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A B S T R A C T   

In this review paper, we show that the current battery electric vehicle (BEV) scale-up relies on several key 
technologies which all have detailed roadmaps with good track records for being met. These roadmaps include 
lightweighting of vehicle bodies using lightweight materials and architecture/structure design, and improve
ments in BEV powertrain with regard to the powertrain architecture/system design, battery and motor tech
nology development. However, as technology take-up accelerates, our novel analysis suggests supply of zero 
carbon electricity may become a serious constraint. We find that the technical potential for abating the demand 
for electricity through powertrain and lightweighting improvements is just over a quarter of the projected total. 
Four promising avenues to mitigating this constraint – battery reusing and interoperable charging technology, 
shared mobility, advanced sensing technology, and novel compact space frame construction - are explored in 
brief, potentially enabling the large-scale deployment of BEVs without exhausting the supply of non-emitting 
electricity.   

1. Introduction 

The transportation sector is responsible for emissions of both 
greenhouse gases and air pollutants such as carbon monoxide, unburned 
hydrocarbons, and particulate matter. Although atmospheric CO2 is 
necessary for vegetation [1,2], global warming is driven by increasing 
anthropogenic emissions. The transportation sector emitted 8.43 
GtCO2e of greenhouse gas (GHG) emissions in 2019, contributing to 
24% of global CO2 emissions, and road transportation accounts for 
nearly 75% of that [3–5]. Emissions from transport fell in 2020 only due 
to the COVID-19 pandemic, but rebounded sharply in 2021 after ease of 
lockdowns [5,6]. Decarbonising this sector is necessary to limit global 
warming to 1.5 ◦C above pre-industrial levels in this century [7,8]; this is 
both challenge and opportunity [9–11]. On April 17, 2019, the EU 
Parliament adopted Regulation 2019/631 setting new standards for CO2 

emissions of new passenger cars and vans, from January 1, 2020. The 
average CO2 emissions for cars need to be cut by 15% in 2025 and 37.5% 
in 2030 compared to 2021 levels [12]. Beyond Europe, other govern
ment policies for reducing CO2 emissions in the transportation sector 
have also been made worldwide [13–18]. 

A promising choice for achieving decarbonisation and cutting air 
pollutants is electrification of mobility, especially when the generation 
of electricity produces low or zero CO2 emissions [19–22]. EVs are 
mainly of three types: all/full-electric vehicles (AEVs), hybrid electric 
vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs). AEVs 
include battery electric vehicles (BEVs) and fuel cell electric vehicles 
(FCEVs) [23–25]. A BEV is totally powered by batteries and has the 
highest well-to-wheel efficiency of ~70% (14–19% for internal com
bustion engine (ICE) vehicles) [11,26]. An FCEV uses a fuel cell instead 
of batteries and has a relatively low well-to-wheel efficiency of 

Abbreviations: AEVs, All-electric vehicles; APC, Advanced process control; BEVs, Battery electric vehicles; BIW, Body-in-white; CAFE, Corporate Average Fuel 
Economy; CFRP, Carbon fibre reinforced plastic; CMF, Common Module Family; FCEVs, Fuel cell electric vehicles; GHG, greenhouse gas; HEVs, Hybrid electric 
vehicles; HRE, Heavy-rare-earth; ICE, Internal combustion engine; IIOT, Industrial internet of things; IWM, In-wheel motor; LCA, Life cycle assessment; MDO, Multi- 
Domain Optimisation; NVH, Noise vibration and harness; OEM, Original Equipment Manufacturer; PHEVs, Plug-in hybrid electric vehicles; PM, Permanent magnet; 
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~25–30% [11,27,28]. HEVs and PHEVs are not completely fossil fuel 
(oil)-free vehicles: they have two power sources combining an electric 
propulsion system with an internal combustion engine system. PHEVs 
are vehicles with batteries charged from an external source. HEVs are 
vehicles with batteries charged from the internal combustion engine but 
not a plug. BEVs are regarded as the most advantageous in terms of 
achieving long-term socioeconomic and environmental benefits, due to 
their total independence on oil and zero tailpipe emissions [29,30], and 
this paper focuses on them. This is despite some drawbacks mostly due 
to the raw materials needed [31–35]. 

BEV are only marginally present on the roads today. So far, many 
governments have announced that they plan to ban the selling of con
ventional ICE vehicles by 2030 or 2040, creating an environment that 
stimulates adoption of EVs [36,37]. Nevertheless, BEVs still face chal
lenges for immediate large scale deployment: a higher purchase price, 
limited travel range and insufficient refuelling (recharging) infrastruc
ture [29,38–40]. Their high upfront cost remains a major barrier for 
market penetration, although their operating cost is low. The range of 
BEVs is generally lower compared with their ICE equivalents, which 
leads to ‘anxiety’ of consumers and can be exacerbated due to the lack of 
sufficient refuelling (recharging) infrastructure [39]. Also, there are 
some after-market concerns such as difficulty and high cost for 
replacement of matched batteries, and the safety of batteries [41–43]. 
However, the benefits of EVs in terms of total cost of ownership (TCO) 
might be consistently underestimated using the manufacturer-reported 
data in standard driving cycles, and TCO of EVs could be lower than 
ICE equivalents when using real driving cycles [44]. In addition, EV 
travel range is being continuously improved due to the gradual devel
opment of battery technology and the increasing supply of charging 
infrastructure. The dominant assumption is that current barriers to BEV 
uptake will be overcome by a series of incremental advances that have 
low uncertainty level compared to other propulsion technologies [11]. 

In the last decade, a lot of review articles have emerged in the 
literature which reviewed the development of BEVs from different per
spectives. Some reviewed BEV technology development: Andwari et al. 
[39] reviewed the BEV technology and readiness levels. They high
lighted those technological areas where important progress is expected 
and concluded that BEVs have to be more competitive than other low 
carbon vehicles. Un-Noor et al. [45] reviewed different EV configura
tions, technologies and impacts. They provided an overall picture of all 
types of EVs by collecting large amounts of useful data and concluded 
that more research into efficient algorithms of charging and energy 
management are needed. Yong et al. [46] reviewed the battery tech
nology development in BEVs, with a focus on strategies of charging 
management. They concluded that Bi-directional chargers and complete 
EV charging network need further development. Cuma et al. [47] pre
sented a review on various estimation strategies for vehicle control, 
energy management and battery management of BEVs, concluding that 
“estimation” is an expanding research area supporting the development 
of EVs market. Sun et al. [29] reviewed emerging technologies and 
challenges for the improvement of safety, reliability and efficiency of 
BEVs. They concluded that the coordination of emerging technologies 
such as artificial intelligence and vehicle-to-everything (V2X) enhance 
traffic safety and efficiency, offering real-time communication between 
vehicles and other smart devices. Judging from the above review, 
further analysis regarding the challenges during the development of BEV 
lightweighting technology and powertrain technology, especially on 
production of electricity is still needed. 

Some work reviewed the potential issues and opportunities brought 
about by the integration of EVs into the smart grid: Mwasilu et al. [48] 
reviewed the strategy for integrating the EVs into the electric grid back 
in 2013, showing that integration of EVs into smart grid would reply on 
advanced metering, management, and communication technologies. 
Habib et al. [49] reviewed the impact of EVs with a vehicle-to-grid 
(V2G) system on power distribution networks, showing that vehicle 
aggregation and charging strategies significantly affect the economic 

benefit of V2G technology. Yilmaz [50] reviewed the requirements, 
benefits, challenges, and strategies for V2G interfaces of both individual 
PEVs and vehicle fleets. Tan et al. [51] reviewed the framework, bene
fits, challenges and main optimisation algorithms of V2G technologies in 
both the unidirectional and bidirectional charging, concluding that 
bidirectional charging is essential for future V2G deployment. Alsharif 
et al. [52] reviewed the energy management strategy in V2G with the 
up-to-date standards of charging topology and power conditional units, 
concluding that the rule-based approach is more frequently used 
compared with optimisation-based approach due to its ease for handling 
the constraints and fast decision-making. Those studies mainly deal with 
technical aspects of V2G, focusing on facilitating load balancing or 
minimising electricity costs. The role of consumer acceptance, driver 
behaviour and business opportunities within such V2G systems have 
also been reviewed [53]. Hannan et al. [54] reviewed the V2G control 
scheme, charging strategies and social barriers, concluding that a thor
ough economic justification has yet to be given to smart chargers, and 
EV charging network needs to be carefully planned to improve consumer 
acceptance. Sovacool et al. [55] reviewed the business models, markets 
and policies associated with V2G using innovation activity systems, 
concluding that 12 priority areas for energy and transport policy can be 
identified. 

Besides the technical factors affecting adoption of BEVs, others 
reviewed the psychological, economic, and behavioural factors from the 
perspective of government incentives and socio-economy: Coffman et al. 
[56] reviewed the internal (battery performance and price) and external 
(fuel prices and charging stations) factors affecting EV uptake by the 
public, they showed that further studies disentangling the types, optimal 
timing, and magnitude of government incentives are needed. Liao et al. 
[57] reviewed economic and psychological approach for consumer 
preferences of EVs based on a conceptual framework and discussed a 
research agenda for improving EV consumer preference studies. They 
concluded that tax reduction is quite likely effective, whereas toll 
reduction and free parking still need supporting evidence. Sierzchula 
et al. [58] reviewed the factors influencing the adoption of EVs, 
concluding that charging infrastructure and financial incentives were 
statistically significant factors, while socio-demographic variables (ed
ucation level and income) were insignificant. Mersky et al. [59] 
reviewed the influential factors for the adoption of EVs in Norway, and 
concluded that economic considerations had a greater effect on vehicles 
with a short range. Rezvani et al. [60] reviewed the drivers and barriers 
for consumer adoption of EVs, utilising theoretical perspectives for un
derstanding consumer intentions and adoption behaviour towards EVs. 
An area that needs further research is consumer emotions which can be 
explored with theoretical frameworks of emotions in psychology, ethics 
and consumer behaviour. 

A factor overlooked by many studies is the effect of BEV uptake on 
future electricity demand. For BEVs to achieve decarbonisation their 
increased demand for electricity must of course be accompanied by an 
increase in the production of zero-carbon electricity. In the past 10 
years, this has expanded at a rate of almost 350 TWh/year globally. In 
the UK there are credible roadmaps to 2050 for an approximately 13 
TWh annual increase in zero carbon electricity, nonetheless the scale of 
the demand induced by the switch to electrification may be under- 
appreciated [16]. Cullen and Craglio modelled future transport emis
sions and demand for electricity by BEVs in the UK, concluding that 
making the switch as early as possible is best from an emissions 
perspective [61]. 

Therefore, the objective of this paper is to review current technology 
advances and trends of BEVs, analyse the strategies for cost and range 
improvement, and identify the challenges for a complete transition to 
BEVs. Toward this goal, current technological roadmaps for BEV 
development is reviewed with regard to its major subsystems (Sections 
2-3), focusing on key technologies of BEVs for cost and weight reduc
tion. It then provides novel analysis (Section 4) on how far these planned 
improvements will overcome cost and range barriers and, using the 
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United Kingdom as a reference, model their potential impact on zero- 
carbon electricity. Finally an outlook is provided (Section 5) on 
further breakthroughs in BEV technology and patterns of use that could 
potentially mitigate any of these constraints, and some key policy rec
ommendations are discussed. 

