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The global commitment to decarbonizing the transport sector has resulted in an unabated growth in the markets
for electric vehicles and their batteries. Consequently, the demand for battery raw materials is continuously
growing. As an illustration, to meet the net-zero emissions targets, the electric vehicle market demand for
lithium, cobalt, nickel, and graphite will increase 26-times, 6-times, 12-times, and 9-times respectively between
2021 and 2050. There are diverse challenges in meeting this demand, requiring the world to embrace techno-
logical and knowledge advancements and new investments without provoking conflicts between competing
goals. The uncertainties in a sustainable supply of battery minerals, environmental, social and governance
complexities, and geopolitical tensions throughout the whole battery value chain have shaped the global and
regional concerns over the success of transport decarbonization. Here, focusing on the entire value chain of
electric vehicle batteries, the approaches adopted by regulatory agencies, governments, mining companies,
vehicle and battery manufacturers, and all the other stakeholders are evaluated. Bringing together all these
aspects, this literature review broadens the scope for providing multifaceted solutions necessary to optimize the
goal of transport decarbonization while upholding sustainability criteria. Consolidating the previously frag-
mented information, a solid foundation for more in-depth research on existing difficulties encountered by
governmental and industrial actors is created. The outcomes of this study may serve as a baseline to develop a
framework for a climate smart and resource efficient supply of batteries considering the unique impacts of in-
dividual players.

1. Introduction population also plays an important role [1,2]. Between 1990 and 2019

the global population increased by 46%- from above 5.3 x 10° to almost

Fossil fuels continue to be the main source of energy production, and
the automotive industry is the main end-user of fossil fuel-derived
commodities. The industry significantly contributes to economic pro-
ductivity but also to global greenhouse gas (GHG) emissions, air pollu-
tion, and consequently global warming in which the growing world

7.8 x 10° [3]. During this period, the amount of global CO, emission
from the transport sector increased from 4.61 Gt to 8.22 Gt which
accounted for 17 % of the global GHG emissions [4]. Considering the
role of this sector in climate change, the achievement of the global goal
of climate neutrality by 2050 necessitates decreasing the transport
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sector’s dependency on fossil fuels [5].

Phasing out fossil-fueled vehicles and replacing them with battery
electric vehicles (BEVs) has been considered a mitigative solution to
climate change and governments in many countries have adopted this
green transport revolution. BEV adoption, which relies on batteries for
electrical energy storage, has resulted in growing demands for
rechargeable batteries, especially lithium-ion batteries (LIBs) with their
high energy and power density, and long lifespan-useful life around ten
years [6]. Consequently, suppliers around the world are striving to keep
up with the rapid pace of demand growth in battery raw materials.
Various factors have disrupted the supply chains of battery materials
creating a serious mix of risks for secure and rapid road transport
decarbonization. To reiterate, these factors encompass geographical
distribution of the different stages of battery minerals supply chains (e.
g., almost 86 % of the mined lithium ores come from Australia, Chile,
and China), unpredictable incidents (e.g., COVID-19 pandemic high-
lighting the vulnerability of a global supply and demand system) [7,8],
geopolitical issues (e.g., increasing prices of aluminum due to Russia’s
invasion of Ukraine), and environmental, social, and governance (ESG)
complexities (e.g., water shortages and local communities’ protests in
Chile) [9,10]. Thus, a sustainable supply of materials has paramount
importance to progress towards an efficient transition to a low carbon
future.

To address the pertinent pressure of monopolization and insecure
supply of battery metals and minerals, the governments of the most
countries have initiated a variety of policies and implemented landmark
measures based on their positions in the battery value chain. Examples
of these policies include developing domestic production, diversifying
suppliers at different stages of value chain, improving security mecha-
nisms, increasing refining and recycling capacity, technological in-
novations, substituting battery components, developing responsible
sourcing, minimizing environmental and social risks, and strengthening
governance systems [11,12].

The source of electricity consumed in the whole lifecycle of batteries
can determine whether electric vehicles (EVs) would be a satisfactory
solution to climate change since extracting and processing battery raw
materials, battery manufacturing and recycling, and battery charging
require high amount of energy [13]. Several countries such as Poland,
the Czech Republic, Bulgaria, Turkey, and Estonia are highly dependent
on fossil fuels to generate electrical power [14]. Many areas still lack
industry-wide progress in terms of GHG emissions that can deteriorate
global climate change. Regarding these facts, renewable energy inte-
gration into all sectors involved in producing EVs is inevitable. Addi-
tionally, knowledge advancements and technological innovations in
battery related processes are deemed to be very desirable to decrease
GHG emissions, cost, and energy consumption [15-17]. Finally, the grid
impacts from the penetration of EVs into the market should not be
overlooked, which is one of the important challenges to EV adoption
globally. Certain actions, particularly in developing countries, are still
needed to improve the performance, efficiency, and capacity of the
electrical grid [18].

Although EV markets are witnessing exponential growth, there are
still impediments to decarbonizing the transport sector globally. The
world is encountering multifaceted challenges resulting from the various
actors involved in the EV value chain, which shows the need for further
consideration and research. There are a variety of studies on different
aspects of this transition. Focusing on the value chain of the EV battery,
the intended objective of this comprehensive literature review is to bring
together previously fragmented diverse and global perspectives to
evaluate the existing gaps from the standpoints of knowledge, innova-
tion, legislation, and reliability in a categorized structure. To accomplish
this, in this study, governments, policymakers, decision-makers, mining
industry, battery manufacturers and recyclers, car companies, power
industry, customers, and affected communities are included in the list of
the considered players in road transport electrification. The re-
percussions in the current implemented strategies are thoroughly
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explored to clarify the actions and policies that may not entirely align
with the sustainable development goals (SDGs). The outcomes of this
study can be utilized in future studies on establishing a systematic and
sustainable direction towards a climate-smart and resource efficient
framework for sustainable production of EV batteries.

This study is organized as follows. Section 2. reviews the actions that
the automotive industry has taken and conceivably could still take to
mitigate climate change while clarifying the regulatory restrictions. In
Section 3, the challenges and difficulties that need to be addressed to
attain the goal of road transport electrification are comprehensively
defined. In Section 4 the risks and opportunities in the current trend are
evaluated to put forward practical solutions. Finally, in Section 5 a
summary and outlook are provided.

2. The automotive industry in the epoch of green transition

Due to the growing concern about global warming and environ-
mental pollution, in the 21st Conference of Parties (COP21), held in
Paris in 2015, under the Paris Agreement, 196 countries committed to
take actions to reduce their emissions through adopting national plans,
legislation, and policies such as abolishing subsidies on fossil fuels and
implementing carbon pricing [19]. As a result of this global treaty,
sustainability approaches have become a strategic priority for the
automotive industry [20]. Sustainable practices employed in the in-
dustry cover the entire range of its activities [20,21].

e Research and development, and engineering (e.g., product

sustainability);
e Supply chains (i.e., providing a sustainable supply chain considering

local, social, cultural, ecological, and economic aspects);

e Manufacturing and operations (i.e., sustainable production, reverse
logistics);
Mobility services and vehicle usage (i.e., emission reduction);
Supporting and developing a circular economy;
Fair labor policy for the automotive value chain; and
Sustainability in information technology (e.g., energy consumption
in data centers).

