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The demand for lithium has increased significantly during the last decade as it
has become key for the development of industrial products, especially bat-
teries for electronic devices and electric vehicles. This article reviews sources,
extraction and production, uses, and recovery and recycling, all of which are
important aspects when evaluating lithium as a key resource. First, it de-
scribes the estimated reserves and lithium production from brine and peg-
matites, including the material and energy requirements. Then, it continues
with a description about the current uses of lithium focusing on its application
in batteries and concludes with a description of the opportunities for recovery
and recycling and the future demand forecast. The article concludes that the
demand of lithium for electronic vehicles will increase from 30% to almost 60%
by 2020. Thus, in the next years, the recovery and recycling of lithium from

batteries is decisive to ensure the long-term viability of the metal.

INTRODUCTION

New technologies often mean new ways of producing
and consuming material and energy sources. In gen-
eral, technologies are becoming more sophisticated,
and products require the use of materials that are often
nonrenewable and scarce. Among those materials,
metals have potentially important applications in
technologies such as rechargeable batteries for hybrid
and electric cars, permanent magnets for maglev
trains, wind turbines and motors, and solar panels.®
Even though such metals are used in low concentra-
tions, demand has risen significantly, and conse-
quently, their availability and potential recovery needs
to be considered.>* Some of these metals are geologi-
cally scarce or sometimes not found in conveniently
recoverable concentrations.* Their recovery is also
difficult and not economically feasible because they are
used in alloys with other metals such as iron or in low
concentration. For example neodymium (Nd), a rare-
earth metal used for neodymium-iron-boron (Nd-Fe-B)
magnets in hard disk drives for personal computers,
forms extremely stable compounds with elements like
oxygen, which makes its reuse and recycling very
difficult. As a result, almost the entire amount of
neodymium is dissipated and ends as a waste.” We are
especially concerned with the increase in the
demand for certain metals due to the rapid
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development of new technologies, particularly
because their availability can limit the lifetime of such
technologies.

Although lithium has a low supply risk and there
are possible substitutes depending on its applica-
tions, it is considered a critical metal due to its high
economic importance.®” Most of its economic
importance is as a material for the production of
batteries for portable information technologies de-
vices, as laptop computers and mobile }ghones, and
as a key component for electric vehicles.® Lithium is
the lightest and the most highly reducing of metals,
which confers to batteries the highest gravimetric
and volumetric energy densities (typically over
160 Wh/kg and 400 Wh/L), 50% greater than con-
ventional batteries.® Even though the initial uses of
lithium were as a hardener in lead alloy-bearing
material, as an additive in frits and glass formula-
tions, and as an industrial catalyst, currently,
among those applications its employment in sec-
ondary batteries is the most rapidly expanding
market.'® Between 2000 and 2007, the production
of lithium secondary batteries grew by 25%.'! For
instance, lithium ion secondary batteries are replac-
ing nickel metal hybrid (NiMH) batteries used in the
first commercialized electric vehicles because they
have higher energy densities, which improve oper-
ation. Electric vehicle mass production started in
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2011-2012 and is expected to increase progressively
between 3% and 10% from 2020 to 2025.'2 As result,
accounting for the material and energy flows related
to the life cycle of lithium, particularly in batteries
has turned a necessity in order to assess the feasi-
bility of future technologies containing lithium
derived materials.

The aim of this article is to describe the sources,
production, and uses of lithium from a strictly re-
source point of view to shed some light on the
availability of lithium-containing technologies.
First, the article explains the sources of lithium,
analyzes its current production processes, and
describes its uses on a global scale. Then, it de-
scribes the current recovery and recycling, and it
estimates how increasing demand for lithium bat-
teries can affect its production. The article finishes
with a forecast on the future demand of lithium for
batteries of electric vehicles.

SOURCES

The major sources of lithium are contained in
brine lake deposits (also referred as salars*) and
pegmatites. Brines with high lithium (about 0.3%)
concentration are located in Salars of Chile, Bolivia,
and Argentina. Salars with lower lithium concen-
tration are located in the United States and the
Tibetan Plateau.'® Pegmatites are coarse-grained
igneous rocks formed by the crystallization of
magma at depth in the crust. Lithium is currently
extracted from 13 pegmatite deposits; the largest
production mine is Greenbushes in Australia.'
Other potential sources of supply of lithium are
clays and seawater.!®'® Lithium from clays can be
recovered by limestone-gypsum roasting and selec-
tive chlorination, and by limestone-gypsum roast-
water leach process at recovery rates of 20% and
80%, respectively.'® Lithium concentration in sea-
water is rather small (0.17 ppm) compared with
concentration in salars (1000-3000 ppm) and the
magnesium lithium ratio is high.'® About 20% of
the lithium in seawater can be recovered by ion-
exchange resins, solvent extraction, co-precipita-
tion, membrane processes, and adsorption. Among
the listed methods, adsorption using manganese
dioxides (A-MnQOy) to recover lithium as a chloride
salt seems to be the most promising because of its
high sorption capacity in alkaline medium.”
Although the energy requirement has been reduced
significantly from 1386 GJ to 288 GJ per kilogram
of lithium, it is still too high to develop the process
at industrial scale.'”

