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Abstract: Transportation, as the backbone of the modern economy, continues to be a significant
contributing factor to environmental pollution and poor air quality. Whilst numerous efforts have been made
to address energy consumption and emissions through the manufacturing and end use stages, the use of
fossil fuels continues to grow at an exponential rate. A key target area to assist with fuel consumption
reduction targets is the implementation of renewable energy combined with energy storage technologies.
The aim of this review is to investigate various means of production for renewable energy and energy
storage technologies with the specific focus on the automotive industry.
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automotive industry

1. Introduction

The issue of climate change corresponding with rising greenhouse gas emissions is one of the most
significant challenges faced by the world today. Global warming caused by human-related emissions has
already brought in catastrophic consequences through rising sea levels, extreme weather events, and more
frequent wildfires and floods. The automotive industry poses an enormous challenge for decarbonisation and
currently accounts for 21% of total global greenhouse gas emissions [1]. Without active intervention, this
number is set to increase further. With rising income levels and population growth, the global transport sector
is expected to double by 2070. Reducing greenhouse gas emissions to prevent further climate instability
requires a rapid transition away from carbon-based fuels. Therefore, there is an incentive to explore
renewable energy and energy storage technologies for automotive applications which can mitigate the rise in
future greenhouse gas emissions.

As part of the present review, the renewable energy generation methods included were solar, wind, and
hydroelectric power. These low-carbon resources were deemed as the most influential based on their
significant contribution to the global energy mix [2] and their greater annual power capacity compared to
other renewables [3].

Although energy generation is essential, the ability to store this energy is critical to the success of a
renewable economy. At present, efficient energy storage presents numerous challenges and effective energy
storage solutions are critical to further penetration of renewable assets such as solar and wind [4]. It is
anticipated that increasing flexibility of supply through storage will increase utilisation of renewable power.
This would facilitate a cost-effective transition away from fossil fuels by automotive applications. In the
present study, centralized energy storage technologies–specifically lithium-ion batteries (LIBs) are discussed
since they are the most widely used battery storage technology found in electric vehicles (EVs). Moreover,
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the demand for LIBs is expected to increase exponentially as the EV market expands, with projections

suggesting a rise from 580 GWh in 2021 up to 9300 GWh in 2030 [5]. As an ideal alternative, distributed

energy storage realized by embodied energy storage technology is also discussed. Although distributed

energy storage technologies remain mostly in the research phase, they offer great potential to enable volume

and mass savings, thus enhancing the efficiency and range of EVs in the future.

2. Overview of Renewable Energy

To address the impact of climate change, there has been substantial development and investment of

technologies aimed at clean and renewable energy, including solar photovoltaic, geothermal, solar thermal,

hydroelectric, biofuels and ocean power.

Among renewable technologies, hydropower accounts for the largest renewable energy source of

electricity, generating more than all other renewable technologies combined [6]. Solar and wind sources have

also been major contenders in the market due to commercial acceptance and technological maturity. As

shown in Figure 1, the percentage of renewable energy in global electricity generation is growing from 20.3%

in 2011 to 28.5% in 2021 [7,8]. Hydroelectric, wind and solar energy are three major sources for renewable

electricity generation.

Besides, the capacity of these sources is growing at an ever-increasing rate as shown in Figure 2. In

2020, the total addition of renewable energy capacity was more than 256 GW, including 139 GW of solar

power, 93 GW of wind power, and 20 GW of hydropower [3].

Figure 1. Renewable Energy Share of Global Electricity Production (2011, 2016, 2021).
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2.1. Hydroelectric Energy

Hydroelectric generation is one of the most widely used and reliable renewable energy sources. It is
generated by transferring water between two reservoirs at different heights through a turbine (Figure 3). The
fast-flowing or falling water drives turbines at the end of its passage which is coupled to the rotor of an
electrical generator [9]. A set of three-phase voltages are then induced in the stator of the electrical generator.
Step up transformers are then used to increase the alternating voltage, making it more suitable for long-
distance transmission.

In 2020, the total installed capacity of hydroelectric power reached its greatest level, at an overall
capacity of 4425.43 TWh [7,8], which is approximately 60% of all renewable electricity generated [11]. As
shown in Figure 4 [7, 8], from 2016 to 2021, hydroelectric power remained the largest renewable and still

Figure 2. Annual Capacity Additions of Renewable Energy Sources. Reprinted with permission from [3].