Vehicle electrification is the approach taken by the industry to play
its part in the global move towards a sustainable and green economy
[22]. Many countries are trying to decrease or ban the production of
conventional vehicles and promote EV manufacturing and adoption
[23]. The UK, France, Germany, Netherlands, and other countries have
pursued the Paris Agreement goals and followed developing strategies to
stop producing internal combustion engine vehicles (ICEVs) by 2040
[24]. Norway plans to stop the sale of petrol engine vehicles by 2025,
and South Africa is trying to increase its EV market share to 20 % by
2030 [25]. The governments are also implementing supportive policies
to encourage consumers to opt for EVs such as purchase and electricity
subsidies in Japan, Germany, Finland, France, and Austria [26,27].
Hybrid electric vehicles (HEVs) are also considered an instant and
promising step towards transport decarbonization because of their po-
tential for emission abatement. Many consumers opt for HEVs because of
their merits of wider driving range and their fuel diversity and accessi-
bility in comparison with current BEVs [28]. Table 1 summarizes the
penetration levels of EVs, including BEVs and plug-in HEVs, in specific
regions in 2022.

Table 1
Regional statistics for the deployment of EVs in 2022 [29].
Region
China EU u.s.
EV Registration number (million) 5.9 2.7 1
EV sales share (%) 30 24




A. Jannesar Niri et al.

The path to achieving the goal of sustainability in the automotive
industry can be clouded by the lack of sound governance [21]. As an
illustration, Kaviani et al. [30] analyzed the factors obstructing the
successful implementation of reverse logistic in the Iranian automotive
industry. Reverse logistics has gained significant importance to this
sector due to strict environmental policies and finite primary resources.
Based on the results of this study, the complexities to find third parties
interested in providing reverse logistics and the lack of qualified per-
formance management mechanism are the hinderances to apply this
approach. Moreover, the conflicts over sustainability activities consid-
ering the environmental, social, and economic performance of car
manufacturers require a governance body to manage and scrutinize all
the sustainability measures during a vehicle’s closed-loop lifecycle [31,
32]. The environmental and social effects of a product during its life
cycle could not be overseen without governance policies [32]. The au-
tomakers should comply with reasonable environmental (e.g., carbon
neutral manufacturing), social (e.g., human rights), and governance (e.
g., corporation strategies, code of ethics, risk management) policies
[33-35].

The ESG criteria are utilized as a framework to assess a company’s
sustainability approach [36,37]. Companies should release reports
including information about ESG factors at regular intervals [36]. These
reports form a holistic perception of a company’s financial future and
show whether a firm’s sustainability initiatives are helping it to reach
the UN SDGs [38]. Concerning ESG data disclosure, there is a persistent
problem called greenwashing, which means there are contradictions
between what firms report and what they really perform. Detailed
research on this subject has been conducted. For instance, Chen et al.
[39], Glavas et al. [40], Pei-Yi Yu et al. [41], and Liu et al. [42] evalu-
ated the current regulations to find how to prevent these misleading
behaviors, and to propose effective mechanisms to spot and discourage
greenwashing. However, the development of evaluation instruments
and assessment methodology transparency to scrutinize the reliability of
the sustainability declarations and enhance transparency is of para-
mount importance.

Automotive industries are striving to strengthen their positions in the
value-added operations and production of EV components to ameliorate
geopolitical disparities endangering their productivity and competi-
tiveness [43,44]. This fact has forced the automotive industry to deal
with battery manufacturers [45], and also to secure the mid- and
long-term sustainable supply of battery raw materials through investing
in battery minerals mining and refining projects [46]. Examples are
Build Your Dream (BYD), Tesla, and Volkswagen which are the main EV
market players investing mostly in nickel and lithium [10].There are
other factors that affect countries’ automotive sectors’ transitions to EVs
including consumer purchase intention [47], systemic disruptions in
supply chains of the industry such as semiconductor shortage [48],
limited capacity of electrical grids [15], carbon-intensive electricity mix
[49], lack of associated technologies such as charging infrastructure
[43], and even, lack of advanced knowledge, supportive and imple-
mentable rules, and authoritarian frameworks in some countries [50].

In addition to vehicle electrification other opportunities exist in
minimizing GHG emissions from transport sector before the widespread
commercialization of EVs. A stream of research has been done on
different technologies. Ternel et al. [51], asserted that advanced
bio-natural gas vehicles can efficiently decrease tailpipe emissions - a 15
% reduction in comparison with standard bio-natural gas vehicles.
Hasan et al. [52] assessed the effect of using methanol and diesel com-
bination on the traits of emissions and combustion efficiency of a 4-cyl-
inder compression ignition engine in different conditions. Based on the
result, in all conditions the CO5 emissions for methanol/diesel blended
engines (almost 1.9 ppm) were lower than that for diesel engines (about
3.4 ppm). Yu et al. [53] worked on how to optimize the energy efficiency
of heavy-duty vehicles. The study proposed a design of a compound
coupled hydro-mechanical transmission prototype, enabling energy
reuse and recovery in heavy duty vehicles. Using carbon fibers in
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different parts of vehicles to reduce the weight and increase the fuel
efficiency of vehicles is another measure. The ongoing engineering task
regarding this measure is to increase the energy efficiency of carbon
fiber manufacturing process to address its high energy demand
(1150.5-960 MJ/carbon fiber Kg on average) [54,55].

There are also top-down policies that can be implemented or have
been pursued in different countries to decrease GHG emissions such as
vehicle age regulations [56], traffic congestion management,
distance-based taxes, and fuel quality. Since different countries have
different capabilities, global sustainable development status, and tech-
nological improvements [57], in addition to top-down policies,
market-based efforts to decrease GHG emissions from the automotive
sector are crucial [58,59].

3. Challenges facing the car electrification

Electrical road transport has disruptively changed the automotive
industry value chain. In this new value chain, there are new key players
that provide batteries and their components, electric power systems, and
recycling and reuse services which determine whether the produced EVs
have low environmental impact, follow emissions legislation, and
respect human dignity and rights. Car manufacturers are striving to
ensure the green supplies of these products and services. To flourish in
the era of sustainability, it is crucial for carmakers to interact with
ethical suppliers employing environmentally sustainable and ethically
justifiable approaches [60]. However, automotive industries all over the
world are facing various challenges in the pursuit of those required ac-
tions. In this section, these challenges will be clarified and examined in
detail in three individual subsections in order to identify the gaps and
opportunities in the taken approaches.

