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INTRODUCTION

Air pollution stands out as one of the most 
serious threats to human health, as it poses short-
term and long-term health issues, e.g., respiratory 
tract infections, cancer, bronchitis, asthma, and 
other chronic illnesses [1]. It also contributes to 
global warming and acid rain [2]. A wide range 
of industrial sectors contribute to air pollution, 
and among them, the transportation industry 
stands out as one of the primary contributors to 
this global problem [3]. Figure 1a shows carbon 
dioxide (CO2) emissions from various sources, 
highlighting the significance of the transporta-
tion industry [4]. Since the automotive industry 

represents a major segment within the transpor-
tation sector, addressing the air pollution issue 
within this domain is crucial. In this regard, elec-
tric vehicles (EVs) have been developed as a so-
lution to reduce the production of air pollutants 
within automotive industry [5, 6]. So far, various 
environmentally friendly vehicles have been de-
veloped, ranging from plug-in hybrids (PHEVs), 
which have gasoline and electric drivetrains in 
parallel or serial configurations, to fully battery-
powered models (BEVs), as well as fuel cell ve-
hicles (FCEVs), which are primarily powered by 
hydrogen fuel cells while having battery storage 
systems [7]. Figure 1(b) presents a comparison 
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of the sources of energy, consumption, and emis-
sions across different vehicle types.

While the concept of EVs has a history span-
ning over a century, it has recently captured sig-
nificant attention as a consequence of the grow-
ing concern regarding global warming along with 
the multitude of benefits that EVs offer, notably 
their capacity to mitigate air pollution and climate 
change [9]. According to various prediction mod-
els, annual sales of EVs are expected to increase 
in the coming years [10,11]. As an example, it 
can be referred to the study of Wu and Chen [10], 
where they predicted the annual sale volume of 
EVs in the world from 2021 to 2028 using both 
statistics and machine learning methods, and their 
findings indicated a projected continuous growth 
in EV sales during this period, as shown in Fig-
ure 2a. In the meantime, the eventual depletion of 
fossil fuel resources on Earth also necessitates the 
shift from internal combustion engine (ICE) ve-
hicles towards greener alternatives such as EVs, 
making this transition to EVs not just an option 
but also a vital necessity. The benefits of EVs 
have also attracted the attention of the scientific 

community, as seen by Figure 2(b), which shows 
that the number of EV-related publications has 
notably increased since the beginning of the 21st 
century, and more research has been committed to 
EV development every year.

The advantages of EVs go well beyond 
those listed above. Nonetheless, it is essential 
to acknowledge that, while EVs offer several 
benefits, their adaptation is not without chal-
lenges. Factors such as battery range limita-
tions, charging infrastructure development, and 
the environmental impact of battery produc-
tion all have an impact on consumer adoption 
and market acceptance. In order to provide a 
comparison between a typical ICE vehicle and 
an average BEV, Table 1 has been included 
to point out that significant improvements are 
still necessary to enhance EV performance and 
make them as widely adopted as ICE vehicles. 
Lightweight vehicle design, battery technol-
ogy improvements, price reduction, and driv-
ing range extension are some of the potential 
enhancements. By addressing these issues, 
manufacturers could contribute to narrowing 

Figure 1. (a) CO2 emissions from various sources (redrawn based on [4]), and (b) comparison of different 
vehicle types (redrawn with permission from [8])

Figure 2. (a) Estimated annual sale volume of EVs from 2021 to 2028 (redrawn based on [10]), and (b) number 
of EV-related publications since the beginning of the 21st century based on the Scopus database
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the performance gap and making BEVs a more 
practical alternative for the typical consumer.

Given the significant impact EVs can poten-
tially have on revolutionizing the transportation 
industry and reducing the reliance on fossil fuel 
energy resources, it becomes intriguing to delve 
into the advanced materials and constructional 
designs employed in EV manufacturing. This 
review article addresses critical material consid-
erations and constructional designs essential for 
EV development, covering topics such as lithium 
demand, the role of copper and advanced high-
strength steels (AHSSs), metal forming and weld-
ing technologies, constructional design for heavy 
batteries, recycling of EV components, and future 
research opportunities.

Electric vehicles and the battery technologies

Recent advancements in battery technology 
have also made it more practical to have more 
EVs on the road. Generally, each EV type incor-
porates at least one battery as a primary compo-
nent in its structure. The efficient functioning of 
EVs predominantly depends on the power and 
density of the batteries employed as their power 
source [12]. Therefore, battery technologies for 
EVs have undergone continuous progress, with 
multiple enhancements in improving their energy 
storage capacity, reducing charging time, and en-
hancing overall performance [13]. There are vari-
ous types of batteries and battery manufacturing 
technologies available in the market for equip-
ping EVs [14], including:
 • Lead-acid (Pb-acid) batteries, which are a rel-

atively traditional type of battery technology. 
They have drawbacks like handling acid and 

containing lead, with low energy stored per 
weight and volume [14]. 

 • Nickel-cadmium (NiCd) batteries, that offer 
a relatively long lifespan, typically reaching 
around 2000 cycles. However, since cadmium is 
harmful to the health and environment, EU regu-
lations have restricted NiCd battery use [4, 14].

