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Abstract: Plug-in electric vehicles (PEVs) have immense potential for reducing greenhouse gas
emissions and dependence on fossil fuels, and for smart grid applications. Although a great deal
of research is focused on technological limitations that affect PEV battery performance targets, a
major and arguably equal concern is the constraint imposed by the finite availability of elements
or resources used in the manufacture of PEV batteries. Availability of resources, such as lithium,
for batteries is critical to the future of PEVs and is, therefore, a topic that needs attention. This
study addresses the issues related to lithium availability and sustainability, particularly supply and
demand related to PEVs and the impact on future PEV growth. In this paper, a detailed review of the
research on lithium availability for PEV batteries is presented, key challenges are pinpointed and
future impacts on PEV technology are outlined.

Keywords: electric vehicles; batteries; lithium; Li-ion batteries; resource availability; reserves; lithium
intensity; energy; plug-in electric vehicles

1. Introduction

Society relies on minerals and metals for a variety of services. However, these metals
and materials are finite resources and therefore, may not always be available when needed.
There is an ongoing debate on the availability of certain materials for future use and there is
little consensus. Regarding plug-in electric vehicles (PEVs), material availability is critical
for long term planning as this can affect efforts to de-carbonize the transportation sector
and to increase energy security.

PEVs have the potential to reduce greenhouse gas emissions and dependence on
fossil fuels associated with the conventional transportation system [1–6]. This reduction is
maximized through the use of renewable energy sources and efficient batteries. As a result,
increase in environmental awareness has contributed to electric vehicle sales even during
the COVID-19 pandemic when internal combustion engine vehicles sales plummeted [7].
In addition to powering electric vehicles, PEV batteries also have great potential for grid
applications [8–11]. Unlike hybrid electric vehicles (HEVs), PEVs rely either partly (plug-in
hybrid electric vehicles, PHEVs) or wholly (battery electric vehicles, BEVs) on electricity.
A major concern is the availability of some resources used in the manufacture of PEV
batteries. A lack of consensus on the availability of resources, particularly lithium leads
to concerns about the ability to scale up the manufacture of PEVs [12–14]. Therefore, it is
important to examine the availability and sustainability of critical metals that are needed
for the manufacture of these low carbon energy technology. To realize a sustainable society,
it is particularly important to have adequate understanding of the energy-metal nexus and
to address issues related to resource constraints [15].
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This study focuses on the issue of lithium availability for PEV batteries. Lithium is
essential to making the transition to electrified transportation based on lithium-ion (Li-ion)
batteries [16]. Historically, electric vehicles have had a short driving range, but lithium-
based battery technologies are capable of longer range and are providing motivation for the
switch to PEVs. Li-ion batteries have several advantages including higher energy density
and specific power over most other battery technologies. As lithium is a key material used
in the manufacture of Li-ion batteries, the demand for lithium for use in the manufacture
of batteries for electric vehicles is expected to increase in coming years [17]. Another issue
is that lithium is a “geochemically scarce metal” that is found in concentrations that are
lower than 0.01% by weight in the earth’s crust [18,19]. Based on estimates for medium
to long term PEV demand, there is a need for considerable quantities of lithium for PEV
battery production. Lithium demand is growing rapidly. Therefore, it is important to
examine the availability of lithium in coming years to meet this increasing demand. A
comprehensive review of the issues regarding material availability for batteries for PEVs
including emergence of alternative battery technologies, supply and demand, economic
and geopolitical issues as well as implications for the future of PEVs is presented in the
remainder of the paper.

2. Energy Storage for PEVs

Several battery technologies exist for use in PEVs including both proven technolo-
gies and those still in the development phase. Currently Li–ion, lead acid and nickel
metal hydride (Ni-MH) batteries are the dominant battery types for portable rechargeable
batteries [20]. However, due to several advantages of Li-ion batteries over other battery
chemistries, they have the potential to be the dominant battery type for PEVs, at least in
the short to medium term. In the long term, other viable battery technologies may emerge.

When compared to other battery technologies, especially with Ni-MH battery, Li-ion
batteries have the best “charge to weight” ratio as well as a lack of memory effect which
increases the life cycle of the battery [21]. Below, several current and emerging battery
technologies are discussed.

2.1. Lead Acid Batteries

Lead acid batteries are a proven technology commonly used in portable batteries. This
type of battery was used in early PEVs such as EV1 by General Motors. A major issue
with lead acid batteries is that they have low specific energy and energy intensity [20].
Specific energy for the lead acid battery is in the range of 25–35 W h/kg while specific
power is about 150 W/kg [22]. This means that the all-electric range (AER) is short and as
such, it is suitable for applications which require short distance travel or applications that
can be easily charged in between short trips. Furthermore, the lead acid battery has poor
shelf life due to self-discharge. This causes the battery to completely discharge or “die”
after a certain amount of time. Lead acid batteries have poor starting performance during
cold weather making it problematic during cold winter months. Due to its heavy weight
compared to other battery types, lead acid batteries are no longer considered contenders
for PEV applications [23].

2.2. Nickel Metal Hydride Batteries

Ni-MH batteries have been successfully used in both HEVs and PEVs. The anode
complex is a metal hydride while the cathode is a nickel hydroxide. Ni-MH batteries have
relatively good specific power and energy for HEV applications. The energy density of
Ni-MH batteries almost doubles that of lead acid batteries [24]. However, the specific
energy of Ni-MH batteries does not satisfy the requirements for a fully competitive battery
electric vehicle [25]. Specific energy and energy density for the Ni-MH battery are about
70–80 W h/kg and 170–420 Wh/L respectively [26]. The specific power of the Ni-MH
battery in HEVs is about 150–400 W/kg [27].
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2.3. Lithium-Ion Batteries

According to Bini et al. [28], lithium-based batteries are the most important storage
systems currently available on the market. Li-ion batteries are commonly used in consumer
electronics, including laptops and cell phones, as well as in electric vehicles [29]. Typically,
Li-ion batteries consist of graphite anodes [30–32]. Several Li-ion batteries use any one of
LiMn2O4, LiCoO2, and LiNiO2 as cathode materials [33].

Compared to lead acid and Ni-MH batteries, Li-ion batteries have the advantage of
higher specific energy [34]. Furthermore, Li-ion batteries have significantly higher energy
density compared to Ni-MH and nickel-cadmium (Ni-Cd) batteries [35]. This means that
the AER of a PEV using a Li-ion battery can be extended without incurring the high weight
penalty experienced in both lead acid and Ni-MH batteries. In addition to their high specific
energy, Li-ion batteries have high specific power (500–2000 W/kg) [26]. Furthermore, they
have low sensitivity to temperature and have no memory effect [36]. Memory effect,
which is observed in Ni-MH and Ni-Cd batteries, causes a battery to gradually lose its
maximum capacity when repeatedly charged after only partial discharge. Furthermore,
LI-ion batteries have output voltage, about 4.1 V for a single cell, that is approximately
two times higher than that of lead acid batteries and three times higher than that of Ni-MH
and Ni-Cd batteries [33]. This higher output voltage results in less Li-ion cells in a battery
of a given voltage [37]. A further advantage of Li-ion batteries is their long cycle life [38].

A concern about Li-ion batteries is related to safety. Li-ion batteries, unlike other
secondary batteries, have high oxidizing and reducing electrode materials and flammable
electrolytes that may lead to poor thermal stability (due to thermal runway) and can cause
short circuits [39]. However, safety is being improved by employing different strategies
including the use of shutdown separators, use of additives in the electrolyte and employing
non-flammable electrolytes [40,41] thus increasing the appeal of Li-ion batteries. Despite
the safety concerns, which is being improved, low weight, high energy capacity, high power
density, long service life, and low price make them one of the best solutions for current
PEVs [42].