3.1. Land use conflicts

With the growing demand for EVs, the requests for LIBs are climbing
simultaneously. Many governments and companies are determined to
assure the sustainability of their LIB supply chains by locally developing
different production stages [61]. Toyota Motor Corporation is a good
example that has projected to construct a battery factory in North Car-
olina on a land with renewable energy availability for its future pro-
duction of EVs. This plant will commence production of battery packs in
2025 aiming to develop and localize its automotive battery production
[62]. Minimizing the cost and environmental impacts resulting from
transportation and logistics systems associated with the end-of-life
(EOL) LIBs is another reason why many countries such as the UK ven-
ture upon forming a closed-loop system in their battery supply chains.
This can be achieved by localizing or co-locating LIB recycling factories
which provide car manufacturers of each country with a domestic sec-
ondary resource of battery materials, and simultaneously enable them to
deal with the waste materials [63].

Localizing these manufacturing and recycling factories has been
hampered by the difficulties in accessing sizeable land areas [64].
Obtaining multiple land use permits, including but not limited to local
land use approval, air and water permit, local health and safety permit,
and permits from local enforcement agencies, is obligatory for com-
panies who want to build new or expand their facilities [65]. This issue
has put a limit on the quantity of the lands that can be utilized for such
industrial activities and causes conflicts over the use and access to lands
[66]. To cope with this challenge, governments typically play the
coordinating role and can take actions such as.

e Collaborating with industry to prioritize sites with the least possi-
bility of political disagreement and social conflicts [31];

e Providing capital for technological advancements to prevent or
minimize environmental problems associated with their activities
[31L;
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e Devising plans to dislocate and reinstate the communities losing
lands due to such industrial activities [67]; and

e Adopting well-designed national land-use planning while laying
stress on its social impact assessments [68].

Moreover, the rising request for mineral resources has resulted in the
expansion of mining activities to extract the necessary amounts of raw
materials and minerals employed in technologies associated with this
transition. These activities have caused conflicts between mining actors
and community groups. The lands exploited for raw material extraction
can make it impossible for other small and large businesses and in-
dustries to develop during mining operations or even after mine reha-
bilitation, for example, fisheries, forestry, and farming [69].
Competition over land use between indigenous communities and mining
companies is a common point of conflict. For instance, in Finland, the
tourism industry, reindeer herding, and environmental and nature
protection are usually the mining companies’ rivals for land acquisition
[70]. In Sweden, the process of getting permission to start or develop
mining operations can be hampered by Sami people working as reindeer
herders. The mining industry often comes into conflict with the reindeer
husbandry, which constitutes an important factor in the land use rights
and culture of Sami communities. To address such conflicts, a dynamic
involvement of both a flexible and inclusive approach and a restrictive
approach in the governance system is needed. As a result, multiple
pathways to sustainability can be considered and finally a well-timed,
credible, and foreseeable decision can be made [71].

Affected communities demand more engagement in the decision
making and want to benefit from mining operations [72]. They will
more likely accept the establishment of a new mine if they are
adequately engaged as stakeholders and responsible companies act
based on sustainable development regulations. This community accep-
tance of establishing or developing mining operations often known as
social license to operate (SLO) should be gained and maintained by
involved companies within the context of trust-based relationships [73,
74]. Acquiring a SLO which demonstrates the mining companies’
effective management of social and environmental risks has been gain-
ing growing importance in mineral resource development [75] and the
lack of SLO can disrupt the supply of raw materials. Therefore, to
develop a mine, legitimate measures should be implemented by the in-
dustry and governments to deal with the local community’s concerns
and cement the stakeholder relationships in mining communities [73]. It
is important that all members of the project agree on a single ethical
framework while respecting cultural norms. This should be done well in
advance of initiating transparent technical planning. The improvement
of the governance capacity providing the community with
well-developed economic, legal, and social establishments is also
perceived as an influential measure to facilitate the process of gaining
and maintaining a SLO [76].

The renewable energy sector, playing an important role in mini-
mizing GHG emissions in the whole value chain of EVs, needs large land
areas for wind parks, solar farms, and water reservoirs for hydropower
stations. However, the limitation of available lands has also faced this
sector. Other sustainability aspects such as food security and biodiver-
sity conservation have conflicts over lands with this sector [77]. Further
improvements in the current policies and technological advancements
are needed due to the significant environmental impacts (e.g., water and
soil acidification and ozone depletion) associated with renewable en-
ergies deployment [78].

However, what should not be overlooked is the fact that global
transport decarbonization aligned with SDGs requires all the countries
to consider environmental and social indicators, while making efforts to
ensure the sustainability of their EV markets. Although in developed
countries such as Europe and United States environmental and social
sustainability are becoming important as much as their economic
growth targets [79], there are many countries, especially developing
countries and emerging economies such as China, where the
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governments transfer the lands to polluting industries to improve their
economic climates without considering the environmental and social
consequences of their approaches [80]. Due to the goal-conflicts in the
green transition, there is a growing need for transparency and
accountability in the sustainability approaches. Openness in decision
making processes, which shed light on the stakeholders ‘real interests,
encourages them to make more informed decisions.

3.2. Intensive energy requirement

3.2.1. Battery manufacturing

Although transport decarbonization is seen as the prerequisite to
climate change mitigation [81], the LIB manufacturing processes make a
significant net contribution to lifecycle GHG emissions from BEVs.
Battery production consists of energy intensive processes, including cell
production, formation/aging, and cell assembly [82,83]. There are
strictly interlinked processes in battery production, a large number of
which are non-value adding activities. Consequently, considerable
amounts of the embodied energy and associated costs go toward
non-value adding stages. This issue can reduce product competitiveness
in terms of price and increase its environmental footprints [84,85].
Based on the Romare et al. [86] report assessing the studies on GHGs
emitted and energy used during specific kinds of LIBs production,
approximately 97-181 kWh energy is used to produce one kWh storage
capacity. This brings about significant GHG emissions. Kim et al. [87]
used the data from the Ford Focus BEV and the company’s battery in-
dustry to evaluate the cradle-to-gate GHG emissions for the LIB with 24
kWh capacity. The results showed that the amount of emitted GHGs was
equal to 3.4 metric tons of COz-eq (140 kg COz-eq per kWh or 11 kg
CO2-eq per kg of battery), and among all the processes of battery pro-
duction, cell manufacturing amounted to 45 % of the GHG emissions.
Based on that study, the primary energy demand for the Ford Focus BEV
battery cell and pack manufacturing was 120 MJ for each kg of battery.

According to the International Energy Agency (IEA) report [88],
about 4670 GWh is the announced capacity expansion of battery pro-
duction by 2030. Considering the driving range limitation which is be-
tween 200 and 350 Km with a fully charged battery (a battery’s energy
storage capacity can differ approximately from 10 to 200 kWh), it can be
concluded that there will be a huge demand for energy production in the
coming future to meet the objective of road transport decarbonization
[43]. Technological solutions along with production planning are
necessary approaches toward the reduction of energy demand. Various
studies have been conducted on evaluating the possible solutions to
reduce the energy demand for battery production. Al-Shroofy et al. [89]
assessed a solvent-free dry powder coating method and compared it with
the conventional wet slurry-based method. The outcomes of the research
showed that the former is less energy demanding and more environ-
mentally friendly. Moreover, Vogt et al. [90], investigated the influences
of the size and planning procedures of heating, ventilation, and air
conditioning (HVAC) systems which are the main components of the dry
rooms for battery cell assembly. In light of the results gained from the
case study, a 7.4 % decrease in the amount of energy used during a year
can occur through changing the design of HVAC system components.