*A salar, also referred as a dry lake, is a superficial lake con-
sisting in fine-grained sediments with high concentration of al-
kali salts (chlorines, sulfates, nitrates, borates, etc.).
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Lithium reserves** estimates vary from 4 million
tonnes to 30 million tonnes.'®!® In 2011, a detailed
study examining data from 103 deposits containing
lithium estimated lithium reserves in 39 million ton-
nes.'* Such differences in reserves are due to the
availability of information and the assumptions for
quantifying the feasibility of recovering lithium. The
economic feasibility depends on the size of the deposit,
the content of lithium, the content of other elements
(such calcium and magnesium, which might interfere
during extraction and processing), and the processes
used to remove the lithium-bearing material and ex-
tract lithium from it. Kunasz'® argued that some of
those estimates are overvalued as calculations fol-
lowed hard rock deposit guidelines. Brines are fluids,
as various elements occur as ions in a dynamic fluid,
rather than being chemically bonded in a solid. A
preliminary resource estimate should include the flow
potential and hydraulic parameters, as there are fine-
grained sediments that will not release brine upon
pumping and thus must not be included for the
resource estimates.'® In addition, the classification of
a deposit as resource or reserve can change as
extraction and production technology develops further
and more resources will become reserves in time.

Despite the market downturn from 2009, new
companies are exploring for lithium reserves. In June
2010, vast lithium deposits were discovered in north-
ern Afghanistan.?° Lithium is available in three main
types of deposits: pegmatite and spodumene, miner-
alized springs, and salar sediments, which are esti-
mated in 1.27 million tonnes of lithium oxide (LisO)
with grades from 1% to 2.31%.2" As consequence,
Afghanistan could eventually be transformed into one
of the most important mining centers in the world and
change the future of lithium market.

PRODUCTION AND EXTRACTION OF
LITHIUM

The production capacities and amounts of metals
reported in statistics show that the metallurgical
industry is a rapidly moving sector, especially with
the increasing application of metals by new tech-
nologies. Lithium is one of the metals whose de-
mand has almost doubled in the past 5 years. In
2011, the world lithium production was 34800 ton-
nes, an increase of almost 30% from that of 2010,
and 77% more than that of 2009.2%?3 Almost 60% of
the world’s lithium is still obtained from brines. The
amount of lithium from pegmatites almost doubled
its production from 2010, despite its high energy
and transport costs of pegmatites as spodumene
occurs in relatively small deposits. In recent years,
the production of lithium from spodumene has

**Reserves are the part of the resource that can be currently
economically extracted or produced.
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gained importance (I) as its price and application in
batteries has increased and (II) as an additional
source of tantalum, a scarce metal with high eco-
nomic value used for cagacitors in most of electrical
and electronic circuits.

Figure 1 shows the sources of the world production
of lithium in 2011. From brine, 108100 tonnes were
recovered, which supplied 20690 tonnes of lithium.
More than 60% of the production of lithium from
brines originated from Chile. China and Argentina
supplied 20% and 14%, respectively. The rest of
lithium production (14110 tonnes) was supplied by
the extraction of pegmatites. Almost 85% was pro-
duced from spodumene in Greenbushes (Australia),
and the rest was obtained from a mixture of pegma-
tites in Zimbabwe and concentrates from Brazil and
China, which used spodumene imported from Aus-
tralia.'®?? Pegmatites are generally further pro-
cessed to lithium carbonate and lithium chloride,
although there is not enough information to quantify
their production from each source in Fig. 1.

Figure 1 can also serve to estimate the waste gen-
erated from lithium production in 2011. In overall,
only 6% of the total amount of lithium compounds
extracted is actually lithium, the remaining 94% of
the resources are other substances that will end up as
waste. As illustrated, each tonne of lithium requires
5.22 tonnes and 35.56 tonnes of brine and pegmatite,
respectively. Thus, in terms of mass, the production of
lithium from brine is more efficient than the produc-
tion from pegmatites. Capacity use among the current
lithium producers is more than 80%, reflecting a rel-
atively tight market between lithium production and
consumption.?? As result, worldwide lithium resource
exploration has increased significantly since 2010,
and most lithium producers plan to increase their
capacities in the next years. For instance, the com-
pany Sociedad Quimica y Minera de Chile, which
supplies 31% of the world lithium market, increased
lithium carbonate and lithium hydroxide production
capacities to 48000 tonnes and 6000 tonnes, respec-
tively, in 2011.%2
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From Brine Lakes

Lithium from brine is obtained as lithium car-
bonate (LioCO3) by the lime soda evaporation pro-
cess, which consists on evaporating salty water for
12—-18 months in ponds using solar energy. Because
evaporation is done using solar energy, the pro-
duction of lithium from dry lakes is the most
affordable and competitive of all processes.'® Brine
contains a mixture of salts such as chlorides and
sulfates of sodium, potassium, calcium, magnesium,
boron, and lithium that are recovered by evapora-
tion in ponds. The most interfering substance is
magnesium, which is removed by two-step precipi-
tation using sodium carbonate (Na;CO3) and lime
(Ca0).'¢