Figure 3. Hydropower Energy Generation System. Reprinted with permission from [10].
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exceeding the energy from all other renewable electricity combined. However, solar and wind energy
capacity has grown at a tremendous rate, where the percentage of hydropower in renewable electricity
generation falls from 68.29% in 2016 to 53.74% in 2021.

As also shown in Figure 5, the additional annual installed capacity for hydropower is considerably
smaller than non-hydro renewables, specifically solar and wind energy. However, hydropower is still an
important and vast renewable source. In 2020, electricity generated by using renewable energy was
approximately 28% of the total electricity production, with hydropower being 16.8% of the world’s total
electricity generation.

Unlike solar and wind energy, hydropower is not an intermittent resource and provides a constant power
output. This leads to several advantages including the ability to provide ancillary services to the grid such as
frequency regulation, which is vital for balancing energy supply and demand [12]. This will become
increasingly important when managing future power networks with greater flexibility and more distributed
electricity generation.

Many large-scale hydroelectric plants are currently in operation, such as the Three Gorges dam in China
with a capacity of 22.5 GW, and Itaipu on the border between Brazil and Paraguay with a capacity of 14 GW.
Possible reasons for the slower annual capacity addition of hydroelectric power compared to wind and solar
could include its large capital cost and long lead times for construction [13]. Furthermore, construction of
large-scale dams can have huge environmental and social impacts such as destroying wildlife habitats and
displacing communities [14]. Creating artificial reservoirs traps vegetation under water, which decays and
releases methane into the atmosphere. This counteracts the reduction in emissions associated with renewable
resources since methane is a much more potent greenhouse gas than carbon dioxide, with a global warming

Figure 4. Hydropower Amount and Its Percentage of Renewable Electricity from 2016 to 2021.

Figure 5. Energy Mix for Electricity Production. Reprinted with permission from [3].
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potential 25 times larger [15].
Therefore, the future outlook of hydroelectric power is likely to include smaller scale ‘micro-

hydropower’ plants as discussed by Somani et al. [16], which has smaller environmental impact.
Furthermore, pumped-hydro storage is a promising option to exploit the high conversion efficiency of
hydroelectric power while minimising environmental impact. These plants make use of excess power
generated during periods of low demand, to pump water to an upper reservoir, and such power can then be
released to generate extra renewable electricity during high demand periods. With a very high round-trip
efficiency of 70-80%, such electricity provides an effective form of energy storage, which could be used to
provide regulation services to the grid [13].

2.2. Wind Energy

In the last decade, the cost of producing wind energy has dropped by 56% [17]. In 2021, the current
total capacity of wind energy has reached 743 GW globally, helping to reduce over 1.1 billion tonnes of CO2

generation annually [18]. The growth is also reflected in the annual wind energy generation in 2020 of 1591
TWh —— an increase of 360% compared to 2010 levels [19]. Projections indicate that this growth will
continue, with 116 GW of installed capacity to be added to the existing 236 GW from 2022-2026 in Europe
[20]. The incentive to pursue this option is demonstrated by the fact that 93 GW of installed capacity was
implemented globally in 2020 despite the COVID-19 pandemic [3].

The distribution of wind energy varies with altitude. The generic height of wind turbines is 80 m where
wind speeds are greater than 6.5 m/s [21]. High speeds are crucial as power is proportional to the cube of the
velocity. From Betz Law, the theoretical maximum efficiency of a turbine is approximately 59% with most
turbines being able to extract only 50% of the wind energy that passes through the rotor [22]. The mechanical
energy of the wind turbine is fed to the generator through a gear box that helps maintain the same speed for
the synchronous generator. The output can then be fed into a Matrix or Z-source power converter. Most
modern wind turbines have horizontal axis with three rotors placed up wind of the nacelle, which is the main
body that contains the gearbox, mechanical brake, control systems, yaw drive and generator.

Wind turbines can either be designed to operate at variable or fixed speeds. More effective power
capture, up to 8-15%, is produced with variable speed generators as well as being more cost-effective, noise-
reduced and design-lighted [23]. As shown in Figure 6, a synchronous generator produces variable frequency
AC power that is later transformed into a fixed frequency AC power to ensure a smooth grid connection.