The source of electricity used in the manufacturing plants plays a
crucial role in the amount of GHG emissions. Carbon-intensive elec-
tricity mix considerably increases the level of GHG emissions throughout
battery manufacturing. This makes the location of these factories, in
terms of their access to renewable energy, an important contributing
factor to the reduction of EV’s lifecycle emissions. One considered so-
lution to this issue is to enact legislation to incentivize manufacturers
and investors to prioritize green energy sources while choosing a pro-
duction location or power generation mix [85]. Moreover, to motivate
battery manufacturers to put determined efforts on reducing carbon
emissions during battery production process, some countries are taking
severe policy steps such as U.S. inflation reduction act (IRA) and EU’s
carbon border adjustment mechanism (CBAM) [91,92].
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The EU’s CBAM is the law enforcing higher costs for the import of
high-carbon products into the European Union. The U.S. IRA provides
billions of dollars to domestically produce clean vehicles and their
components including batteries. This approach will be backed by the
money given to the US Department of Energy to finance the manufac-
turers to reequip their assembly lines to manufacture clean products
[93]. To examine these almost new policies to see whether they have
negative consequences, further in-depth research is needed. For
instance, regarding the research done by Mirza et al., US IRA could give
rise to trade-offs between energy security and environmental concerns
which necessitates setting the multi-dimensional regulations [94].

Besides, another initiative is the introduction of a battery passport
into the market. The battery passport provides digital data on the bat-
tery’s mineral components’ origins, ESG metrics, life-cycle carbon
emissions, performance, reuse, and recycling. It is perceived that the
provided traceability by a battery passport forces manufacturers to
produce sustainable and responsible batteries. However, there are a
variety of prerequisites to achieve this common ambition (e.g.,
Commensurate systems for data collecting, processing, and sharing and
skilled workforce for data documentation) [95].

3.2.2. Infrastructure requirements

The infrastructure that supplies electricity to charge EVs has
different components including distribution transformers, energy me-
ters, cables, and distribution panels. There are generally six different
types of charging stations in terms of the technology used to charge the
batteries known as slow charging, fast charging, ultra-fast charging,
battery swapping, wireless charging, and mobile charging stations
[96-98]. Today, the number of charging stations on the roads is insuf-
ficient to sustain growing EV adoption [99]. For example, in European
countries including Turkey, there were around 535,731 charging sta-
tions in 2022 [100], which even based on the most prudent scenario,
needs to increase to at least 3.4 million public charging stations by 2030
[101].

The tremendous request for charging EVs considerably affects grid
characteristics such as electrical, voltage, and current, resulting in the
shortage of electricity and power fluctuations. Additionally, owing to
the rising number of fast charging facilities, which is going to gain more
importance, especially in the future when the number of EVs will climb,
certain issues such as the increasing time of high demand, voltage
instability, and reliability should be solved to provide satisfactory grid
performance [99]. To roll out charging facilities, the current state of grid
infrastructures should be considered to develop the interaction between
EVs and the grid and to provide corresponding charging systems.
Otherwise, EVs can result in grid stress, increasing congestion, power
consumption, and power losses [102].

Various studies analyzed the merits and immerits of adopting
different technologies. For example, implementing suitable charging
strategies such as centralized and decentralized charging methods
without a network expansion from the national power transmission
system [103,104]. Bibak and Mogulko¢ [105] evaluated the
vehicle-to-grid (V2G) systems and their combination with other solu-
tions including renewable energy and smart grid to clarify their poten-
tial for solving the current pressure on energy power systems. Wan et al.
[106] worked on how to preserve the privacy of EV owners using V2G
systems. Su et al. [107] investigated the influence of EVs on the power
industry and, also intelligent energy systems to minimize energy con-
sumption. Yap et al. [108] asserted that developing energy management
measures is crucial to improve charging and discharging operations.
Mehrjerdi [109] conducted research on generation capacity expansion
via energy storage systems instead of increasing the capacity of the
network, and the challenges of dealing with increasing energy load on
power networks. However, energy storage systems currently exacerbate
all issues associated with batteries.

Implementing all the mentioned solutions has consequences influ-
encing the power systems, the environment, the total cost, and
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individual mobility choices. In addition, the results of using these
techniques vary from region to region depending on their technological
capability, energy mixes, economic climates. No unique solution exists
for infrastructure issues meaning that transport decarbonization chal-
lenges needs further research in all knowledge domains.

3.3. Supply sustainability of battery minerals

In 2021, the global number of EVs on the roads was approximately
16.5 million, which increased to above 26 million until the end of 2022
[29,110]. To meet the net-zero emissions targets, the sales share of EVs
has to increase by almost 6 % each year. it is estimated that the
achievement of net-zero emissions by 2050 requires 300 million EVs in
2030 [111]. Regarding its material inputs, a typical EV needs substan-
tially more minerals in comparison with an ICEV, especially due to its
battery pack. Fig. 1 shows the battery components, coupled with the
contents and mass percentages of the key minerals. Table 2 indicates the
total weight of the certain key metals used to manufacture a typical ICEV
and three different BEVs. The data in Fig. 1 and Table 2 and the growing
EV market support the immensity of the demand for minerals.

In addition to EVs, other material intensive technologies (e.g., elec-
tricity networks, wind turbines, and solar panels) are prerequisites for
addressing global warming. The growing demand for all these technol-
ogies puts pressure on the supply side of the associated raw materials. In
the IEA [88] report, it is stated that by 2030, almost 31 million tons of
raw materials used in green energy technologies will be needed to reach
the goal of limiting global warming to 1.5° by 2050, while EVs and
storage technologies account for almost 12 million tons of this huge
demand. Fig. 2 illustrates the contributions of specific green technolo-
gies to the increasing mineral demands by 2030, based on three different
IEA scenarios (i.e., Net-Zero Emissions (NZE) scenario, Announced
Pledge Scenario (APS), and Stated Policies Scenario (STEPS)).

Moreover, Fig. 3 shows the projected increase in demand for each
specific mineral necessary for green technologies by 2030 and 2050,
considering different IEA scenarios [88]. The escalating demands for
green technologies’ raw materials are likely to hamper the deployment
of EVs and other clean energy technologies. Valero et al. [114] assessed
the supply risks of energy transition metals considering the green
technologies global adoption for the 2016-2050 time period. The results
show that minerals including but not limited to cobalt, copper, lithium,
manganese, nickel, and tin are at high supply risks since their cumula-
tive demands exceed the current available global reserves and future
production potential.

Promoting new resource exploration activities, tackling battery
minerals supply disruptions, expanding the recycling rates of materials,
and looking for substitutions for minerals facing supply risks are pre-
conditions for meeting this global trend. However, a wide spectrum of
risks has faced the supply sustainability of battery minerals attributed to
a myriad of factors. In the following subsections, these factors, along
with taken approaches to address them, are evaluated, coupled with
recommendations for the engaged industries.