2. Technology trends: lightweighting for vehicle bodies 

2.1. Why lightweighting 

Increasing vehicle travel range requires an increase of specific energy 
or energy density (Wh/kg) stored in the vehicle [62]. Alternative battery 
chemistry and manufacturing technologies with improved energy ca
pacity, lower cost will be discussed in Section 3. On the other hand, 
range can be increased by reducing vehicle weight/mass, which reduces 
the load/resistance applied on the vehicle, including the friction force 
(rolling resistance Froll) with roads, acceleration resistance (Facc) and 
climbing resistance (Fgrade) [63], as shown in Fig. 1. Reduction of vehicle 
weight decreases the amount of energy (i.e., fuel, electricity) needed to 
drive the vehicle (the use phase) and increases acceleration, irrespective 
of the efficiency of the powertrain system. However, weight reductions 
in EVs do offer greater improvement in travel range compared to that in 
equivalent conventional ICE vehicles. Volkswagen evaluated the travel 
range increase as a result of a 100 kg weight reduction for conventional 
ICE and battery electric versions of the Golf [64,65], a 2.4% increase in 
travel range was achieved for a conventional 1.4 L TSI Golf Mk VI, which 
is lower than the 3.6% found in a corresponding prototype BEV 
(VW360e). Joost reported that a 10% weight reduction yields an 
approximately 14% electric range improvement [66]. Lightweight 
design in electric vehicles provides a cost-effective approach for meeting 
future Corporate Average Fuel Economy (CAFE) standards [67], off
setting the increased weight of the powertrain system resulting from the 
lower energy density of batteries relative to liquid fuels [68]. 

In addition to increasing the travel range, weight reduction also 
tends to reduce total energy usage and life cycle GHG emissions, though 
there could be increased energy consumption and GHG emissions in the 
production or end-of-life phase of the vehicle’s life cycle [69–72]. Life 
cycle energy and emissions benefit of vehicle lightweighting is affected 
by several factors such as powertrain technology and efficiency, light
weighting technologies, and could be evaluated using life cycle assess
ment (LCA) [70,73]. LCA has been widely used to quantitatively analyse 
the environmental performance of both ICE vehicles and EVs from the 
perspective of well-to-wheel, which contains two stages of well-to-tank 
and tank-to-wheel [74,75]. Yet, estimation of the life cycle energy 

benefit of lightweighting vary from a few percent to more than 50% 
[72]. A general rule of thumb is that weight reduction of 10% for ICE 
vehicles results in an approximate 3% improvement in fuel economy and 
CO2e emissions, based on the assumption that only the weight is reduced 
without other changes being made to the vehicle (i.e. the vehicle has an 
increased power-to-weight ratio). If the powertrain is de-powered in 
tandem with reducing weight to maintain performance (i.e. the vehicle 
has a constant power-to-weight ratio), an approximate 6.5% (6%–8%) 
reduction in CO2e emissions can be achieved [64,76–79]. In other 
words, a 100 kg reduction in vehicle weight will lead to a fuel saving of 
0.3–0.5 L per 100 km and CO2e emissions reduction of 0.85–1.4 kg per 
100 km [63,69,80]. 

For pure electric vehicles, how much life cycle GHG emissions can be 
saved by weight reduction depends on how the electricity is being 
generated and the related GHG emission factors for electricity genera
tion [81], the benefit of BEV lightweighting is more obvious in countries 
where more carbon intensive electricity is used. Generally, lightweight 
design in EVs results in lower reductions of life cycle GHG emissions in 
relative to comparable conventional ICE vehicles due to the higher 
powertrain efficiencies of EVs [70,82]. Generally the production of 
lightweight materials is more emission-intensive than base material due 
to the higher emission factors. In the use phase, GHG emissions of BEVs 
are largely dependent on the power mix as various sources of electricity 
provision exist. Renewable electricity grids help to reduce GHG emis
sions of BEVs, which potentially offsets their environmental impact in 
the production phase. Generally, the largest contributor to the life cycle 
environmental impact of different electricity sources was in the use 
phase, BEVs have a reduced life cycle CO2e emissions compared to ICE 
vehicles when considering electricity production. EVs powered by 
coal-based electricity have around 17–27% higher life cycle CO2e 
emissions than those powered by gasoline and diesel [83]. 

2.2. Lightweight architecture design of body structure 

The evolution of passenger car weight, and contributions of tech
nological improvements to weight reduction are shown in Fig. 2 [84,85]. 
The weight declined from ~1850 kg in 1975 to ~1380 kg in 1988, at 
which point it began to rise steadily, a longstanding trend that persisted. 
The decline in weight before the late 1980s is mainly attributed to base 
car weight reduction, which is resulted primarily from the usage of 
front-wheel drive, as it changed the design of body structure. Other 
reasons are the change of construction type and materials (using light
weight materials to replace steel). Since 1990 there has been an annual 
average increase of ~0.6% for vehicle weight because the customer 

Fig. 1. Effect of weight on (a) the driving resistance, (b) the range efficiency (km/kWh) of BEVs (data source: websites of BEV automakers).  
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demand shifted the preference to larger vehicles with increased contents 
(e.g., air conditioning, safety equipment). The weight of base car 
remained almost the same during this period although the vehicle size 
was generally increased. The major reason is the increasing usage of 
lightweight materials, this will be discussed in Section 2.3. Most car 
body structures switched from body-on-frame to the unibody (unit body 
or unitized body) construction from the 1960s. Today, sheet-intensive 
unibody structures have occupied most of the car models. The uni
body construction is a single structure which integrates the floorplan 
and chassis into the body by welding preformed stamped sheet panels 
together. Compared with the body-on-frame construction, the unibody 
design enables considerable weight savings of the base car body and 
provides improved space utilisation and ease of manufacturing. A 
further development is the ‘semi-unibody’ design, e.g. the global plat
form strategy. The platform greatly facilitates the standardisation of 
structural components of vehicles, which generally includes the chassis, 
powertrain compartment, and underbody. Different vehicle models can 
be assembled on a given platform, increasing the flexibility of produc
tion shift between different factories. The utilisation of global platforms 
and modular architecture has seen a significant growth in the automo
tive industry, as an approach to increase production efficiency, volume 
and cut cost [86,87]. Volkswagen was the first OEM to launch the global 
platform strategy-Modularer Querbaukasten (MQB), which cut 20% 
production cost by using a separate chassis manufactured by pressed 
sheet panels forming a ‘platform chassis’. Renault-Nissan quotes a 
20–30% cost reduction in components/parts and a 30–40% reduction in 
the entry cost per vehicle model by implementing the Common Module 
Family (CMF) [88]. The top 10 major OEMs reduced by 20% of the 
number of global platforms during 2004–2014, while the number of 
vehicle models produced from global platforms increased 30%, with 
more personalised models made for each platform [89]. Since then, the 
trend has continued. The average number of vehicle models manufac
tured on each individual platform increased by ~50% in 2020 compared 
to the 2005 [88]. In 2005 35% of light vehicle manufacture was engi
neered on global platforms by the major OEMs, and due to platform 
counts being rationalised and deployed globally this proportion 
increased to 83% by 2020 [88]. 

The design of electric vehicles provides an opportunity to completely 
rethink vehicle architecture. Decreasing the number of platforms while 
increasing the number of electric vehicle models shared on a single 
platform, which constitutes approximate 50% of the product develop
ment cost, can greatly cut vehicle production cost. This is as a result of 
the consequent decrease in personalised engineering components and 
content across different electric vehicle models, whereas consumers’ 
choices for products are maintained. The cost of tooling and purchasing 

is decreased due to single sourcing of equipment and economies of scale 
of component sharing [90,91]. Currently, EVs are produced both as 
adapted ICEs (non-native EVs) and using dedicated platforms (native 
EVs). The initial capital requirement of developing a new platform is the 
main obstacle to a definitive move to dedicated platforms. Dedicated 
platforms allow optimised battery packaging have on average a 25% 
larger battery pack volume and 10% more interior space compared to 
non-native EVs [92]. The electric powertrain can be installed in a sub
frame that sits on one or increasingly both ends of the platform closer to 
wheels [93]. Also, native EV platforms offer more range at competitive 
prices (Fig. 3) [94]. The transition of all major OEMs to dedicated 
platforms, through strategic ‘decontenting’ for EVs was studied in 
Ref. [95], indicating that a cost reduction of $5700 to $7100 can be 
achieved from 2019 to 2025. The modified ICE-based platform often has 
higher weight and reduced range due to the overdesigned platform and 
lower battery pack volume, but it decreases the capital investment. On 
the other hand, the native or purpose-built EV platforms avoid over
design and provide improved range, acceleration, and interior space at 
competitive prices [92]. Modularity design in BEV architecture aimed at 
reducing weight has been proposed in several projects, such as ‘Smart
Batt’, ‘SuperLIGHT-Car’, ‘ELVA’, and ‘ALIVE’, where 200 kg are 
targetable through body-in-white (BIW) with integrated battery housing 
[96]. 

A lot of research has been conducted over the past decades in order to 

Fig. 2. Evolution of passenger car weight (a) and contributions to weight reduction (b).  

Fig. 3. Evolution of cost vs range for battery electric vehicles with native and 
no-native platforms. 
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optimise the design of vehicle components with improved lightweight 
and crashworthiness levels. For instance, tailor welded/rolled blanks 
[97,98], the front bumpers [99–101], the crash boxes [102], the front 
rails [103,104], the front end structures [105–107], the vehicle doors 
[108–110], the sub-frames [111,112] and the A/B/C pillars [113,114]. 
In addition to the optimisation on the component-level, some re
searchers studied the lightweight or crashworthiness optimisation of the 
vehicle body structure as a whole, such as the topology optimisation. 
Structural topology optimisation has been increasingly employed in the 
design process to search for incremental improvement in body struc
tures, especially during the conceptual stage. The section shape or 
thickness parameter of the panels, which are treated as the design var
iable, are optimised by exploring the structural response of different 
geometries or topologies subjected to static or dynamic loads 
[115–117]. Reed [118] carried out topology optimisation of a BIW 
based on static loads. Gao et al. [119] monitored the forces generated at 
different sections and used the Multi-Domain Optimisation (MDO) 
technique for optimising a BIW. Christensen et al. conducted topology 
optimisation of a HEV body structure under linear crash load cases [120, 
121]. Topology optimisation under multiple crash load cases were also 
studied. Yang et al. [122] studied the topology optimisation of a HEV 
body structure under different volumetric constraints and load cases: 
static loads, torsion load during turning and the moment load during 
braking. Tian and Gao [123] studied four crash load cases (frontal, side, 
rear impact and roof crush), concluding that the optimised structure 
under a single load case can seldomly satisfy the other load cases and it is 
necessary to perform topology optimisation under multiple load cases. 
Aulig et al. [124] applied topology optimisation to an existing body 
structure, two crash load cases (front and rear crash loads) and nine 
static load cases divided between the seat, front, and rear were consid
ered. It was demonstrated that the best trade-off of optimisation results 
can be achieved by considering both stiffness and crash load cases 
concurrently rather than considering either stiffness or crash load cases, 
separately. These incremental improvement in BIW structure design can 
offer the designer greater flexibility for making stronger, lighter and less 
expensive structures while maintaining the overall performance. 