 • Nickel-metal-hydride (NiMH) batteries, that 
share similarities with NiCd batteries in man-
ufacturing and operation. Their primary ad-
vantage is that they are not susceptible to the 
memory effect, but they generally have lower 
energy storage and higher self-discharge rates 
compared to high-performance Li-ion batter-
ies [14, 15].

 • Sodium nickel chloride (NaNiCl) batteries, 
which are also known as “Zebra batteries”, and 
use a molten salt electrolyte with an operating 
temperature of 270–350 °C. While they offer a 
high stored energy density, their major draw-
backs include operational safety concerns and 
self-discharge during standby [14, 16].

 • Lithium-ion (Li-ion) batteries, that have a 
high power storage capacity and excellent en-
ergy density per weight. Although they were 
initially costly, their price has decreased in re-
cent years, and with improved design and ma-
terials, their overheating risks have also been 
managed effectively [14, 17].

 • Lithium-ion polymer batteries, that share 
similar functionalities and limitations to Li-
ion batteries. Their lifespan depends on their 
chemistry and usage, but it requires proper 
management to avoid overcharging, overheat-
ing, and deep discharge [14, 18].

 • Solid-state batteries, which are an emerging 
technology that use solid electrolytes instead of 
liquid or gel electrolytes found in conventional 

Table 1. ICE Vehicles vs. BEVs (qualitative assessment)
Parameter ICE Vehicles BEVs Overall Assessment

Mass Lighter Heavier ICE vehicles typically have an 
advantage in mass

Duration of refueling/
charging

Quick refueling (in scale 
of minutes)

Longer charging time (in 
scale of hours)

ICE vehicles offer a clear advantage 
in refueling time

Price Generally lower Generally higher ICE vehicles are typically more 
affordable

Driving range Longer range Shorter range ICE vehicles generally provide a 
better driving range

Efficiency Lower overall efficiency Higher overall efficiency BEVs are significantly more efficient

CO2 Emissions Produce direct emissions Zero operational emissions BEVs have a clear advantage in 
emissions

Maintenance cost Higher maintenance costs Lower maintenance costs BEVs generally incur lower 
maintenance costs
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batteries. They have the potential to offer higher 
energy density, longer lifespans, faster charging 
times, and improved safety compared to other 
battery types. However, they are still in the 
early stages of development and not yet widely 
used in commercial EVs [19].

For the aforementioned battery types, Figure 
3a presents the specific energy density versus vol-
umetric energy density and clearly demonstrates 
the weight and size advantages of Li-ion batter-
ies compared to other currently available options, 
which makes them favorable choices for EVs, 
where weight and space optimization are critical 
design factors. Specific power versus specific en-
ergy of the mentioned battery types is also shown 
in Figure 3b, which again shows the advantage of 
lithium batteries over other types. The next criti-
cal aspect in selecting batteries for EVs is their 
lifespan, with longer life cycles being the prefer-
able choice. Table 2 outlines the life cycles for 
the various battery types. Now comes the charge-
discharge rate (C-rate), which is another key fac-
tor affecting battery lifespan. It dictates the rate at 
which chemical reactions occur during charging 
and discharging. Elevated C-rates, which indi-
cate faster charging or discharging, place greater 
stress on battery materials, speeding up degrada-
tion and shortening the overall lifespan. Addi-
tionally, higher values of the C-rates can acceler-
ate battery aging, primarily due to the increased 
internal temperature of the battery cells [20]. It 
is also important to note that the battery C-rates 
typically decrease in low-temperature conditions, 

resulting in reduced performance and efficiency 
during both charging and discharging processes. 
To provide an example in the context of EVs, av-
erage charging C-rates have been reported as 1.38 
for the Volkswagen ID.3 and 1.81 for the Tesla 
Model 3, respectively [21]. In the meantime, 
there is also extensive research dedicated to both 
increasing the life cycle of the existing batteries 
as well as developing next-generation technolo-
gies with higher efficiency, reduced weight and 
volume, and lower production costs to encourage 
widespread EV adoption.

It is also important to note that since batter-
ies account for a considerable portion of the cost 
of EVs, reducing their production costs is essen-
tial to lowering the total price of EVs [24]. The 
manufacturing of Li-ion and Li-ion polymer bat-
teries relies on lithium, and as the market for EVs 
expands, providing a consistent and sustainable 
supply of lithium becomes crucial. A simplified 
approach for the estimation of annual global de-
mand for lithium by EVs can be made by mul-
tiplying the number of the annual EV sales by 
the average lithium content per unit battery ca-
pacity. Egbue et al. [25] showed that the lithium 
demand for plug-in hybrid electric vehicles and 
battery electric vehicles could potentially grow 
from 2025 to 2050, as demonstrated in Figure 4a. 
Batteries account for a significant share of lithium 
end use (Figure 4b) [25]. Therefore, it is impor-
tant to optimize lithium extraction methods while 
also considering recycling and second-life appli-
cations of lithium batteries to reduce dependence 
on primary lithium resources.