3.3.1. Geological restrictions and new mine development

The long length of time (20-25 years) between the discovery process
of a mineral deposit and the start of the first mining production is a well-
known challenge to the supply of battery minerals since the time
remaining to meet net-zero emissions is not substantial. Even if there is a
mineral resource discovered, among every 1000 primary resources only
one or two of them can host a mine, and among started mining opera-
tions some of them can be prematurely closed [115]. Most of the de-
posits that were easy to be mined and had high ore grades have been
extracted. Replacing depleted mineral deposits with new ones is getting
harder and more complicated due to the lower ore grades and their more
complex mineralogy. Mining these deposits could have negative in-
fluences on the transition to the green economy since they have larger
environmental footprints caused by more energy and water
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Fig. 1. Mineral consumption distribution in the different components of the typical EV battery produced in 2020, with an average capacity of 60 kWh. The materials
used in electrolytes, binders, separators, and battery pack casing are not considered (The data is gained from Bhutada [112]).

Table 2
Comparison of the total weight of metals in conventional and EVs (The data is
gained from Iglesias-Embi [113]).

Vehicle Type ICEV* BEV-NMC"
BEV-333 BEV-622 BEV-811
The total weight of metals “ (kg)  179.40  336.22 330.90 320.93

2 Li, Co, and Ni are not used for an ICEVs production.

> NMC shows the stoichiometric ratios between nickel, manganese, and cobalt
(3:3:3/6:2:2/8:1:1) in the EV battery cathodes.

¢ the metals include Al, Cu, Pb, Zn, Cr, Mn, Ni, Co, Li, and others.
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Fig. 2. The required minerals for specific green technologies in 2021 and the
predicted requirements for 2030 based on three IEA scenarios (modified after
IEA [88]).

consumption, and more waste generation. As an illustration, the analysis
carried out by Valenta et al. [116] showed that the extraction of the
existing known resources of undeveloped lower grade copper-ore bodies
carries the intricacies of ESG issues such as Tampakan copper-gold mine,
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Fig. 3. Mineral quantities needed for green technologies (hydrogen, electricity,
EVs and storage, nuclear and other renewables, wind, and solar PV) in 2021 and
projected for 2030 and 2050, based on specific IEA scenarios (modified after
IEA [88]).

in the Philippines facing arsenic pollution and area turmoil.

Assuming that economic concentrations of minerals will be located,
the economic value of deposits is still significantly influenced by ore
characteristics, which control the performance of the extraction and
beneficiation processes and are determined by the deposit geology and
ore mineralogy [117]. For example, the co-existence of lithium with
other elements (e.g., calcium, sodium, potassium and magnesium) in its
deposits leads to complexities during lithium extraction and processing,
thereby affecting the economic feasibility of these processes [118].
Moreover, technological hurdles can cause valuable materials to become
deposited in tailings or smelter slags due to their low recovery rates
[119], such as cobalt with its complex deposit geology [120,121].
Innovative extraction techniques enabling the improvement of recovery
efficiency and the extraction from both conventional and unconven-
tional resources are required to meet the rising demand for battery
minerals [118].
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In 2022 and the first quarter of 2023, junior enterprises were suc-
cessful in gaining financial supports -almost 1.75 billion U.S. dollars-
from the governments and private companies to develop technical in-
novations necessary for green technologies’ minerals extraction and
processing, mostly in China, U.S., Canada, and Europe, especially for
cobalt, rare earth elements (REEs), copper, and lithium extraction and
battery and waste recycling [10]. This approach needs to be expanded
globally and also cover other battery raw materials.

The responsible consumption of natural resources while minimizing
the associated adverse impacts on the environment is a policy context
that is dictated by the concept of sustainability to the mining sector
[122,123], against a backdrop of geological reality. Thus, mining com-
panies need to maximize their production and their profits in a sus-
tainable manner while minimizing the overall cost. Considering these
challenges related to such ore deposits, reprocessing the tailings and
smelter slags is an ineluctable approach that should be extensively
considered in order to successfully deal with growing depletion of pri-
mary resource [124]. To facilitate the inclusion of the battery raw ma-
terials recovered from mining and processing wastes in the market, a
variety of challenges should be addressed. Studies have explored various
factors including energy intensive recovery processes, the lack of
comprehensive environmental and social considerations, insufficient
metallurgical knowledge [125], the lack of structured and harmonized
information about availability and recoverability of those resources to
do feasibility studies [126], the lack of a legislative framework to back
mine wastes reprocessing [127], and economic and technological con-
straints [128].

3.3.2. Environmental, social, and governance challenges

The supply of battery minerals is highly dependent on the extraction
of minerals from primary resources due to the insufficient pace of
technological improvements in the field of mineral and metal recycling
from secondary sources. Additionally, due to the long battery lifetimes
and multiple end-uses, battery recycling cannot efficiently augment
short-term supply [129]. Notwithstanding the irreplaceable value of the
mining industry to this green transition, it is well-known that mining
operations will continue to incur environmental and social risks,
particularly in the areas where governments are unable, or unwilling to
protect local communities and the environment against the conse-
quences of extraction [12,129]. Although, resource-rich countries can
theoretically experience an increase in public revenue and economic
growth, extracting these minerals has also resulted in social and
governance complexities.

In many mining areas, the social challenges associated with mining
operations such as health risks, human rights violations, life-
endangering working conditions, child labor, displacement, and armed
conflicts tie in with governance issues that have given rise to the
persistence of corruption. Cobalt mining within the Democratic Re-
public of Congo (DRC), significantly by artisanal and small-scale mining
operations, has been affected by such issues [130,131]. Extracting
lithium deposits is accompanied by environmental impacts, particularly
high-water contamination risk is the common challenge in 65 % of the
lithium mines.

Vehicle electrification to address climate change aligned with
respecting the rights of workers and communities and conserving the
environment has led the mining industry’s sustainability practices to
come under immense scrutiny. Unstable and poor governance causing
grave environmental and social challenges could result in mine shut-
downs and create supply risks [31]. This transition should be made in a
way that supports peaceful, sustainable development nationally and
internationally to prevent undesirable dynamics in the complex supply
and demand system. To reduce the potential of mining projects to
restrict the global supply of battery minerals, the ESG complexities
should be evaluated and managed throughout the whole life cycle of
mining operations [132]. All aspects must be addressed independently
and simultaneously, for example, governance issues should not be
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remediable using social or environmental mitigation measures, to create
policy loopholes or greenwashing opportunities.

Mining companies should release annual sustainability reports
mostly using Global Reporting Initiative (GRI) standards to provide the
investors and all other involved stakeholders with transparent infor-
mation concerning their dedication to ESG criteria. Some countries have
tightened their current or imposed new regulations requiring the mining
companies to declare their ESG performances in their sustainability
report. As an example, U.S. Securities and Exchange Commission (U.S.
SEC) enforces compulsory declarations of internal GHG emissions, en-
ergy supply emissions, and external emissions, if applicable, on the in-
dustry. Additionally, South Africa, Australia, Germany, China, and
France have made the ESG disclosure obligatory [133]. However, a
variety of studies have been conducted on the factors questioning the
reliability and transparency of ESG disclosure documents. Table 3 pre-
sents some examples of these factors and their reasons, and also pro-
posed solutions to have more harmonized and transparent sustainability
reports, and more importantly, to improve industry’s real actions.
Although it is unclear how ESG-type accountability frameworks would
be applicable to small-scale suppliers of materials, such as informal or
artisanal mines.