The best evaporation rates are achieved in strong
solar radiation, low humidity, moderately intense
winds, and low rainfall conditions. During evapo-
ration processes, other important factors to take
into account are lithium concentration and the
magnesium lithium ratio. High magnesium lithium
ratios slow down evaporation rates and reduce the
yield.'® For example, lithium recovery is not possi-
ble in Salar Uyumi, the world largest lithium re-
source due to its elevated location and high
magnesium lithium ratio. The world’s greatest
lithium salt deposits are Salar de Atacama in Chile
and Salar del Hombre Muerto located in Argentina.
Salar de Atacama’s brine has a lithium content of
0.15% and a high magnesium lithium ratio (6.4), but
the climate is ideal for achieving high rates of
evaporation. The lithium concentration of Salar del
Hombre Muerto is half that of Atacama but the
magnesium lithium ratio is lower; thus, solar
evaporation is feasible.'®

The extraction of lithium carbonate (LioCO3) from
Salars generates sodium chloride (NaCl) as a by-
product. Each tonne of lithium carbonate (Li;CO3)
requires 1.8 tonnes of sodium carbonate (NayCO3)
and approximately between 12.53 and 18.80 GJ/m?
of solar radiation.'®

108,100 tonnes of Li compounds
20,690 tonnes of Li

Lithium

609,800 tonnes of Li compounds
34,800 tonnes of Li

1.615{ Lithium chloride (LiCl) ‘

| Brine i i ‘ Lithium hydroxide (LiOH) ‘

18,067 | Lithium carbonate (Li,CO;)

Spodumene (Li,0-Al,05-4Si0,)

501,700 tonnes of Li compounds

Pegmatites

12,500 - -
Mix of minerals:
1,290 | spodumene (Li,0-Al,0545i0;)
lepidolite (KLiAl{Al,Si)30:4(FOH,)

14,110 tonnes of Li

Fig. 1. Production sources of lithium in 2011 (in tonnes).??

petalite (LiAlSi.040)
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From Pegmatites

Lithium is found in more than 145 different
minerals, but it is extracted only from spodumene
(L120A120348102), lepldohte (KL]QA](AI,SI)gOlO
(F,OH)y), petalite (LiAlSi401g), amblygonite ((Li,Na)
AIPO4(F,0OH)), and eucriptite (LiAlSiO4). Among
those, spodumene is the most abundant lithium ore.
The naturally occurring form contains 8% pure
lithium oxide (LizO), but commercial ores usually
contain only 1-3%. Spodumene concentrate is used
to produce lithium carbonate (Li;CO3) and then
lithium metal. Lithium carbonate (Li,CO3) is eco-
nomically more competitive because of its higher
lithium content, but for certain applications such as
pharmaceutical and plastics, lithium metal is still
preferred.

Table I gives the material and energy inputs
required for the production of 1 tonne of lithium
carbonate (LisCOj3). The production of lithium from
spodumene starts with a heating process in a
rotary kiln at 1100°C to change a-spodumene to
f-spodumene, a more amenable form to chemical
attack.

Then, f-spodumene is cooled at 65°C, grounded
(< 149 pum), mixed, and roasted with concentrated
sulfuric acid (H3SO,4) at 250°C. Through this pro-
cess, the hydrogen of the sulfuric acid is replaced
by lithium ions to generate lithium sulfate
(LisSO,4) and an insoluble ore residue. The excess
of sulfuric acid is neutralized with limestone
(CaCOg3). The resulting slurry is after that filtered
to separate ore residues resulting in a concen-
trated calcium sulfate (CasSO4) solution free of
iron and aluminum. Magnesium content is pre-
cipitated using lime (CaO) and then calcium using
soda ash (NayCOj3) generated as by-products dur-
ing precipitation of sodium sulfate (Na,SO,). After
filtration, the solution is pH adjusted with sulfuric
acid (HySO,) and concentrated by multiple-effect
evaporation, then the lithium carbonate (LioCO3)
is precipitated at 90°C to 100°C with a soda ash
(NagCOg3) solution, centrifuged, washed, and
dried.10’15’24

Table I. Material and energy inputs for the
production of 1 tonne of lithium carbonate from
Spodumene®?

Materials Amount Units
Spodumene (Liz0-Al;034Si05) 1.34 tonnes
Sulfuric acid (H5SO4) 0.48 tonnes
Soda ash (NayCOs) 0.52 tonnes
Water (H,0) 24.00 tonnes
Utilities

Natural gas 1.66 GJ
Electricity* 1.01 Gd

*Electricity is given based on the mix in the European Union
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Production of Lithium Manganese Oxide
(LMO) for Batteries

Lithium carbonate is the raw material to produce
many lithium-derived compounds, including the
cathode and electrolyte material for lithium ion
batteries (LIBs). Dunn et al.?® estimated that the
energy use to produce 1 kg of LMO in Chile and the
United States is 30 and 36 MJ, respectively. Despite
the energy use to transport soda ash for Li;COj
production from the United States to Chile, LMO
from the United States still has the greatest energy
demand due to more dilute lithium in brine, higher
lime consumption, and combustion of residual oil.
For a battery used in an electric vehicle (EV), the
total energy use is 75 MdJ per kg of battery. The
cathode material contributes between 10% and 14%
of the cradle-to-gate energy use whereas battery
assembly adds 6%.