2.4. Other Energy Storage Technologies

In addition to the types of batteries described above, other types of energy storage
exist or are in varying stages of development for use in PEV applications. Ni-Cd was
successfully used in the past but was banned due to the toxicity of its components [43].
Molten salt batteries including zero emissions batteries research activity (ZEBRA) batter-
ies have been used in some commercial electric vehicles, but have multiple limitations
primarily linked to high temperature needed to maintain the metal-salts electrolyte in a
liquid state [44]. Furthermore, ZEBRA batteries suffer from low power density and high
processing temperature. In comparison, lithium batteries operate at room temperature and
do not require pre-heating.

Fuel cells are promising for use in PEVs. Fuel cell electric vehicles (FCEVs) are electric
vehicles that generate electricity by a fuel cell that uses hydrogen as an energy source.
FCEVs use the electricity generated from a fuel cell to power an electric motor instead of
relying on a battery only. The advantages of FCEVs include higher driving range (over
500 km) and faster refuelling (3–5 min) than current battery electric vehicles, but their
deployment is still much lower compared to PEVs because of high fuel cost and purchase
prices [17,20].

Success of these battery technologies will be dependent on technological improvement.
According to Shukla and Kumar [23], much work is still needed before batteries can have
quality performance with 5000 deep discharge cycles which is the requirement for such
batteries. For PEVs, where the battery is the sole power provider or provides a significant
amount of energy used to power a vehicle, there is need for batteries that have deep
depletion capacities to accommodate operation of the vehicles.
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Other lithium-based chemistries currently under development include Li-sulfur, and
Li-air batteries [45]. These batteries have the potential for better battery performance
in terms of specific energy. Theoretically, the aforementioned battery technologies can
achieve specific energy of more than 2500 Wh/kg [43]. This improvement in specific
density translates to improved driving range of PEVs compared to Li-ion batteries. Li-
sulfur batteries have received increased attention because of the 4.5 times higher theoretical
lithium capacity and lower cost of sulfur cathodes relative to typical Li-ion insertion
cathodes. However, sulfur cathodes have several challenging characteristics, and they lead
to low cycle life and high self-discharge rates, both of which are problematic for electric
vehicle energy storage technologies [20]. Li-air batteries offer a further improvement
in specific energy and energy density above Li-sulfur batteries because of their use of
atmospheric oxygen to produce power. However, their demonstrated cycle life has been
much lower and improving this challenge has proved difficult [20]. Issues related to
power density, overpotential, energy density and cycle life need to be addressed. However,
progress in the development of these alternative lithium-based batteries may lead to an
increase in the overall demand for lithium for PEVs. The transition from Ni-MH batteries
to Li-ion battery began after decades of research and development for Li-ion batteries.
Therefore, it should be expected that transitioning to Li-air batteries will follow the same
developmental cycle [46].

Other possible alternatives to Li-ion batteries include sodium air and zinc air batteries.
Zinc-air batteries have the potential to be used in future electric vehicles because of their
advanced technology status and higher practically achievable energy density, despite a
lower specific energy than Li-air batteries. However, their poor specific power and energy
efficiency are a challenge [20].

Currently, there are few non-lithium-based batteries that can compete with lithium
batteries. Therefore, substitution of lithium-based chemistries with other chemistries is
highly unlikely in the short to medium term. However, with significant technological
improvements, other alternatives may become competitive in the long term. For now, the
properties of lithium batteries including high power density, high energy density, and long
cycle life, make them a more popular choice than other battery technologies.

3. Lithium End Use

Lithium is used by a variety of applications because it is a light metal, is very reactive
and has a low thermal expansion coefficient [47]. Lithium has high energy and power
density due to the fact that it is the lightest solid metal with high electrochemical poten-
tial [48]. As a result, it is expected that lithium-based battery technologies will be the energy
storage of choice for PEVs in both near term and probable long term [49]. The various uses
of lithium are shown in Figure 1. In 2015, secondary batteries, including PEV batteries,
became the largest demand for lithium, outgrowing ceramics and glass applications which
previously represented the highest demand. Rechargeable batteries, partly driven by PEV
demand, are currently dominating lithium use. Miao et al. [50] estimate that Li-ion batteries
for electric vehicles will account for the greatest proportion of the battery market in the
next decade at a dramatically increasing rate. Furthermore, according to Rosendahl and
Rubiano [16], grid storage which currently accounts for a marginal share of lithium end
use can grow significantly with the expansion in the use of renewable energy resources
such as wind and solar. Based on the projected importance of lithium for future electrified
transportation and renewable energy storage, lithium has become a strategic resource [51].
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4. Occurrence and Availability of Lithium
4.1. Geological Overview

Main types of lithium deposits include brine, minerals, and sea water. Most of the
extractable lithium resources are found in minerals and brines. Currently, only a handful
of the over 120 lithium-containing minerals known have high concentrations [53]. Some
minerals that contain lithium include pegmatites which comprises of spodumene, petalite,
lepidolite and eucryptite [54]. Brines constitute the largest and cheapest sources of lithium
worldwide. They are located mainly in the salars of South America, particularly the Salar
de Atacama in Chile.

Seawater is estimated to contain about 44.8 billion tons of recoverable lithium [55],
however, it is uncertain if this deposit is economically feasible to extract and will likely
prove to be cost intensive. Lithium concentration in seawater is about 0.17 ppm compared
to 1000–3000 ppm in Salar De Atacama [23]. Other issues such as the high concentrations of
magnesium available in deposits make extraction of lithium in sea water more complicated
due to the similarities in the concentration of both metals [23]. Currently, lithium deposits
in sedimentary rocks are not an economically feasible source of lithium considering the
low cost to extract the lithium available in brines. Furthermore, a potential source of
lithium is the waste streams produced from coal-fired power plants, mining operations and
desalination plants [56].

Lithium is produced in various forms such as lithium carbonate, lithium chloride, and
lithium hydroxide. However, Li-ion batteries are usually manufactured using lithium car-
bonate (LiCO3) [57]. According to the United States Geological Survey [52], the United States,
Chile and Argentina produce lithium from brine while Australia produces lithium from
mineral-based sources. China produces lithium from a combination of brines and minerals.

4.2. Lithium Resources and Reserves

It is important to distinguish between resources and reserves. These definitions
determine the quantity of available in the earth crust and the amount that is available for
use. Resources are defined by the United States Geological Survey [58] as “a concentration of
naturally occurring solid, liquid, or gaseous material in or on the Earth’s crust in such form and
amount that economic extraction of a commodity from the concentration is currently or potentially
feasible.” On the other hand, reserves are defined as the part of resources that can “be
economically extracted or produced at the time of determination.” [58].
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Resources have little relevance for actual supply because merely identifying lithium
resources does not mean extraction is feasible. Therefore, reserves, not resources should
be considered for production. Reserves are dynamic and can vary based on several fac-
tors such as economic and non-economic factors. Some non-economic factors that affect
lithium reserves factors include political, regulatory, and social factors [53,59]. Further-
more, innovation and technology can significantly influence the economic feasibility of
lithium extraction. For instance, an improvement in technology can make more resources
accessible i.e., become reserves. Known lithium resources and reserves are distributed in
several countries. It is interesting to note that the current distribution of lithium is less
geographically diverse than oil. Figures 2 and 3 show the geographic distribution of lithium
reserves and resources respectively [52]. This geographic distribution raises concerns about
the geopolitical implications of such a distribution. One concern is that lithium may be
subject to similar supply vulnerabilities that other elements such as rare earth elements
(REE) have been subjected to in the past. For example, in 2011, there was a spike in REE
prices because China, which is a major REE producer, restricted supply. The largest share
of lithium reserves and production exists in Chile which produces lithium from salt lakes
or salars, particularly Salar de Atacama. Supply is stable presently, but this could change in
the future.
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In addition to USGS data, there is a wide range of information on lithium available
from several sources as shown in Table 1. These differing estimates are because of the
differences in ways that reserves are classified, and the number of deposits included. Given
the increase in demand for lithium, and production, as well as the constant change and
increase in reserve classifications, one can conclude that lithium exploration and production
is developing [57]. Therefore, reserve estimates have changed significantly over time [60].
Evidence of this is shown in Table 1, where more recent studies show significantly higher
lithium reserves [61] and resources [52,61] than earlier studies.

