues and solutions associated with the range limitations suffered by battery operated
vehicles (BEVs). The proposed 1.8 kg fuel cell tank can extend the range of small and large BEVs by
more than 50% and 25%, respectively, to achieve ranges between 250 and 350 km. The trailer-based
demountable design reduces dependency on charging infrastructure and increases refueling station
utilization efficiently by centralization refueling. The ability to add range extension on demand enables
manufacturers to reduce battery pack sizes for BEVs, helping reduce the pressure on raw materials and
need for recycling.

Designing a BEV for the most common journeys, in contrast to designing for maximum expected
range, reduces the overall cost and increases BEV efficiency. It provides additional usability, due to the
flexibility to rent this range extender for occasional long-distance journeys. The ability to recharge
or maintain the battery charge within conservative SoC limits can help maintain battery health and
minimize the detrimental impacts of external environmental conditions.

In addition to the aforementioned benefits to BEVs, the proposed approach can also benefit FCEVs.
It can, in the short term, rationalize infrastructure development, hydrogen production, distribution and
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reduce cost. This intelligent fuel cell range extender could support the development of BEVs and FCEVs
for zero TTW emissions and bridge the gap between current and future automotive market demands.
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