The two main categories for wind power in electricity generation are offshore and onshore. Onshore
wind is the more established approach, holding a 95% share of the current global installed capacity of wind.
However, European energy policies have driven an uptake in offshore projects, with 26 offshore wind farms
currently under construction [25]. Greater average wind speeds and a more regular supply are two significant
advantages of offshore wind, as these lead to higher capacity factors and hence greater utilisation of the

 

Figure 6. Direct In-Line Full Variable Speed-Controlled Wind Turbine with the Generator Connected to the Electrical
Grid through a Full-Scale Power Converter. Reprinted with permission from [24].
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available wind energy. The capacity factor is a measure of the reliability of an energy resource, describing
how much its output can be trusted. While the capital and operating costs for offshore wind are currently
higher than onshore alternatives, the offshore potential energy generation is much greater [26].

In 2019, predictions indicate that offshore wind could provide 420,000 TWh annually – 18 times greater
than the current global electricity demand [27]. Offshore farms allow for higher capacity wind turbines to be
built, as there is no space constraint. This enables a larger rotor diameter for each turbine, increasing the
swept area and therefore capturing more wind through which electricity can be generated as shown in Figure
7 [29]. The huge offshore potential could be further exploited through the recent development of floating
wind farms to remove the constraint of having to build farms close to shores where the seabed is shallow,
allowing higher and steadier windspeeds at greater ocean depths to be accessed. It is estimated that 80% of
the offshore wind potential could lie at ocean depths greater than 60 m, which would only be accessible
through floating farms [29]. This concept has been explored further by Lathigara et al. [30].

The UK is the current world leader in offshore wind power generation, with the most installed capacity
of any country and ambitious plans to power every home through offshore wind by 2030 [31]. This is made
possible by major offshore projects such as the Hornsea One wind farm whose1.2 GW capacity makes it the
largest in the world [32]. As well as powering one million UK homes, the electricity produced is being used
to generate renewable hydrogen through the Gigastack project. As part of this project, water is decomposed
into hydrogen and oxygen through electrolysis, enabling carbon-free hydrogen to be collected [33]. This
forms a key part of the UK energy strategy going forward as hydrogen can be used to target hard-to-abate
sectors such as the transport and industry, as explored further by Chapman et al [34].

2.3. Solar Energy

Much like wind energy generation, the deployment of solar energy generation is rapidly increasing,
driven by policy incentives and the pursuit of decarbonisation. Favourable economics and subsides have
increased interest of public investment into rooftop solar Photo-Voltaic systems, effectively eliminating
demands for electricity from the grid.

The solar panels comprise of many smaller photovoltaic cells, arranged in series, that are made of two
semi-conductive layers, typically silicon or germanium (Figure 8). Each individual solar cell acts as a PN
junction. The oppositely charged layers create an electric field and as photon particles hit the surface, the cell
becomes energised causing freed electrons to shuttle in the circuit, creating an electrical current [35]. For
power appliances, an inverter is used for the conversion from DC to AC with any surplus AC going back to
the grid.

The two main types of solar energy technologies are photovoltaic (PV) and solar-thermal. The PV

Figure 7. Comparison of Offshore and Onshore Wind Turbines.
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technology is used to directly convert solar irradiation into electricity. PV cells are made from semi-conductor
materials, and each individual cell with standard size of 156 mm by 156 mm can produce 1-2 W of power.
Therefore, individual cells are connected in series and parallel to form solar modules with a greater overall
power output. Modules can then be connected to form solar arrays which are used to supply electricity to the
grid, or for distributed generation purposes [13]. Solar-thermal technologies capture heat energy directly from
solar irradiation, which can then be used to meet consumer heat demand through space and water heating
appliances. In 2019, 36% of UK gas consumption was attributed to domestic use, predominantly for space
and water heating [37]. The increased use of solar thermal as a low-carbon substitute for gas heating could
therefore significantly reduce gas consumption and accelerate decarbonisation [38].