Figure 3. (a) Specific energy density vs. volumetric energy density for different battery types (redrawn based on 
[22]), and (b) specific power vs. specific energy of various battery types (redrawn based on [23])

Table 2. Typical lifespan of various battery types [4]
Battery type Pb-Acid NiCd NiMH Li-ion Li-ion Polymer

Life cycle 1500–5000 2000 <3000 2000 >1200
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Along with developing battery technology, the 
improvement of charging infrastructure is equally 
pivotal for facilitating widespread EV adoption. 
To address this need, innovative fast-charging 
technologies as well as wireless charging systems 
are being developed to meet this requirement, 
shorten the charging duration, and improve EV 
user convenience [26]. In addition, implementing 
good thermal management is also vital for EVs, as 
effective temperature regulation enhances battery 
performance, extends its lifespan, and promotes 
safety [27]. This could potentially be achieved 
through active cooling methods, such as liquid 
cooling and refrigerant-based systems, as well as 
passive methods like phase change materials and 
heat sinks [28, 29]. The widespread adoption of 

EVs also relies on a well-developed charging in-
frastructure network and easily accessible charg-
ing stations [5]. To address this issue, govern-
ments in many countries, particularly those with a 
stronger commitment to increasing EV adoption, 
have invested in promoting EV charging infra-
structure. For instance, Figure 5 illustrates the sig-
nificant rise in the number of EV charging stations 
in Europe from 2010 to 2021.

Urban development planning is also critical 
for promoting EV adoption by locating EV charg-
ing stations not only in various metropolitan lo-
cations but also along intercity routes, which en-
ables drivers to rely on these stations for seamless 
travel between cities. Moreover, given the variety 
of EV connectors available on the market [31], 

Figure 4. (a) Projected lithium demand for EVs from 2025 to 2050, and (b) various end applications of lithium 
(redrawn based on [25])

Figure 5. Number of EV charging stations in Europe from 2010 to 2021 (redrawn from [30])
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ensuring compatibility between EV connectors 
and charging station outlets is also critical. There-
fore, adopting a worldwide standard connector 
could be beneficial for eliminating the need for 
adapters and providing another motivation for 
drivers to switch to EVs. Furthermore, reducing 
charging costs would serve as a compelling rea-
son to obtain higher EV adoption rates. In this re-
gard, governments can play a significant role by 
investing in green technologies such as solar pho-
tovoltaic systems, wind turbines, and hydroelec-
tric power plants, specifically designed to supply 
low-cost electricity exclusively for EV charging 
stations.

The significance of copper

Copper and its alloys have exceptional elec-
trical and thermal conductivities and play a vital 
role in the power supply and energy distribution 
systems of EVs [32, 33]. They also possess good 
machinability and corrosion resistance, which 
are desirable features for automotive materials 
[34]. Notably, due to the presence of more elec-
tric gadgets as well as extra wiring systems in 
EVs, a significantly higher amount of copper is 
used in EVs compared to typical gasoline-pow-
ered vehicles, as shown in Figure 6(a) [35]. Elec-
tric motors, wiring systems, electrical contacts, 
and battery connections all require a variety of 
copper alloys, ranging from pure copper to ad-
vanced high-strength high-conductivity (HSHC) 
copper alloys. Therefore, the production volume 
of EVs is directly dependent on the availability 
of copper and its alloys. In addition, the charg-
ing infrastructure required for charging EVs is 
also reliant on copper and its derivatives. Hence, 
it is apparent that the demand for copper alloys 
will increase with the growing prevalence of 

EVs [32]. In this regard, many models have been 
developed to predict copper demand in the up-
coming decades. One example of the evolution 
and projection for copper demand for EVs for 
the current decade is shown in Figure 6b, which 
suggests a potential rise in copper demand in the 
upcoming years. 

In the meantime, copper extraction, refining, 
and production processes pose issues related to 
energy consumption and the release of harm-
ful substances into the environment [36]. These 
challenges, along with the growing demand for 
copper, necessitate optimizing copper usage in 
EVs to lower the risk of copper shortages and 
the resultant price increase, while also minimiz-
ing environmental impact and controlling the 
depletion of copper natural resources. Another 
concern with using higher quantities of copper in 
EVs is its relatively high density, which can lead 
to increased weight and reduced efficiency and 
driving range [37]. In order to address weight 
concerns and reduce the drawbacks of heavier 
EVs while also maintaining performance levels, 
researchers are working on developing lighter 
copper alloys and exploring other conductive al-
ternatives, such as aluminum, that can provide 
the required electrical conductivity.

Advanced high-strength steels

As discussed earlier, a key challenge in the 
development of EVs lies in their heavy weight 
due to the presence of batteries and greater cop-
per usage compared to ICE vehicles. While the 
utilization of lighter materials in the body struc-
ture of EVs could potentially compensate for this 
issue, it is crucial to ensure that these materials 
meet safety standards by possessing the neces-
sary levels of mechanical properties. To overcome 

Figure 6. (a) The quantity of copper used in different kinds of vehicles, and (b) the evolution and projection of 
the demand for copper in EVs by 2030 (redrawn with permission from [35])
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this problem, the utilization of AHSSs along with 
other alloys with a high strength-to-density ratio 
is crucial [38]. So far, three primary categories of 
AHSSs have been developed [39]. The first gen-
eration of AHSSs includes martensitic steels, du-
al-phase (DP) steels, complex-phase (CP) steels, 
and transformation-induced plasticity (TRIP) 
steels [40]. This generation offers a high level of 
strength along with low to moderate levels of duc-
tility. Their production methods are relatively easy 
and cost-effective, which makes them a favorable 
choice for utilization in the body structures of con-
temporary automobiles, particularly EVs [41].