3.3.3. The geopolitical aspects

The geopolitical map formed by the regions and states rich in fossil
fuel resources has been changing through the global energy trans-
formation. Oil, gas, and coal have defined energy geopolitics for more
than one hundred years. The largest coal reserves are found in the

Table 3
Solutions to overcome ESG disclosure challenges.
Challenge/reason Solution
Challenge: Unsatisfactory level of e Collaboration with third parties such
transparency. as Towards Sustainable Mining (TSM)

Reason: the lack of detailed and the Initiative for Responsible
information covering a mining Mining Assurance (IRMA) to improve
company’s all sustainability their ESG performances disclosure
approaches through each individual [10].

mineral supply chain [134]. Putting more focus on disseminating
their specific actions regarding each
aspect of SDGs [10].

Standardization of the sustainability
report.

Challenge: Difficulties facing investors,
regulators, and other stakeholders in
evaluating ESG practices across The implication of Industry 5.0
companies. technologies to enrich ESG disclosure
Reason: the existence of different [133].
fixed values and principles included in
companies’ reports giving rise to a
variety of standards [135].

Challenge: Adopted falsifying
behaviors known as greenwashing.
Reasons: The direct positive
influence of credible ESG
performance on attracting financial
benefits and capital and the cost of the
lack of dedication to the legislation
enforcing social welfare and
environmental conservation [136].

Challenge: Insufficient performance
improvements regarding GHG
emissions and water usage reduction,
and waste recycling [138].

Reasons: The dearth of applied
techniques to reduce GHG emissions
[138], inadequate considerations to
the importance of decoupling
approach to detach the relationship
between the water consumption and
mining industry’s development [139],
and the low level of involvement of
waste recycling in gross domestic
production [140].

Applying green financial policies such
as green credit policies to ease the
financial pressure on companies and
enable them to attract capital and act
based on ESG criteria, and
consequently entice investors [137].

Evaluating the ESG complexities at a
local level, coupled with analyzing
local historical mine sites, to create
potential future scenarios necessary to
deal with uncertainties [141].
Devotion to legislation regarding
social and environmental impacts and
risk assessment implementation [142].
Creation and integration of
ecosystematic innovations into the
mining industry to dynamically
evaluate and enhance the social,
governmental, political, economic,
and environmental capabilities of the
sector [143,144].
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United States, Russia, Australia, China, and India [145]. Oil and natural
gas reserves mostly concentrate in Russia and Iran [146,147]. The
soaring demand for battery minerals essential for decarbonization has
altered the global players in geopolitics competitions [148]. By way of
illustration, 44 % and 22 % of the global lithium reserves are in Chile
and Australia respectively. The DRC supplies 70 % of the global cobalt.
Meanwhile, Indonesia for nickel, Chile for copper, and China for
graphite and rare earth magnets (used in EVs’ motors) are the worldwide
biggest mine producers [149].

The world has recognized that China dominates the value chains of
EV batteries [148]. In the phase of processing of copper, lithium, man-
ganese, cobalt, graphite, and REEs, China has the highest shares [10,12].
Additionally, the world’s largest battery cell manufacturer, Contempo-
rary Amperex Technology Co., Limited, is located in China, the country
that is also the largest hub for battery recycling-with a capacity that is
1.5 times larger than the combined total of European countries [10]. In
contrast, the European Union is highly dependent on battery raw ma-
terials imports. 78 % of its lithium comes from Chile, DRC provides 68 %
of its cobalt need, and natural graphite export from China supplies 47 %
of European countries’ demand. In addition, the materials that are
mined in these countries are exported, for example, cobalt to Finland
and lithium to Portugal, to be refined [150].

The unequal distribution of battery minerals value chains, the
changes in government policies and regulations, state relations, and the
social, economic, and environmental factors all lead to geopolitical
instability which increases the risks of supply disruption [151]. Table 4
lists some examples clarifying the vulnerability of battery supply chains
to different issues.

In 2022, the IEA Critical Minerals Policy Tracker identified more
than 100 new policies decreed across the world [159]. The common goal
of those policies is to break the geopolitical and geological domination
in the supply of battery minerals, and finally to reach a protected,
widened, sensibly priced, and socially and environmentally friendly
supply of those minerals. The taken initiatives vary from country to
country determined by their positions in the supply chains of battery
minerals. Table 5 illustrates the strategies adopted by six countries
under specific initiatives.

There are of course other countries with their own specific solutions.
Examples are Indonesia banning the export of nickel ores to develop
domestic processing [166] and Korea and Japan implementing offtake
agreements and stockpiling mechanism to decrease the influence of the
future potential risks to the sustainability of their supply chains [10].

The aim of those adopted approaches is to minimize the supply
disruptions while maximizing the ESG standards to catalyze this green
transition. However, one initiative that has garnered the interest of
commentators is the US-created MSP. Considering the countries [160]
engaged into this partnership-just Western developed countries, Korea,
and Japan - there are concerns over the possibility of trade bloc for-
mation and more geopolitical conflicts due to political confederation
[167]. With exclusion of China that is dominant in many stages of

Table 4
Historical cases resulting in supply disruptions.

Issue Consequence

Nationally precarious
political economy
State relations

Political instability in DRC between January 2016 and
May 2018 disrupting global cobalt supply [152,153].
China’s embargo on exporting REEs to Japan in the fall
of 2020 [7].

Disturbed supply of aluminum and nickel produced in
Russia due to the invasion of Ukraine by Russia and the
imposed sanctions [154].

The suspension of more than 275 mining operations
across the world until July 2020 due to the COVID-19
pandemic [155-157].

Restrict environmental standards lie down by China in
2010 as a criterion to be able to get REEs export
permits [158].

Global incident

Regulation changes

Renewable and Sustainable Energy Reviews 191 (2024) 114176

Table 5
Taken strategies to safeguard the supply of battery minerals.

Strategy Country Initiative/taken action
Resource USA Mineral Security Partnership (MSP):
Diversification Trade agreements with reliable partners
to invest in new mines in different
resource-rich regions [160]
Bureaucratic strains European Critical Raw Materials Act: Easing the
rearrangement countries permission processes for extraction,
processing, and recycling while upholding
social and environmental standards [161]
Nationalize supply Canada Canada’s Critical Minerals Strategy:
chains Promoting the competitiveness and
capacities of all stages of battery supply
chains in the country accompanied with
clean technologies integration, and
consequently enticing more international
investors [162].
Development of Australia Australia’s Critical Minerals Strategy:
skilled workforce Strategic planning to train and entice
professionals to amplify the supply chain
[163].
Improving security UK. UK Critical Minerals Intelligence Center:
mechanism Analyzing and foreseeing the supply and
demand dynamics and potential risks
through providing independent and fair
data [164].
Qualifying mining Chile National Mining Policy: fostering
policies environmental and social criteria through

qualified governance system [165].

battery supply chain and the absence of resource-rich countries such as
Indonesia, Philippines, Chile, and Peru, the feasibility of this partnership
to meet the escalating demand is a controversial issue [168]. More an-
alyses are needed to gain a comprehensive understanding of the gaps
and consequences of this partnership which is also likely to result in a
new set of geopolitical conflicts.