From 2010 to 2020, the cost of producing solar energy using utility-scale solar photovoltaics (PV) has
dropped by 85% [40]. The global installed capacity of solar photovoltaic (PV) power in 2021 was 760 GW,
with an additional 139 GW being installed in 2020. This surpassed the growth of wind power in 2020 which
saw only a 93 GW increase in installed capacity [3]. With the significant growth of installed solar energy
capacity, the International Energy Agency (IEA) predicted an installed capacity of 1830 GW by 2026 [40],
which is 2.4 times of that in 2021. According to the International Renewable Energy Agency (IRENA), the
solar energy capacity has the potential to increase to 8519 GW (11.2 times of that in 2021) by 2050 to meet
the targets set out in the Paris Climate Agreement of 2015. The current installed capacity is shown in Figure 9
alongside the future projections.

Figure 8. Diagram of Photovoltaic Cell. Reprinted with permission from [36].
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2.4. Development and Applications

Due to the significant growth rate of renewable energy generation, the proportion of renewable
electricity in global electricity increased from 20.3% in 2011 to 28.5% in 2021, and it is predicted to achieve
60% in 2030 (Figure 10) [8]. Following the IEA 1.5 degree pathway until 2030, total renewable electricity
will increase by about 3 times, with solar energy increasing by 6.8 times and wind energy by 4.3 times [8].

Although renewable energy is developing at a tremendous speed, the amount of usage is significantly
lower than its availability. There are three main application sectors where renewable energy can make a
substantial difference: buildings, industry & agriculture, and transport. Based on data in 2019, the proportion
of renewable energy usage is 14.7% in buildings, 16.1% in industry & agriculture, and only 3.7% in transport
[42]. The proportion of renewable electricity was 26.63% in 2019, but the renewable energy usage was only
19.32%, shown in Figure 11. One of the reasons behind the limited amount of renewable energy usage is the
storage limitation. Renewable energy could be wasted if there is no effective storage, and the energy stored
will also be discounted due to storage efficiency. The inability to store and send power when required is
regarded as one of the primary drawbacks of renewable energy [43].

Figure 12 shows a more detailed composition of energy usage in transport. From 2009 to 2019, the share

Figure 9. Solar power installed capacity projections. Reprinted with permission from [39].

Figure 10. 2030 Renewable Electricity Share Prediction.
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of renewables used in transport increased from 2.4% to 3.7%, but the usage of renewable electricity increased

from 0.2% to only 0.4%. By the end of 2019, 99.6% of transports are still using internal combustion engines

[42]. With encouragement of government policies and customer preferences, the EV sales tripled between

2019 and 2021 [44], However, fuels still have higher power densities than that of batteries, and a more

effective energy storage technology needs to be developed to replace conventional internal combustion

engines for more extensive renewable electricity usage in the transport sector.

2.5. Raw Material Demand for Renewable Energy Sources

The development of renewable energy is also accompanied with raw material cost for building

individual operating systems. Figure 13 shows the raw materials requirements for building 1 MW solar PV

plants, 50 MW onshore wind plants, and 500 MW offshore wind plants.

Although the renewable energy was developed for environmental-friendly purposes, the number and

variety of raw material used in building power plants are larger than expected.

Figure 11. 2019 Renewable Energy Usage in Buildings, Industry & Agriculture and Transportation.

Figure 12. Share of Renewable Energy in Transport from 2009 to 2019. Reprinted with permission from [43].
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3. Overview of Renewable Energy Storage Technologies

Energy storage is set to be an important technology in the cost-effective integration of renewable energy
resources for the automotive applications. In this section, we highlight the widely used centralized energy
storage (including different types of rechargeable batteries and hydrogen fuel cells) and prospective
distributed energy storage realized by the embodied energy storage technology.

3.1. Centralized Energy Storage Technologies Realized by Rechargeable Batteries

With global EV sales dramatically growing in the past years (Figure 14) [46], environmentally friendly
rechargeable batteries employed in EVs have attracted tremendous attention around the world. The EVs
convert chemical energy stored in their active materials into electrical energy, through reduction and
oxidation reactions occurring at the interfaces between the electrode and the electrolyte.

Figure 13. Raw Materials Breakdown for Building 1 MW Solar PV Plant, 50 MW Onshore Wind Plant, and 500 MW
Offshore Wind Plant. Reprinted with permission from [45].