2.3. Lightweight material design of body structure 

Mild steel has long been widely used for manufacturing vehicle 
components such as body, chassis due to its relatively low cost and 
satisfactory rigidity and strength. However, its strength-to-weight ratio 
is relatively low and thus such components are heavy. Since 1975 the 
role of advanced materials has increased in lightweight design of vehi
cles, and currently contributes to a greater weight reduction than the 
adoption of front-wheel drive schemes and construction type (unibody, 
spaceframe, etc.), as shown in Fig. 2. Alternative lightweight materials, 
which can be used to replace mild steel in vehicles, include high-strength 
steel, aluminium, magnesium and polymer composites (glass-fibre and 
carbon-fibre). 

Some automakers have already largely used lightweight materials for 
designing the body structures of their vehicles, such as Honda (NSX, 
Insight), Lotus, Jaguar (XJ), and Audi (TT, A2, and A8). The body-in- 
white (BIW) has a greater weight reduction potential in comparison 
with other components due to its complexity and increasing number of 
technological solutions [78,125,126]. ‘Multi-material designs’ concept 
has been proposed for BIW, which involves a complex mix of different 
lightweight materials [127]. The added weight of batteries and ‘range 
anxiety’ are making the lightweighting more critical to EVs. The 
multi-material automotive body is especially promising for the 
compensation of the added weight of the electrical components [128, 
129], an example is the LifeDrive concept developed by BMW Group, 
which consists of a passenger cell made of carbon fibre reinforced plastic 
(CFRP) and an aluminium chassis/platform housing the battery pack, 
electric propulsion system, and structural and crash components, of
fering benefits for weight-minimising construction, low centre of gravity 

and even weight distribution [130,131]. The principle idea behind the 
multi-material concept is using the ‘optimum’ material to achieve the 
appropriate functions: efficiency, safety and driving performance, 
providing an overall cost-efficient lightweight design solution. The 
research by Lotus Engineering [132] pointed out that 38% weight 
reduction could be achieved at an extra cost of 3% by using a total 
vehicle, synergistic approach, even though an all-steel body structure is 
replaced by lightweight materials. Fig. 4 shows evolution of average 
material content of vehicles [78,133,134]. Lightweight vehicle design 
using a mixture of aluminium and high strength steel have significantly 
increased from 2007. The increasing utilisation of lightweight materials 
has largely offset the additional weight gains brought about by increased 
vehicle content for safety, convenience and comfort [86]. Consequently, 
vehicles have become much larger and safer/comfortable without 
gaining corresponding significant weight [135,136]. 

The lightweight materials must be cost-effective in comparison with 
alternative lightweighting technologies, for large-volume mainstream 
vehicles, low-volume luxury/high-performance vehicles, and new 
model entries. A rough approximation of the potential relative weight 
savings and cost of different lightweight materials is given in Table 1 
[77,85,137–139]. High-strength steel has more than twice the 
strength-to-weight ratio of mild steel, it is the most cost-effective alter
native lightweight material with a high recyclability. Aluminium has a 
strength-to-weight ratio approximately 1.4 times that of high-strength 
steel. It is competing with high-strength steel to replace mild steel for 
constructing the BIW, chassis and main closures, such as door frames, 
hoods, roofs, and bumpers [104,127,139–142]. Relatively new area is 
the all-aluminium or aluminium-intensive BIW construction with 
increasing 5000 series aluminium alloys parts being replaced by higher 
strength 6000 series and 7000 series aluminium alloys parts. An 
emerging application for aluminium in EVs is in the subframe that hosts 
batteries, which must have high thermal conductivity to cool batteries or 
warm them in cold weather, all making aluminium an excellent option 
[143]. However, the high cost in raw material and manufacturing, 
recycling, and the complexity of joining, are still factors that need to be 
considered for the massive penetration of aluminium [127,144–147]. 
Aluminium is difficult to spot weld compared with steel due to its high 
thermal conductivity and low electrical resistance, hybrid joining 
techniques combining welding and bonding or mechanical joining and 
bonding are commonly needed. The strength-to-weight ratio of mag
nesium is lower than that of aluminium and high-strength steel, also its 
poor formability hinders its large-scale usage in vehicles. Polymer/
composite has the highest strength-to-weight ratio, however it accounts 
for a limited proportion of materials usage of vehicles, due to its high 
cost, long production time, and not being able to be recycled easily at the 

Fig. 4. Evolution of average material content of vehicles (See Appendix A for 
the dataset in a heat map). 
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end of vehicles’ life. 
Material substitution combined with structural optimisation strategy 

has been proposed for the construction of BIW that meets the crash and 
NVH (noise, vibration and harness) standards while minimising weight. 
Xiong et al. studied the structure-material integrated multi-objective 
lightweight design of the side structure [148] and front end structure 
[149] of a car body. Material parameters and thickness of each structural 
component were simultaneously set as design variables, allowing for 
allocation of the optimal combination of material and thickness to 
reduce weight and material cost. Wang et al. [150] studied the light
weight design of a front bumper system using main section shape, 
thickness and material as variables, 25.74% weight reduction could be 
achieved using aluminium alloy. Wang et al. [151] further performed 
multi-objective lightweight design of a B-pillar structure, reducing the 
weight by 22.55% while guaranteeing well the other impacting in
dicators. Parrish et al. [152] explored structural optimisation design of a 
full-vehicle model in which 22 steel parts were replaced with AZ31 
magnesium counterparts simultaneously, saving 54.5 kg in weight while 
maintaining the crashworthiness characteristics. Logan et al. [153] 
showed that optimisation design of the conventional steel body structure 
using magnesium alloy can improve the structural performance while 
offer ~ 40% weight savings. Kiani et al. [154] demonstrated that opti
misation design of BIW and substitution of magnesium alloy led to a 
weight reduction of 46.7 kg (44.3%) and improved vibration and 
crashworthiness performance compared to the baseline steel design. 

In addition to the direct benefits, reducing vehicle weight by opti
mising design of body structure or utilising lightweight materials also 
enables secondary weight reduction [155]. If the body is lighter, then 
the powertrain and chassis systems (brakes and suspension etc.) can also 
be made smaller (downsized) and lighter without affecting performance. 
This leads to additional reduction of weight and cost, which can in some 
way mitigate the increase of materials costs due to the usage of high-cost 
lightweight materials. The value of secondary weight reduction varied 
widely among literatures: a 1 kg reduction in primary weight will result 
in a secondary weight reduction of 0.5–1.4 kg [156–161]. 

3. Technology trends: improvements in BEV powertrain 

3.1. BEV powertrain architecture/system design 

A BEV powertrain includes battery, motor, transmission system, and 
related power electronics (inverter/converter, power control unit, on- 
board charger) [162]. BEV powertrain weight can be reduced through 
integration of components, there has been a continuous trend for mov
ing parts of the power electronics closer and integrating them into fewer 
modules. This can be achieved in the design of the electric cables con
necting the main EV powertrain components. A decrease has been 
observed in both weight (average ~8.7 kg to ~5.3 kg) and total number 
(average ~12 to ~7) of parts for these cables [92], indicating an 
increased integration of more recent EV powertrain systems. However, 
no consensus EV powertrain design either for individual components or 

overall architecture has emerged. 
Fig. 5 shows different powertrain architectures possibly available to 

BEVs, depending on the arrangements of motor (M), clutch (C), differ
ential (D), fixed gear (FG) and gear box (GB) [163–165]. This is to show 
how the power from motor can be transmitted to wheels with gradually 
reduced mechanical transmission components and thus weight, taking 
an example of front-wheel drive. Electrical energy from the battery is 
delivered to the motor through a power converter, i.e. the electrical 
system. Fig. 5a shows a configuration based on conventional ICE vehi
cles, in which an electric motor is used to replace the engine. It has a gear 
box, clutch and differential to control the torque and speed. Fig. 5b 
shows a configuration where the gear box is replaced by a fixed gear and 
the clutch is omitted. Fig. 5c shows a configuration where the motor, 
gear and differential are integrated into one module. Fig. 5d shows a 
configuration where two independent motors are used for the two 
wheels, this is mainly to increase the cornering performance. The fixed 
gear can be placed inside the wheel (geared in-wheel drive) to reduce 
the mechanical transmission, as shown in Fig. 5e. Furthermore, the 
mechanical gear system of in-wheel drive can be totally removed 
(gearless in-wheel drive, Fig. 5f) where a low-speed outer-rotor motor is 
mounted on the wheel rim, in comparison with the high-speed inner-
rotor motor in Fig. 5e. 

The weight gradually decreases from Fig. 5a to f as less components 
are used. The most commonly used configuration by modern BEV pas
senger cars is the one shown in Fig. 5c [166,167]. Note that there is an 
increasing trend for BEVs to have multiple motors connected with both 
the front wheels and rear wheels, such as the dual-motor in all-wheel 
drive BEVs of Tesla, Audi, Volvo, Mercedes etc. The power of the 
added motor driving the rear wheels can be transmitted using the similar 
topologies as those shown in Fig. 5 [163,166]. However, In-wheel motor 
(IWM) configurations lead to significant weight reduction of the pow
ertrain system due to the motor compartment, driveshaft, differential 
and transmission being removed. As a result, more space for batteries 
and high powertrain efficiency can be achieved due to minimal losses in 
transmission of the torque to the road, potentially increasing travel 
range. They also lower the centre of gravity of the vehicle and improve 
its weight distribution [168]. IWM configurations provide improved 
handling/turning of each wheel which can be finely controlled, e.g. 
rotate freely. Wireless in-wheel motor (W-IWM) configuration was 
proposed to eliminate the cables connecting the motor with the power 
and control systems, which could potentially get damaged due to the 
harsh environment and vibration [169]. 

3.2. Battery technology 

Battery and motor are two major parts of the BEV powertrain system. 
Battery cost remains one of the main factors for the price difference of 
BEVs in 2018 and 2025, as shown in Fig. 6 [170,171]. Battery cell and 
pack costs are expected to go down gradually as a result of improve
ments in battery material chemistry, battery cell design and decrease in 
assembly costs driven by increase of production volume/scale and 
learning. The development of battery technology has been pushed for
ward by several competitive battery suppliers rather than directly by 
vehicle manufacturers, which sustains a long-term trend towards more 
supplier content with fierce competition in the EV market. The cost for 
batteries used for EVs can be divided into four basic categories: material 
(electrode, separator, electrolyte), labour, assembly and overhead. The 
largest proportion is the cost of materials, which accounts for about 60% 
of the total battery cost (Fig. 7) [172,173]. 