USES OF LITHIUM

Lithium is extracted from brine and spodumene
as lithium carbonate (LisCOj3), which is directly
used or further processed.??® Spodumene and
lithium carbonate (LioCOg) are used to lower the
boiling points and increase resistance to thermal
expansion in ceramic and glass applications. Lith-
ium carbonate (Li;COg3) is further processed to
lithium hydroxide (LiOH) and lithium chloride
(LiCl). Lithium hydroxide (LiOH) is used for pro-
ducing special inorganic compounds as absorbers of
carbon dioxide or further processed to lithium
phosphate (LigPO,), lithium hypochlorite (LiOCl),
lithium oxide (Li»0), peroxide (Li»O5), and others to
be used as catalysts, in sanitation, neutron absor-
ber, and photographic developer solutions. Lithium
chloride (LiCl) is used as electrolyte in batteries or
further processed to produce lithium metal for lead
and magnesium alloys, lithium hydride (LiH) for
high-purity silane, and lithium nitride (LisN) used
as catalyst.'® Lithium has also some dissipative
uses as lubricating greases, medical and pharma-
ceutical use, air treatment, and sanitation.

Figure 2 shows the main applications of lithium-
containing chemicals and the quantities used in
each application accounted for in tonnes of lith-
ium.'® As observed in the figure, more than 40% of
lithium is used in the form of lithium carbonate
(LioCO3) for primary aluminum production, contin-
uous casting, and ceramics and glass, as well as in
batteries. The rest of lithium is used for producing
intermediates as lithium hydroxide (LiOH), lithium
chloride (LiCl), and metal lithium. Unfortunately,
the amounts of intermediates are not available, and
current published data do not permit to develop a
more precise substance flow analysis of lithium. For
instance, lithium used in batteries, which is esti-
mated to be 6940 tonnes, can be in the form of
lithium carbonate, lithium hydroxide, and lithium
metal. The amount of each of these substances is not
disclosed in current statistics.
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As illustrated in Fig. 2, almost 75% of lithium is
added to the stock of end products as aluminum,
casting, glass and ceramics, and Dbatteries.
Depending on the lifetime of these products, this
lithium could in theory be recovered at some point
in the future. Batteries, for example, which are
responsible for the consumption of 6940 tonnes of Li
in 2011, can have a lifetime between 2 and 10 years
at the end of which they could either be recycled,
kept in stock “forever,” or be discarded as waste.
The remaining 25% of lithium used in end-use
products such as lubricants, greases, rubber, and
pharmaceuticals is regarded as dissipative uses and
assumed to end up as waste. In some uses such as
catalysts or absorbers, lithium is most likely recy-
cled within the process but eventually will become
waste because this is not a recoverable fraction. In
2011, about 3% of lithium was recycled and reused
within the battery manufacturing industries, as can
be seen in Fig. 2. The increase in demand for lith-
ium and the recycling targets set by some econo-
mies, as the European Commission, is expected to
drive more interest to its recycling.

Lithium in Batteries

Lithium’s use in secondary batteries has experi-
enced the largest market growth among all the other
sectors. For instance, between 2000 and 2009, the
number of secondary batteries increased from
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500 million cells to 3.1 million cells, and it is still due
to increase.?” Lithium in batteries can be used in
many combinations of active materials: for the
anode, cathode, and electrolyte. Each combination
affects voltage, energy density, and charging/dis-
charging cycles. Lithium batteries can be divided in
primary (one wuse) and secondary batteries
(rechargeable). Primary batteries use metallic lith-
ium as an anode and a salt of lithium dissolved in an
organic solvent as an electrolyte. The most com-
mercialized lithium primary batteries use manga-
nese dioxide (MnQOy), thionyl chloride (SOCly), iron
sulfide (FeS,), and sulfur dioxide (SO,) as a cath-
ode.?® Primary batteries are button and cylindrical
shaped and are used in calculators, cameras, com-
puters, electronic games, watches, and other de-
vices. Secondary batteries use graphite as an anode,
lithium metal oxide (LiMeO,) as a cathode, and a
lithium salt in an organic solvent as an electrolyte.
The most commercialized lithium secondary batter-
ies are lithium ion (Li-ion) and polymer (Li-poly). In
2008, the lithium cathode most used in lithium ion
batteries was 75% lithium cobalt oxide (LiCo00O,), 8%
lithium manganese oxide (LiMny0,4), and 2% lithium
ferrophosphate (LiFeP0Q,).?” The electrolytes used
are lithium hexafluorophosphate (LiPFg), lithium
perchlorate (LiClO4), and lithium tetrafluoroborate
(LiBF,).?° Lithium polymer batteries use as elec-
trolyte a polymer as polyethylene oxide (PEG) and
polyacrylonitrile (PAN) instead of a lithium salt.