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

  EV Market Share

6750

3240

2276
2082

1263

792
543

321208125

+108%+42%+9%+65%+46% +59%+69%+55%

8,3%

4,2%

2,5%
2,2%

1,3%
0,9%

0,6%
0,4%

0,2%

Growth

0,2%

GLOBAL EV SALES ('000s)

 

(a) (b)

Figure 14. (a) Global EV Sales and Growth in the Past Decade and (b) EV Sales and Growth in Europe, China,
Northern America, and Other Worldwide Areas in 2020 and 2021. Reprinted with permission from [46].
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3.1.1. Lead Acid (Pb-acid) Batteries

The Pb-acid battery composes of lead oxide as a cathode, lead as an anode, and sulphuric acid as an
electrolyte [47]. It was introduced in 1859 and has become the most used and cost-effective rechargeable
battery around the world. Moreover, it shows high inherent safety [48], high electrochemical activity, long
cycle life [49], low-temperature operation [50], and low self-discharge rates. However, the low energy density
(30-50 Wh/kg) owe to the high weight of lead impedes the further development of Pb-batteries in EVs.

3.1.2. Nickel-metal Hydride (Ni-MH) Batteries

In the EV market, the Ni-MH battery is the only contender in the group of alkaline batteries, in which
the alkaline solution serves as an electrolyte. Nickel-cadmium (Ni-Cd) battery has been eliminated by the EV
market because of the environmental issues caused by toxic metal cadmium, lower energy density (~50 Wh/kg)
and high cost. Nickel-zinc (Ni-Zn) battery also exhibits severe problems such as the fast growth of dendrites,
leading to battery failure. In comparison, since its commercialization in 1989, the Ni-MH battery with higher
energy density (60-120 Wh/kg) and lower cost has become a substitute for other alkaline batteries and has
been applied in hybrid vehicle propulsion systems [51].

A Ni-MH battery composes of metal hydride (MH) as a negative electrode, nickel hydroxide as a
positive electrode and KOH as an alkaline electrolyte, allowing hydroxide ions to shuttle between the MH
negative electrode and nickel hydroxide positive electrode [52]. In the Ni-MH battery, the alkaline electrolyte
and lower-reactivity metals enable safety in operation at high voltage [53,54]. Moreover, Ni-MH battery has
high power density, environmental compatibility, tolerance to overcharge and overdischarge, long cycle life
and better low-temperature performance which enables EVs in cold climates [55, 56]. However, there still
exist several problems such as high self-discharge and relatively low capacity compared to LIBs, hampering
the development of Ni-MH batteries in the EV.

3.1.3. Lithium-ion Batteries (LIBs)

Compared with other rechargeable batteries (Figure 15), lightweight LIBs with high energy density
(100-265 Wh/kg), stable cycling performance and long cycle life [57,58] are currently considered one of the
most ideal power batteries used in EVs.

The primary components for a LIB involve the electrodes (cathode and anode), electrolyte, separator,
and packaging. For most LIBs, the cathode is composed of a positive current collector (aluminium foil) with
lithium-oxide active materials coated on, while the anode is composed of a negative current collector (copper
foil) with graphite-based active material coated on. To keep the cathode and anode in close proximity while
fully separated to prevent short-circuiting, there is usually a separator soaked in a lithium-ion (Li+ )
conductive liquid electrolyte in between. Aluminium alloy, stainless steel or aluminium plastic seal are
usually used as packaging. These components should be rationally assembled into a whole battery according
to the basic principle of battery structural design. The structure of an LIB in a schematic diagram is shown in
Figure 16. During the charging process, Li+ de-intercalating from the cathode material transfers through the
electrolyte to reach and intercalate into the anode material, while the electrons transfer from the cathode to
the anode via an external circuit. When discharging, the movements of Li+ and electrons are reversed.
Cathode materials for conventional LIBs used in EVs are usually lithium nickel-rich oxide (NCM) and
lithium iron phosphate (LFP), which can be charged to higher voltage when Li+ is removed [59,60]. Anode
materials used in commercial LIBs involve graphite material and graphite incorporating silicon-based
materials. Figure 17 shows the comparison between NCM and LFP LIBs in terms of specific energy, specific
power, cycle life, safety, cost and voltage. The NCM LIBs with high energy density due to high voltage and
high cost due to the scare of cobalt and nickel, are expected to be used in high-end performance EVs. While
LFP LIBs with lower cost and specific energy are expected to be used in buses and delivery trucks.
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Figure 15. Comparison of Different Rechargeable Batteries.

