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Abstract: This article presents a comprehensive review of lithium as a strategic resource, specifically in
the production of batteries for electric vehicles. This study examines global lithium reserves, extraction
sources, purification processes, and emerging technologies such as direct lithium extraction methods.
This paper also explores the environmental and social impacts of lithium extraction, emphasizing the
need for sustainable and ethical practices within the supply chain. As electric vehicles are projected to
account for over 60% of new car sales by 2030, the demand for high-performance batteries will persist,
with lithium playing a key role in this transition, even with the development of alternatives to lithium-
ion batteries, such as sodium and ammonium-based technologies. However, there is an urgent need
for technological advancements to reduce the environmental impact of lithium production and
lithium-ion battery manufacturing. Additionally, ensuring the safety of LiBs during both use and
recycling stages is critical to sustainable EV adoption. This study concludes that advancements in
battery recycling and the development of new technologies are essential to improving safety, reducing
costs, and minimizing environmental impacts, thereby securing a sustainable lithium supply and
supporting the future of electric mobility.

Keywords: lithium extraction; electric vehicles; sustainable supply chain; battery recycling; lithium-
ion batteries

1. Introduction

The transition to electric mobility is a reality to which our society must adapt. Elec-
tromobility adoption is considered one of the most promising and necessary strategies to
meet global decarbonization goals [1,2]. In Europe, the sale of internal combustion engine
vehicles (ICEV) is projected to end in 2030 [3]. Globally, the transition to electromobility
is anticipated to begin with the sale of hybrid cars (HEV), followed by plug-in hybrids
(PHEV), and finally, full electric vehicles (EVs) [4]. The third decade of the 21st century is
critical for migrating from ICEV to electric technologies [5–7].

Currently, most automotive brands offer at least one EV option; some have even
ceased the production of ICEV [8,9]. Sales of EVs increased by 975% between 2012 and
2017 and are estimated to account for 30% of the total market by 2030 [10]. Lithium-ion
batteries (LiBs) are critical for the advancement of EV technologies, as they offer significant
advantages over other types of batteries. Additionally, their ability to effectively integrate
with renewable energy sources, such as solar and wind power, enhances the reliability and
performance of EVs [11]. However, the expansion of the LiB market and their large-scale
adoption in the automotive sector are significantly constrained by challenges related to
their safety performance. In response to these issues, stringent safety standards and testing
protocols have been established to evaluate battery behavior and influential factors to meet
the required safety demands [12]. In essence, our work provides an in-depth examination
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of the critical role lithium plays in electric mobility, emphasizing its relevance in energy
storage technologies while also addressing the safety considerations essential for their
widespread adoption and underscoring its importance for a more sustainable society.

Lithium has a wide range of industrial and technological applications owing to its
chemical and physical properties. Its main applications include ceramics and glass, greases
and lubricants, metal alloys, and medical industries, as well as nuclear power genera-
tion and battery production. Lithium’s demand has risen sharply over the past decade,
promoted primarily by the production of batteries, energy storage technologies, and EVs.

By 2030, the projections indicate that the Li2CO3 demand will reach 4 million tons.
This represents a 700% increase compared to 2021, highlighting the growing importance
of this material. Additionally, by 2023, the demand for lithium-ion batteries used in
EVs, energy storage systems, electric bikes, tools, and other portable devices could reach
4500 gigawatt-hours (GWh) [13]. This emphasizes the central role that lithium-ion batteries
play in meeting the rising energy needs across multiple sectors.

From 2000 to 2017, the growth in battery demand averaged 20% per year, and it is
estimated to be duplicated during the 2018–2028 period [14–16]. By 2030, forecasts suggest
that the demand for batteries will be 5.5 times higher than in 2018 [17]. This increase in
demand is driven by the expected global fleet of 300 million EVs by 2030, which would
account for more than 60% of new car sales, a significant increase compared to the 4.6%
share they represented in 2020 [18,19]. Although lithium applications differ by region,
global end uses during 2023 have been estimated as follows: 87% for batteries, 4% for
ceramics and glass, 2% for lubricating greases, 1% for air treatment, 1% for continuous
casting mold flux powders, 1% for medical purposes, and 4% for other uses, as shown
in Figure 1 [20]. However, the substitution of lithium compounds is feasible in several
sectors, including batteries, ceramics, greases, and manufactured glass, but it requires an
exhaustive evaluation.
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Figure 1. 2023’s Lithium applications (created by the author with data from [20]).

Since lithium is a strategic resource, it could face a potential supply crisis in the near
future [21]. In this comprehensive review, we take an in-depth look at the impact of this
resource on the transition to sustainable electric mobility. Our main purpose is to clarify
the fundamental role of the lithium industry in future scenarios and facilitate a sustainable
integration of EVs into society. This paper includes a detailed analysis of the lithium
extraction sources and purification processes, as well as an assessment of the current and
projected supply. We also explore the implications that the growing EV market will have
on the demand and management of this resource.

The development of this work was supported by key references from the existing
literature on lithium extraction, availability, and future prospects. The references used in
this study were sourced from established academic databases, ensuring a wide selection
of high-quality, peer-reviewed literature. Publications from 2010 onward were included
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to ensure that the research is based on the most relevant and up-to-date information.
Notably, Meng et al. [21] offered a broad understanding of lithium’s role across various
industries. Martin et al. [15] provided important insights into the global supply, future
demand, and pricing trends. Additionally, Chen et al. [22] were essential in addressing the
critical safety issues related to battery lifecycle management and recycling. These studies
were fundamental in shaping the analysis and conclusions presented in this work.