Lithium from brines
20,690 tonnes

Lithium from pegmatites
14,110 tonnes

Lithium
34,800 tonnes

Lithium Carbonate

Lithium hydroxide ] 1 Lithium
(LiOH) chloride (LiCl)

(LizCO3)
9,100
Specialty
inorganics
515 1,285 7,450 4,110

Otheruses:
Catalyst,
Absorber,
Sanitation,
Solutions

Continuous Ceramics
casting and glass

Primary
aluminum
production

1,030

Metal Lithium
‘

3,085 6,940 770 515

Lubricants and [ Batteries ] Rubberand Pharmaceuticals
E - Thermoplastics
208

Recycling

Stock
25,290 tonnes of Li

Waste W
9,510 tonnes of Li

Fig. 2. Global lithium balance for 2011 (tonnes).
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Secondary lithium batteries are used in cordless
tools, portable computers and telephones, video
cameras, tablets, and electric vehicles.

The lithium content in batteries varies from
0.60 g to 4.00 g in primary batteries and from 0.35 g
to 26.00 g in secondary batteries. Table II shows
how the lithium content of different types of pri-
mary and secondary lithium batteries varies also
with the chemistry of the anode and cathode.

The worldwide rechargeable battery market is
dominated by lithium ion batteries (51%) followed
by NiMH (22%), NiCd (17%), and lithium polymer
(10%).2” Lithium batteries reduce the weight by half
and volume by 20% to 50% compared to the same
capacity NiCd and NiMH. Lithium ion batteries also
provide three times the voltage of NiCd and NiMH;
thus, it helps reduce the dimension of electronic
devices and allows partial charging.

In 2011, the major applications of lithium batteries
are in portable personal computers (41%) and mobile
phones (24%), and the remaining 35% are others like
tablets (6%), power tools (5%), e-bikes (5%), automo-
biles (5%), digital cameras and camcorders (5%), toys
and video games (2%), household devices (2%), MP3
players (1%), and other electronic devices (4%).%° Only
in 2009, the units of lithium secondary cells increased
from 500 million to 3100 million, which contains
4140 tonnes of lithium.?” The demand for lithium
batteriesis still expected to increase from the portable
electronics and automotive industries. As China is
recognized as a major base of production for lithium
batteries, major automobile and established battery
manufacturers have taken different actions to secure
low-cost supply of lithium. Such actions include pur-
chasing a part of lithium-producing companies,
diversifying lithium sources, establishing partner-
ships to build battery plants for hybrid and electric-
drive vehicles, and beginning mass production of Li
ion batteries. On the other hand, spent batteries are
becoming an attractive source for lithium supply.?

RECOVERY AND RECYCLING

Lithium recovery and recycling can happen dur-
ing mining and processing (preconsumer recycling)
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and at the disposal of lithium-containing products
(postconsumer recycling). Estimating the recycling
rates of pre-consumer recycling is easier because
the sources of waste generation are well known and
also waste is generated continuously and scaled in
relation to product production. Postconsumer recy-
cling is harder to estimate as some lithium appli-
cations, such as lubricating greases, medical and
pharmaceutical use, and sanitation, are dissipative.
Nondissipative uses of lithium, such as in alumi-
num production and casting, metal alloys, and bat-
teries, are also hard to estimate due to its low
content and the time to reach the waste manage-
ment sector. Among nondissipative uses, batteries
are attracting the most attention as they represent
a high market share of lithium uses (27%), and
battery production is due to increase as result of the
implementation of electric vehicles.

Primary batteries use metallic lithium as an
anode and a salt of lithium dissolved in an organic
solvent as an electrolyte. Lithium anodes can be
used to produce secondary lithium batteries, and
lithium electrolyte can be separated and converted
to lithium carbonate (Li;COs) for resale.?! Second-
ary batteries use a lithium metal oxide as a cathode
(LiCo0O,, LiNiO,, and LiMn;0O4) and an organic
liquid dissolved with substances like LiClO4, LiBFy,
and LiPFg as an electrolyte. In secondary batteries,
lithium can be recovered from cathodes.

The processes used for recycling recharge-
able batteries are as follows: hydrometallurgical,
intermediate 3physical, direct physical, and pyro-
metallurgical.®® The recovered lithium from hydro-
metallurgical, intermediate, and direct physical
processes must undergo further processing to
regenerate it into a useable material.*® Hydromet-
allurgy is the main method to recycle lithium cobalt
oxide (LiCoOs) from spent LIBs. The leaching of
LiCoOsis usually carried out by using inorganic acids
such as sulfuric acid (HySO,), hydrochloric acid
(HC1), and nitric acid (HNO3) as leaching agents, and
hydrogen peroxide (H;05) is usually added to convert
cobalt to the +2 state for subsequent recovery by
electrochemical, precipitation, or solvent extraction
techniques.?* Hydrometallurgy can also be used to

Table II. Lithium content in primary and secondary batteries®

8

Chemistry

Primary batteries
Lithium manganese-dioxide (Li-MnO,)

Lithium iron disulfide (Li-FeS,)

Lithium thionyl chloride (Li-SOCly)