Figure 16. Schematic of Charging Process in lithium-ion batteries（LIBs）.
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Regarding physical implementation, conventional LIBs used in EVs are generally categorized into three
typical formats, including pouch cells, cylindrical cells, and prismatic cells (Figure 18). Pouch cells with a
relatively high specific energy, cycling performance and safety have been growing in popularity for EV
applications in recent years, and generally pouch cells are costly and cannot be mass-produced on a large
scale. The cylindrical cell with a high capacity, a long cycle life and a low cost is the most commonly used
LIB format in EVs. However, the cylindrical cells cannot be densely stacked owing to space cavities, thus
occupying more space in EVs. Prismatic cells possess a thinner size but are heavy, bulky, and concentrated,
which delivers negative impact on the driving range, storage space and dynamic handling. All these
conventional LIBs remain with lots of accessories, increasing the inactive weight. Moreover, LIBs as
centralized monofunctional energy supplies remain isolated from the system. According to the statistics, the
LIB pack takes up nearly 30% of the total weight of a typical EV of TESLA MODEL S, while the fuel only
takes up approximately 3% in a petrol-run car of HONDA CIVIC, as shown in Figure 19 [61,62]. Therefore,
there is a urgent demand urngent to explore lightweight and efficient battery energy storage systems that can
be used in EVs a.

Figure 17. Comparison of nickel-rich oxide (NCM) and lithium iron phosphate (LFP) LIBs.

Figure 18. Three Typical Formats of LIBs.

Figure 19. The Comparison between the Mass Share of Energy Sources in an EV of TESLA MODEL S and a Petrol
Car of HONDA CIVIC.
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It is worth mentioning that here have been only very few improvements over the past decade on LIBs,
although extensive work has been performed on LIBs to minimize inactive weight [63], simplify fabrication
procedures by using full-automatic assembly line, including coating, stacking, welding and enclosing
processes [64,65] and optimize packaging by using metal case with higher mechanical properties [66,67].

3.1.4. Solid-state Lithium-metal (Li-metal) Batteries

Li-metal batteries are considered the next generation high energy density LIBs for EVs due to the high
specific capacity (3680 mAh/g) and low electrochemical potential of Li-metal anode [68]. However, the
overgrowth of Li dendrites on Li-metal anode easily penetrates the separator and thus leads to short circuits.
To solve the safety issues caused by using the Li-metal anode and conventional liquid organic electrolyte with
low thermal stability and low flame point [69–71], solid-state electrolytes with high mechanical and non-
flammable properties are expected to be applied in EVs in the future. The solid-state Li-metal battery would
significantly improve the energy density and at the same time, reduce the fire accidents and explosion of EVs.

Solid-state electrolytes serve as the ion transport medium allowing efficient shuttling of Li ions between
the cathode and anode, while preventing short circuit between two electrodes during charge-discharge
cycling. So far, a wide range of solid-state electrolytes, including solid oxide electrolytes (e.g. NASICON-
type [72, 71], garnet-type [74, 75] perovskite-type [76, 77] et al.), solid sulfide electrolytes, solid polymer
electrolytes (SPEs) such as poly (ethylene oxide) (PEO) -based electrolytes and poly (vinylidene fluoride)
(PVDF)-based electrolytes, are being intensively studied [78–81].

The solid-state Li-metal battery shows great improvements in safety, mechanical properties and energy
density compared to traditional liquid LIBs, and thus is promising to be used in EVs in the future. However,
the low ionic conductivity of the solid-state Li-metal battery at the room temperature (10-7-10-4 S/cm) fails to
meet the practical utilization requirement.

3.2. Centralized Energy Storage Technologies Realized by Hydrogen Fuel Cells

The fuel cell is an electrochemical device that efficiently produces electricity from the chemical energy
of hydrogens and other fuels by a pair of redox reactions. The schematic of a hydrogen fuel cell was shown in
Figure 20. Hydrogen fuel cells have great potential for decarbonisation in the automotive industry since
hydrogen can be produced from renewable energy sources [82,83], but (1) the products in a hydrogen fuel
cell (including electricity, water, and small amounts of heat) are easy to cause negligible environmental
impact; and (2) the high cost of components in hydrogen fuel cells, including humidifiers, costly platinum
catalyst, and heat exchangers, hinders possible commercial advancement [84,85]. Additionally, the challenge
of hydrogen storage, transportation, and distribution is another barrier to the vast applications of hydrogen
fuel cells in automotive manufacturing [86]. Consequently, more research efforts need to be devoted to
addressing these challenges in the future.
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3.3. Summary: Various Centralized Energy Storage Technologies for Automotive Applications Are Non-
substitutional