The purpose of this paper is to analyze the relationship between lithium, the industries
involved in battery production for EVs, and the impact of sustainable management of this
resource on future prospects. The main aim is to generate positive changes that facilitate
an effective transition to electromobility. To do this, we pose key research questions: Are
current lithium resources sufficient to support the development of a global EV fleet in
the future? What are the tangible impacts associated with the production of lithium-ion
batteries? Are there emerging battery technologies that could displace lithium in EV
applications in the near future?

2. Global Lithium Reserves and Availability

For the automotive industry, lithium is a key resource, particularly in the context
of the rising adoption of EVs. The geographical distribution of lithium reserves globally
has direct implications on the battery supply chain and on the industry’s availability to
meet EV demand. In this section, we examine the global distribution of lithium reserves,
highlighting the key regions that contribute to the supply chain. In addition, the geopolitical
and economic dynamics that could influence the availability and access to lithium are
analyzed, as well as critical aspects for the development and sustainable expansion of the
automotive industry in the future.

Lithium, in its pure metallic form, is not available in nature due to its high reactivity
with oxygen, nitrogen, and water vapor present in the atmosphere [23]. Therefore, it is
mainly obtained from conventional deposits such as brines, pegmatites like spodumene,
and sedimentary deposits [24], which are detailed in Sections 2.1–2.3. Additionally, uncon-
ventional sources are examined in Section 2.4. As resource exploration continues, proven
lithium deposits will increase, reaching 105 million tons in 2023 [20].

Figure 2 shows the global distribution of lithium reserves by country. Additionally,
it highlights the leading countries in lithium reserves, with Bolivia, Argentina, and Chile
holding the largest shares, collectively representing over 50% of the world’s known reserves.
The resource distribution is crucial, as the types of deposits such as brines, spodumene,
and clay have a direct impact on the extraction methods, economic feasibility, and environ-
mental implications. Countries like Australia, China, and Germany also play significant
roles in the global supply chain, helping to fulfill the growing demand for lithium-based
compounds [20].
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Globally, around 66% of the world’s lithium reserves are found in brine deposits,
especially in the Lithium Triangle of South America, constituted by Argentina, Bolivia,
and Chile. Pegmatite deposits contribute about 30% of reserves, with Australia being the
leading producer of lithium from these sources, particularly in the Greenbushes mine.
Meanwhile, clay sources, which make up around 4% of the global reserves, are being
actively explored for future mining potential, especially in the U.S. and Mexico [25].

2.1. Lithium Brine Deposits

Lithium brine deposits are the largest and cheapest source for lithium production [26].
These deposits are formed over millions of years by a complex combination of geological
processes [27]. Brine formations represent between 66% and 78% of the world’s lithium
resources, mainly concentrated in the region known as the “lithium triangle”, constituted
by Argentina, Chile, and Bolivia, with an approximate area of 4000 km2 [28–30]. Moreover,
significant deposits have been identified on the Tibetan Plateau as well as in Nevada,
United States [31,32]. Nonetheless, efficient lithium production from brines requires specific
conditions such as low rainfall, a high evaporation rate, and elevations above 2000 m above
sea level. The Atacama salt flat in Chile meets all of the above specifications, making it an
exceptional case for lithium production [33].

2.2. Lithium Pegmatite Deposits

Hard rock deposits encompass various styles of lithium mineralization in sedimentary
and magmatic rocks like spodumene. These formations can contain a wide variety of
lithium-bearing minerals such as micas, pyroxenes, silicates, and phosphates [34]. Signifi-
cant pegmatite resources, mainly spodumenes, have been found in Australia, the United
States, Canada, the Democratic Republic of Congo, China, Russia, Brazil, India, Austria,
Portugal, Ireland, Finland, and Italy [34–37]. Among these, the Cinovec deposit, located
amidst the Czech Republic and Germany, is the largest known deposit of pegmatites in
Europe [38]. Historically, lithium production from pegmatite deposits has been dominated
by Australia, particularly by the Greenbushes deposit [29,34].

2.3. Lithium Sedimentary Deposits

To meet the growing demand for lithium, new sources need to be explored beyond
conventional resources, such as sedimentary deposits and clays [39]. These sedimentary
deposits are classified into various types, including hectorite, illite–smectite mixtures,
jadarite, and deep-sea sediments [23,40]. In countries such as Serbia, China, Tanzania, and
Mexico, important sedimentary resources with the potential to be exploited have been
identified [24,40–43]. It is essential to continue with extensive screening in the area to
sustain the increase in demand, especially in the context of sustainable electromobility. In
Section 2.4, we review the new important prospects that could provide a lithium supply in
the future.

2.4. New Potential Lithium Sources

This section examines various promising prospects for lithium extraction with the
aim of strengthening the supply chain and driving the sustainable development of the
automotive industry. Nowadays, the use of geophysical, geochemical, and remote sensing
techniques, as well as the sampling of sediments from streams, have made it possible to iden-
tify potential sources of lithium [44–47]. For instance, lithium sedimentary resources have
been detected in Canada, with concentrations ranging from 0.488 ppm to 3.840 ppm [48].
In Malaysia, coastal sediments have concentrations of 21.84 ppm to 146.22 ppm [49]. In
addition, marine resources in the Pacific Ocean between the coasts of Mexico and Hawaii
are estimated to be around 2.8 million tons of lithium [50].