Table 1. Comparison of lithium estimates.

Reference
Lithium Resources Lithium Reserves

(Million Tons)

Ambrose and Kendall [61] 99.5 37.5

Clarke and Harben [62] 39.4 _

Evans [63] 29.9 _

Fasel and Tran [64] 9.4–21 4–6

Grosjean et al. [65] 37.1–43.6 _

Gruber et al. [54] 38.7 19.3

Kesler et al. [66] 30.9 _

Kushnir and Sandén [67] _ 30.0

Mohr et al. [68] 71.3 23.1

Speirs et al. [57] 65 15.0

Tahil [14] _ 3.9

Yaksic and Tilton [55] 64 29.4

USGS [52] 86 21.0

4.3. Recycling

A major concern about the sustainability of electric vehicles in general is the issue of
end-of-life battery disposal, particularly as electric vehicles grow in market share [69]. A
potential source of supply of lithium is from recycling. Currently, lithium is only recycled in
small quantities. According to a 2011 United Nations Environment Program report, end-of-
life recycle rates for lithium was less than 1% [70]. Since then, the first U.S. recycling facility
for Li-ion vehicle batteries began operating in 2015 and by 2020, seven other companies
located in Canada and the United States began recycling or intended to begin recycling
lithium metal and Li-ion batteries [52]. Due to increased demand for lithium by battery
applications, there are increases in regulations to guide the proper disposal of these batteries.
Battery manufacturers are currently considering mitigating the dependency on lithium by
recycling lithium batteries at the end of their lifecycles. However, there is an issue of the
economic feasibility of recycling lithium as batteries contain only a small proportion of
lithium in the form of lithium carbonate compared to the weight of the battery. In addition,
lithium is inexpensive when compared to other elements that make up the battery such as
nickel or cobalt. Overall, the average cost of lithium compared to the average cost of the
battery is very low. According to Kushnir and Sandén [67], raw lithium accounts for about
1–2% of the electric vehicle battery total cost [67].

Therefore, even though lithium is 100% recyclable, most lithium used in batteries are
not recycled due in part to the relatively low cost of newly extracted lithium. Currently,
recycled lithium is much more expensive than newly produced lithium. Thus, it is not
competitive for battery manufacturers to purchase recycled lithium at a much higher price
when lithium from brines is produced at much lower prices. Since it is not economically
feasible to extract lithium from batteries due to the low price of newly produced lithium,
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the focus is on cobalt and nickel which are more expensive [71]. Lithium and manganese
are largely neglected. However, with the increasing demand for lithium particularly by
automotive applications, recycling is expected to play an important role in the estimation
for future viability of lithium for PEV battery production. As PEV demand increases in
coming years, and as such demand for Li-ion batteries increases, lithium battery recycling
will be critical. In coming years, large quantities of PEV batteries will be at the end of their
lifecycle and therefore may be economically feasible to recycle. In the medium to long term,
closed loop recycling will be necessary to prevent price fluctuations and potential supply
disruptions. Hence, extensive recycling solutions will be critical to the future of PEVs
powered by lithium batteries. In addition to the ability of effective lithium recycling to
alleviate the issue of limited lithium supply, recycling can help prevent hazardous elements
such as zinc, copper, nickel and manganese from ending up in municipal solid waste
streams due to improper disposal of spent batteries [56,72,73].

The most common process to recover lithium from used Li-ion batteries is the hy-
drometallurgical process [74]. The procedure typically involves physical and chemical
processes to complete the following steps: end-of-life lithium-ion batteries are dismantled
and separated. Cathode materials are dissolved and leached with hydrochloric acid. And
then, lithium and other metals are separated and extracted via solvent extraction, chemical
precipitation, and electrochemical process [75]. A variety of other chemical processes
can also be used. The most common chemical processes include heat treatment, acid
leaching [76–78], alkaline leaching [79], or biological leaching [80]. A separation stage
follows these processes to recover the metals through chemical precipitation or solvent
extraction [81]. Many other methods to recover lithium and other high value metals from
end-of-life Li-ion batteries have also been reported [71,82–89].

Challenges facing lithium recycling are mainly price-based because battery recycling
facilities need to recover secondary lithium that is competitive with newly produced lithium.
As a result, there is no major lithium recycling infrastructure available dedicated to automo-
tive batteries. However, there is a significant potential for recycling of lithium from spent
batteries [16]. Gaines and Nelson [90] estimate that lithium recovered from recycling can
satisfy between 50–63% of the demand. Without lithium recycling and with rising prices,
Rosendahl and Rubiano [16] argue that lithium scarcity will be increasingly evident.

Since recycling end-of-life batteries is not so desirable because of large material and
energy losses in the process. Repurposing the used batteries for a different application has
emerged as an alternative to recycling. Since batteries may no longer be fit for automotive
use after 20% loss of their capacity, second use in stationary energy storage application is
an attractive option [91].

4.4. Future Supply

Estimates of lithium reserves and resources vary considerably between different
studies and concerns about production rates of lithium being able to meet growing demand
have not been sufficiently addressed [53]. A key challenge is the uncertainty about raw
material availability [92]. One major factor that will influence lithium availability is the
discovery of new deposits. As previously pointed out, it is very likely that additional
lithium resources and reserves will be discovered with time, therefore current production
and reserve estimates will continue to change over time.

Estimates for future production and availability range widely; from 60,000–110,000 tons
for production by 2020 and from 2–20 million tons of available lithium through 2100 and
beyond [57]. Actual global lithium production in 2020 was 82,000 tons [52]. This number
will likely increase if the price of lithium goes up. For instance, Yaksic and Tilton [55]
estimate that 22 million tons of lithium will be available if the price ranges from $1.40 to
$2. This number increases by over 100% if the price ranges between $7 and $10 per lb of
lithium carbonate, allowing lithium to be extracted from sea water.
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4.5. Other Factors That Affect Lithium Supply

In addition to production capacity and availability of reserves, other factors affect
the supply of lithium. They include geopolitics, competing applications, policies and
regulations and competing demand. Usually, the risks of geographic distribution are
undervalued [93]. However, the geographic distribution of lithium may have implications
for energy security. This is because lithium is considered a strategic material by many
countries and as a result, future supply may be limited as countries transition to a PEV-
based transportation system. As previously mentioned, lithium reserves are located in a
limited number of countries and as such lithium may be prone to the same issues that are
facing the oil industry where political instability in a major oil producing country has a
ripple effect worldwide. Currently, about 87% of reserves are located in five countries: Chile,
Australia, China, Argentina, and the United States. These countries are mostly politically
stable at this time, but this stability is not guaranteed in the coming decades. Furthermore,
Bolivia which currently has the most significant lithium resources in the world and could
become a major producer in the future is currently faced with both technical and political
challenges. Therefore, geopolitical dynamics may limit lithium supply in the future, even if
lithium reserves exist. For instance, mining regulations may limit the amount of lithium
extracted from certain deposits. A study by Shao et al. [94] found that competition between
lithium importing countries became increasingly intense between 2009 and 2018. This
competition is expected to increase as more countries make the transition to electrified
transportation and renewable energy sources. From a country perspective, it may be
necessary for governments to provide incentives such as subsidies for recycling industries
in order to enhance resource resilience [95]. It is also necessary to consider the impact of
lithium production on the environment and human rights by implementing comprehensive
normative frameworks and human rights practices along the entire value chain together
with significant investments in environmentally friendly techniques [4].

Other factors that have the potential to affect supply include recycling regulations
and technology, competing demand and lead time. Currently, recycling of lithium is
insignificant. Lack of recycling in the future will drastically reduce the amount of lithium
available for use. Also, in a scenario where there is a significant increase in demand,
production infrastructure will need to be expanded which may delay supply. Finally,
technology advancement, particularly progress in recycling technology which can recycle
lithium from automotive battery at a large scale, will be crucial.