The rechargeable batteries and hydrogen fuel cells with enhanced energy density, power density, safety
and reduced cost enable the long driving range and cost-effective zero-emission automotive applications.
LIBs with high energy density and long cycle life have been widely used in EVs, while the fast-refuelling
hydrogen fuel cell can be an alternative solution to battery EVs in terms of long range applications. When it
comes to transportation needs exceeding a range of 300/350 miles, battery EV is not a viable choice due to its
short driving range and the long time for battery charging, whereas the hydrogen fuel cells can offer a larger
range because vehicles can store more hydrogen without a significant weight and cargo volume penalty.
Therefore, fuel cells could be the main choice for long-distance transportation, whereas battery EVs will be
focused on short range commercial vehicle deliveries and passenger vehicles.

In conclusion, as the energy storage technologies for automotive applications, both the rechargeable
batteries and hydrogen fuel cells are not substitutional. Therefore, investment in transportation applications
needs to be balanced according to the adoption of each technology in different conditions.

3.4. Distributed Energy Storage Realized by Embodied Energy Storage Technologies

Inspired by the requirement of lightweight production in EVs, distributed embodied energy storage
technologies are being intensively explored. Embodied energy storage can be achieved by introducing
structural power batteries and supercapacitors, which simultaneously enable electrical energy storage function
and mechanical function [87]. This would promote the energy storage system in EVs toward lightweight and
volume-saving development. More specifically, as shown in Figure 21, the future EVs are expected to have
electrical energy storage function in the body metal panels, e.g. the frames, roof, doors, chairs, and floor [88].

To date, two strategies have been reported to realize structural power batteries. One strategy is to embed
a thin prismatic battery cell core into composite laminate skin panels (e.g. carbon fibre reinforced laminates)
to assemble a sandwich structure. This strategy enables electrochemical energy storage in a structural

Figure 20. Schematic of Hydrogen Fuel Cell.
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component. Numerous structural power batteries have been assembled by following this strategy [89–92].
Zhang et al. [93] presented a multifunctional structural lithium-ion battery, using mesocarbon microbeads as
the anode, LiNi1/3Co1/3Mn1/3O2 as the cathode and LiPF6 as the electrolyte, in a sandwich panel
architecture. The figure demonstrated an energy density of 248 Wh/L with a capacity retention of 85.9% after
190 cycles at ~C/3 rate and three-point bending tests at a load up to 1060 N. Ladpli P et at. (93) developed a
multifunctional energy storage composite (MESC) structure, in which the LIB was embedded in the carbon
fibre composites by polymer rivets without any battery chemistry modifications, shown in Figure 22.
Although the structural battery manufactured by this strategy exhibited higher energy density, it provides
limited weight and volume reduction for the system, and this has inspired the development of multifunctional
structural battery composite materials to enhance the potential for weight reduction.

Developing multifunctional structural battery composite materials is an alternative strategy to achieve
the structural power batteries, in which all constituents concurrently perform multiple roles, including
structural electrode composites, structural separator composite and structural electrolyte composite [62,94–
97]. In this case, the reinforcing carbon fibres employ as an electrode and the polymer composites serve as a
matrix and electrolyte. The first structural battery composite material was designed by Wong et al. [98], i.e.,
the carbon fibre anode where LiFePO4 was deposited on a metal substrate as a cathode with a glass fibre
separator and a solvent-free structural vinyl ester polymer electrolyte matrix employed in this design.
Although the structural battery material delivered outstanding mechanical properties, it fails to be
characterised by electrochemical tests as a result of poor electronic insulation. Later, Ekstedt et al. [99]
fabricated the structural battery composite materials based on carbon and aluminium fibre weave electrodes, a
glass fibre separator, and a gel electrolyte. This structural battery composed of LixC6 and LiFePO4 has an

Figure 21. Structural Battery Used in an EV. Reprinted/adapted with permission from [88].