The second generation of AHSSs consists 
of austenitic stainless steels, lightweight steels 
with induced plasticity (L-IP), and twinning-in-
duced plasticity (TWIP) steels [42]. This gener-
ation provides an excellent combination of high 
strength and high ductility, much better than the 
first generation; however, there is a drawback, 
which is their comparatively greater cost. In 
fact, alloying elements such as chromium and 
nickel, which are added to the chemical compo-
sition of stainless steels, account for their higher 
price. Additionally, the incorporation of 5-10 
wt.% aluminum and silicon in L-IP steels and 
15-30 wt.% manganese in TWIP steels not only 
increases material costs but also presents chal-
lenges during casting, hot working, metal form-
ing, welding, and hot-dip galvanizing. There-
fore, using these steels in the body structure of 
mass-production automobiles is not economi-
cally efficient [41]. Consequently, the third gen-
eration of AHSSs, which includes carbide-free 
bainitic (CFB) steels, medium-Mn TRIP steels, 
and quenching and partitioning (Q&P) steels, 
has been developed to offer a suitable strength-
ductility balance between those of the first and 

second generations, with a lower production 
cost than the second generation [41,43]. Their 
good mechanical properties and affordable price 
make them highly attractive options for integra-
tion into the body structure of EVs. Given the 
critical role of AHSSs in the body structure of 
EVs, Table 3 has been included to present the 
typical mechanical properties of various grades 
of AHSSs. Notably, one unique characteristic 
observed in most of these steels is the presence 
of (retained) austenite in their microstructure, 
which undergoes transformation into martensite 
during deformation, a phenomenon referred to as 
the transformation-induced plasticity (TRIP) ef-
fect [43,44]. The TRIP effect provides improved 
strain hardening ability and energy absorption 
capacity for the material, making it highly suit-
able for automobile body structure [45]. The 
strength and ductility of current AHSS grades 
remarkably rely on the presence of retained aus-
tenite in their microstructure [46].

Using AHSSs enables the use of thinner 
sheets with equivalent (or even greater) strength 
and energy absorption capacity while reduc-
ing total weight as compared to typical steels. 
Therefore, by using AHSSs, automakers are able 
to manufacture lighter vehicles while maintain-
ing safety standards [52]. Although AHSSs may 
come at a higher initial cost for EV manufactur-
ers compared to traditional steels, their lighter 
weight can bring cost savings for EV custom-
ers via increased driving range. Various AHSS 
grades are anticipated to dominate the vehicle 
material market in the near future, and by appro-
priately incorporating them in the body structure 
of EVs, manufacturers can considerably enhance 
the performance of their products [53]. Yet, con-
tinuous efforts are being made to develop next 

Table 3. Typical microstructure and range of UTS and elongation for AHSSs [43,47–50]
Steel Microstructure UTS (MPa) Total elongation (%) Reference

DP Ferrite + martensite 500–1100 15–35 [43]

CP Ferrite + martensite + bainite 500–1100 15–35 [43, 47]

TRIP Ferrite + austenite + bainite (+ martensite) 550–1150 20–40 [43]

Austenitic stainless Austenite 550–1050 45–75 [43]

L-IP Austenite 900–1200 55–75 [43, 48]

TWIP Austenite 950–1650 35–60 [43, 49]

CFB Bainitic ferrite + retained austenite 1300–1650 15–25 [43, 50]

Medium-Mn TRIP Ferrite + austenite (+ martensite) 700–1200 25–55 [43]

Q&P Martensite + retained austenite (+ ferrite) 1050–1400 15–35 [43, 51]
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generations of AHSSs with better strength-duc-
tility balance, higher formability, and affordable 
prices. Figure 7 displays the body structure of a 
fully electric Volvo XC40, which shows the uti-
lization of various groups of high-strength steels 
throughout its body frame.

Advanced metal forming and welding 
technologies

The EV components made from AHSSs 
must be formed into desired shapes with a toler-
ance lower than a certain value. They must also 
be properly joined together during the assembly 
process of the body structure. Automakers use a 
variety of metal forming processes and joining 
methods to shape and assemble different automo-
bile parts. This section provides a brief review of 
two critical forming methods, namely hot stamp-
ing and hydroforming, as well as two widely 
used welding techniques, resistance spot weld-
ing (RSW) and laser beam welding (LBW). Hot 
stamping is a high-temperature forming process 
that operates under non-isothermal conditions, 
aiming to form complex ultra-high-strength steels 
with the goal of no springback effect [54]. In gen-
eral, there are only two simple steps involved in 
the hot stamping process for steels. In order to 
get the desired shape of the workpiece, the initial 
ferritic-pearlitic steel sheet is first heated to an 
austenitization temperature to transform into aus-
tenite, and the hot blank is formed into the desired 
shape, either before, during, or after the austeniti-
zation. Finally, the formed blank is quenched to a 
temperature below the final martensitic transfor-
mation temperature (Mf) to obtain a final product 
with a martensitic microstructure, which features 

exceptionally high strength [55]. The hot stamp-
ing process is automatic, carried out using robot 
arms, and is reasonably quick, which makes it an 
ideal forming method for manufacturing automo-
bile body parts [56]. Hot stamping is used in the 
manufacture of various automobile components, 
including A-pillars, B-pillars, side impact protec-
tion, sills, frame parts, bumpers, door pillar re-
inforcements, roof frames, tunnels, and front and 
rear cross members [57].