5. Demand Forecast for Lithium

Different scenarios for global lithium demand exist due to the uncertainty surrounding
future battery sizes and the lithium intensity for these batteries. Furthermore, demand will
be influenced by the rate of consumer adoption [96]. Currently, a wide range of battery sizes
and material intensity is estimated for lithium. Battery sizes for PEVs are not standardized
and, as a result, manufacturers can produce various sizes of PEVs with different weights
and AER. A major concern surrounding PEVs is the range limitation. Most customers
expect the same amount of range in PEV, particularly the battery electric vehicles, which
they would get in a conventional fuelled vehicle (~300 miles). Therefore, it is very likely
that vehicle manufactures will focus on extending the range of the vehicle rather than on
reducing material intensity [57]. This means that if it is cost effective, both PEV battery
sizes and lithium demand will increase in coming years.

5.1. PEV Battery Size

A major focus for future PEVs is the all-electric range which is determined by the rated
energy of the battery also referred to as the battery size in kWh. Currently, PEV battery
sizes are not standardized and as a result there is a wide range of battery sizes in PEVs on
the road today. In general, the larger the battery, the higher the AER of the battery is. This
implies that larger batteries are more desirable. However, PEV battery cost increases with
the size of the battery. Furthermore, the weight of the battery also increases with battery
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size. A larger battery size adds to the overall weight of the vehicle and has adverse effects
on the efficiency of the vehicle. However, it is expected that as battery technology matures,
the size of batteries can be increased without drastic impact on cost and weight.

Table 2 shows characteristics of some BEVs currently in the market. Battery sizes of
these vehicles range from 38.3 kWh to 95 kWh while AER range anywhere from 153 miles
to over 320 miles. As observed from the table, most models in the table use Li-ion batteries.

Table 2. Some Battery Electric Vehicles in the market [97].

Vehicle Battery Type Battery Size (kWh) All Electric
Range (Miles)

2019 Tesla Model 3 AWD Li-ion 75 322
2020 Tesla Model Y AWD Li-ion 75 316

2020 Chevrolet Bolt EV Li-ion 66 259
2020 Hyundai Kona EV Lithium polymer 64 258
2020 Nissan Leaf SL+ Li-ion 62 215

2019 Audi e-tron Li-ion 95 204
2020 Porsche Taycan 4S Li-ion 79.2 203
2020 Hyundai Ioniq EV Lithium polymer 38.3 170

2019 BMW i3 EV Li-ion 42.2 153

5.2. Lithium Intensity

Determining the lithium content per unit energy stored in the battery or lithium
intensity is necessary to calculate demand for lithium in PEVs. However, this estimation
is complicated and, as a result, there are different estimations by various studies which
use different methods in their calculation. This difficulty in estimation can be largely
attributed to the fact that most information on battery chemistry is proprietary to the
battery manufacturers and therefore not easily accessible to the public. In addition, lithium
intensity fluctuates depending on the battery chemistry. Methods such as the use of
industry data, by direct measurement of a battery and making assumptions about battery
composition, and estimation by accounting for real world operating condition have been
used [57].

PEVs require significantly larger batteries compared to HEVs. Factors that affect
lithium intensity include battery chemistry, size, and the rated performance of the battery.
Typically, the rated capacity of a PEV is higher than the actual capacity. This means that
PEVs generally use less than their rated battery capacity. Lack of available information
and variations in lithium intensity across different battery chemistries together with energy
losses and overspecification of lithium intensity makes it challenging to calculate lithium
intensity. As a result, researchers, some using different methods, have provided estimates of
lithium intensity that widely vary, ranging from 0.108 kg Li/kWh to 0.563 kg Li/kWh [57].

5.3. Future Demand

Various studies have addressed scenarios for future demand of lithium by different
technologies. These range from overly optimistic scenarios to very pessimistic ones. However,
there are many uncertainties associated with examining future lithium demand. One study
estimates that lithium demand will reach 600,000 t/yr by 2050 [98]. A different study, that
assumes that future lithium demand would be driven by production of lithium batteries
for electric vehicles, estimates that lithium demand will increase to 400,000 t/yr by 2050
(assuming 0.15 kg of Li/kWh) [68]. The authors conclude that under a best estimate
scenario, a 100% penetration of electric vehicles cannot be achieved by lithium supply.
Furthermore, Maxwell and Mora [99] estimate a demand of over 500,000 t/yr by 2025 and
over 1,500,000 t/yr by 2037.

Another study determines the energy storage potential or the “maximum amount of
energy (in TWh) which can be stored by the complete exhaustion of the limiting element of the
battery couple” [49]. The limiting element in each battery couple sets a limit on the number
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of couples that can be produced because it will be depleted before other elements in the
couple. For instance, in a LiFePO4 chemistry, lithium is the limiting element because it is
the scarcer metal. The calculation assumes a battery size of 40 kWh and that 100% of the
market for the limiting element is used for the manufacture of batteries. This calculation is
carried out for many different battery technologies including those that are not suitable for
PEV applications. The study uses both short term goals (10–15 years) and long-term goals
(40–50 years). Nearly all the battery chemistries can meet the short-term goal (in terms of
availability). Furthermore, the results indicate that a significant expansion in production
will be needed to meet long term electric vehicle goals.

The BLUE map from the International Energy Agency (IEA) [100] provides information
for the annual sales of PEVs by 2030 and 2050. In the BLUE map scenario, CO2 emissions
levels from transportation is reduced by 30% in 2050 compared to 2005 levels. A more recent
study by IEA [17] uses a stated policies scenario (STEPS) and a sustainable development
scenario (SDS) to forecast the electric vehicle market. STEPS reflects all existing policies,
policy ambitions, and targets that have been legislated for or announced by governments
around the world. SDS assumes that all electric vehicle-related targets and ambitions are
met, even if current policy measures are not deemed sufficient to stimulate such adoption
rates. PEV sales forecast for the BLUE map are higher compared to STEP but lower
compared to SDS in 2025 and 2030. The forecast of PEV sales based on the BLUE Map is
shown in Table 3. Table 4. shows the PEV sales forecast based on STEPS and SDS.

Table 3. PEV Sales based on a BLUE Map (millions per year) [100].

2010 2015 2020 2025 2030 2035 2040 2045 2050

PHEV 0 0.7 4.9 13.1 24.6 35.6 47.7 56.3 59.7

BEV 0 0.3 2 4.5 8.7 13.9 23.2 33.9 46.6

Total 0 1 6.9 17.6 33.3 49.5 70.9 90.2 106.3

Table 4. PEV global sales by scenario (millions per year) [17].

STEP SDS

2020 2025 2030 2020 2025 2030

PHEV 0.969034 4.226493 7.761233 0.969034 6.060351 10.984190

BEV 2.008024 7.114262 14.370678 2.008024 11.939460 28.687724

Total 2.977058 11.340755 22.131911 2.977058 17.999811 39.671914

Typically, annual global demand of lithium by PEVs can be estimated by multiplying
the number of vehicle sales by the battery capacity and the lithium intensity. This is
challenging to calculate given the wide range of battery sizes and the differences in lithium
intensity per battery. However, a more generalized calculation can be useful in providing
insight into future lithium demand. Therefore, BLUE map scenarios (See Table 3) from
the International Energy Agency [100] which provides projections for PEV sales is used
for calculating demand of lithium from PEVs from 2025 to 2050 as shown in Figure 4.
This calculation assumes that Li-ion batteries will account for 100% of PEV battery market
and uses lithium intensity of 160 gLi/kWh [67] for this analysis. The battery sizes of
75 kWh, and 17 kWh currently employed in the 2020 Tesla Model 3 AWD (BEV) and 2021
Honda Clarity (PHEV) are used for this calculation. Given that it is expected that battery
sizes (and associated range) of PEVs will increase in the future, this calculation can be
considered conservative.
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Figure 4. Projected Lithium demand from PEVs.