Fig. 8a shows projections for key features of battery pack deployed in 
BEVs in 2020–2050 [174–176], from which the cost reduction of battery 
pack can be shown in Fig. 8b. The global average battery pack price has 
plummeted from a little under $1000/kWh in 2010 to approximately 
$160/kWh in 2019, and is expected to fall to about $111 per 
kilowatt-hour (kWh) in 2025, followed by $73/kWh in 2030, $65/kWh 
in 2040 and $57/kWh in 2050. Battery cell densities are expected to 

Table 1 
Comparison of different lightweight materials [77,85,137–139].  

Material Density ρ 
(kg/m3) 

Typical strength- 
to-weight (σ/ρ) 
(kN⋅m/kg) 

Relative 
weight 
savings (%) 

Relative 
cost 

Mild steel 7850 59 0 1 
High-strength 

steel 
7855 125–178 23 1.5 

Aluminium 
alloy 

2810 178–249 45 2 

Magnesium 
alloy 

1780 104 60 2.5 

Polymer/ 
composite 

1500–2000 620–700 50 10  
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reach 229 Wh/kg in 2030, 254 Wh/kg in 2040, and 271 Wh/kg in 2050. 
As a result, battery packs will become more compact and lighter. 

The main reasons for the rapid decrease of battery cost are alterna
tives for lithium and other mineral resources, which greatly reduces the 
material cost. The trend in further understanding the capacity degra
dation mechanism and finding new battery chemistry to improve energy 
density and reduce cost is likely to continue, especially for the cathode 
chemistry, with the aim of reducing the amount of high-cost, cell ma
terials like cobalt and using cheaper substitute metals like nickel and 
manganese instead [177–185]. As depicted in Fig. 9 [176,186], the 
largest proportion (40%) of battery chemistry technologies used for 
BEVs produced in 2020 is NMC 622, which contains a Ni: Mn: Co ratio of 
6:2:2. This is followed by NMC 811 containing a ratio of Ni: Mn: Co of 8: 

1: 1, which accounts for a proportion of 32%. However, BEVs in 2025 
will use a lower proportion (38%) of NMC 622 and a higher proportion 
(35%) of NMC 811. With the further development of low-cobalt battery 
technologies, NMC 9.5.5 (9 Ni: 0.5 Mn: 0.5 Co) which contains a much 
lower proportion of cobalt will dominate the battery chemistry in 2030. 

Besides the battery chemistry, other technologies for reducing the 
cost of battery packs used for BEVs involve reducing the cost in battery 
manufacturing, in which several aspects for cost reduction have been 
considered: (1) implementation and improvement of in-line non- 
destructive (ND) quality control (QC) techniques to reduce scrap rate in 
battery manufacturing [187,188]; (2) new techniques for electrode 
fabrication such as high-speed curing with low solvent content or 
solvent-free spraying to reduce the manufacturing cost and increase 

Fig. 5. Main BEV powertrain architectures (front-wheel drive) with a general trend of reducing mechanical transmission components: (a) based on ICE, (b) fixed gear 
without clutch, (c) motor, gear and differential integrated, (d) 2 motors with fixed gear, (e) 2 motors, geared in-wheel drive, (f) 2 motors, gearless in-wheel drive. (M- 
Motor, C-Clutch, D-Differential, FG-Fixed gear, GB-Gear box). 

Fig. 6. Cost breakdown of the powertrain for BEV200-car in 2018 (a) and 2025 (b).  
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energy density and production volume [187,189,190]; (3) 
manufacturing of batteries with low separator tortuosity, large electro
lyte interfacial area, small electrode particles, and porous or removed 
current collectors to improve the energy density [187]; (4) rapid thermal 
processing [191]; (5) advanced process control (APC) [191]; (6) in
dustrial internet of things (IIOT) [191]; and (7) uniformity in raw ma
terials [191]. By incorporation of these strategies/technologies in the 
process of battery manufacturing it is expected that a net reduction of 
manufacturing cost of at least 20% can be achieved, resulting from 
improved reliability, yield gain and reduced cost of energy management 
system [191]. 

3.3. Motor technology 

The weight of electric motors has undergone significant reductions 
due to advances in materials and design technologies. There are mainly 
three types of electric motors that can be used for EVs, permanent 
magnet (PM) motor, induction motor, and switched reluctance (SR) 
motor [192]. Fig. 10 shows the comparison of costs, mass/space, and 
power for the PM motor, induction motor and SR motor [193]. The 
power density of PM motor is the highest, which can remain at a high 
efficiency over a wide percentage of its operating range. In terms of 
materials, rare earth magnets developed in 1983 played a key role in 
improving motor efficiency and reducing size/weight in the early days. 
Rare earth permanent magnets are deployed in most traction motors of 
plug-in electric vehicles (BEVs and PHEVs), among which rare earth 
neodymium magnets (NdFeB) highlight and offer the maximum 

energy/power [194,195]. Rare earth PM motors account for approxi
mately two-thirds of the global PM motor market. The price of the PM 
motor is relatively high due to the high costs of magnets and rotor 
fabrication, especially for rare earth magnetic materials that have a 
limited availability. In spite of the challenge in cost, the OEMs of vehi
cles expect to continue using PM motors for the majority of EVs over the 
coming decade, due to their combination of small size, lightweight, high 
output (output-to-weight ratio) and efficiency. 

Induction motors offer several attractive features such as high 
simplicity, high reliability (brushless operation), high starting torque, 
sustainability to harsh environment, low torque ripple/noise and low 
maintenances [192,196–198]. Nevertheless, the power density and 
overall efficiency of induction motors are lower as compared with PM 
motors. Also, their volume and weight are greater than that of PM mo
tors for the same power rating. Induction motors are commonly seen in 
various industrial applications, including some BEVs. As the technology 
for induction motors is well developed, further improvements in volume 
(weight), cost, power density and efficiency for utilisation on future 
competitive EV market are difficult and will rely on new designs, or 
novel control schemes or converter topologies. SR motors are drawing 
increasing popularity for application on the electric propulsion system 
of EVs, especially for HEVs and FCVs [199,200]. Compared to PM mo
tors, SR motors are relatively robust with high reliability and low cost, 
and capable for high-temperature applications due to the absence of 
permanent magnets [201]. However, the limitations of SR motors 

Fig. 7. Cell and materials cost breakdown for a lithium-ion battery.  

Fig. 8. Predictions for key features of battery pack deployed in BEVs in 2020–2050.  

Fig. 9. A McKinsey analysis of EV batteries cathode chemistry evolution. 
(LMO-Lithium Manganese Oxide, LFP-Lithium Ferro Phosphate, NCA-Nickel 
Cobalt Aluminium). 
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include the high torque ripple and acoustic noise and vibration, all 
subject to active research [202]. In addition, the efficiency of SR motor 
is lower than other types of motors, and extra sensors and complex 
controllers are needed, adding overall volume/space and cost of the 
electric propulsion system. 

Fig. 11 shows the cost breakdown of permanent magnet (PM) motor 
and induction motor [203,204] produced by General Motors. Labour 
(assembly and testing) accounts a significant proportion for both PM 
motor (25%) and induction motor (35%) and there is not much room to 
reduce. The material cost is the largest contribution, magnetic materials 
(permanent magnets, stator and rotor laminate) account more than 52% 
of raw material cost of PM motor, and for induction motor magnetic 
materials (stator and rotor laminate) account for 37% of raw material 
cost. Overall, induction motors are cheaper due to free of rare earth 
magnets, although more labour intensive, less efficient, greater in vol
ume and weight, and requiring more expensive/complex drive 
electronics. 

To reduce cost while maintaining and even increasing performance, 
efficiency, and reliability, R&D in electric motors is exploring new motor 
concepts that are rare-earth-free and use less expensive materials for 
laminations and cores like alnico and ferrite. Alnico magnets present 
high residual magnetic flux density (remanence) and are applicable for 
operations at high temperature. Nevertheless, one main challenge is the 
easy occurrence of demagnetisation due to the low coercive field [205]. 
Ferrite magnets, which are also called ceramic magnets, exhibit very low 
losses of eddy currents for application on electric motors due to the low 
electrical conductivity, thus reducing demagnetisation occurrence 

[206]. However, one main challenge is that they lead to a low energy 
product. Ferrite magnets account for approximately one-third of the 
sales of permanent magnets, the other two-thirds are occupied mainly by 
rare-earth permanent magnets. Ferrite magnets are the most potential 
candidates for rare-earth-free electric motors to replace neodymium 
magnet motors for EVs, the costs of ferrite and neodymium magnets are 
in a proportion of less than 1:25 [207]. Extensive studies have been done 
on ferrite magnets to improve its magnetic flux density, torque/power 
density and efficiency, and there has been a tendency to use axial flux 
ferrite PM motors, especially for in-wheel applications [208–212]. 

To reduce the motor size/weight and maintain or improve efficiency, 
the various types of energy loss (such as magnetism) inside motors must 
be minimised. Meanwhile, the potential excessive rise in temperature 
due to reduction in heat dissipation performance (reduced surface area 
for dissipating heat) resulting from smaller size must be avoided. Several 
design technologies have been developed to address these issues, which 
involve electric design, cooling design, and demagnetisation design. The 
design optimisation technique based on a coupled magnetic field and 
thermal analysis technique has also been developed to simultaneously 
analyse the magnetic flux and heat flow in the motor, which makes a 
great contribution to the design of motors for small size [194]. An 
example is technical developments making Hitachi 5-HP induction 
motor smaller and lighter. The motor weight was reduced to ~20% of 
the original motor made in 1910 by adopting aluminium rotor and 
aluminium frame etc. Also, advancement in production technology 
resulted in a cumulative production of more than 45 million motors in 
2010, when a prototype 5-HP permanent magnet motor weighing only 

Fig. 10. Comparison of commonly used EV motors considering costs, mass and power density.  

Fig. 11. Cost breakdown of (a) permanent magnet (PM) motor and (b) induction motor.  
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1/15 that of the original motor was designed [194]. 
Today’s magnet often consists expensive heavy-rare-earth (HRE) 

elements such as dysprosium and terbium, which are added to the 
NdFeB formulations to increase the coercivity [213,214] and allow 
higher operating temperature. Reducing the magnet size/weight can 
lead to a reduction of usage of HRE elements, which not only increases 
the range but also reduces the cost. Fig. 12 shows potential technologies 
to further reduce the motor weight of EVs [193]. Topology optimisation 
may be used to achieve optimised weight motor by removing materials 
in the areas with less stress. Also, better cooling design of motors can 
increase the surface area and thus cooling capability, which offers the 
option to reduce magnet mass without affecting the overall motor per
formance. In addition, advanced manufacturing techniques such as ad
ditive manufacturing (3D printing) may lead to an integration of 
multiple components, decreasing component number, cost and weight 
of the motor [168]. There are two major benefits/advantages that can be 
obtained from additive manufacturing of motor parts. The first one is 
that improved heat removal (cooling) can be achieved since it could 
produce parts with greatly increased cooling surface areas. The other is 
multiple components can be integrated, leading to a much lower 
component count, cost and weight as parts that would have been jointed 
together previously are manufactured in one piece. 