The next primary forming method is the hy-
droforming process, which is a near-net-shape 
forming process in which complex structures are 
created by using fluid (water or oil) pressure in-
stead of (or simultaneously with) conventional 
mechanical forces [58]. Common hydroformed 
products in automobile body structures include 
engine cradles and mufflers [59]. The advantag-
es of the hydroforming process can be referred 
to as reducing the number of welded joints in 
structures, availability for manufacturing thinner 
walls, improved dimensional tolerance, and better 
surface quality. In the automotive industry, alu-
minum alloys and stainless steels, as well as DP, 
TRIP, and TWIP steels, are commonly formed 
using the hydroforming method [59]. Progress in 
simulation techniques has enhanced the under-
standing of hydroforming processes and facili-
tated the efficient and dependable development 
of hydroformed components today [60]. Yet, still 
relatively long production cycles and expensive 
tool costs are drawbacks of this process. Figure 
8 shows simplified schematic illustrations of the 
hot stamping and hydroforming processes.

In the manufacturing process of EVs, different 
components must be joined together to form the 
body structure. Among all joining technologies, 

Figure 7. Body structure of a fully electric Volvo XC40 (reprinted from [7] under CC BY 4.0 DEED license)
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RSW stands out as an excellent method in auto-
motive assembly owing to its advantages in auto-
mation, high productivity, and cost-effectiveness 
[61]. RSW is a dominant technique in the auto-
mobile industry, which accounts for a remark-
ably large proportion of vehicle body assembly 
tasks [62]. In this process, two (or more) metal-
lic sheets are clamped between two water-cooled 
electrodes (which are made from copper alloys) 
and pressed together with a specified electrode 
force for a designated squeeze time. Then, an 
electric current, known as the weld current, pass-
es through the clamped joint to generate heat for 
a predetermined welding time. The high contact 
resistance at the interface between the sheets fa-
cilitates heat generation and their melting, and 
the molten nugget expands as a result of the bulk 
resistivity of the materials. Finally, upon termina-
tion of the current flow, the weld undergoes cool-
ing and solidification, and the heat primarily dis-
sipates through the electrodes, which remain in 
contact with the workpiece for a short time after 
the welding [63].

LBW uses a concentrated laser beam to pre-
cisely melt and connect two (or more) pieces of 
metal. Owing to its precise focusability and high 
power density, LBW offers numerous advantages, 
including high welding speed, a narrow and deep 
weld zone, and a small heat-affected zone (HAZ) 
[64]. As a result, it stands out as a promising weld-
ing technique for joining various components 
of the automobile body structure, such as door 
frames, auto hoods, chassis, and trunks, as well 
as different sub-components such as airbag initia-
tors, motor coil windings, engine parts, transmis-
sion components, air-conditioning equipment, and 
fuel injectors [65]. Moreover, LBW is also a suit-
able method for manufacturing battery cells and 

joining cells to create a module, and it also facili-
tates the process of connecting these modules to 
construct a comprehensive battery assembly. Ow-
ing to its precise and clean welds, LBW is also 
a desirable approach for creating strong electrical 
connections within both battery packs and electric 
motors [65]. Figure 9 presents simplified schemat-
ic illustrations of the RSW and LBW processes. 
It is also worth noting that both methods are en-
vironmentally friendly processes characterized by 
low emissions of fumes and gases compared to 
other methods. Additionally, the heat is effectively 
concentrated in a confined welding zone in both 
methods, which minimizes the thermal impact on 
the surrounding material and helps preserve the 
microstructure and mechanical properties of the 
bulk workpiece. The high hardness of the HAZ 
of AHSSs can be positively decreased using dual 
beam laser welding, which enables flexible ma-
nipulating with the laser spot geometry and the 
beam power [66]. It is also worth noting that the 
AHSSs typically contain a higher quantity of non-
metallic inclusions, which results from the higher 
level of manganese, aluminum, and silicon used in 
their composition [67, 68].

Constructional design

The constructional design of EVs conveys 
new challenges different from those encountered 
in ICE vehicles. For example, since large battery 
packs necessitate effective space allocation and 
weight distribution, properly integrating them 
to ensure optimal weight balance without com-
promising vehicle performance is crucial in EV 
design [69]. There are several factors that deter-
mine the optimal positioning of a battery pack 
in EVs. Most importantly, since the EV batteries 

Figure 8. Simplified schematic illustrations of (a) hot stamping, and (b) hydroforming processes
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are relatively heavy, the battery pack should be 
installed in a location that can effectively lower 
the center of gravity of the vehicle and enhance 
its weight balance, stability, and handling. More-
over, the battery pack should be located outside 
the passenger compartment to minimize the risk 
of high-voltage components compromising pas-
senger safety [70]. In addition, the position of the 
battery pack should be far enough from the front 
or back end of the EV body structure in order to 
protect it from collisions, as impact damage to the 
batteries might result in fire or explosion [70]. This 
potential risk is being increased by the continuous 
growing capacity of the EV batteries, which could 
potentially release more energy rapidly in the event 
of a vehicle accident [71]. Furthermore, consider-
ing proper thermal management, it becomes ben-
eficial to place the battery pack where sufficient 