The calculation in Figure 4 shows that lithium demand from PEVs in 2030 and 2050 will
be about 171,312 tons and 721,584 tons, respectively. This figure is well above the current
production of 82,000 tons [52] and will require a significant ramping up of the current
production capacity. According to the International Energy Agency [101], the estimated
global lithium production is about 300 kt and about 600 kt in 2030 and 2050 respectively
based on a sustainable development scenario. This number also raises concerns about the
availability of lithium for use in future PEVs. Currently identified reserves by United States
Geological Survey [52] of about 21 million tons will be exhausted if annual sales of vehicles
continue at the 2050 rate. However, recycling will be critical at this stage for providing
secondary lithium. The total lithium available during this time can be significantly higher
if used lithium is recycled at high levels. Battery life of PEVs is projected to be about
10 years; therefore, by 2030 the volume of PEV batteries available for recycling should be
considerable. Identification of new reserves will also be crucial. It is important to point
out that this calculation does not consider other end uses that require lithium. Demand
from these other areas will likely increase in the future, therefore PEV batteries will have to
compete with these applications for lithium.

6. Conclusions and Future Perspectives

This paper presented an overview of essential trends, discussed the state of the litera-
ture, and examined the issue of material availability for future PEV battery technologies.
Energy storage is a key consideration for long term planning for PEVs as part of efforts
to reduce the negative impacts of the transportation sector. Therefore, it is important to
ensure that critical materials needed for battery manufacture are available. Lithium is
critical in achieving a successful transition to a more sustainable transportation sector as it
is a key component of Li-ion batteries. Due to several advantages over currently available
batteries, Li-ion batteries appear to be the energy storage of choice to be employed in PEV
applications in coming years. However, lithium is a finite material and therefore increases
in demand of PEV will mean further extraction of lithium. It is expected that this demand
will grow considerable in the coming years as the transition to PEVs intensifies.

PEV batteries are not the sole end use of lithium. In 2015, secondary batteries, in-
cluding PEV batteries, became the largest demand for lithium, surpassing ceramics and
glass applications which previously represented the highest demand for lithium. Non-
automotive rechargeable batteries are a fast-growing segment of lithium demand. These
batteries which are used is several applications including electronic devices like cell phones
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and laptops will likely be competing for lithium with PEVs. Furthermore, global demand
for lithium for stationary energy storage will increase considerably with the transition
to renewable sources of energy. Other applications that use lithium such as lubricating
greases, pharmaceuticals, and continuous casting will also be part of this competition for
lithium. It is also possible that new demand for lithium, such as from fusion applications,
may emerge.

The findings from this study indicate that future lithium availability could be problem-
atic in coming years. Calculations of demand of lithium using the BLUE map scenarios of
IEA suggest that future lithium demand from PEVs far exceed the current production and
some projected scenarios for future production. As the demand increases it will be neces-
sary to significantly increase production capacity. By 2050, demand rises to 721,584 tons /yr.
Even if this demand remains constant beyond 2050, it will cause a major strain on available
reserves (assuming 21 Mt as estimated by the United States Geological Survey). This is
without considering other lithium end uses and the effect of recycling. Substitution of
Li-ion batteries with alternative battery technologies will ease the pressure on lithium
reserves. However, in the short to medium term, it is likely that lithium-based batteries will
continue to be used significantly in PEV applications. In the long term, one way to address
rapid increases in lithium demand is to evaluate nonconventional sources such as sea water.
It is also crucial to extend the life of available lithium reserves through developing more
efficient recycling infrastructure for used Li-ion batteries. Therefore, lithium recycling has
the potential to play a key role in the future supply chain for Li-ion batteries. A high degree
of recycling can also significantly reduce improper disposal of spent Li-ion batteries and
the associated negative impacts on the environment and health. In the future, it is critical to
develop recycling technologies which focus on better addressing hazardous and toxic ma-
terials produced during the recycling process. Furthermore, it may be necessary to develop
new battery chemistries that do not need lithium but have better performance and can
serve as alternatives to lithium-based ones. Another way to reduce the demand on lithium
is to develop new chemistries or optimize existing ones so that they use less lithium.

Lithium has become a global strategic resource due to competing demand from a wide
range of applications. Therefore, a major problem to consider is the location of lithium
deposits. The switch from oil to lithium is driven by a need to reduce dependence on
oil. However, lithium may present similar problems. For example, instability in a major
lithium producing country could mean a disruption of supply for other countries that
do not have lithium deposits. This may also mean other countries will have to mine
more expensive deposits, leading to an increase in the price of lithium. Therefore, future
supply may not only be constrained by lithium availability in the earth crust but also by
geopolitical dynamics. Hence, diversifying lithium supply chain, given the geopolitical
constraints, is key to reducing supply chain risks. This can be accomplished by having
mining, production and recycling operations that are geographically dispersed and can
reduce supply chain disruptions in the event of local interruptions. It is also necessary
to consider environmental impacts of lithium extraction and use along the entire value
stream. As the number of lithium mines increase with rising demand, it is necessary to
examine the regional impact of mining from both social and environmental perspectives
including impacts on water use, indigenous rights, and the environment. In addition to
the economic benefits derived from lithium mining and use, environmentally and socially
friendly extraction and recycling processes for lithium together with a sustainable supply
chain are key to improving the sustainability of PEVs.

Lithium availability is further limited by several factors including economic, techno-
logical, and geopolitical ones. To ensure that the growth in the use of PEVs is not adversely
impacted, it is necessary to investigate alternative battery technologies. Currently, recy-
cling is not significant. However, as the use of PEVs becomes widespread, recycling will
play a key role. Estimating long term lithium supply is faced with many uncertainties.
For instance, it is difficult to assess the extent of recycling for the future of PEVs. There-
fore, significant changes can occur by 2050. This includes the possibility of discovery of
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considerable new reserves and the emergence of new battery technologies that greatly
outperforms present day battery chemistries. Therefore, future work can develop more
robust forecasts for lithium availability and study the various uncertainties related to the
lithium supply chain for PEV batteries as demand increases and as mining, recycling and
battery technologies evolve.
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21. Iclodean, C.; Varga, B.; Burnete, N.; Cimerdean, D.; Jurchiş, B. Comparison of different battery types for electric vehicles. In
Proceedings of the IOP Conference Series: Materials Science and Engineering, Busan, Korea, 25–27 August 2017; IOP Publishing:
Bristol, UK, 2017.

22. Fuhs, A. Hybrid Vehicles: And the Future of Personal Transportation; CRC Press: Boca Raton, FL, USA, 2009.
23. Shukla, A.; Kumar, T.P. Lithium economy: Will it get the electric traction? J. Phys. Chem. Lett. 2013, 4, 551–555. [CrossRef]
24. Verma, S.; Mishra, S.; Gaur, A.; Chowdhury, S.; Mohapatra, S.; Dwivedi, G.; Verma, P. A comprehensive review on energy storage

in hybrid electric vehicle. J. Traffic Transp. Eng. (Engl. Ed.) 2021, 8, 621–637. [CrossRef]
25. Duvall, M.; Alexander, M. Batteries for Electric Drive Vehicles—Status 2005: Performance, Durability, and Cost of Advanced Batteries for

Electric, Hybrid Electric, and Plug-In Hybrid Electric Vehicles; Technical Report 1010201; Electric Power Research Institute: Palo Alto,
CA, USA, 2005.