Likewise, lithium has been reported in mud and water samples from volcanoes in
Japan and Indonesia [51]. Exploration of lithium resources in groundwater has also been
documented [52]. Concentrations up to 185 ppm and 710 ppm, respectively, have been
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found in coal basins in Illinois and Inner Mongolia [53,54]. Marine black shale, oil fields,
and geothermal waste are lithium carriers that have a possibility of exploration [55,56].
Some nations are even considering exploiting extraterrestrial bodies as potential reserves of
metal, including lithium, to meet future requirements [57]. Nevertheless, the incorporation
of all these new sources of lithium is currently limited due to the low concentrations
present in these resources [58]. Although lithium extraction technologies have improved in
efficiency, it is necessary to continue advancement in this area to make the exploitation of
these unconventional resources viable. Despite the current challenges, considering these
alternative sources is crucial owing to the potential that they have to contribute to the
correct adoption of electromobility, particularly in the case of a supply crisis due to strategic
and political issues such as those to which Bolivia and Chile are susceptible [59,60].

Despite this, meeting the growing demand for lithium is a significant challenge. Even
nowadays, there is an ongoing debate about whether the current supply can support a
future global fleet of EVs and other uses. Contrastingly, long-term estimates suggest that by
2100, global lithium production could reach 39 million tons, while the maximum projected
demand is around 20 million tons [29]. This indicates that even with rapid EV adoption,
lithium resources are unlikely to pose a supply risk in the near future. In addition, it is
important to note that recycling LiBs at the end of their life could further ease supply
concerns, helping to meet the demand more effectively.

3. Extraction and Processing Technologies

Lithium extraction processing and technologies have come under extensive evaluation
in recent years, powered mostly by the growing demand for this essential resource in the
manufacturing of batteries for electric vehicles and other electronic devices. This section
analyzes the existing and emerging methodologies for lithium extraction, evaluating their
feasibility, environmental impact, and associated costs for their application in energy
storage technologies.

Every type of lithium resource, indistinctly of whether it is brine, pegmatite, or
sediment, requires a specific processing approach directly related to the particular specifica-
tions of the source deposit. For brine, lithium concentrations start between 100–1000 ppm.
Through evaporation, these concentrations increase to 6000 ppm, making the brine suitable
for further processing. Direct lithium extraction method (DLE) technologies, such as ion
exchange or adsorption, can elevate the lithium concentrations much faster than solar evap-
oration. This is followed by the refining methods, such as precipitation or ion exchange,
to produce lithium hydroxide or carbonate. In spodumene ore, the lithium content varies
from 0.5% to 1.5%. After crushing and concentrating the ore, it is roasted with sulfuric acid
and leached. The resulting solution undergoes additional refining to achieve high-purity
lithium products suitable for battery-grade applications [61].

Most of the pegmatitic resources extracted in Australia are processed in China to obtain
lithium carbonate (Li2CO3) and lithium hydroxide (LiOH), as they are essential compounds
for battery production [43]. For the recovery of lithium from pegmatites, various unit
operations and processes are used, such as leaching, liquid–solid extraction, ion exchange,
calcining, physical screening, and sieving, as well as magnetic, hydrostatic, electromagnetic,
and electrostatic separation methods [23]. The most commonly employed techniques
for spodumene processing are dense media separation (DMS) and foam flotation [62].
Techniques using H2SO4 and NaOH are also reported in the literature [63]. Spodumene in
its natural form (α-form) is compact and difficult to leach, but with proper pretreatment,
it becomes a more reactive form (β-form), making it easier to leach [64,65]. Usually, after
various operations, Li2CO3 is obtained as a main product [66].

Lithium recovery from brines is more economical compared to spodumene or sediment
extraction. As a result, the majority of the world’s lithium production comes from brine
sources. In contrast, there are several factors that slow down lithium production from
brine, such as slow production and the large areas required for evaporation ponds in
traditional processing. The natural evaporation process of brines takes 10 to 24 months
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to complete [67]. Furthermore, the presence of other minerals such as Mg, Na, K, and Ca
can negatively affect the recovery efficiency and quality of the lithium obtained. Despite
these challenges, important advances have been made in the development of innovative
technologies for the efficient separation and extraction of lithium from brines, allowing a
faster, more adaptable, and efficient process. These efficiency enhancements are crucial to
ensuring a steady and sustainable supply of lithium that can meet the growing demands of
the technology and automotive industry.

Among the lithium extraction methods, DLE is the most popular. These methods have
numerous advantages, including the elimination of evaporation ponds and the reduction
of purification time. Implementing DLE technologies, the production of lithium from brine
becomes a controllable process that can be adapted to fluctuations in global demand. The
DLE techniques are divided into three main categories, which we synthesized in Table 1.

Table 1. DLE categories.

Categories Articles

Adsorption

Reich et al. [68,69]
Ding et al. [70]

Necke et al. [71]
Paranthaman et al. [72]

Kölbel et al. [73]

Ion Exchange
Li et al. [74,75]
Liu et al. [76]

Zandevakili et al. [77]

Solvent Extraction Zhang et al. [78]
Song et al. [79]

Lithium extraction from sedimentary sources uses unit processes similar to spodumene
processing. Specifically for lithium recovery in clays, calcination methods with gypsum
and lime, followed by selective chlorination or water leaching, are usually preferred [52].
Acidification methods are especially effective for extracting lithium from clay minerals,
standing out for their low energy consumption and high efficiency [55,80].