air circulation can occur to boost heat dissipation 
and prevent the batteries from overheating [70]. 
Installing the battery pack at the bottom of the ve-
hicle has been found to fulfill all of these require-
ments. However, relying solely on this approach 
is insufficient, as under extreme conditions, such 
as traffic jams on hot days, the radiating heat from 
the asphalt can contribute to battery pack heating. 
Therefore, additional cooling mechanisms, such 
as liquid cooling systems, should also be imple-
mented to prevent potential overheating issues. 
The electric motor in EVs is typically located on 
the front axle, rear axle, or both axles, depending 
on the drivetrain, so placing the battery pack at 
the bottom of the EV body structure between the 
front and back of the vehicle is beneficial because 
it requires a lower wiring system, reducing copper 
usage. Figure 10 shows an example of the appro-
priate positioning of the battery pack in the Audi 
e-tron Sportsback, with the battery pack positioned 
low within the body structure.

The incorporation of lightweight materials 
in the design of EVs is also beneficial, as de-
creasing vehicle weight results in increasing its 
driving range. In this regard, incorporating light 
metals like aluminum and magnesium alloys as 
well as lightweight composite materials such as 
carbon fiber-reinforced polymers, which offer 
high strength-to-weight ratios, can significantly 
contribute to the weight reduction for EVs [73, 
74]. Figure 11 shows the potential mass reduc-
tion achievable through the utilization of various 

Figure 9. Simplified schematic illustrations of the 
(a) RSW, and (b) LBW processes

Figure 10. Proper placement of the battery pack in the Audi e-tron Sportsback (reprinted from [72] 
under CC BY 4.0 DEED license)
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lightweight materials instead of mild steel in 
automotive structural panels while maintaining 
equivalent bending stiffness and bending strength. 
Here comes the pivotal role of microstructure en-
gineering for metallic materials, which involves 
optimizing the processing history in order to 
achieve an enhanced microstructure that allows 
for the use of thinner yet equally strong metallic 
sheets in the body structure of EVs, resulting in 
considerable weight savings.

To provide an example of optimizing process-
ing history parameters, DP steels, which are a very 
common type of AHSSs used in the body struc-
ture of contemporary automobiles, can be men-
tioned, where studies have reported that adjust-
ing the initial microstructure [75], soaking time 
[76], and intercritical annealing temperature [77] 
can profoundly affect the resultant microstructure 
and mechanical properties. For instance, as seen 
in Figure 12a, using an initial martensitic micro-
structure for intercritical annealing leads to a DP 
steel with higher yield strength (YS) and ultimate 
tensile strength (UTS) compared to DP steels 
developed from other initial microstructures. In 
the meantime, applying an appropriate amount of 
deformation to the initial martensitic steel prior 
to intercritical annealing can further enhance the 
resultant mechanical properties. The significance 
of the influence of soaking time on the mechani-
cal properties is apparent in Figure 12(b), where 
the existence of an optimal intercritical annealing 

duration for achieving the best tensile properties 
can be seen, as short soaking times are insufficient 
while long annealing durations are detrimental to 
the tensile properties. Figure 12c highlights the 
trade-off between strength and ductility as a func-
tion of intercritical annealing temperature, dem-
onstrating that lower intercritical annealing tem-
peratures promote higher ductility but come at the 
cost of lower strength, whereas higher tempera-
tures enhance strength but sacrifice elongation.

Depending on the application, there are opti-
mal intercritical annealing parameters that result 
in the best balance between strength and ductility. 
It is also important to note that the processing pa-
rameters mentioned above are merely the primary 
ones. Additional factors, such as prior deforma-
tion, heating rate, potential hot rolling parameters, 
and post-annealing treatments, also play a crucial 
role in obtaining DP steel with the desired micro-
structure and mechanical properties. Furthermore, 
similar parameters are essential in the processing 
of other AHSS grades, which must be carefully 
considered during the manufacturing of EV com-
ponents to optimize the material performance.

Exterior design is also a crucial aspect of 
EV design, particularly in terms of aerodynam-
ics [78]. Streamlined exterior design, considering 
aerodynamic features, is essential for maximizing 
the driving range and efficiency. In other words, 
by minimizing drag force and optimizing air-
flow, these designs contribute to reduced energy 

Figure 11. Mass savings in automotive applications for lightweight materials over mild steel in structural panels 
with equal bending stiffness and bending strength (redrawn based on [7])
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Figure 12. The effect of (a) initial microstructure (redrawn with permission from [75]), (b) soaking time 
(redrawn with permission from [76]), and (c) intercritical annealing temperature (data collected from [77]) 

on the tensile properties of the resultant DP steel

consumption and extended driving distances. 
EVs generally have lower air drag coefficients 
(Cd) than ICE vehicles. For instance, some Cd 
values reported for EVs include 0.29, 0.28, 0.24, 
and 0.31 for the BMW i3, Nissan Leaf, Tesla 

Model S, and Volkswagen e-Golf, respectively 
[79]. On the other hand, typical sedans gener-
ally possess Cd values ranging from 0.30 to 0.41, 
depending on their exterior aerodynamic design 
[80]. These variations highlight the importance of 



190

Advances in Science and Technology Research Journal 2025, 19(1), 178–196

aerodynamic design in EVs, as a lower Cd value 
enhances the efficiency and driving range of EVs 
on the road.