26. Argyrou, M.C.; Christodoulides, P.; Kalogirou, S.A. Energy storage for electricity generation and related processes: Technologies
appraisal and grid scale applications. Renew. Sustain. Energy Rev. 2018, 94, 804–821. [CrossRef]

27. Li, M.M.; Yang, C.C.; Wang, C.C.; Wen, Z.; Zhu, Y.F.; Zhao, M.; Li, J.C.; Zheng, W.T.; Lian, J.S.; Jiang, Q. Design of Hydrogen
Storage Alloys/Nanoporous Metals Hybrid Electrodes for Nickel-Metal Hydride Batteries. Sci. Rep. 2016, 6, 27601. [CrossRef]

28. Bini, M.; Capsoni, D.; Ferrari, S.; Quartarone, E.; Mustarelli, P. 1—Rechargeable lithium batteries: Key scientific and technological
challenges. In Rechargeable Lithium Batteries; Franco, A.A., Ed.; Woodhead Publishing: Sawston, UK, 2015; pp. 1–17. [CrossRef]

29. Kim, J.G.; Son, B.; Mukherjee, S.; Schuppert, N.; Bates, A.; Kwon, O.; Choi, M.J.; Chung, H.Y.; Park, S. A review of lithium and
non-lithium based solid state batteries. J. Power Sources 2015, 282, 299–322. [CrossRef]

30. Xie, J.; Lu, Y.-C. A retrospective on lithium-ion batteries. Nat. Commun. 2020, 11, 1–4. [CrossRef]
31. Zhang, L.; Zhang, X.; Tian, G.; Zhang, Q.; Knapp, M.; Ehrenberg, H.; Chen, G.; Shen, Z.; Yang, G.; Gu, L.; et al. Lithium lanthanum

titanate perovskite as an anode for lithium ion batteries. Nat. Commun. 2020, 11, 1–8. [CrossRef]
32. Agubra, V.; Fergus, J. Lithium ion battery anode aging mechanisms. Materials 2013, 6, 1310–1325. [CrossRef] [PubMed]
33. Roselin, L.S.; Juang, R.-S.; Hsieh, C.-T.; Sagadevan, S.; Umar, A.; Selvin, R.; Hegazy, H.H. Recent Advances and Perspectives of

Carbon-Based Nanostructures as Anode Materials for Li-ion Batteries. Materials 2019, 12, 1229. [CrossRef] [PubMed]
34. Rao, Z.; Wang, S. A review of power battery thermal energy management. Renew. Sustain. Energy Rev. 2011, 15, 4554–4571. [CrossRef]
35. Amirault, J.; Chien, J.; Garg, S.; Gibbons, D.; Ross, B.; Tang, M.; Xing, J.; Sidhu, I.; Kaminsky, P.; Tenderich, B. The Electric

Vehicle Battery Landscape: Opportunities and Challenges; Technical Brief (2009.9); Center for Entrepreneurship & Technology (CET)
University of California: Berkeley, CA, USA, 2009.

36. Wanger, T.C. The lithium future—Resources, recycling, and the environment. Conserv. Lett. 2011, 4, 202–206. [CrossRef]
37. Zelinsky, M.A.; Koch, J.M.; Young, K.-H. Performance Comparison of Rechargeable Batteries for Stationary Applications (Ni/MH

vs. Ni–Cd and VRLA). Batteries 2018, 4, 1. [CrossRef]
38. Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18, 252–264. [CrossRef]
39. Lee, K.T.; Jeong, S.; Cho, J. Roles of Surface Chemistry on Safety and Electrochemistry in Lithium Ion Batteries. Acc. Chem. Res.

2013, 46, 1161–1170. Available online: https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?
direct=true&db=aph&AN=87704104&site=ehost-live (accessed on 11 January 2022). [CrossRef]

40. Scrosati, B.; Garche, J. Lithium batteries: Status, prospects and future. J. Power Sources 2010, 195, 2419–2430. [CrossRef]
41. Balakrishnan, P.; Ramesh, R.; Kumar, P. Safety mechanisms in lithium-ion batteries. J. Power Sources 2006, 155, 401–414. [CrossRef]
42. Chen, W.; Liang, J.; Yang, Z.; Li, G. A Review of Lithium-Ion Battery for Electric Vehicle Applications and Beyond. Energy Procedia

2019, 158, 4363–4368. [CrossRef]
43. Catenacci, M.; Verdolini, E.; Bosetti, V.; Fiorese, G. Going electric: Expert survey on the future of battery technologies for electric

vehicles. Energy Policy 2013, 61, 403–413. [CrossRef]
44. Cluzel, C.; Douglas, C. Cost and Performance of EV Batteries; Final Report for the Committee on Climate Change; Element Energy:

Cambridge, UK, 2012.
45. Christensen, J.; Albertus, P.; Sanchez-Carrera, R.S.; Lohmann, T.; Kozinsky, B.; Liedtke, R.; Ahmed, J.; Kojic, A. A critical review of

Li/air batteries. J. Electrochem. Soc. 2011, 159, R1–R30. [CrossRef]
46. Girishkumar, G.; McCloskey, B.; Luntz, A.; Swanson, S.; Wilcke, W. Lithium—Air battery: Promise and challenges. J. Phys. Chem.

Lett. 2010, 1, 2193–2203. [CrossRef]
47. Ebensperger, A.; Maxwell, P.; Moscoso, C. The lithium industry: Its recent evolution and future prospects. Resour. Policy 2005,

30, 218–231. [CrossRef]
48. Prior, T.; Wäger, P.A.; Stamp, A.; Widmer, R.; Giurco, D. Sustainable governance of scarce metals: The case of lithium. Sci. Total

Environ. 2013, 461–462, 785–791. [CrossRef]
49. Wadia, C.; Albertus, P.; Srinivasan, V. Resource constraints on the battery energy storage potential for grid and transportation

applications. J. Power Sources 2011, 196, 1593–1598. [CrossRef]
50. Miao, Y.; Liu, L.; Zhang, Y.; Tan, Q.; Li, J. An overview of global power lithium-ion batteries and associated critical metal recycling.

J. Hazard. Mater. 2021, 425, 127900. [CrossRef]
51. Dorn, F.M.; Peyré, F.R. Lithium as a Strategic Resource: Geopolitics, Industrialization, and Mining in Argentina. J. Lat. Am. Geogr.

2020, 19, 68–90. [CrossRef]
52. United States Geological Survey. Mineral Commodity Summaries 2021; United States Geological Survey: Reston, VI, USA, 2021.

Available online: https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf (accessed on 11 July 2021).

http://doi.org/10.1021/jz3013497
http://doi.org/10.1016/j.jtte.2021.09.001
http://doi.org/10.1016/j.rser.2018.06.044
http://doi.org/10.1038/srep27601
http://doi.org/10.1016/B978-1-78242-090-3.00001-8
http://doi.org/10.1016/j.jpowsour.2015.02.054
http://doi.org/10.1038/s41467-020-16259-9
http://doi.org/10.1038/s41467-020-17233-1
http://doi.org/10.3390/ma6041310
http://www.ncbi.nlm.nih.gov/pubmed/28809211
http://doi.org/10.3390/ma12081229
http://www.ncbi.nlm.nih.gov/pubmed/30991665
http://doi.org/10.1016/j.rser.2011.07.096
http://doi.org/10.1111/j.1755-263X.2011.00166.x
http://doi.org/10.3390/batteries4010001
http://doi.org/10.1016/j.mattod.2014.10.040
https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=87704104&site=ehost-live
https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=87704104&site=ehost-live
http://doi.org/10.1021/ar200224h
http://doi.org/10.1016/j.jpowsour.2009.11.048
http://doi.org/10.1016/j.jpowsour.2005.12.002
http://doi.org/10.1016/j.egypro.2019.01.783
http://doi.org/10.1016/j.enpol.2013.06.078
http://doi.org/10.1149/2.086202jes
http://doi.org/10.1021/jz1005384
http://doi.org/10.1016/j.resourpol.2005.09.001
http://doi.org/10.1016/j.scitotenv.2013.05.042
http://doi.org/10.1016/j.jpowsour.2010.08.056
http://doi.org/10.1016/j.jhazmat.2021.127900
http://doi.org/10.1353/lag.2020.0101
https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf


Sustainability 2022, 14, 1665 16 of 17

53. Vikström, H.; Davidsson, S.; Höök, M. Lithium availability and future production outlooks. Appl. Energy 2013, 110, 252–266. [CrossRef]
54. Gruber, P.W.; Medina, P.A.; Keoleian, G.A.; Kesler, S.E.; Everson, M.P.; Wallington, T.J. Global Lithium Availability. J. Ind. Ecol.