4. Modelling future BEV cost, range and electricity demand, 
based on technology trends 

This paper has reviewed many promising technologies for cost 
reduction and range increase in BEVs, these are now brought together. A 
series of projections are made for the overall cost and range performance 
of BEVs over the period 2020–2050. 

Key modelling assumptions are summarised in Table 2. The indirect 
cost, powertrain cost and other direct cost are given by extrapolating 
cost projections for 2018 and 2025 from literature [170,171,215] 
assuming the cost relates to the production P. Further details are given in 
Appendix B. The battery cost is found by solving the resulting quadratic 
equation from the range efficiency model to achieve a given range. The 
range efficiency model was found using regression analysis on 24 EVs 
released in 2019 and 2020 in the UK. The range efficiency model ac
counts for vehicle mass, power, frontal area and drag coefficient, for 
which values are given in the table. 

To project future electricity usage, the total distance travelled by EVs 

was first estimated by multiplying projections for total travel distance by 
the proportion of vehicle-miles driven in EVs. The energy requirement 
was then found by assuming a population-average range efficiency and 
accounting for overall charging efficiency. Three core scenarios were 
considered: 1) current trends with range increasing from 400 km to 800 
km between 2020 and 2050; 2) the same as 1, but with an improvement 
in battery power density; 3) the same as 2, but with lightweighting 
improvements. On top of this the effect of three further things was 
modelled: a) reducing average power, b) reducing frontal area and c) the 
range remains at 400 km. 

Most of the costs of electric vehicles are expected to go down as the 
dedicated platforms are deployed, refined, and the initial difficulties in 
production ironed out. Electric motors will only marginally improve as 
they are already extremely efficient and compact. Finally, the cost of 
batteries will reduce until the material requirements and therefore the 
price of the raw materials prevent further decreases (Fig. 13). 

Because the overall trend is that of a decrease in costs, it is likely that 
even optimistic previsions of EVs replacing ICEs in the car fleets will be 
verified. One of the key barriers to adoption is range anxiety, but this 
barrier should be largely overcome by 2035 when the range of EVs will 
broadly match that of current ICEs. But a side-effect of this is that with 
the availability of cheap, energy-dense batteries, the cost of cars and 
their range will become decoupled, which will probably make con
sumers favour cars with larger ranges, and therefore batteries than 
strictly required (Fig. 14). 

The projected annual electricity usage by EVs is given in Fig. 15. 
From today, where the need to electricity for individual mobility is 
negligible, we estimate that we will need between 64 and 88 TWh of 
production to satisfy demand. On current trends a total of 88 TWh will 
be needed, reducing to 82 and 75 TWh respectively in the core scenarios 
where battery power density and lightweighting improvements occur. 
Reducing power, frontal area and maintaining range at 400 km each 
have a small effect on the annual electricity usage (reduced by 5.8%, 
7.9%, and 7.0%, respectively – see Table 3). Combining all of these 
potential efficiency gains together, the electricity demand drops to 64 
TWh. Therefore, although all interventions can have some impact, it 
would be preferable to have policy target the overall design of vehicles, 
encouraging efficiency. 

Electricity production is being decarbonised at a rapid pace. In the 
UK, to meet the net-zero target of 2050, and absent carbon capture 
technologies, approximately 4.3 TWh of gas production will need to be 

Fig. 12. Technologies for reducing motor weight.  
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retired. In the last decade, on average a bit more than 9 TWh of low- 
carbon electricity, mostly off-shore wind has been added to the mix. A 
continuation of these trends suggest an additional 5 TWh of low-carbon 
electricity being added every year [16]. Currently, in the UK, the final 
electricity consumption is approximately 300 TWh. At the current rate 
of adding 5 TWh net of low carbon electricity, every year, it will take 
13–17 years of adding to the electricity supply at the current rate only to 
satisfy future demand for individual mobility. This has the potential to 
trigger shortages if the current rate is not sustained. 

But cars are not the only thing which will be electrified, and repre
sent only a fraction of the future electric demand. The current projected 
gap between demand and production, assuming the trends as above is 
388 TWh. To avoid facing an energy crunch, mitigation strategies need 
to be put in place. The maximum technical potential that we estimate 
here is 24 TWh, some of which will come from battery improvement, but 
the rest should come from a mix of lightweighting, better aerodynamics, 
and policies driving consumers to choose smaller batteries. These factors 
alone may be insufficient, and changes in usage patterns or break
throughs in car design are probably also needed. 

5. Technology outlook and policy recommendation 

The previous section showed that in a developed country such as the 

UK the electricity used by passenger BEVs alone could exceed 29% of 
current consumption. In the medium term there may be strong pressures 
to reduce this and four promising avenues – Battery reusing and inter
operable charging technology, shared mobility, advanced sensing 
technology and novel compact space frame construction - are now 
explored in brief. Battery reusing and interoperable charging technology 
could significantly improve the resource efficiency of batteries and cut 
GHG emissions. Shared mobility could see an increased occupancy of 
cars, and optimising car design for specialised use; advanced sensing 
could eliminate some of the need for crumple zones and heavy passive 
safety system, and novel frame types could offer much larger mass gains 
than incremental improvements in design. These options can probably 
work in tandem: novel frames allowing for more specialised vehicles 
adapted to share mobility. Advanced sensing and autonomy can improve 
the usefulness of car sharing. 

5.1. Battery reusing and interoperable charging technology 

End-of-life EV batteries still have 70–80% of their initial capacity, yet 
they are normally retired due to capacity failing to meet the range 
requirement. These batteries can be directly reused in less-demanding 
applications such as stationary energy storage, before being recycled. 
Battery recycling after secondary use reduces the raw materials demand 

Table 2 
Key modelling assumptions.  

Parameter Value Source 

Range efficiency model r = 12.11 − 12×10− 3m − 22×10− 3p −
3.6CDA 
r = range efficiency (km/kWh) 
m = vehicle mass (kg) 
p = vehicle power (kW) 
CD = drag coefficient 
A = vehicle frontal area (m2) 

Regression analysis based on data from the UK Euro 6 database for 24 EVs released in 2019 or 
2020 [216] 

Average mass of car excluding the 
battery, 2020 

1233.5 kg Extrapolation of EU average light-duty vehicle weight 2005–2015 [217], non-powertrain 
accounts 75% [126], 147 kg powertrain (excl. battery) for mid-size car [162] 

Annual increase in car mass 
2020–2050 – current trends 

0.60% The customer demand shifted the preference to larger vehicles with increased content (e.g., air 
conditioning, safety equipment) [217] 

Annual increase in car mass – 
enhanced lightweighting 

− 1.23% [218] 

Battery power density 2020: 154 Wh/kg 
2035: 243 Wh/kg 
2050: 271 Wh/kg 

Fig. 8a [174–176] 

Average frontal area, 2020–2050 – 
current trends 

2.8 × 1.007Y m2 where Y is years elapsed [219] 

Average frontal area, 2020–2050 – 
reduced frontal area 

2.8 × 0.996Y m2 [219] - Returns to 2001 level by 2050 

Average drag coefficient, CD 0.29 Average of 26 vehicles listed on Wikipedia produced from 2016 onwards [220] 
Average vehicle power, 2020–2050 

– current trends 
106 × 1.020Y kW [219] 

Average vehicle power 2020–2050 – 
reduced power 

106 × 0.998Y kW [219]- Returns to 2001 level by 2050 

Distance travelled by UK passenger 
vehicles 

2020: 444 × 109 km 
2035: 525 × 109 km 
2050: 557 × 109 km 

Department for Transport, 2018 - Road traffic forecast extrapolated to UK, reference scenario 
[221] 

Electric vehicle sales uptake 2020: 1% 
2035: 46% 
2050: 100% 

Department for Transport, 2018 - Enhanced EV uptake scenario, scaled to reach 100% by 2050 
[221] 

Average vehicle lifetime 10 years Estimate of this paper 
Overall charging efficiency 86% [16] 
Battery cost 2020: 150 $/kWh 

2030: 73 $/kWh 
2050: 57 $/kWh 

Fig. 8a [174–176] 

Indirect cost, 2020–2050 Car: 3736.9 × (41%P)− 0.658 $ 
SUV: 3707.6 × (22%P)− 0.645 $ 
P = 0.0211 (X-2012)2–0.0404 (X-2012)+
0.1186 where X is the year 

Sales-weighted (Car 41%, SUV 22%) cost extrapolation of year 2018 and 2025 [170,171,215] 

Powertrain (excl. battery) cost, 
2020–2050 

Car: 3092.8 × (41%P)− 0.081 $ 
SUV: 4322.8 × (22%P)− 0.081 $ 

[170,171,215] 

Other direct cost, 2020–2050 Car: 12,730 × (41%P)− 0.036 $ 
SUV: 14,213 × (22%P)− 0.036 $ 

[170,171,215] 

Note: See Appendix B for illustration of cost decomposition. 
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for battery production, thus realising the closed loop for battery pro
duction. Around 13–14.7 tonne CO2e is generated for producing an EV, 
which is much higher than the 9.2 tonne of an ICEV [222,223]. Around 
35–50% of the total GHG emissions in the production phase of an EV is 
due to the production of the battery system [83,222]. Thus reusing and 
recycling of batteries in the end-of-use phase of EVs can significantly 
improve the resource efficiency of batteries and cut GHG emissions. 
Conservatively secondary use of EV batteries could cut 50% GHG 
emissions from battery production, although this could also be affected 
by the source of electricity used to produce batteries where different 
carbon footprints or emission factors exist [222]. Using renewable 
electricity could significantly mitigate GHG emissions in producing 
Li-ion batteries. GHG emissions caused by direct electricity consumption 
during cell production drops 57% when coal-dominated electricity is 
changed to photovoltaic electricity, due to the much lower carbon 
footprint of photovoltaic electricity [222]. 

Large-scale EV grid integration needs to ensure successful 

management of charging/electricity demand peaks [40]. EV charging 
stations have slow and fast charging. The former has uniform charging 
standards across all vehicle brands, and is usually located at home or 
workplace by business owners or government programs. Solar photo
voltaics (PV) powered charging points deployed at public car parks 
could be a new business model likely to grow [224]. Wireless (inductive) 
charging on road is also gaining attention, e.g. semi-dynamical charging 
at congested areas such as intersection and waiting lanes, or dynamical 
charging at certain lanes of highways or roadways [225]. Fast-charging 
is mainly invested by automakers, around three different charging 
standards are developed, each not interoperable with the others. Coor
dinated charging to avoid creating a new peak demand could be diffi
cult, which needs to integrate different charge point brands of different 
customers. On the other hand, developing common transportation sys
tems and interoperability could facilitate the efficient delivery of reli
able and sustainable electrical power. Different market players; 
automakers, energy suppliers and technology companies, can provide a 

Fig. 13. Projected cost over time (with a fixed range that is 400 km in 2020, with a linear increase to 800 km in 2050).  
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bulk common groundwork for all participants and enable them to 
collaborate to optimise charging events. Interoperability of charging 
systems of different vehicle models and charging infrastructures, i.e. any 
BEV can charge at any charger, can be achieved by using stand
ardised/common communication protocols and uniform interfaces. This 
could assure interoperability between new and legacy vehicles accessing 
fast charging and existing transportation networks, which are critical for 
coordinating charging demand in electricity grids. 