3.4. Material supply from secondary resources

There is a rapidly growing focus on the necessary technological and
knowledge advancements in the field of EV battery recycling. Based on
the IEA [12] report, the total recycling amount of copper, lithium,
nickel, and cobalt by 2040 could decrease the demand for the extraction
of mentioned minerals from their primary resources by approximately
10 %. Governments, practitioners, and manufacturers put a high value
on the reuse and recycling of battery minerals [169] to alleviate the
pressure on primary resources, sustain the supply of battery minerals, as
well as to tackle specific environmental challenges (e.g., the release of
toxic gases, and the possibility of explosion) caused by the discarded
spent batteries [170].

The trend of reuse considerably contributes to decreasing the envi-
ronmental impacts of EOL batteries both in the short- and medium-
terms. Reuse, the second-life application, is to disassemble and repur-
pose spent EV batteries and use them in renewable energy technologies
as 80-85 % of their original energy capacity still remains [171]. After
the reuse process, spent batteries having undesired performance can be
recycled to extract the valuable minerals and metals [172].

There are different approaches to recover metals and minerals from
spent batteries. Pyrometallurgical recovery is the most common method.
The drawbacks of this techniques are, for example, high energy con-
sumption (e.g., 0.053 kWh for per Kg of a certain LIB during smelting)
and toxic gas emissions (e.g., halogens, dioxins, and furans), which will
be even more serious in the growing number of EOL batteries (11 million
metric tons by 2030) in the near future [173-175]. Despite having high
recovery efficiency, the hydrometallurgical method has many disad-
vantages including more complex processesand the high cost of chem-
icals and wastewater treatment [173,176].

There are novel technologies that are aimed at reducing the cost and
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energy consumption through regenerating functional components from
waste LIBs. For example, by means of including direct repair and
regeneration of cathode and functional materials in a closed-loop system
which is illustrated in Fig. 4 [177,178]. There are still some challenges
to these unconventional approaches that need to be addressed. Further
research should be done to systematically evaluate the economic bene-
fits, facility costs, energy consumption, labor cost, and environmental
impacts at an industrial level. Additionally, whether regenerated cath-
ode materials can have the required potential to be used in new batteries
must also be examined [179].

While putting efforts to keep all the materials in the circle, the
physical limitations should be considered to derive a realistic solution.
According to the second law of thermodynamics, creating a perfectly
closed loop of materials is impossible since the generation of waste and
unwanted products cannot be eradicated. Recycling efficiency is influ-
enced by the combination of and complicated interaction between the
materials in any product. In addition to the current technical challenges
towards creating closed-loop recycling systems, it is worth mentioning
that the cyclic flow of the battery minerals and raw materials cannot
result in a sustainable output alone. The economic value of metals is
insufficient to compensate the significantly high energy and environ-
mental costs of reversing the materials flow, or effectively, reversing
entropy [182-184]. The final aim should be to minimize waste gener-
ation, energy consumption, and cost while reducing the exploitation of
primary resources.

To facilitate cost-effective, green, and closed-loop recycling systems,
the following actions are paramount.

e A standards-based collaboration between manufacturers and re-
cyclers to facilitate material recovery and reduce cost and environ-
mental and health impacts [185,186];

e Legislation governing EOL battery collection in an environmentally
friendly and economic way, from transport, handling, discharging to
pre-treatment [187,188];

e Technology and environmental considerations favoring the recovery
of all metals and component materials (e.g., electrolytes, separators,
and carbon anodes) in a closed-loop recycling scheme [189];

e Technological advancements to minimize pollutants created during
the spent battery recycling, which endanger the environment and
human health. For example, the pollutants emitted from electrolytes

Mining

materials

Conventional recycling method: Pyrometallurgy (P)
Conventional recycling method: Hydrometallurgy (H)

Direct recycling methods (DR)

i pR.1 | Refurbishment of functional components/
| % | Transformation into functional materials
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of disassembled batteries (e.g., hydrogen fluoride, phosphorus pen-
tafluoride, and phosphoryl fluoride) [187,190];

e Energy, water, and chemical consumption reduction, renewable
energy integration, green chemicals exploitation and recycling
[191]; and

e Formal worker protection from hazardous activities (e.g., battery
dismantling) in battery recycling [192].

Different countries have implemented different measures to improve
their battery recycling sectors. In China, battery manufacturers, based
on a provisional measure, have to create the closed loop of batteries
[10]. In European countries, by 2030, the recycled resources should
account for 15 % of the annual consumption [161]. The US Department
of Energy has provided financial support to develop progressive tech-
niques for waste batteries’ collection and treatment [193]. Despite these
policies, there is a substantial gap in the promotion of circular recycling
systems. Battery passports [194] and a globally available battery life
cycle sustainability assessment (LCSA) dataset network [185] are
considered crucial to create a solid foundation for sustainable recycling
mechanisms. From environmental, social, economic, and technical as-
pects, they provide traceable and transparent flow of information about
the entire battery value chains. This globally available information hub
provides broad knowledge about efficient recycling practices and
consequently opens space for more required improvements.

3.5. Diversification and shifts in mineral and elemental requirements

One promising solution to the EVs’ susceptibility to the material
supply risks is to diversify battery chemistry. For example, cobalt has a
high risk of supply disruption since it is considerably extracted as a by-
product of nickel and copper production, giving rise to the high cost of
cobalt production. Additionally, considerable portion of global cobalt
comes from the DRC that witnesses geopolitical instability and tough
working conditions [195]. Owing to these challenges and to increase the
battery energy density, the market demand for alternative batteries
including lithium nickel manganese cobalt oxide (NMC) batteries with
532 NMC (5 parts nickel, 3 parts manganese, and 2 parts cobalt) and 622
NMC cathode chemistries has surged [196].

Another battery element having the potential of disrupting the bat-
tery supply chain is graphite. Graphite has two different kinds including
natural and synthetic graphite. In comparison with its demand level in
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Fig. 4. The framework for the closed-loop battery recycling system (modified after Argonne National Laboratory [180] and Neumann et al. [181].
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2018, the global demand for graphite is likely to increase by 500 % by
2050. China has a dominant market share of 79 % for natural graphite,
and 90 % of synthetic-graphite anode production [197]. Although
currently Europe has only a 3 % share of global graphite, there are
several projects under development in European countries. For instance,
the battery minerals company “Talga” will start to extract graphite from
the Niska south deposit at its Vittangi graphite project in Sweden and
refine the graphite into coated anode for LIBs [198]. Another graphite
project in Europe is the “Woxna” mining project in Sweden [199].