2011, 15, 760–775. [CrossRef]
55. Yaksic, A.; Tilton, J.E. Using the cumulative availability curve to assess the threat of mineral depletion: The case of lithium. Resour.

Policy 2009, 34, 185–194. [CrossRef]
56. Tabelin, C.B.; Dallas, J.; Casanova, S.; Pelech, T.; Bournival, G.; Saydam, S.; Canbulat, I. Towards a low-carbon society: A review

of lithium resource availability, challenges and innovations in mining, extraction and recycling, and future perspectives. Miner.
Eng. 2021, 163, 106743. [CrossRef]

57. Speirs, J.; Contestabile, M.; Houari, Y.; Gross, R. The future of lithium availability for electric vehicle batteries. Renew. Sustain.
Energy Rev. 2014, 35, 183–193. [CrossRef]

58. United States Geological Survey. Mineral Commodity Summaries; United States Geological Survey: Reston, VI, USA, 2016.
Available online: https://s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/production/mineral-pubs/mcs/mcs2
016.pdf (accessed on 21 August 2021).

59. Otto, J. Resources and reserves: Thoughts on their evolution. Miner. Econ. 2020, 33, 253–255. [CrossRef]
60. Dessemond, C.; Lajoie-Leroux, F.; Soucy, G.; Laroche, N.; Magnan, J.-F. Spodumene: The Lithium Market, Resources and Processes.

Minerals 2019, 9, 334. [CrossRef]
61. Ambrose, H.; Kendall, A. Understanding the future of lithium: Part 1, resource model. J. Ind. Ecol. 2020, 24, 80–89. [CrossRef]
62. Clarke, G.; Harben, P. Lithium Availability Wall Map; Gerry Clarke: London, UK, 2009.
63. Evans, K.R. An Abundance of Lithium: Part Two. Available online: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1

.363.1242&rep=rep1&type=pdf (accessed on 12 July 2021).
64. Fasel, D.; Tran, M. Availability of lithium in the context of future D–T fusion reactors. Fusion Eng. Des. 2005, 75-79, 1163–1168. [CrossRef]
65. Grosjean, C.; Miranda, P.H.; Perrin, M.; Poggi, P. Assessment of world lithium resources and consequences of their geographic dis-

tribution on the expected development of the electric vehicle industry. Renew. Sustain. Energy Rev. 2012, 16, 1735–1744. [CrossRef]
66. Kesler, S.E.; Gruber, P.W.; Medina, P.A.; Keoleian, G.A.; Everson, M.P.; Wallington, T.J. Global lithium resources: Relative

importance of pegmatite, brine and other deposits. Ore Geol. Rev. 2012, 48, 55–69. [CrossRef]
67. Kushnir, D.; Sandén, B. The time dimension and lithium resource constraints for electric vehicles. Resour. Policy 2012,

37, 93–103. [CrossRef]
68. Mohr, S.H.; Mudd, G.; Giurco, D. Lithium Resources and Production: Critical Assessment and Global Projections. Minerals 2012,

2, 65–84. [CrossRef]
69. Jiao, N.; Evans, S. Business Models for Sustainability: The Case of Second-life Electric Vehicle Batteries. Procedia CIRP 2016,

40, 250–255. [CrossRef]
70. UNEP. Recycling Rates of Metals—A Status Report; A Report of the Working Group on the Global Metal Flows to the International

Resource Panel; United Nations Environment Programme: Nairobi, Kenya, 2011.
71. Zhang, X.; Xie, Y.; Lin, X.; Li, H.; Cao, H. An overview on the processes and technologies for recycling cathodic active materials

from spent lithium-ion batteries. J. Mater. Cycles Waste Manag. 2013, 15, 420–430. [CrossRef]
72. Silwamba, M.; Nyambe, I.; Chirwa, M.; Banda, K.; Nakata, H.; Nakayama, S.; Ishizuka, M.; Ito, M.; Hiroyoshi, N.;

Tabelin, C.B.; et al. Detoxification of lead-bearing zinc plant leach residues from Kabwe, Zambia by coupled extraction-
cementation method. J. Environ. Chem. Eng. 2020, 8, 104197. [CrossRef]

73. Silwamba, M.; Ito, M.; Hiroyoshi, N.; Tabelin, C.B.; Hashizume, R.; Fukushima, T.; Park, I.; Jeon, S.; Igarashi, T.; Sato, T.; et al.
Recovery of Lead and Zinc from Zinc Plant Leach Residues by Concurrent Dissolution-Cementation Using Zero-Valent Aluminum
in Chloride Medium. Metals 2020, 10, 531. [CrossRef]

74. Li, L.; Deshmane, V.G.; Paranthaman, M.P.; Bhave, R.; Moyer, B.A.; Harrison, S. Lithium Recovery from Aqueous Resources and
Batteries: A Brief Review. Johns. Matthey Technol. Rev. 2018, 62, 161–176. [CrossRef]

75. Xu, J.; Thomas, H.R.; Francis, R.W.; Lum, K.R.; Wang, J.; Liang, B. A review of processes and technologies for the recycling of
lithium-ion secondary batteries. J. Power Sources 2008, 177, 512–527. [CrossRef]

76. Dutta, D.; Kumari, A.; Panda, R.; Jha, S.; Gupta, D.; Goel, S.; Jha, M.K. Close loop separation process for the recovery of Co, Cu,
Mn, Fe and Li from spent lithium-ion batteries. Sep. Purif. Technol. 2018, 200, 327–334. [CrossRef]

77. Huang, T.; Liu, L.; Zhang, S. Recovery of cobalt, lithium, and manganese from the cathode active materials of spent lithium-ion
batteries in a bio-electro-hydrometallurgical process. Hydrometallurgy 2019, 188, 101–111. [CrossRef]

78. Zhuang, L.; Sun, C.; Zhou, T.; Li, H.; Dai, A. Recovery of valuable metals from LiNi0.5Co0.2Mn0.3O2 cathode materials of spent
Li-ion batteries using mild mixed acid as leachant. Waste Manag. 2019, 85, 175–185. [CrossRef]

79. Yao, Y.; Zhu, M.; Zhao, Z.; Tong, B.; Fan, Y.; Hua, Z. Hydrometallurgical Processes for Recycling Spent Lithium-Ion Batteries: A
Critical Review. ACS Sustain. Chem. Eng. 2018, 6, 13611–13627. [CrossRef]

80. Roy, J.J.; Cao, B.; Madhavi, S. A review on the recycling of spent lithium-ion batteries (LIBs) by the bioleaching approach.
Chemosphere 2021, 282, 130944. [CrossRef]

81. Zheng, X.; Zhu, Z.; Lin, X.; Zhang, Y.; He, Y.; Cao, H.; Sun, Z. A Mini-Review on Metal Recycling from Spent Lithium Ion Batteries.
Engineering 2018, 4, 361–370. [CrossRef]