Fast-charging could mitigate range anxiety and thus enable manu
facturers to reduce battery size and weight. Similarly, developing a 
common battery swapping system may lower the requirement for 

battery capacity, reducing the weight and cost of vehicles. Batteries may 
also be hired instead of owned. Through battery leasing, customer would 
own the car but not the batteries, which could potentially overcome the 
big barrier of high battery cost. The successful deployment of a common 
battery swapping system depends on a unified battery pack design with 
interoperability between different models, irrespective of the chemistry 
among OEMs. 

5.2. Shared mobility 

One important way of reducing indirect cost could be developing 
shared electric vehicles in high volume production. Car-sharing has seen 
an increasing development in recent year, it is expected to be signifi
cantly deployed in the future. Instead of selling a product as in the 
traditional go-to-market model, Automakers can switch over to selling e- 
mobility as a package or service, acting as mobility providers and/or 
operators in a way similar to bike-sharing [226]. BEVs are attractive for 
shared mobility operators due to low operating cost, which could 
compensate for their higher manufacturing/purchase prices. 

Fig. 14. Projected total EV cost in 2020, 2035 and 2050, as a function of 
vehicle range. 

Fig. 15. Projected annual electricity usage by EVs over time.  

Table 3 
Reduction (%) in electricity usage due to a range of efficiency factors.  

Efficiency factor Electricity usage 
reduction 

Reduction in average engine power from 173 kW to 74 kW 5.8% 
Reduction in average frontal area from 3.42 m2 to 2.63 m2 7.9% 
Average range remains at 400 km, and not 800 km 7.0% 
Battery power density average improvement from 0.15 

kWh/kg to 0.27 kWh/kg 
6.1% 

Vehicle mass reduces from 1863 kg to 1273 kg 9.1% 
All of the above changes occur together 27.3%  
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For shared cars, colour or aesthetics become less important, the car 
model has a limited type (greatly decreased car model design) or is 
purpose-built. Individual tailored styles become less important and the 
functions/costs will be a dominant factor for people to choose a car for 
their travel. By standardisation of specification and decrease of in
dividuality (model design), it is much easier to achieve large volume 
production, and the R&D cost of shared electric vehicles could be greatly 
reduced by large volume production. Also, there will be reduced cost 
coming from ease of management. As shown in Fig. 16, consumers are 
offered a customised choice of vehicle models according to their needs. 
A consumer could choose a vehicle model with smaller size and lower 
travel range to go to work or commute in the city on weekdays (short 
trips), and then replace it with a larger SUV with higher travel range for 
a weekend road trip. 

Opinions vary among regulators and manufacturers with regard to 
the cost in the real world for using lightweight materials to achieve 
greater weight reduction. This is largely because there are numerous 
attributes of each vehicle model which are unique to that model and 
affect its lightweighting. ‘Proof of concept’ studies have been concen
trated simply on reducing weight without fully considering the real 
world constraints such as the time for development and qualification of 
new materials, the cost of switching over to new infrastructure, global 
platforms, and customer demand for extra vehicle content [86]. As 
mentioned before, shared cars could occupy large amount of future 
mobility. As the shared car model has a limited type by standardisation 
of specification and decrease of individuality, the costs of utilising 
lightweight materials on shared electric vehicles could be largely miti
gated due to large volume production. 

5.3. Advanced sensing technology 

One promising way to greatly reduce vehicle weight is to reduce the 
unnecessary structures/components and make it more compact. Earlier 

safety improvements tended to add components/structures and increase 
the thickness of materials, which also increased vehicle weight and cost. 
The energy-absorbing front crash structure is usually designed to be 
tough enough to satisfy all crash criteria. With the development of 
autopilot technology, which provides parking assistance, lane posi
tioning, collision avoidance and warning and alerting functions using 
video, sensor, radar, and sonar monitoring (Fig. 17), future car should be 
much safer where there is less possibility for collision to happen. Thus 
the safety structures/components used in the current car which add 
weight and cost will be no longer needed. Meanwhile, the indirect R&D 
cost used to satisfy the safety requirement such as various collision tests 
can be saved. 

Traditionally, the potential of lightweighting as an approach to 
improving fuel economy was never realised as safety aspects dominated 
design. Lightweight materials can be used to replace traditional steel 
parts to reduce weight. However, the safety requirement limits the po
tential of how much lightweight materials can be used. As mentioned 
above, when the safety of the car can be guaranteed using advanced 
technologies such as sensors and radar, passive safety is less important. 
Then probably a much higher proportion of lightweight materials such 
as aluminium, polymer composite or plastics can be used. Although their 
current use in vehicles is limited due to the higher cost, however all 
these can be mitigated with large volume production and stand
ardisation of model design. 

One of the main challenges faced by road transportation is the 
increasing traffic congestion, which could increase electricity con
sumption and charging demands. The solution could either be increasing 
the number of roadway infrastructure or improving the existing infra
structure. The former is generally not preferred due to increasing cost, 
environmental impact, and space limitations. Technology development 
in computers, communications, and sensors could transform road 
transportation into an effectively managed and well-integrated system, 
where collaborative driving can be implemented using real-time traffic 

Fig. 16. How people choose a shared car.  

Fig. 17. Sensors used to replace conventional components/structures for safety and reduction of weight and cost.  
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information. Integration of shared mobility and collaborative driving, 
enabling interoperability throughout the transportation network, could 
be a promising solution to traffic-related issues, including route guid
ance, traffic collision and congestion management and control. 

5.4. Novel compact spaceframe body structure 

The proper utilisation of extruded (and formed) profiles enables 
manufacturers to develop novel structural design solutions by inte
grating parts and incorporating additional functions, which could lead 
to significant cost and weight savings [227]. 

Due to the high flexibility of spaceframe structure, the spaceframe 
design can be further developed with the combination of dedicated 
global platforms and the body structure can be redesigned to be much 
compact. Possibly more continuous curved lengths of aluminium 
extrusion profiles can be utilised to design the optimised compact body 
structure with greatly reduced weight and increased rigidity. 

In this compact aluminium spaceframe body structure, there is also a 
considerable fraction of shaped sheet components/panels. Particularly, 
the panels mounted between the frame elements are just for decoration 
of the body structure, which could possibly be made using lightweight 
polymer composite or plastics. Generally, the spaceframe results in a 
high-strength, stiff framework where the larger panels are integrated. 
Although the production of high quality structural sheets of polymer 
composite or plastics and extrusion sections of aluminium could be 
costly, total cost savings can be considerable for large production vol
umes and standardisation of model design. A similar example of this 
kind of novel compact spaceframe body structures is shown in Fig. 18, 
which is Audi M1 2 + 2 concept spaceframe with a distinctive modular 
interior [228]. It can be switched from the conventional 2-seat layout to 
the 2 + 2 configuration when the front seats slide back along rails 
mounted at the bottom. The 2 + 2 configuration maximises the vehicle’s 
carrying capacity, which gives it the uniqueness of transporting up to 4 
passengers in an area of less than 2.8 m2. 

5.5. Policy recommendation 

5.5.1. Support lightweighting and shift towards shared mobility 
Current lightweighting technology mainly focuses on materials 

substitution of lighter materials, whose weight reduction effect has 
largely been offset by the increasing size and content (safety, air- 
conditioning etc.) of vehicles. Consumers are favouring larger and 
heavier SUV-type vehicles, which are perceived as being safer than 
smaller vehicles. Manufacturers sell larger vehicles for higher profits. 
The status quo is hard to shift because of close alignment of the moti
vations of consumers and manufacturers. A possible solution is to pass 
government regulations limiting weight of each manufacturer’s new car 

fleets, and incentivise manufacturers to produce and consumers to buy 
smaller cars. This could be supported by taxing vehicles by weight and 
expanding the practice of differentiating tax rates to cover all years of 
ownership. By pairing a tax by weight with a partial rebate for EVs, the 
government could provide a dual incentive to support the introduction 
of smaller, more efficient vehicles while accelerating the adoption of 
EVs. Lighter new cars could come with much longer warranties and new 
apps to support shared mobility. Policies on taxes and subsidies could 
also be introduced to support shifts in preferences from private car to
wards shared mobility and public transport. 

5.5.2. Expand non-emitting electricity generation 
Due to the high upfront cost, solar charging stations for EVs are more 

favourably installed in commercial car parks for business. Solar capacity 
could significantly increase if supported by more ambitious policy, for 
example if linked to housing policy. Government could use subsidies to 
encourage anyone who owns a solar energy system to install a solar 
charging station at its home. This could also come with government 
housing policy for new-build or retrofitting programmes. Off-grid solar 
charging station stores the power in solar batteries for future use. A grid- 
tied (on-grid) solar energy system will feed the power to the grid, by 
doing so the power is sold to the utility company and can come back in 
the form of a credit, which can be used to recharge EVs at home. 

Crucially, our work highlights the enormous challenges posed by the 
electrification of the whole economy, here in the case of individual 
mobility. High levels of investment are necessary to meet this challenge, 
and should cover all forms of low-carbon energy, from renewable gen
eration to nuclear power. 

6. Conclusions 

The successful deployment of BEVs depends on several key factors 
which are closely linked: Government policy, cost reduction, and range 
increase. A great benefit to the environment, this transition will come 
with an important challenge in the production of electricity. 

Currently the main price differential between BEVs and ICE vehicles 
comes from powertrain (battery, motor) and indirect cost related to 
research and development (R&D), administration (overheads). Material 
costs account for ~60% of the total battery cost and ~52% of the PM 
motor cost. New battery chemistry technologies are being explored to 
reduce the materials/battery cost and improve battery capacity, poten
tially reducing battery volume (weight). New rare-earth-free materials 
are being researched to replace the expensive rare earth magnets. Also, 
design optimisation technique and additive manufacturing technique 
(3D printing) are being used for motor structures to improve cooling 
ability (surface area) and reduce motor size/weight, which also poten
tially reduce motor cost due to less usage of rare-earth magnets. 

Fig. 18. Audi’s compact spaceframe construction (aluminium tubular frame dressed with a carbon-fibre composite outer body, and mounted on a platform that 
integrates the battery pack). 
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The price differential between EVs and ICEs is expected to disappear 
with new batteries and improved platforms. The advances in battery 
technology will probably help overcome the most important barrier to 
adoption, range anxiety. This gives us confidence that the optimistic 
time-lines for the electrification of individual mobility will be realised. 
However, this implies a considerable increase in the demand for 
electricity. 