The cost and feasibility of the lithium extraction methods depend heavily on local
conditions, such as the specific characteristics of the resource deposits and regional energy
availability. Methods for lithium extraction vary significantly in terms of resource use,
energy consumption, and overall costs. Among these, brine extraction has the lowest
cost, between USD 2000 to USD 5000 per ton of Li2CO3 [81]. Its main advantages include
relatively low energy consumption and resource efficiency, making it the preferred method
in regions such as South America.

In contrast, lithium extraction from spodumene is more energy-intensive. The costs
range from USD 3000 to USD 6000 per ton of Li2CO3 [82]. Despite being more expensive,
this method offers faster and more consistent production compared to brine extraction,
making it a viable option in regions like Australia. Moreover, extraction from clay involves
higher energy demands and is the most costly and complex method, with prices ranging
from USD 7000 to USD 10,000 per ton of Li2CO3 [81]. Although clay deposits hold consid-
erable lithium potential, the technology for economically extracting lithium from clay is
still under development.

Lithium is presented as a promising alternative to facilitate the transition to renewable
energies and electromobility. Its automotive industry application has the ability to reduce
dependence on fossil fuels. However, this mineral presents significant environmental chal-
lenges that require attention [38]. Lithium mining, extraction, and processing processes are
crucial factors that need to be addressed to ensure their long-term sustainability. Intensive
lithium harvesting has major sustainability consequences at the production stage [80].

Lithium extraction from spodumene is significantly more environmentally aggressive
compared to brine extraction. Reports indicate that depending on the type of spodumene,
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the environmental footprint can be 9.3 to 60.4 times greater than that of brine extraction.
This is due to the high energy demands and intensive chemical inputs in processing this
mineral. This highlights the importance of evaluating the environmental impacts as the
lithium demand continues to rise, especially considering the trend towards increased solid
mineral extraction, like spodumene, rather than the more sustainable brine sources [25].
Mining operations in arid lands such as the Salar de Atacama have shown negative impacts
on the region’s ecology, local fauna, and the way of life of surrounding communities [83–86].
In addition, the intensive consumption of water by these activities can reach up to 65% of
the available water resources in the region, compromising the supply of the basic needs of
the communities in the area [87,88].

Food security is also affected by lithium mining, first because of the high water
consumption and second due to the crops near the extraction area suffering effects on
their growth and yield [89–91]. The production of 1 ton of Li2CO3 from brine requires
15.5–32.8 m3 of fresh water, while the production of LiOH requires 31–50 m3; in comparison,
production from concentrated ore requires 77 and 69 m3 for the production of Li2CO3
and LiOH, respectively [92]. To alleviate these effects, several DLE processes have been
developed to enable the recovery of lithium salts and the production of up to 500 m3 of
fresh water per ton of Li2CO3 [16,93,94]. The performance in water recovery depends on
the extraction zone and is inversely proportional to the total dissolved solids (TDS). The
water retrieval rates range from 0.102 to 0.397 kg of fresh water per kg of virgin brine [67].

Most DLE technologies employ variants of reverse osmosis or seawater reverse osmo-
sis (SWRO), as well as flash distillation and pretreatments such as membrane crystallization
(MCr). Existing SWRO plants consume 3–4 kWh/m3 of fresh water, produced with as-
sociated CO2 emissions of 1.4–1.8 kgCO2/m3 and a cost of 0.31–0.95 USD/m3 [93]. The
implementation of these technologies shows the ability to settle some of the problems asso-
ciated with lithium production and, in turn, boost the production of lithium-ion batteries.

The current research on lithium extraction focuses on improving efficiency, reduc-
ing environmental impacts, and utilizing all potential sources from which lithium can be
extracted. Key advancements include the development of DLE technologies, which use
selective adsorption or electrochemical methods. These techniques allow for lithium extrac-
tion from diluted sources such as seawater, geothermal brines, or even wastewater from
shale gas production. Furthermore, they are faster and more energy-efficient compared to
traditional evaporation processes.

In addition, research on advanced materials, such as titanium-based sieves, is being
reported to improve lithium recovery from brines. Another line of investigation focuses
on enhancing lithium recovery from spodumene. In this sense, current studies aim to
optimize the roasting and leaching processes to reduce energy consumption and minimize
environmental damage [61].

4. Lithium-Ion Battery Technology in Electric Vehicles

A rechargeable lithium-ion battery generates electricity by moving ions between the
anode and cathode. These batteries consist of four main components: the anode, cathode,
electrolyte, and separator. EVs now offer performance, comfort, and technology comparable
to or superior to ICEVs due in large part to the development of lithium-ion batteries. At
the beginning of the last decade, these batteries faced limitations such as reduced power in
cold regions and a short lifespan of around 5 years [29].

Over the past decade, as EVs emerged as a viable alternative, limitations in their
charging capacity and performance were prevalent. The primary motivation for this
paper is the critical need to evaluate lithium for battery production to ensure optimal
performance and sustainability in this swiftly developing industry. Initially, the available
batteries offered capacities of 40 kWh with a maximum performance of 200 km [29]. Nowa-
days, the HEV, PHEV, and EV feature average battery capacities of 2 kWh, 15 kWh, and
75 kWh, respectively. Additionally, technological advances have led to improved efficien-
cies, with reported yields of 5 kWh/100 km for the HEV, 3.5 kWh/100 km for the PHEV,
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and 15.56 kWh/100 km for the EV [95]. This allows the EV to match the ICEV in terms of
performance, although areas that require development still remain.