In order to achieve an optimized exterior de-
sign, employing computational fluid dynamics 
simulations as well as wind tunnel testing could 
be useful for fine-tuning the design and optimiz-
ing the aerodynamic performance of EVs [81]. 
EVs also require additional and unique safety 
considerations due to their distinctive characteris-
tics. For instance, with no engine compartment to 
absorb impact energy during collisions, the design 
of crumple zones in EVs needs unique consider-
ations to efficiently absorb and dissipate energy in 
case of accidents. In other words, thicker sheets 
are needed for bumpers to compensate for the ab-
sence of a classical engine, making AHSSs cru-
cial for minimizing this increase in thickness. The 
same approach applies to securing batteries, which 
must remain intact during collisions. Additionally, 
the absence of certain components in EVs, such as 
the fuel tank and exhaust system, opens up extra 
space in the body structure of EVs, which could 
be used to properly allocate other EV components.

Recycling and disposal strategies

Figure 13 presents a simplified lifecycle flow-
chart for EV materials. Upon reaching the end of 
their service life, EV components typically under-
go either recycling or responsible disposal. For 
instance, metallic components typically undergo 
recycling to fabricate new parts. On the other 
hand, if recycling is not an option due to techni-
cal or economic limitations, responsible disposal 
methods are implemented to minimize the envi-
ronmental impact. Optimizing material utiliza-
tion and the constructional design of EVs also 
demands strong attention to end-of-service reuse 
and disposal strategies, which makes recycling a 
crucial stage in the lifecycle of the vehicle. Effec-
tive recycling offers two key advantages. Firstly, 

it is vital for reducing the environmental footprint 
of EVs and conserving valuable resources. Sec-
ondly, incorporating recycled materials into the 
fabrication of EVs provides several benefits, in-
cluding potentially lower production costs. Since 
EVs introduce new components and technologies, 
significant changes in vehicle recycling are antic-
ipated in the coming years [82]. In other words, 
the transition towards EVs necessitates the devel-
opment of innovative end-of-service strategies, 
which are crucial for effectively reusing materials 
and responsibly disposing of those components 
that cannot be recycled or are economically vi-
able to recycle.

Most of the metallic parts utilized in the body 
structure of EVs are relatively easier to recycle 
compared to other components. This advantage 
comes from the fact that more or less equivalent 
metallic elements are utilized in other contempo-
rary automobiles, and well-established recycling 
techniques already exist for them. It is also worth 
noting that low-alloy metals are typically easier to 
recycle compared to high-alloy metals, and using 
them in the body structure of EVs can potentially 
simplify future recycling operations. On the other 
hand, EV batteries require unique recycling pro-
cesses, which are typically more complex. Pyro-
metallurgical recovery, physical material separa-
tion, hydrometallurgical metal reclamation, direct 
recycling, and biological metal reclamation can 
be mentioned as the potential recycling methods 
for Li-ion batteries [83]. Effective battery recy-
cling offers the potential for significant cost re-
ductions in battery production, ultimately lower-
ing the price of EVs [84]. In addition, it reduces 
the environmental impact by preventing hazard-
ous materials from entering the waste stream.

As shown in Figure 13, optimizing the recy-
cling process also relies on proper material sepa-
ration beforehand. Incomplete material separa-
tion hinders both the efficiency of the recycling 
process and the quality of the recycled materials. 

Figure 13. Simplified lifecycle flowchart of EV components
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For instance, one significant challenge is when 
copper and steel are not completely separated 
from each other. In this case, the occurrence of 
copper contamination in recycled steel results in 
various issues, including heightened brittleness 
and diminished ductility of the recycled steel. 
Hence, it is more cost-effective to implement ef-
ficient separation steps prior to the recycling pro-
cess to assure high-quality recycled materials.

CONCLUSIONS

An overview of EVs, followed by a discus-
sion on the environmental and economic ben-
efits of switching from traditional ICE vehicles 
toward EVs, was presented in previous sections. 
Batteries, being the core technology of EVs, were 
introduced, and a variety of battery types were 
overviewed. Then, the importance of utilizing 
lightweight materials that offer high strength-to-
weight ratios in the body structure of EVs, such 
as fiber-reinforced polymers as well as aluminum 
and magnesium alloys, and their benefits for im-
proving the efficiency of EVs through increasing 
the driving range were highlighted. The signifi-
cance of copper as one of the primary metals es-
sential for various EV components, as well as the 
expected growth in its demand in the near future, 
were also discussed. Next, the importance of us-
ing AHSSs in the body-in-white of EVs to reduce 
weight while keeping safety requirements was 
emphasized, and different types of AHSSs were 
generally mentioned. After that, the discussion 
turned to the review of common forming and join-
ing methods for manufacturing and assembling 
EV components. Subsequently, the importance of 
effective constructional design in EVs was point-
ed out, with a particular emphasis on strategically 
positioning battery packs for optimal weight dis-
tribution and safety issues. Finally, the discussion 
was concluded by highlighting the importance of 
responsible end-of-life actions, which included a 
focus on recycling or responsible disposal of EV 
components after their functional lifespan. The 
key points of the discussed content can be briefly 
summarized as follows:

Air pollution is a major health threat, and the 
transportation sector is a key contributor. EVs 
are seen as a solution, with lithium-ion batteries 
being the dominant choice due to their high en-
ergy density. However, widespread EV adoption 
relies on further advancements in battery tech-
nology, charging infrastructure, and even urban 

development planning to make EVs convenient 
and viable for consumers.