Even realising all of the technical potential is likely not sufficient to 
avoid an energy crush and a shift in usage patterns is required. We find 
that the technical potential for abating this demand is only 24 TWh, out 
of a total worse case of approximately 90 TWh yearly demand. This in 
turn means that use patterns of cars will need to change so that the 
demand for mobility can be met. Shared mobility could be largely 
deployed in the future with government support, providing the missing 
link. 

The trend to shared mobility helps mass production and thus 
resulting in cost reduction. Coordinated fast charging enabled by 
interoperability facilitates management of charging demand and large 
scale integration of BEVs into the smart grid with a minimal effect. 
Breakthroughs in car design taking advantages of sensing technology 
and novel frames are probably needed to reduce weight and electricity 
demand, which could probably work in tandem with shared mobility 
and interoperable charging technology. Non-emitting electricity gener
ation is likely in need of significant expansion by more ambitious gov
ernment policies. 
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Appendix A. Dataset for the evolution of average material content of vehicles

Appendix B. Cost decomposition and comparison of BEVs and ICE vehicles 

Fig. B1a shows the cost breakdown of conventional ICE and electric vehicles in 2018 and 2025 (projected) for cars and SUVs [170]. BEV powertrain 
(excl. battery) includes motor, transmission system, and related power electronics (inverter/converter, power control unit, on-board charger). 
Conventional ICE powertrain includes engine, transmission, exhaust, etc. Other direct cost includes vehicle assembly (primarily body and chassis) 
materials and staff cost, supplier components (interior, safety, etc), optional features cost [171]. It also includes the incremental costs of vehicle 
improvements needed to meet efficiency standards. Indirect cost is all remaining costs excluding the powertrain and other direct cost, including 
research and development (R&D), administration (overheads), depreciation, and amortization, etc. Fig. B1b shows costs relative to conventional ICE 
vehicles (conventional ICE = 1). The cost increase (~$700) for ICE cars in 2025 is due to increases in other direct cost and powertrain to improve 
vehicle performance and meet efficiency standards. For the ICE SUV, the related cost increase is greater at ~$1000. The significant decline in BEV cost 
in 2025 is mainly due to the decline in battery pack cost (~$3900 for BEV200-car, ~$6000 for BEV200-SUV) and indirect cost (~$5900 for 
BEV200-car, ~$8500 for BEV200-SUV). Meanwhile the cost of BEV powertrain (excl. battery) marginally decreases (~$420 for BEV200-car, ~$620 
for BEV200-SUV) and the other direct cost decreases slightly (~$740 for BEV200-car, ~$850 for BEV200-SUV). By 2025, the price of BEVs is expected 
to reach parity with ICE vehicles. 
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McKinsey Company report; 2017. 

[95] Baik Y, Hensley R, Hertzke P, Knupfer S. Making electric vehicles profitable. 
McKinsey Company report; 2019. 

[96] Advanced lightweight electric vehicle architectures. Harilaos Vasiliadis; 2013. 
[97] Sun G, Zhang H, Lu G, Guo J, Cui J, Li Q. An experimental and numerical study on 

quasi-static and dynamic crashing behaviors for tailor rolled blank (TRB) 
structures. Mater Des 2017;118:175–97. https://doi.org/10.1016/j. 
matdes.2016.12.073. 

[98] Xu F, Wang C. Dynamic axial crashing of tailor-welded blanks (TWBs) thin-walled 
structures with top-hat shaped section. Adv Eng Software 2016;96:70–82. 
https://doi.org/10.1016/j.advengsoft.2016.02.003. 

[99] Patel NM, Penninger CL, Renaud JE. Topology synthesis of extrusion-based 
nonlinear transient designs. J Mech Des 2009;131:061003. 

[100] Kim S-S, Lee K-W, Lee D-H, Lee HG. Bumper system development to meet new 
IIHS bumper test using CAE and optimization. 2009. SAE Technical Paper No. 
2009-01-0962. 

[101] Zeng F, Xie H, Liu Q, Li F, Tan W. Design and optimization of a new composite 
bumper beam in high-speed frontal crashes. Struct Multidiscip Optim 2015;53(1): 
115–22. https://doi.org/10.1007/s00158-015-1312-2. 

[102] Zhou G, Ma Z-D, Li G, Cheng A, Duan L, Zhao W. Design optimization of a novel 
NPR crash box based on multi-objective genetic algorithm. Struct Multidiscip 
Optim 2016;54(3):673–84. https://doi.org/10.1007/s00158-016-1452-z. 

[103] Chen G, Chen C, Lu S, Chen Y, Li Y. Lightweight design of vehicle front rails based 
on the theory of thin-walled beam crush and bending. Automot Eng 2016;38: 
1269–73. 

[104] Kohar CP, Zhumagulov A, Brahme A, Worswick MJ, Mishra RK, Inal K. 
Development of high crush efficient, extrudable aluminium front rails for vehicle 
lightweighting. Int J Impact Eng 2016;95:17–34. https://doi.org/10.1016/j. 
ijimpeng.2016.04.004. 

[105] Gu X, Sun G, Li G, Mao L, Li Q. A Comparative study on multiobjective reliable 
and robust optimization for crashworthiness design of vehicle structure. Struct 
Multidiscip Optim 2013;48(3):669–84. https://doi.org/10.1007/s00158-013- 
0921-x. 

[106] Sun G, Li G, Zhou S, Li H, Hou S, Li Q. Crashworthiness design of vehicle by using 
multiobjective robust optimization. Struct Multidiscip Optim 2010;44(1):99–110. 
https://doi.org/10.1007/s00158-010-0601-z. 

[107] Hou S, Dong D, Ren L, Han X. Multivariable crashworthiness optimization of 
vehicle body by unreplicated saturated factorial design. Struct Multidiscip Optim 
2012;46(6):891–905. https://doi.org/10.1007/s00158-012-0799-z. 

[108] Fang J, Gao Y, Sun G, Li Q. Multiobjective reliability-based optimization for 
design of a vehicledoor. Finite Elem Anal Des 2013;67:13–21. https://doi.org/ 
10.1016/j.finel.2012.11.007. 

[109] Fang J, Gao Y, Sun G, Xu C, Li Q. Multiobjective sequential optimization for a 
vehicle door using hybrid materials tailor-welded structure. Proc IME C J Mech 
Eng Sci 2016;230(17):3092–100. https://doi.org/10.1177/0954406215607901. 

[110] Li G, Xu F, Huang X, Sun G. Topology optimization of an automotive tailor- 
welded blank door. J Mech Des 2015;137(5):055001. https://doi.org/10.1115/ 
1.4028704. 

[111] R D XS. Lightweight sub-frame design for passenger car. J Mach Des 2015;32: 
37–40. 

[112] Wang D, Jiang R, Wu Y. A hybrid method of modified NSGA-II and TOPSIS for 
lightweight design of parameterized passenger car sub-frame. J Mech Sci Technol 
2016;30(11):4909–17. https://doi.org/10.1007/s12206-016-1010-z. 

[113] Gao X, Xu Y, Wang Q. A study on the crashworthiness and lightweighting of B- 
pillar in a car based on bench test and simulation. Automot Eng 2014;36:957–62. 

[114] Qiu R, Chen Y, Lei F, Yang S, Li Y. Lightweight of the vehicle B pillar based on six 
sigma robust design under side impact. J Mech Strength 2016;38:502–8. 

[115] Zhu P, Zhang Y, Chen GL. Metamodel-based lightweight design of an automotive 
front-body structure using robust optimization. Proc Inst Mech Eng - Part D J 
Automob Eng 2009;223(9):1133–47. https://doi.org/10.1243/ 
09544070jauto1045. 

[116] Pan F, Zhu P, Zhang Y. Metamodel-based lightweight design of B-pillar with TWB 
structure via support vector regression. Comput Struct 2010;88(1–2):36–44. 
https://doi.org/10.1016/j.compstruc.2009.07.008. 

[117] Velea MN, Wennhage P, Zenkert D. Multi-objective optimisation of vehicle bodies 
made of FRP sandwich structures. Compos Struct 2014;111:75–84. https://doi. 
org/10.1016/j.compstruct.2013.12.030. 

[118] Reed C. Applications of OptiStruct optimization to BodyIn-white design. In: 
Proceedings of 7th altair CAE technology conference; 2002. 

[119] Gao Y, Sun F. Multi-disciplinary optimization for front auto body based on 
multiple optimization methods. Int J Veh Des 2011;57:178–95. 

[120] Christensen J, Bastien C, Blundell M, Gittens A, Tomlin O. Lightweight hybrid 
electrical vehicle structural topology optimisation investigation focusing on 
crashworthiness. Int J Veh Struct Syst 2011;3(2). https://doi.org/10.4273/ 
ijvss.3.2.06. 

[121] Christensen J, Bastien C, Blundell MV. Effects of roof crush loading scenario upon 
body in white using topology optimisation. Int J Crashworthiness 2012;17(1): 
29–38. https://doi.org/10.1080/13588265.2011.625640. 

[122] Yang S, Qi C, Guo D, Wang Y, Wei Z. Topology optimization of a parallel hybrid 
electric vehicle body in white. Appl Mech Mater 2012;148–149:668–71. 

[123] Tian L, Gao Y. Crashworthiness design of automotive body in white using 
topology optimization. 2016. SAE Technical Paper 2016-2001-1535. 

[124] Aulig N. Generic topology optimization based on local state features, vol. 468. 
Düsseldorf: VDI Verlag; 2017. 

[125] LaHood R, Jackson LP. Final rule making for 2017-2025 light-duty vehicle 
greenhouse gas emission standards and corporate average fuel economy 
standards. EPA and NHTSA; 2012. p. 3–24. 

[126] Mayyas AT, Mayyas AR, Omar M. Sustainable lightweight vehicle design. In: 
Lightweight composite structures in transport; 2016. p. 267–302. https://doi.org/ 
10.1016/b978-1-78242-325-6.00011-6. 

[127] Hirsch J. Recent development in aluminium for automotive applications. Trans 
Nonferrous Metals Soc China 2014;24(7):1995–2002. https://doi.org/10.1016/ 
s1003-6326(14)63305-7. 

[128] Wert R. How BMW’s LifeDrive is like the world’s most advanced electric 
skateboard. https://gizmodo.com/how-bmw-s-lifedrive-is-like-th 
e-world-s-most-advanced-e-5960937. 2021; 2012. 