EV features, such as the ability to recharge at home or at commercial charging stations,
promote their adoption compared to fuel cell electric vehicles (FCEVs), which require more
complex infrastructure to be able to recharge [96]. However, one of the main challenges
to the widespread adoption of EVs is their charging time. While Tesla’s superchargers
allow an EV to recharge to 80% in 30 min, the total charging time is still significantly
longer than the time it takes to refuel an ICEV. Therefore, the spend-charging capability
of various electrode materials in lithium-ion batteries has recently been comprehensively
reviewed [97]. Important expectations in this field have been developed; for example, the
manufacture of a battery that recharges in 1 min to travel 800 km is intended [98].

Recently, more accessible and easier alternatives to lithium-ion batteries, such as solid
sodium batteries, have been developed [99]. A further option is ammonium-ion-based
batteries, which implies using inexpensive and widely available raw materials [100]. These
batteries have a lower freezing point, making them suitable for use in regions with cold
climates [101]. Furthermore, the use of metals that are more affordable than lithium, such
as Cr, Mn, and Na, has been reported [102]. Hydrogen ion fuel cells are also emerging
as a promising alternative for use in FCEVs. Nonetheless, despite the potential, all these
technologies are still in the early development phases compared to lithium. For the time
being, the viable alternatives for the automotive industry continue to be those based
on lithium, so improvements in this technology continue to be explored and developed.
For instance, lithium–sulfur batteries are capable of storing more energy than traditional
lithium-ion batteries and are seen as a significant step towards greater energy efficiency in
the future [103].

With the quick growth of the lithium-ion battery market for electric vehicles, it is
crucial to review the environmental impact associated with their production. Several
life cycle assessments have evaluated the impact of different battery alternatives on the
automotive sector [10,104–106]. Recycling has been identified as essential to reduce the
environmental impact and mitigate uncertainty about lithium availability [107,108]. Never-
theless, lithium recycling has not been optimized due to its high cost compared to the value
of lithium [108–111]. This sector could supply between 50% and 63% of the cumulative
demand between 2010 and 2100 [29]. To develop efficient recycling processes, it is crucial
to know the composition of the batteries and overcome the limitations associated with
disassembly. In 2023, approximately 40 companies in Canada and the United States, as well
as 50 companies in Europe, were involved in lithium battery recycling or planned to do
so [20]. However, the recycling techniques must be accompanied by policies on the subject
to be available in the future [107].

5. Challenges and Environmental Considerations

The extraction and processing of lithium for the automotive industry face significant
environmental, safety, economic, and social challenges. Since the mining of lithium is
water-intensive, especially in arid regions, its overuse can destabilize local ecosystems and
impact community lifestyle [112].

The mining of lithium, which may cause chemical pollution, releases elements such
as arsenic, boron, and magnesium into the environment, infiltrating local water sources
and harming human health and wildlife. Steward et al. [113] highlighted the need to better
manage and mitigate harmful practices, as they have documented the presence of these
dangerous elements in water bodies surrounding mining operation areas.

Mining operations also lead to the destruction of natural habitats and the loss of
biodiversity, which severely affects the ecosystem. Olivetti et al. [114] mentioned that
mining activities affect endemic species and disrupt the ecological balance, causing long-
lasting consequences for regional biodiversity.

The production of lithium batteries, as well as their extraction, processing, and manu-
facturing, generate GHG and CO2 emissions, thus significantly affecting the environmental
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benefits of EVs [115]. In the manufacturing of lithium batteries, it was found that polyethy-
lene has the most significant impact, requiring 580 MJ and 40 kg of CO2 eq per kilogram
due to the high energy demand in the production process. NCM (nickel cobalt manganese
oxide), NCA (nickel cobalt aluminum oxide), and CNT (carbon nanotubes) also play an
important role, requiring around 400 MJ/kg and emitting 30 kg of CO2 eq. It can be
observed that greenhouse gas emissions would be 69% to 92% higher to meet the material
demands for the same lithium-ion battery cell capacity if the materials were manufactured
in China instead of the United States [116]. This highlights the importance of optimiz-
ing production processes and supply chains to minimize the environmental impact and
promote sustainability in the growing demand for lithium-based energy storage.

Economically speaking, the lithium supply chain faces numerous challenges, as price
volatility and the reduced geographic concentration of lithium reserves create supply
uncertainties. The instability in the demand for EVs and the evolution of lithium-ion battery
technologies considerably impact the lithium market. Relying on only a few countries for
most of the global lithium production can result in geopolitical and economic risks as well
as compromise the achievement of global environmental goals.

These challenges will be addressed by adopting sustainable and ethical approaches
in the lithium supply chain, such as DLE and direct lithium to product (DLP), both being
more efficient and less environmentally detrimental extraction technologies. DLE and DLP
have the potential to increase the efficiency of lithium recovery, reduce their water use, and
minimize the environmental footprint of mining operations [112].

Most lithium production takes place in Latin America, Australia, and Asia, yet Eu-
rope, North America, Brazil, and Africa are also regions to be explored and developed
in an attempt to diversify lithium sources. This strategy can ensure a more stable and
sustainable supply of lithium as well as help mitigate the risks associated with geographic
concentration [114].

Improvement in lithium battery recycling practices must become a primary focus
of the industry, as battery recycling (which is still in its early stages) has the potential to
provide the industry with a significant source of lithium for the future. The growth of
the recycling rates and the development of more efficient technologies in the recovery of
lithium from used batteries will lower the demand for virgin lithium, thus reducing the
environmental impacts of mining operations [113].