Lithium sulfur dioxide (Li-SOs,)
Secondary batteries

Lithium cobalt dioxide ion (Li-CoQOs)

Lithium ion industrial battery pack (Li-ion)
Lithium cobalt dioxide polymer (Li-poly)

Type Lithium content per cell (g)
Button/coin 0.05-0.10
Cylindrical 0.60—4.00
Cylindrical 1.35
Cylindrical 0.60-2.75
Cylindrical 2.10
Cylindrical 0.35-0.65

Prismatic 2.46
Prismatic 16.00-26.00
Prismatic 0.30-3.10
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recover lithium from lithium manganese oxide
(LiMn50O,). By this process, the cathode-containing
lithium compounds are treated by a bath of N-meth-
ylpyrrolidone to separate aluminum. Next it is cal-
cined, ground, and the metals are leached with
hydrogen peroxide (HyO3) and organic acid. The
lithium can then precipitate as LioCOs3, and next it is
fired with manganese oxide (MnyOs3) to produce
LiMn,0,.?° By intermediate physical processes,
spent batteries are shredded and then separated in
components (metals, paper, plastic, and ablack mass)
by a series of physical steps. The black mass is further
chemically processed with sodium carbonate
(NayCO3) to produce lithium carbonate (LioCOs3).
Lithium is recovered as lithium carbonate (LioCO3),
which can be combined with virgin MnsO; to yield
LiMn204.2° By direct physical processing, LIBs are
discharged and disassembled to the cell level. Then,
the electrolyte is separated from the cell by super-
critical carbon dioxide (COs). The cell undergoes
pulverization or other size-reduction steps, and the
components are separated by electronic conductivity,
density, or other techniques to separate out the
metals. By this process, lithium is recovered as lith-
ium cobalt oxide (LiCoOs). Dunn et al.?® reviewed all
these three technologies to recover lithium from
automotive LIBs using LiMn,O,4 as a cathode. The
energy to recover 1 kg of LiMnyO,4 from batteries
varies from 4 MdJ to 7 MJ, and it increases to 29 MdJ
when the processes to produce LiMnyO,4 are included,
which is still lower than the 30-37 MdJ to obtain 1 kg
of virgin LiMn,O4. Among the three technologies
overviewed, direct physical processing reports the
greatest energy savings, between 23 and 30 MJ
depending on the origin of lithium.

Pyrometallurgical process use thermal treat-
ments to recover cobalt and/or nickel, which have a
higher economic value, but the process cannot re-
cover the lithium itself.>> LIBs are introduced in a
smelter where nickel and cobalt are separated and
sent for refining, whereas lithium is gone in the slag
together with aluminum, silicon, and calcium.
Using recycled cobalt and nickel in new batteries
reduces fossil fuel use by 45.3% and nuclear energy
demand bgf 57.2%. It also saves 51% of natural
resources.

A less common recycling process to recover lith-
ium from Dbatteries and preconsumer scrap is
cryogenization.?® The cryogenic process consists of
freezing still charged batteries with liquid nitrogen
(at —163°C) before being shredded to reduce the
reactivity of cells to zero. Lithium is then extracted
by flooding the battery chambers in a caustic bath
that dissolves lithium salts, which are filtered out
and used to produce lithium carbonate (LioCOs3).
The remaining sludge is processed to recover cobalt
for battery electrodes.®” Current research on recy-
cling batteries is focused on developing biometal-
lurgical processes that use microorganisms (such as
chemolithotrophic, acidophilic bacteria, and Acidi-
thiobacillus ferrooxidans) to produce metabolites
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like sulfuric acid and ferric ion in the leaching
medium to obtain cobalt and lithium.?**® These
processes, which are still under development, are
due to replace conventional metallurgical processes
as they are more efficient and have lower cost.

Currently, recycling of lithium batteries is done
by a few companies in Asia, Europe, and North
America. Although there is an increasing number of
companies recycling lithium, statistical data state
that preconsumer and postconsumer lithium recy-
cling is insignificant due to the low lithium con-
centration in final products.’®3%%° In many cases,
spent secondary lithium batteries are recovered as
an important source of cobalt and nickel, which
have a higher market value and are scarce. Dewulf
et al.® recently demonstrated that the recycling of
cobalt and nickel in secondary batteries results in a
51% natural resource savings besides decreasing
the dependency on raw material supply. Table III
summarizes the companies and their location, the
type of batteries treated, the recycling processes
used and the final metals obtained.