W. Zhou et al.                                                                                                                                                                                                                                   

https://doi.org/10.1007/s11367-009-0127-z
https://doi.org/10.1021/acs.est.8b04249
https://doi.org/10.1007/s11367-008-0058-0
https://doi.org/10.1021/es3042115
https://doi.org/10.3390/en7031467
https://doi.org/10.1016/j.trd.2017.10.015
https://doi.org/10.1007/s11116-018-9925-0
https://doi.org/10.1007/s11116-018-9925-0
https://doi.org/10.1007/s11837-012-0424-z
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref77
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref77
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref78
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref78
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref79
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref79
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref79
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref79
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref80
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref80
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref81
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref81
https://doi.org/10.1021/acs.est.6b02059
https://doi.org/10.1021/acs.est.6b02059
https://doi.org/10.1007/978-3-319-56475-3_27
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref84
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref84
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref84
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref85
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref85
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref86
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref86
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref86
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref87
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref88
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref88
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref88
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref89
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref89
https://doi.org/10.1016/j.techfore.2016.05.006
https://doi.org/10.1016/j.techfore.2016.05.006
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref91
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref91
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref91
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref92
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref92
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref92
http://www.roperld.com/science/teslamodels.htm
http://www.roperld.com/science/teslamodels.htm
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref94
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref94
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref95
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref95
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref96
https://doi.org/10.1016/j.matdes.2016.12.073
https://doi.org/10.1016/j.matdes.2016.12.073
https://doi.org/10.1016/j.advengsoft.2016.02.003
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref99
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref99
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref100
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref100
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref100
https://doi.org/10.1007/s00158-015-1312-2
https://doi.org/10.1007/s00158-016-1452-z
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref103
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref103
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref103
https://doi.org/10.1016/j.ijimpeng.2016.04.004
https://doi.org/10.1016/j.ijimpeng.2016.04.004
https://doi.org/10.1007/s00158-013-0921-x
https://doi.org/10.1007/s00158-013-0921-x
https://doi.org/10.1007/s00158-010-0601-z
https://doi.org/10.1007/s00158-012-0799-z
https://doi.org/10.1016/j.finel.2012.11.007
https://doi.org/10.1016/j.finel.2012.11.007
https://doi.org/10.1177/0954406215607901
https://doi.org/10.1115/1.4028704
https://doi.org/10.1115/1.4028704
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref111
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref111
https://doi.org/10.1007/s12206-016-1010-z
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref113
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref113
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref114
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref114
https://doi.org/10.1243/09544070jauto1045
https://doi.org/10.1243/09544070jauto1045
https://doi.org/10.1016/j.compstruc.2009.07.008
https://doi.org/10.1016/j.compstruct.2013.12.030
https://doi.org/10.1016/j.compstruct.2013.12.030
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref118
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref118
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref119
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref119
https://doi.org/10.4273/ijvss.3.2.06
https://doi.org/10.4273/ijvss.3.2.06
https://doi.org/10.1080/13588265.2011.625640
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref122
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref122
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref123
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref123
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref124
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref124
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref125
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref125
http://refhub.elsevier.com/S1364-0321(22)00955-8/sref125
https://doi.org/10.1016/b978-1-78242-325-6.00011-6
https://doi.org/10.1016/b978-1-78242-325-6.00011-6
https://doi.org/10.1016/s1003-6326(14)63305-7
https://doi.org/10.1016/s1003-6326(14)63305-7
https://gizmodo.com/how-bmw-s-lifedrive-is-like-the-world-s-most-advanced-e-5960937.%202021
https://gizmodo.com/how-bmw-s-lifedrive-is-like-the-world-s-most-advanced-e-5960937.%202021


Renewable and Sustainable Energy Reviews 173 (2023) 113074

20

[129] Blunck E. Germany BMW’s sustainability strategy of evolution and revolution 
towards a circular economy. In: Anbumozhi V, Kim J, editors. Towards a circular 
economy: corporate management and policy pathways. Jakarta: ERIA; 2016. 
p. 75–92. 

[130] Breaking new ground: premium cars underpinned by sustainability-led concepts 
arrive in the sports car segment. myAutoWorld, https://myautoworld. 
com/BMW/cars/2013/2014-i8/2014-i8.html. 2021. 

[131] BMW i - a new understanding of mobility. http://s3.bimmerfile.com.s3. 
amazonaws.com/wp-content/uploads/2011/11/BMWi_EN_long.pdf. 

[132] Inc LE. An assessment of mass reduction opportunities for a 2017 - 2020 model 
year vehicle program. Lotus Engineering Inc; 2010. 

[133] Berezowsky T. Aluminum in cars at all-time high - alcoa, novelis taking it to the 
bank, Part One. 2011. https://agmetalminer.com/2011/09/19/aluminum-cars-a 
ll-time-high-alcoa-novelis-taking-the-bank-part-one/. 

[134] Mayyas A, Omar M, Hayajneh M, Mayyas AR. Vehicle’s lightweight design vs. 
electrification from life cycle assessment perspective. J Clean Prod 2017;167: 
687–701. https://doi.org/10.1016/j.jclepro.2017.08.145. 

[135] Light-Duty Automotive Technology. Carbon dioxide emissions, and fuel economy 
trends: 1975 through 2016. US Environmental Protection Agency; 2016. EPA- 
420-R-16-010. 

[136] Isenstadt A, German J, Bubna P, Wiseman M, Venkatakrishnan U, Abbasov L, 
Guillen P, Moroz N, Richman D, Kolwich G. Lightweighting technology 
development and trends in U.S. passenger vehicles. Washington, DC, USA: 
International Council on Clean Tranportation (ICCT); 2016. 

[137] Larminie J, Lowry J. Electric vehicle technology explained. second ed. West 
Sussex: Pearson; 2012. 

[138] Saeed A. Analysis of an Electric Vehicle System: optimising the electrical vehicle 
system in order to improve adoption rates among consumers. Australian National 
University; 2015. 

[139] Tisza M, Czinege I. Comparative study of the application of steels and aluminium 
in lightweight production of automotive parts. Int J Lightweigt Mater Manuf 
2018;1(4):229–38. https://doi.org/10.1016/j.ijlmm.2018.09.001. 

[140] Salifu S, Desai D, Ogunbiyi O, Sadiku R, Adesina O, Adesina O. Comparative study 
of high velocity impact response of aluminium 3105-H18 and carbon fibre-epoxy 
composite double hat bumper beams. Mater Today Proc 2021;38:712–6. https:// 
doi.org/10.1016/j.matpr.2020.03.828. 

[141] Zhou W, Shao Z, Yu J, Lin J. Advances and trends in forming curved extrusion 
profiles. Materials 2021;14(7):1603. https://doi.org/10.3390/ma14071603. 

[142] Zhou W, Shi Z, Lin J. Upper bound analysis of differential velocity sideways 
extrusion process for curved profiles using a fan-shaped flow line model. Int J 
Lightweigt Mater Manuf 2018;1(1):21–32. https://doi.org/10.1016/j. 
ijlmm.2018.03.004. 

[143] Djukanovic G. Aluminium vs. steel in electric vehicles – the battle goes on. 
https://aluminiuminsider.com/aluminium-vs-steel-in-electric-vehicles-the-battle- 
goes-on/; 2018. 

[144] Miller WS, Zhuang L, Bottema J, Wittebrood AJ, Smet PD, Haszler A, Vieregge A. 
Recent development in aluminium alloys for the automotive industry. Mater Sci 
Eng 2000;280:37–49. 

[145] Barnes TA, Pashby IR. Joining techniques for aluminium spaceframes used in 
automobiles Part I - solid and liquid phase welding. J Mater Process Technol 
2000;99:62–71. 

[146] Kayode O, Akinlabi ET. An overview on joining of aluminium and magnesium 
alloys using friction stir welding (FSW) for automotive lightweight applications. 
Mater Res Express 2019;6(11):112005. https://doi.org/10.1088/2053-1591/ 
ab3262. 

[147] Al-Alimi S, Shamsudin S, Yusuf NK, Lajis MA, Zhou W, Didane DH, Sadeq S, 
Saif Y, Wahib A, Harun Z. Recycling aluminium AA6061 chips with reinforced 
boron carbide (B4C) and zirconia (ZrO2) particles via hot extrusion. Metals 2022; 
12(8). https://doi.org/10.3390/met12081329. 

[148] Xiong F, Wang D, Chen S, Gao Q, Tian S. Multi-objective lightweight and 
crashworthiness optimization for the side structure of an automobile body. Struct 
Multidiscip Optim 2018;58(4):1823–43. https://doi.org/10.1007/s00158-018- 
1986-3. 

[149] Xiong F, Wang D, Ma Z, Chen S, Lv T, Lu F. Structure-material integrated multi- 
objective lightweight design of the front end structure of automobile body. Struct 
Multidiscip Optim 2017;57(2):829–47. https://doi.org/10.1007/s00158-017- 
1778-1. 

[150] Wang D, Zhang S, Wang C, Zhang C. Structure-material-performance integration 
lightweight optimisation design for frontal bumper system. Int J Crashworthiness 
2017;23(3):311–27. https://doi.org/10.1080/13588265.2017.1317468. 

[151] Wang D, Wang S, Xie C. A multi-objective optimization approach for 
simultaneously lightweighting and maximizing functional performance of vehicle 
body structure. Proc Inst Mech Eng - Part D J Automob Eng 2019;234(7): 
2086–102. https://doi.org/10.1177/0954407019868140. 

[152] Parrish A, Rais-Rohani M, Najafi A. Crashworthiness optimisation of vehicle 
structures with magnesium alloy parts. Int J Crashworthiness 2012;17(3):259–81. 
https://doi.org/10.1080/13588265.2011.648518. 

[153] Logan S, Kizyma A, Patterson C, Ram S. Lightweight magnesium intensive body 
structure. 2006. SAE Technical Paper 2006-01-0523. 

[154] Kiani M, Gandikota I, Rais-Rohani M, Motoyama K. Design of lightweight 
magnesium car body structure under crash and vibration constraints. J Magn 
Alloy 2014;2(2):99–108. https://doi.org/10.1016/j.jma.2014.05.005. 

[155] Alonso E, Lee TM, Bjelkengren C, Roth R, Kirchain RE. Evaluating the potential 
for secondary mass savings in vehicle lightweighting. Environ Sci Technol 2012; 
46(5):2893–901. https://doi.org/10.1021/es202938m. 

[156] Improving sustainability in the transport sector through weight reduction and the 
application of aluminum. London: The Aluminum Association; 2007. 

[157] Kim H-J, McMillan C, Keoleian GA, Skerlos SJ. Greenhouse gas emissions payback 
for lightweighted vehicles using aluminum and high-strength steel. J Ind Ecol 
2010;14(6):929–46. https://doi.org/10.1111/j.1530-9290.2010.00283.x. 

[158] Lorenz D, Roll K. Modelling and analysis of integrated hotforming and quenching 
processes. Adv Mater Res 2005;6–8:787–94. https://dx.doi.org/10.4028/www. 
scientific.net/AMR.6-8.787. 

[159] Das S. Life cycle energy impacts of automotive liftgate inner. Resour Conserv 
Recycl 2005;43(4):375–90. https://doi.org/10.1016/j.resconrec.2004.07.003. 

[160] Asnafi N, Nilsson T, Lassl G. Tubular hydroforming of automotive side members 
with extruded aluminium profiles. J Mater Process Technol 2003;142(1):93–101. 
https://doi.org/10.1016/s0924-0136(03)00467-9. 

[161] Lloyd SM, Lave LB. Life cycle economic and environmental implications of using 
nanocomposites in automobiles. Environ Sci Technol 2003;37(15):3458–66. 
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