Transparency and accountability in the lithium supply chain are also important, as
mining operations must not only meet strict environmental and social standards but also
benefit, as much as possible, the local communities. Partnerships between governments,
companies, and non-governmental organizations (NGOs) can help develop regulatory
frameworks and policies to promote sustainable, safe, and ethical practices in lithium
mining [114].

Safety Hazards in Lithium-Ion Batteries

As previously mentioned, LiBs have a broad range of applications; however, safety
concerns significantly limit their scalability for future uses. In particular, the deployment
of LiBs in EVs is challenged by their safety performance limitations [117,118]. Over the
past few years, numerous LiBs have been recalled from the market following incidents
involving explosions and fires [119,120]. This is still a very serious problem, as there are
fires in electric vehicles almost every week around the world [121]. These failures have
not only resulted in considerable economic losses across the affected industries but have
also severely tarnished the reputation of LiBs as a reliable energy storage system [122]. As
a result, Chen et al. [121] presented several tests to assess the quality and safety of these
batteries, including overcharge, heating, short circuit, internal short circuit, nail penetration,
and crush tests. In the safety assessments derived from these test outcomes, EUCAR
and SAE-J hazard levels are widely applied. Nonetheless, the safety and stability of the
LiB’s performance can be significantly improved by carefully selecting electrode materials,
separators, and electrolytes, as well as optimizing the battery’s design.
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Thus, the safety of LiBs is largely determined by their chemical composition, as well as
the operating environment and operating conditions [123]. Typically, the LiB consists of four
main components: the cathode, anode, separator, and electrolyte [124]. A malfunction in
any of these components, individually or collectively, can negatively impact its safety. If any
component becomes damaged, the battery can transition from controlled electrochemical
reactions to uncontrolled ones, resulting in significant heat generation [125].

During battery operation, a considerable amount of heat is produced, and if there is
no efficient dissipation route, this heat can cause the battery to overheat, severely compro-
mising its safety [121]. Additionally, there are various types of cells used in the LiB, such as
cylindrical, prismatic, coin, and pouch cells, which are often arranged in parallel or in a
series to create a battery pack with a specific voltage and capacity [126]. For instance, the
Tesla EVs contain approximately 7000 cylindrical cells, delivering a total voltage of 400 V
and a capacity of 85 kWh [127]. Despite this, managing such a large battery pack poses
significant challenges for ensuring battery safety.

Thermal runaway is one of the most critical safety issues in LiBs, along with secondary
reactions involving the electrolyte, cathode, anode, and interfacial reactions in the electrode
surfaces and lithium plating. These secondary reactions are often caused by mechanical,
thermal, or electrical abuse. There are five primary causes of this phenomenon: uncon-
trollable internal heat generation, separator defects, electrical abuse, electrochemical side
reactions due to localized thermal stress, and mechanical damage to the battery, which
can cause short circuits or allow air to infiltrate the battery [121]. Among these categories,
the leading causes of battery safety incidents are short circuits resulting from separator
damage, electrical abuse, and mechanical abuse [118].

There are internal and external strategies to improve battery safety. The former strate-
gies focus on enhancing the components themselves, such as using more stable materials
and additives that improve electrolyte safety by preventing adverse effects. On the other
hand, external strategies include incorporating cooling systems that help maintain stable
temperatures, thereby reducing the likelihood of thermal runaway [128]. Additionally,
safety standards and testing methods have been developed to ensure that LiBs and their
components meet specified safety criteria, especially in commercial applications [121].

Moreover, the risks associated with the improper disposal of LiBs after their end-of-life
are significant. WMW (2021) [129] reported that nearly 40% of forest fires in the United
Kingdom were caused by the incorrect disposal of LiBs. These incidents not only pose
serious environmental hazards but also have significant economic consequences for the
countries where these batteries are manufactured and used [22]. In addition, recycling
LiBs is particularly challenging due to the inherent safety risks involved in handling and
processing them. Therefore, it is crucial to develop a safe and efficient process for the
dismantling and recycling of LiBs to mitigate these risks and minimize their environmental
harm [130].

The safety challenges associated with lithium-ion batteries, both during their operation
and after their useful life, present issues that must be addressed through comprehensive
strategies. The development of advanced materials, improved design methodologies, and
enhanced battery management systems are crucial to reducing the frequency of incidents
like thermal runaway and ensuring future large-scale applications of LiBs, particularly
in EVs.

6. Market Dynamics and Industry Applications

Since 2015, China has been the world’s largest EV market, prompting the growth of
the LiB market as well. LiBs, an essential component in the production of EVs, are directly
influenced by government policies and economic incentives.

Tesla, BYD, and NIO are some of the major EV manufacturing companies that are
expanding the EV market in China, which greatly depends on the production of LiBs. Tesla
models such as the Model 3, for example, with advanced battery technology and a robust
charging network, have shown remarkable performance in the EV market [131].
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The market performance of EV models with lithium-ion batteries has been generally
positive. The BYD Tang EV, for example, has seen a significant increase in its sales due to
its energy efficiency and extended range. This increase is directly attributed to its use of
high-capacity LiBs [132].

China’s strict policies have been instrumental in the adoption of EVs and in the
growing demand for LiBs. These measures have significantly increased the demand for
lithium in the automotive industry [133]. The Chinese government has also implemented
subsidies for EV purchases and has set targets to reduce CO2 emissions. Furthermore, as
the EV charging infrastructure continues to expand, the EV market also grows, making EVs
more appealing to consumers [134].