With the aim of increasing the recycling of bat-
teries, the EU has set as target to collect at least 25%
of spent batteries and recycle 50% of that into
materials for batteries or other uses by 2012.*! In
2007, France, Germany, Austria, Belgium, and the
Netherlands reached the 25% collection target, nine
EU countries transposed’ the 2006 directive, and
three EU countries have partially transposed it.*?
Overall, the collection average rate reached 13.6%.%3
The amount of spent batteries collected for recyclin
tripled to 27200 tonnes from 2000 to 2007 in EU-27.
Of the collected batteries, only 3% were lithium based
being 40% primary and 60% lithium ion.**

The collection and recycling of lithium batteries
are due to increase in the near future as spent
lithium batteries start reaching the waste manage-
ment sector. Batteries from electronics are deposed
between 1 years and 3 years, but those from auto-
mobiles can take up to 15 years from the date of
purchase to be disposed of. It is difficult estimating
batteries and lithium recycling rates.*® There are
also other factors as the proliferation of secondary
markets for electric and electronic devices that may
affect considerably the potential recycling and
recovery of lithium. In secondary markets, used
electric and electronic devices generally from
developed economies are bought and sold to devel-
oping countries. This is partially because those re-
tired devices tend to be in good condition as they are
currently replaced before the end of their technical
life.*® For instance, in 2006 Taiwan imported 2256
tonnes of used lithium batteries from more than 20
countries. Most of the LIBs were imported from
China (880 tonnes), Japan (826 tonnes), Korea (324
tonnes), and Indonesia (136 tonnes), with only
23 tonnes of batteries from Europe.®' From those

"EU directives become laws once each member state transposes
them into national law within the set deadline.
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End products
Metal oxides and lithium salt
Cobalt and nickel oxides
Cobalt and nickel oxides

Lithium carbonate (LisCO3), cobalt and aluminum
Ferro-manganese (iron, manganese), zinc and mercury

Cryogenic
Pyrometallurgical
Pyrometallurgical

Hydrometallurgical

Recycling process
Cryogenic
Hydrometallurgical
Hydrometallurgical
Pyrometallurgical
Pyrometallurgical

Primary
Secondary
Primary
Secondary
Primary
Secondary
Secondary
Secondary

Type of batteries

Table III. Lithium batteries recycling companies

Recupyl SAS (Singapore; Domene, France;
SNAM (Saint Quentin Fallavier, France)

Spain, and United Kingdom)

Toxco Inc. (Trail, British Columbia,
Umicore (Brussels, Belgium)

Canada)
Batrec (Wimmis, Switzerland)

Company
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imported batteries, 53% were refurbished and used
for the fabrication of new batteries, 47% were com-
mercialized directly in the domestic market, and 7%
reached the waste management stage where bat-
teries were incinerated without recovering any
metal. The creation of secondary markets for bat-
teries in Taiwan helped increase the useful life of a
battery by a second use phase; however, as the
waste management infrastructure and legislation
are less stringent, proper recycling and recovery of
metals is not assured.

DEMAND FORECAST

The demand for lithium is due to increase dras-
tically in the battery sector mainly because of the
growth of electric vehicles and electronic devices
(mainly mobile phones, portable computers, and
tablets). The EU has published two directives to
promote electric vehicles: Directive 2009/33/EC of
the European Parliament and of the Council of 23
April 2009 on the promotion of clean and energy-
efficient road transport vehicles and the Directive
2006/32/EC of the European Parliament and of the
Council of 5 April 2006 on energy end-use efficiency
and energy services.*! The EU has also included the
Green Car Initiative in the European Economic
Recovery Plan.*” Additionally, the Transport and
Energy General direction (DG TREN) of the Euro-
pean Commission is supporting a large European
“electromobility” project on electric vehicles and
related infrastructure with a total budget of around
50 million Euros as part of the Green Car Initia-
tive.*® A number of European countries has also
launched national programs and promotion strate-
gies for electric cars ranging from support for
research and development to purchase incentives
such as the reduction of value-added tax and other
taxes, insurance facilities, parking and charging
facilities (including free recharging on street or in
the parking areas), free road tax, toll free travel on
highways, and exemption from congestion charging,
among other initiatives.* France is investing in
building a countrywide network of charging sta-
tions, as well as a plant to produce electric car
batteries. Britain is projected to have Europe’s big-
gest electric car plant at the Nissan Sunderland
factory. London has confirmed up to 20 million
Euros (£17 million) for electric vehicle infrastruc-
ture, revealing ambitious plans to make London the
electric vehicle capital of Europe.®® In Denmark, the
biggest power company together with the Califor-
nian Company Better Place will build a nationwide
grid to support electric cars, composed of thousands
of charging stations. Electric vehicles are only taxed
at 25% compared to 180% + 25% charged to petrol.
Free parking is also offered to electric vehicles in
Copenhagen and other cities, and there is free
recharging at some parking spaces. Portugal is
gearing up to be one of the first markets for Rena-
ult-Nissan’s electric cars in 2011. Spain aims to
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have 1 million electric or hybrid cars on the road by
2014. The U.S. Department of Energy also invested
in the deployment of electric vehicles by funding
1800 million Euros ($2.4 billion) in grants to accel-
erate the development of batteries and electric-drive
components in 2009 (the largest investment ever
made in battery technology for electric vehicles).
Approximately 40% of the funding has been granted
to lithium battery material suppliers, manufactur-
ers, and recyclers.”’ Despite the economic down-
turn, in the coming years it is expected to see a great
progress on the lithium industry, particularly in
supplying batteries to the automotive sector.