(a) (b)

Figure 22. (a) 3D schematic of MESC and (b) As-fabricated MESC coupon. Reprinted/adapted with permission
from [93].
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Open Cell Potential of 3.3 V, but was not able to provide matching mechanical and electrochemical capacities
compared with the conventional polymer composite and solid polymer electrolyte-based LIB, respectively.

Asp et al. [94] demonstrated a structural battery composite, consisting of a LiFePO4 cathode and a
carbon fibre (CF) anode separated by a glass fibre fabric separator in a structural battery electrolyte. It
delivered an energy density of 24 Wh/kg at a current density of 0.05C with an elastic modulus of 25 GPa. To
improve the electrochemical performance of the multifunctional structural battery, Moyer et al. [100]
employed an electroconductive poly acrylonitrile (PAN) coated onto the surface of an LiFePO4 cathode and a
graphite anode with the CF current collectors to assemble a full-cell structural LIB. As-prepared PAN
reinforced interfaces enhanced the mechanical adherence and ion transportation between battery active
materials and CF current collectors. As a result, this Li-ion structural battery presented capacity retention of
80.5% over 100 charge-discharge cycles at a cycling rate of 0.1 C and achieved an average gravimetric
energy density of 52 Wh/kg, which is approximately twice higher than a structural battery without a PAN
reinforced interface.

For practical applications of embodied energy storage in the automotive industry, Shaffer et al. [101]
manufactured a structural supercapacitor by using carbon aerogel (CAG) modified structural carbon fibre
(CF) fabric electrodes, which were separated by structural glass fibre fabric filled with a polymer electrolyte.
A component of the car trunk lid was produced for a Volvo S80, in which LEDs were lightened by the
structural supercapacitors (Figure 23). W Johannisson et al. [102] modelled and compared three roofs used in
an EV made from mild steel, carbon fibre and epoxy composite, and a multifunctional structural battery. The
roof made from the structural battery delivered a mass saving of 62% and 20% compared with the original
steel roof and updated composite roof, respectively (Figure 24). Complementary, Asp et al. [103] presented
three scenarios for Tesla Model S and the BMW i3, where the conventional monofunctional LIBs pack was
fully or partially replaced by the structural battery composite. The modelling results illustrated that a driving
distance could increase by approximately 70% for BMW i3 with maintained original vehicle weight by
introducing the structural battery design.

Different from monofunctional centralized energy storage which is independent of the vehicle’s body,
the distributed embodied energy storage technologies could perform structural components and
electrochemical energy storage tasks at the same time, holding significant potential in mass and volume
savings for EVs. Moreover, such technologies offer more flexibility and convenience in the design and
application of EVs. Despite great efforts that have been devoted to exploring structural power batteries and

Figure 23. (a) Flat Laminate Structural Supercapacitor, (b) Model Car Body, and (c) Trunk Lid with Lit LED Lights
for Volvo S80. Reprinted/adapted with permission from [101].

Figure 24. Modelling Schematic of an EV by Using an Original Steel Roof, an Updated Roof Made from Epoxy and
Carbon Fibres and a Multifunctional Roof Made from the Structural Battery. Reprinted/adapted with permission
from [102].
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supercapacitors to date, there are still several existing challenges limiting their practical application. Further
research for these embodied energy storage technologies is urgently needed in optimizing the manufacturing
procedure to scale up and improve the energy density, specific power and cycle stability.

4. Conclusion

Renewable energy with appropriate energy storage technologies enables lightweight, low-carbon
development for automotive applications. Although conventional fossil fuel still contributes to approximately
70% of electricity and power generation today, with great potential and fast-development, an extensive usage
of renewable energy will be achieved by combining appropriate energy storage technologies in near future.
This has triggered tremendous efforts to explore advanced energy storage technologies for automotive
applications. As centralized energy storage, LIBs with high energy density and long cycle life have been
growing popular in EVs. To further improve energy density and safety, solid-state Li-metal batteries are
expected to be used in EVs in the future. The hydrogen fuel cell can be an alternative solution to battery EVs
for long-distance transportation. On the other hand, the distributed energy storage realized by embodied
energy storage technologies is considered a promising solution for the development of lightweight and
efficient production in the automotive industry. In the future, the energy density and specific power of
embodied energy storage still need to be improved for real application in EVs.
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