The evolution of the NCM 111 battery to the NCM 811 battery has significantly
decreased the LiB’s environmental impact. These newer and more improved batteries use a
greater amount of nickel while diminishing their cobalt and manganese use, thus reducing
their CO2 emissions and their non-renewable energy consumption. This change not only
improves battery efficiency but also reduces manufacturing costs [135].

Although it is known that the recycling of used LiBs significantly reduces their envi-
ronmental impact, their recycling numbers remain low, making this a significant challenge
to overcome within the industry. In China, it is estimated that only 30% of discarded LiBs
are correctly recycled, limiting their environmental and economic benefits [136]. Improving
the recycling rate is important to establishing a sustainable and efficient recycling industry.

The cost of producing LiBs significantly impacts the overall cost of EVs. The average
cost of lithium-ion battery packs dropped 89%, from USD 1100 to USD 137 per kilowatt-
hour (kWh) in the period 2010–2020. However, despite this substantial decrease, the cost
of battery packs still accounts for a significant portion of an EV’s total cost, ranging from
30% to 40%, depending on the vehicle’s size and battery capacity [137]. Furthermore,
while the reduction in battery prices is a positive development for EV affordability, the
shift toward more sustainable, recyclable, and less resource-intensive battery technologies
remains a priority.

In LIBs, the commercialization of new chemicals that partially replace Co with Ni
has occurred faster than expected [138]. As the amount of cobalt in more recent batteries
decreases, so too does the profitability of LiB recycling. Nevertheless, LiB recycling remains
profitable, with an average profit of USD 412 to USD 738 per battery. The decrease in the
amount of recyclable cobalt poses an economic challenge for the future [139]. Circular
economy strategies are required to reduce reliance on primary resources and enhance the
resilience and sustainability of automotive supply chains [140].

7. LiBs Reuse and Recycling for Sustainable Electric Mobility

The growing adoption of EVs highlights the importance of repurposing their batteries
for non-automotive applications to reduce their environmental impact [141]. This section
explores innovative uses for EV batteries once they no longer meet vehicle efficiency
requirements. Various strategies have been developed to optimize the life cycle of these
batteries. In this context, recycling is emerging as a key solution, having a significant
impact on the battery manufacturing industry in leading countries such as China and South
Korea [142–146].

It is expected that LiBs will continue to dominate the automotive industry in the
coming decades, at least until their competitors overcome challenges related to efficiency,
reliability, and durability [147,148]. Battery manufacturers commonly offer warranties
of around 8 years for LiBs, while the average lifespan of an EV is about 15 years [149].
However, due to factors such as high costs and limited incentives to replace batteries, it
is unlikely they will be replaced before the EV reaches the end of its lifespan, even as
efficiency declines [150–152].

Despite uncertainty regarding the efficiency loss of LiBs, their lifespan in secondary
applications is estimated to reach 10 years, with a maximum projected lifespan of up
to 20 years [150,153–155]. The reuse and recycling of LiBs offer various benefits, such
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as extending their lifespan, recovering valuable materials like Li and Co, and reducing
hazardous waste such as Cd and Pb [156,157].

Few studies have modeled the usage phase of LiBs in stationary second-life applica-
tions using monitored data [158]. Most evaluations of LiBs focus on residential storage
applications [158–161]. However, the energy and environmental benefits of repurposing
batteries in energy storage systems combined with renewable energy generation technolo-
gies have been assessed, demonstrating significant contributions [162]. Battery degradation
during both the first- and second-life phases is a key factor in determining feasibility and
longevity in secondary applications [158]. Nonetheless, this remains a topic that requires
ongoing, thorough research [163–166].

Less demanding applications in terms of efficiency, such as energy storage for resi-
dential buildings or communication base stations, are promising alternatives for the use
of batteries from EVs [162,167,168]. A replaced EV battery still retains between 70% and
80% of its initial capacity [154,158]. Therefore, its implementation in secondary activities,
such as in the construction sector, is a viable option [169]. However, it is recommended that
once the battery’s capacity falls below 60%, recycling should be considered to maintain
reliability and promote a circular economy mechanism [155,170]. In fact, the reuse of used
batteries in secondary applications in buildings could help improve the environmental
impact of electric mobility.

The global market for LiB recycling is expected to reach USD 11 billion by 2027 [171].
The amount of end-of-life LiBs generated, primarily from EVs, is projected to reach
1336.5 GWh by 2040 [172]. Economically, remanufacturing LiBs offers a 40% cost sav-
ing compared to producing batteries from virgin materials [173]. Recycling, for instance,
can reduce manufacturing costs by 25.6% to 36.6%, water consumption by 30.1% to 41.2%,
and greenhouse gas emissions by 29.3% to 38.2%. However, safety remains a key challenge
for large-scale LiB applications in the industry [22].

To process and recycle the increasing number of batteries reaching the end of their
lifecycle, it is projected that recycling capacity will need to increase by up to 45 times by 2050
compared to the capacity available in 2021 [140,174]. In this context, the reuse of LiBs in
secondary applications not only benefits electric mobility but also drives the development
of more efficient recycling technologies. Extending the battery’s lifespan through reuse
alleviates pressure on recycling systems, allowing industrial capacities to adapt gradually.
Additionally, it fosters innovation in material recovery techniques, optimizing both the
sustainability and profitability of recycling processes.