82. Ordoñez, J.; Gago, E.; Girard, A. Processes and technologies for the recycling and recovery of spent lithium-ion batteries. Renew.
Sustain. Energy Rev. 2016, 60, 195–205. [CrossRef]

http://doi.org/10.1016/j.apenergy.2013.04.005
http://doi.org/10.1111/j.1530-9290.2011.00359.x
http://doi.org/10.1016/j.resourpol.2009.05.002
http://doi.org/10.1016/j.mineng.2020.106743
http://doi.org/10.1016/j.rser.2014.04.018
https://s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/production/mineral-pubs/mcs/mcs2016.pdf
https://s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/production/mineral-pubs/mcs/mcs2016.pdf
http://doi.org/10.1007/s13563-019-00187-2
http://doi.org/10.3390/min9060334
http://doi.org/10.1111/jiec.12949
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.363.1242&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.363.1242&rep=rep1&type=pdf
http://doi.org/10.1016/j.fusengdes.2005.06.345
http://doi.org/10.1016/j.rser.2011.11.023
http://doi.org/10.1016/j.oregeorev.2012.05.006
http://doi.org/10.1016/j.resourpol.2011.11.003
http://doi.org/10.3390/min2010065
http://doi.org/10.1016/j.procir.2016.01.114
http://doi.org/10.1007/s10163-013-0140-y
http://doi.org/10.1016/j.jece.2020.104197
http://doi.org/10.3390/met10040531
http://doi.org/10.1595/205651317X696676
http://doi.org/10.1016/j.jpowsour.2007.11.074
http://doi.org/10.1016/j.seppur.2018.02.022
http://doi.org/10.1016/j.hydromet.2019.06.011
http://doi.org/10.1016/j.wasman.2018.12.034
http://doi.org/10.1021/acssuschemeng.8b03545
http://doi.org/10.1016/j.chemosphere.2021.130944
http://doi.org/10.1016/j.eng.2018.05.018
http://doi.org/10.1016/j.rser.2015.12.363


Sustainability 2022, 14, 1665 17 of 17

83. Barik, S.; Prabaharan, G.; Kumar, B. An innovative approach to recover the metal values from spent lithium-ion batteries. Waste
Manag. 2016, 51, 222–226. [CrossRef]

84. Chen, X.; Ma, H.; Luo, C.; Zhou, T. Recovery of valuable metals from waste cathode materials of spent lithium-ion batteries using
mild phosphoric acid. J. Hazard. Mater. 2017, 326, 77–86. [CrossRef]

85. He, L.-P.; Sun, S.-Y.; Song, X.-F.; Yu, J.-G. Leaching process for recovering valuable metals from the LiNi1/3Co1/3Mn1/3O2
cathode of lithium-ion batteries. Waste Manag. 2017, 64, 171–181. [CrossRef]

86. Li, L.; Fan, E.; Guan, Y.; Zhang, X.; Xue, Q.; Wei, L.; Wu, F.; Chen, R. Sustainable Recovery of Cathode Materials from Spent
Lithium-Ion Batteries Using Lactic Acid Leaching System. ACS Sustain. Chem. Eng. 2017, 5, 5224–5233. [CrossRef]

87. Purnomo, C.W.; Kesuma, E.P.; Perdana, I.; Aziz, M. Lithium recovery from spent Li-ion batteries using coconut shell activated
carbon. Waste Manag. 2018, 79, 454–461. [CrossRef]

88. Sun, Y.; Zhu, M.; Yao, Y.; Wang, H.; Tong, B.; Zhao, Z. A novel approach for the selective extraction of Li+ from the leaching
solution of spent lithium-ion batteries using benzo-15-crown-5 ether as extractant. Sep. Purif. Technol. 2019, 237, 116325. [CrossRef]

89. Barrios, O.C.; González, Y.C.; Barbosa, L.I.; Orosco, P. Chlorination roasting of the cathode material contained in spent lithium-ion
batteries to recover lithium, manganese, nickel and cobalt. Miner. Eng. 2021, 176, 107321. [CrossRef]

90. Gaines, L.; Nelson, P. Lithium-Ion Batteries: Examining Material Demand and Recycling Issues, The Minerals. In Proceedings of
the Metals and Materials Society 2010 Annual Meeting, Seattle, WA, USA, 14–18 February 2010.

91. DeRousseau, M.; Gully, B.; Taylor, C.; Apelian, D.; Wang, Y. Repurposing Used Electric Car Batteries: A Review of Options. Jom
2017, 69, 1575–1582. [CrossRef]

92. Marcos, J.; Scheller, C.; Godina, R.; Spengler, T.; Carvalho, H. Sources of uncertainty in the closed-loop supply chain of lithium-ion
batteries for electric vehicles. Clean. Logist. Supply Chain 2021, 1, 100006. [CrossRef]

93. Egbue, O.; Long, S. Critical Issues in the Supply Chain of Lithium for Electric Vehicle Batteries. Eng. Manag. J. 2012, 24, 52–62.
Available online: https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=
aph&AN=84608288&site=ehost-live (accessed on 1 September 2021). [CrossRef]

94. Shao, L.; Hu, J.; Zhang, H. Evolution of global lithium competition network pattern and its influence factors. Resour. Policy 2021,
74, 102353. [CrossRef]

95. Tian, X.; Geng, Y.; Sarkis, J.; Gao, C.; Sun, X.; Micic, T.; Hao, H.; Wang, X. Features of critical resource trade networks of lithium-ion
batteries. Resour. Policy 2021, 73, 102177. [CrossRef]

96. Egbue, O.; Long, S. Barriers to widespread adoption of electric vehicles: An analysis of consumer attitudes and perceptions.
Energy Policy 2012, 48, 717–729. [CrossRef]

97. Statistica. Range of Selected MY 2019 and MY 2020 Electric Vehicle Models in the U.S.; Statistica: New York, NY, USA, 2021. Available
online: https://www.statista.com/statistics/797331/electric-vehicle-battery-range/ (accessed on 8 August 2021).

98. Ziemann, S.; Müller, D.B.; Schebek, L.; Weil, M. Modeling the potential impact of lithium recycling from EV batteries on lithium
demand: A dynamic MFA approach. Resour. Conserv. Recycl. 2018, 133, 76–85. [CrossRef]

99. Maxwell, P.; Mora, M. Lithium and Chile: Looking back and looking forward. Miner. Econ. 2019, 33, 57–71. [CrossRef]
100. International Energy Agency. Technology Roadmap: Electric and Plug-In Hybrid Electric Vehicles; T.R. International Energy Agency:

Paris, France, 2011.
101. International Energy Agency. Energy Technology Perspectives 2020; IEA International Energy Agency: Paris, France, 2020. Available

online: https://www.iea.org/reports/energy-technology-perspectives-2020 (accessed on 8 August 2021).

http://doi.org/10.1016/j.wasman.2015.11.004
http://doi.org/10.1016/j.jhazmat.2016.12.021
http://doi.org/10.1016/j.wasman.2017.02.011
http://doi.org/10.1021/acssuschemeng.7b00571
http://doi.org/10.1016/j.wasman.2018.08.017
http://doi.org/10.1016/j.seppur.2019.116325
http://doi.org/10.1016/j.mineng.2021.107321
http://doi.org/10.1007/s11837-017-2368-9
http://doi.org/10.1016/j.clscn.2021.100006
https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=84608288&site=ehost-live
https://login.libpdb.d.umn.edu:2443/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=84608288&site=ehost-live
http://doi.org/10.1080/10429247.2012.11431947
http://doi.org/10.1016/j.resourpol.2021.102353
http://doi.org/10.1016/j.resourpol.2021.102177
http://doi.org/10.1016/j.enpol.2012.06.009
https://www.statista.com/statistics/797331/electric-vehicle-battery-range/
http://doi.org/10.1016/j.resconrec.2018.01.031
http://doi.org/10.1007/s13563-019-00181-8
https://www.iea.org/reports/energy-technology-perspectives-2020

	Introduction 
	Energy Storage for PEVs 
	Lead Acid Batteries 
	Nickel Metal Hydride Batteries 
	Lithium-Ion Batteries 
	Other Energy Storage Technologies 

	Lithium End Use 
	Occurrence and Availability of Lithium 
	Geological Overview 
	Lithium Resources and Reserves 
	Recycling 
	Future Supply 
	Other Factors That Affect Lithium Supply 

	Demand Forecast for Lithium 
	PEV Battery Size 
	Lithium Intensity 
	Future Demand 

	Conclusions and Future Perspectives 
	References