Copper stands as a vital material for EVs ow-
ing to its exceptional conductivity. However, care-
ful considerations are imperative due to the esca-
lating demand for EVs. Moreover, advanced ma-
terials such as AHSSs find application in the body 
structure of EVs, enhancing both performance and 
driving range while maintaining safety standards.

EV components made from AHSSs require 
precise forming and joining techniques to ensure a 
strong and lightweight body structure. Two major 
forming methods are hot stamping, which shapes 
ultra-high-strength steels without springback, and 
hydroforming, which uses fluid pressure to create 
complex structures. Primary welding techniques 
include RSW, recognized for its automation and 
cost-effectiveness, and LBW, known for its pre-
cision and application in battery and motor as-
sembly. Both RSW and LBW are generally con-
sidered environmentally friendly, with minimal 
thermal effects and pollutants.

Unlike ICE vehicles, EVs require special 
design considerations. Battery packs are often 
installed low in the vehicle for better handling, 
weight distribution, and safety considerations. 
Lightweight materials like aluminum and carbon 
fiber composites contribute to increased driving 
range and overall efficiency. Additionally, AHSSs 
with optimized processing histories are usually 
used in the EV body structure for weight reduc-
tion. Aerodynamic design is also crucial for EVs 
in order to increase driving range.

The lifecycle of EV materials involves recy-
cling or responsible disposal at the end of their 
service life. Metallic components are often recy-
cled into new parts, while more complex compo-
nents, such as batteries, need specific recycling 
procedures. Effective recycling reduces the envi-
ronmental footprint, conserves resources, and can 
lower production costs. Effective material sepa-
ration is vital for increasing recycling efficiency 
and maintaining the quality of recycled materials.

At this point, it is beneficial to briefly explore 
the future prospects of EVs and discuss strategies 
that can be used to overcome barriers and accel-
erate their widespread adoption. Despite the nu-
merous benefits offered by EVs, some challenges 
still remain in their development and widespread 
adoption. The primary challenges can be referred 
to as charging infrastructure, charging time, bat-
tery cost and its performance, and the environ-
mental impact of battery production [85]. Another 
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important challenge could be the limited variety 
of EV models available to customers compared 
to the wide range of ICE vehicles. In other words, 
the variety of EV models available, particularly 
for trucks and sport utility vehicles (SUVs), is 
still not as broad as ICE vehicles, which limit 
consumer options and potentially slow down 
widespread adoption.

In the meantime, in parallel with the develop-
ment of EVs, there are also alternative transporta-
tion concepts emerging in the automotive sector 
that are independent of fossil fuels as well. For 
instance, it can be referred to as hydrogen fuel 
cell EVs, which use hydrogen and oxygen to gen-
erate electricity through a fuel cell, with water 
vapor being the primary byproduct [86]. Another 
emerging technology includes solar-powered 
EVs, which are still in their early stages of de-
velopment and aim toward implementing the ap-
plication of solar panels to generate electricity 
and potentially expand the range and efficiency 
of EVs [87]. These technologies, along with other 
leading-edge advancements, are revolutionizing 
the transportation industry and will determine its 
future, not only for personal vehicles but also for 
public transportation.

In addition to private sector efforts and invest-
ments, governments are also investing in improve-
ments to public transportation systems around the 
world to control air pollution and global warm-
ing. For instance, high-speed trains, magnetic 
levitation (maglev) trains, and bus rapid transit 
(BRT) systems offer efficient and environmentally 
friendly alternatives to traditional individual car 
ownership [88]. Properly using any of these alter-
natives has the potential to reduce reliance on pri-
vate transportation in metropolitan areas and can 
potentially reduce traffic congestion and air pollu-
tion in large cities. In the meantime, establishing 
dedicated bike lanes could be considered one of 
the most advantageous strategies, as it offers not 
only health benefits for cyclists but also promotes 
environmental sustainability as bicycles emit zero 
emissions. Building a network of specialized bike 
lanes in large cities can encourage citizens to cycle 
for shorter commutes, while in smaller cities, it 
can make cycling the primary transportation op-
tion for the majority of the community.

In the end, it is important to note that tires 
play a crucial role in the overall performance of 
EVs, and EV tires are typically designed to ad-
dress different requirements compared to those 
demanded in ICE vehicles. Given the high weight 

of EV battery packs, EV tires must be specifically 
engineered to support heavier loads and with-
stand the instant torque produced by EV motors. 
Moreover, to enhance energy efficiency, EV tires 
should have specialized tread patterns and materi-
als that minimize rolling resistance. Additionally, 
since EV motors produce less sound compared 
to conventional car engines, noise reduction be-
comes more important in designing and produc-
ing EV tires.

In summary, EVs are a relatively new tech-
nology with ongoing development to improve 
their efficiency, range, and affordability. While 
using proper materials and constructional design 
are essential for their success, their widespread 
adoption also depends on factors like suitable 
charging infrastructure, government support, and 
consumer preferences. EVs are expected to play a 
significant role in the future of transportation, but 
the entire replacement of ICE vehicles with them 
is still a long-term vision.
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