8. Conclusions and Future Perspectives

Lithium, a key resource in the EV industry, plays a pivotal role in the development of
LiBs, as LiBs benefit greatly from lithium’s unique properties. Their high energy density
and their ability to remain charged for extended periods make LiBs the core of energy
storage technology in EVs.

These features have not only allowed EVs to compete with internal combustion
vehicles but have also eased their expansion into the electric transportation market.

The studies reviewed in this article stress that lithium significantly contributes to
mitigating GHG emissions, as the use of LiBs reduces dependence on fossil fuels and
decreases the carbon footprint associated with internal combustion vehicles. As the energy
efficiency and range of lithium batteries continue to improve, EVs will become a more
viable alternative to conventional cars.

LiBs will continue to be widely used in the coming years due to their unique energy
density and efficiency, making them central to the evolution of EVs. As EVs become
a more viable alternative to conventional vehicles, the demand for high-performance
batteries will persist, with lithium playing a key role in driving this transition. Although
challenges related to lithium extraction and environmental impact remain, advancements in
technology, such as solid-state batteries, promise to enhance the sustainability and efficiency
of lithium-ion technology. Additionally, ongoing research into battery recycling and the
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reuse of lithium resources will play a critical role in reducing pressure on the lithium
reserves. As long as technological innovations and responsible resource management are
prioritized, lithium will remain a crucial component in the future of clean energy and
sustainable transportation.

Nevertheless, the use of lithium in the EV industry comes with its own challenges.
The extraction and processing processes of lithium can negatively impact the environment
as the demand for lithium reserves increases. These issues highlight the need to address
not only lithium’s availability but also the extraction and recycling practices to ensure that
lithium is used responsibly and resourcefully.

Technological advancements and resource management strategies make lithium a
key component in EV batteries for the foreseeable future, as battery innovations will
play a crucial role in the evolution of the industry. Solid-state batteries, one of the most
promising elements among emerging technologies, use a solid electrolyte instead of liquid
as conventional lithium-ion batteries do. The use of a solid electrolyte offers higher energy
density, improved safety, and a longer life cycle. This improvement reduces the need for
lithium and other materials while improving battery performance and sustainability [175].

The ability to recover and reuse lithium and other valuable materials at the end of
their battery life is an important area that must be developed in order to minimize pressure
on the lithium reserves as well as its environmental impacts. Recycling techniques, such
as hydrometallurgical recycling and pyrometallurgical recycling, are constantly evolving,
improving efficiency and reducing costs. To ensure a sustainable supply chain for lithium,
more investment in advanced recycling technologies and recycling infrastructure needs to
take place.

Reusing LiBs is a key strategy that needs to be looked at deeply. The application
of these strategies makes it possible to extend the useful life of batteries, contributing to
the sustainable development of society. Less performance-demanding applications, such
as storing energy from renewable sources for use in homes or businesses, represent a
promising option for reuse.

Additionally, to support the sustainability of lithium, it is also necessary to evaluate
the logistics of electric vehicle assembly, enabling designs that facilitate disassembly after
their useful life to allow for the reuse of lithium batteries. However, this aspect falls outside
the scope of this current research.

At present, research to find alternatives to complement or replace lithium in appli-
cations is being conducted. Sodium and magnesium are some of the materials being
mentioned as solutions to reduce dependence on lithium, which could diversify the avail-
able energy storage options.

To ensure a sustainable lithium supply chain, both resource management and techno-
logical innovations must be addressed as a comprehensive approach. Below are several
key suggestions for stakeholders in the automotive industry [176]:

■ Promote Research and Development (R&D) in Extraction and Processing Technolo-
gies: Industry stakeholders should invest in R&D to improve the extraction methods
and to reduce the environmental impact. The development of less intrusive extrac-
tion techniques, such as lithium extraction from brines, which is a more sustainable
alternative to traditional mining, is an ideal option.

■ Promote Battery Recycling: The implementation of policies and investment in in-
frastructure is essential to ensure that valuable materials can be properly recycled.
Initiatives to standardize and optimize recycling processes can increase the recovery
rate and reduce the costs associated with recycling.

■ Establish Strategic Partnerships: Cooperation between manufacturers, lithium sup-
pliers, and government authorities can help create a regulatory framework to promote
sustainability in the supply chain. Public and private partnerships will promote
sustainable practices and implement innovative technologies.

■ Implement Sustainability Policies and Certification: Governments and interna-
tional organizations should implement policies that support sustainability. Grants
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for responsible mining practices and compliance with environmental regulations will
ensure that lithium is obtained ethically and sustainably.

■ Educate and Raise Awareness among Stakeholders: It is critical to educate all partic-
ipants involved on the importance of a sustainable lithium supply chain. Awareness
can encourage the adoption of responsible practices, and it will compel consumers to
demand ethically manufactured products.

Lithium, undoubtedly, is a key component in the transition to a more sustainable form
of transportation. However, to accelerate the adoption of EVs, it is crucial for decision-
makers to implement economic incentives that make these cars more accessible. Such
incentives would not only reduce the initial cost but also encourage investment in charging
infrastructure, thereby facilitating a faster transition to more sustainable and efficient trans-
portation. As the demand for EVs grows, the need to protect the environment and ensure
the future availability of lithium is a challenge that must be faced head-on. To ensure that
lithium continues to be an essential component in the development of a more sustainable
and cleaner future, technological innovations and responsible management practices will
be required to meet this challenge. Merging technological innovations, effective policies,
and a cooperative association between industries and manufacturers will create a path
toward a lithium supply chain that is both efficient and environmentally friendly.
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