The benefits that synthetic graphite brings to the performance of
batteries have led the world to put an effort to replace unequally
distributed natural graphite with synthetic graphite as an anode. Syn-
thetic graphite offers a maximum reversible capacity, optimized power
energy, and upper-level cycling lifespan [200-202]. Another novel
approach is to replace graphite with silicon which has a high theoretical
capacity, plentiful resources, and a high safety level. The drawbacks of
this approach are insufficient electrical conductivity and significant
volume expansion [203].

Furthermore, lithium scarcity and concomitantly its increasing cost
have created a niche for sodium-ion batteries to at least co-exist with
LIBs in the BEV market. A significant virtue of this battery is that in their
production, manganese and iron can be substitutions for cathode ma-
terials including cobalt and nickel, which considerably lowers battery
cost [204]. Lithium iron phosphate batteries have become one of the
most prominent EV batteries due to their high safety, low cost, and
long-life cycle [205] in spite of their lower energy capacities [206].

Moreover, research is ongoing to utilize vanadium in the cathode of
EV batteries due to its high capacity, energy density, suitable safety, and
low cost. This cathode material has some drawbacks that impede its
commercialization (e.g., weakening the battery’s cycle count, rated ca-
pacity, and electrical conductivity) [207]. Overall, in addition to their
economic feasibility [196] and performance quality [206], each alter-
native battery’s environmental and social consequences during pro-
duction, use, storage, repurposing, and recycling phases [208] should be
analyzed. Over time, the market will be the determinant for the success
of alternative battery chemistries.

4. Pragmatic options and pathways towards the future

Since 1990 until today, the increase in GHG emissions has been 50 %,
which heightens the need to reduce emissions [209] through taking
governmental, organizational, regional, and individual actions [210].
Extensive technological changes, which are underpinned by both regu-
latory initiatives and improved governance capabilities, are imperative
to attain this global demand [211]. There are different approaches to-
wards mitigating climate change that can be split into two categories
including innovative technologies and developed technologies. The
former includes BEVs, nuclear fission, geoengineering, and carbon
sequestration etc. The latter comprises conventional technologies and
their associated facilities that are upgraded and transformed, such as
improving the energy efficiency of ICEVs [211,212]. The maturity,
carbon and cost reduction potential, economic achievement, social
consequences, ecological impacts, and uncertainty are the factors that
should be considered when analyzing each innovative and upgraded
technology [211].

Among the mentioned innovative technologies, BEVs have encoun-
tered numerous uncertainties that are mostly formed by geological
factors and should not be neglected when assessing to what extent they
can contribute to reducing global GHG emissions. One factor that leads
the road transport electrification to meet the net-zero goals is its global
adoption and not just by certain countries. This trend necessitates new
infrastructure development, particularly in the Global South (charging
and renewable energy infrastructures), the creation of new policies and
regulations supporting EVs, considerable investments in research pro-
jects and other associated technologies. There are many countries such
as India and Nepal that are struggling to take their places in this new
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market due to the lack of mentioned prerequisites [213,214]. Addi-
tionally, the energy mix and availability of renewable energy resources
are the main contributors to the EV value chain carbon footprints [215].
Uncertainty about the sustainability of battery mineral supply chains
which is vulnerable to ESG, and economic risks is another issue threat-
ening the growth of the EV market, not to mention the risk of raw ma-
terials shortages used for not only battery production but also other
green technologies, including dual-use materials for the military [44].

Furthermore, the discrepancy between the development of oil, gas,
and coal resources and the goal of global warming mitigation is rela-
tively overlooked [216]. There is a clear contradiction between fossil
fuel demand and supply sides. The highest portion of 2020 investments
in fuel supply belonged to fossil fuels [217], which carries the risk of
repayment to investors provided that the production of fossil fuel stops.
Moreover, many industries, such as agriculture (via fertilizers and other
petrochemicals) and people are highly dependent on this industry. This
aspect strongly affects developing and underdeveloped nations. The
energy usage in many underdeveloped nations is still rising and heavily
dependent on dense energy resources like oil and gas, and it is difficult to
argue that human living conditions should be capped to limit global
warming on a much longer timescale. Considering these two important
issues, focusing just on the environmental aspects of fossil fuel con-
sumption, and undermining the human rights and investment aspects of
international law regulating the production side of fossil fuels and their
associated challenges is not a practical pathway to reaching the goal of
green transition [218]. Finally, all risks and challenges should be
considered holistically in a systematic manner to realize a regretless
green transition. Resilience thinking should provide the foundation for
any pathway to be able to predict, innovate, improve knowledge, and
move on in the force of unexpected changes.

5. Summary and outlook

EVs are perceived as a potential solution to reduce CO5 emissions
from the transport sector. The global journey towards actual green road
transport is fraught with multifaceted challenges since goal conflicts are
inherent in all current approaches. This study provides a comprehensive
review about the measures that have been implemented by govern-
ments, regulatory agencies, automotive industry, and all the other
stakeholders involved in the battery value chain. The driving forces
behind those measures are evaluated focusing on the challenges of land
use conflicts, intensive energy requirement for battery manufacturing
and charging, stumbling blocks in the supply of battery minerals form
primary resources, difficulties in battery recycling and tailings reproc-
essing, and battery chemistry diversification.

In the light of conducted analyses, it can be concluded that although
there is significant progress on social and environmental protection
actions during this transition, more technological efforts, knowledge
advancement, investments, and overarching regulations are required.
Still the high ESG risks such as GHG emissions and water withdrawal in
the whole battery value chains specially in resource-rich countries, are
the sign of the existence of the gaps in current policies and approaches.
There is a need for more innovation in the mining industry. Further-
more, formulating a comprehensive framework to dynamically evaluate
and enhance the social, governance, political, economic, and environ-
mental capabilities of the national and international institutions con-
cerning the green transition is required.

Despite the importance of renewable energy integration into the
battery value chain, this approach further competes for energy minerals
and metals and is encumbered by the lack of technology and effective
local governance and economic differentials across countries. Current
geopolitical tensions have motivated the import dependent countries —
mostly developed countries-to secure their sustainable supply. Although
globally collective actions, competition, and power redistribution are
perceived as the foundation for this green transition, these elements are
not considered in developed countries, since the actions they take serve
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their national securities.

Moreover, closed-loop recycling system and mining wastes and
tailings reprocessing are the promising approaches to lessening the
pressure on primary resources. To succeed in these measures, in addition
to metallurgical knowledge advancement and technological improve-
ments, globally available transparent data regarding closed-loop recy-
cling practices and the availability and recoverability of secondary
resources are required. In addition, although diversification of battery
chemistry is an effective solution, the widespread commercialization of
the batteries with new chemistries needs more time.

This review is not without limitations on account of its scope.
Through focusing on the EV battery value chain, the factors obstructing
the road transport decarbonization have been evaluated. Reductive
studies in the future could analyze the supply chain of each individual
battery mineral, whereas system-type studies could focus on interactions
of geopolitical players, industry and governance, large-scale mining and
artisanal and small-scale mining, and the market and ESG frameworks.
Such studies are important to develop a deeper and broader under-
standing of the risks endangering the supply sustainability of battery
minerals at the regional and global levels.
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