There are three main types of electric vehicles:
EVs, hybrid electric vehicles (HEVs), and plug-in
hybrid electric vehicles (PHEVs). EVs are 100%
powered by an electric battery charged by plugging
the vehicle into the electric power grid. HEVs and
PHEVs are powered by an electric battery and an
internal combustion engine or a hydrogen fuel cell.
The battery of HEV is charged by the gasoline
engine and regenerative braking. PHEV can be
additionally charged by a power grid.*? About 90%
of current battery research is focused in lithium ion
batteries as they are the most promising technology
for electric vehicles since NiMH are nearing its
fundamental technical limits and further technical
progress is not foreseen.’® LIBs will become the
dominant technology in future electric vehicles.’*
Table IV shows that the amount of lithium for LIB
varies depending on the battery chemistry and type
of electric vehicle.

As shown in Table IV, batteries using LMO as a
cathode and graphite as an anode require the lowest
amount of lithium, which varies from 0.17 kg for
HEVs to 3.38 kg for EVs. LMO batteries using lith-
ium titanium oxide require the greatest amount of
lithium—almost 13 kg for EV. Based on this infor-
mation, we can establish that an electric car requires
a minimum of 0.17 kg and 12.68 kg as maximum.
Hsiao and Richter estimated that the automobile
battery cathode chemistry most used will be NCA-G,
and therefore, an LIB will contain a minimum
amount of 0.37 kg and a maximum amount 7.39 kg of
lithium for EV.>® Other authors suggest slightly
higher amount—8.4-9 kg of lithium for a battery of
30 kWh.'®56 LFP and LMO are lower cost alterna-
tives, resulting from the substitution of cobalt.
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However, these two cathode materials are seen as a
less attractive option because they have lower den-
sity and capacity.?® For instance, the energy capacity
and density of LMO batteries are roughly a third less
than lithium cobalt oxide, a significant factor when
considering use in vehicles.

The total worldwide hybrid car registration was
735000 units in 2009, and reached almost 1.5 mil-
lion units in 2012.3%57 The leading hybrid market is
dominated by Japan (54%), United States (29%),
Europe (10%), and the remaining 7% from other
countries. Toyota (Toyota City, Japan) remains the
leading HEV manufacturer with almost 80% of the
market share. Honda has about 12% of the market,
and the remaining 8% is from other HEV manu-
facturers as Hyundai (Seoul, South Korea), Ford
(Dearborn, MI), General Motors (Detroit, MI), BMW
(Munich, Germany), and others.®® In 2012, LIBs
were used for PHEV and in less amount for HEVs.
The PHEV bestselling models were Chevrolet Volt
(General Motors), Toyota Prius Plug in, and Nissan
Leaf (Nissan, Yokohama, Japan) in the United
States.’® The Volt and Leaf use an LMO-G battery,
whereas the Prius Plug in uses LFP. PHEVs re-
quired 76 tonnes of lithium for their batteries. The
sales of HEVs were led by Toyota Prius, Toyota
Camry Hybrid, Hyundai Sonata, Lexus CT200h
(Toyota), Chevrolet Malibu Hybrid, and Ford Fusion
hybrid, which represented more than 75% of the
market. All these HEVs use NiMH batteries, except
for the Hyundai Sonata, which uses a lithium
polymer battery pack. In 2012, Chevrolet and Ford
announced that they will replace the NiMH of their
HEVs by NCM LIB batteries in 2013.%°

There are several estimates about the global EV
market and the demand for lithium. Gaines and
Nelson® did a detailed study to estimate the light
vehicle sales to 2050 extending the U.S. Energy
Information Administration transportation projec-
tions for 2030 for the United States. They expect
that the maximum total annual sales of vehicles
with electric drive occur in 2050, when they reach
21 million units, of which plug-in light trucks rep-
resent over 8 million units, PHEVs begin to stabi-
lize, and sales of EVs account for about 2.4 million
new vehicles.®? In the United States, the cumulative
total sales of all types of electric vehicle is estimated
to be 465 million vehicles until 2050. Assuming that

Table IV. Amount of lithium required (in kg) in battery pack per type and vehicle®®

Battery chemistry

Vehicle range at 300 Wh/mile

Cathode Anode HEV PHEV 20 PHEV 40 EV

NCA (LiNig gCog.15Al0.0502) Graphite 0.37 1.46 2.96 7.39
LFP (LiFePOy) Graphite 0.24 0.93 1.87 4.68
LMO (LiMny0,) Graphite 0.17 0.67 1.35 3.38
LMO (LiMny04) TiO (Li4Ti5O12) 0.64 2.54 5.07 12.68

PHEV 20 can travel 20 miles (32 km) without using its combustion engine
PHEYV 40 can travel 40 miles (64 km) without using its combustion engine.
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all EVs use the current NCA-G chemistry, the de-
mand for lithium is expected to be over 50000 ton-
nes annually by 2050. Gaines and Nelson®’
estimated that the demand of mined lithium for
batteries would peak to 25000 tonnes after 2030 and
then decline progressively as spent LIB become
available for recycling.

Navingan®® estimated that HEV will grow annu-
ally at 6% and PHEVs (combined plug-in hybrid and
battery electric) at annual growth rate of 39% be-
tween 2012 and 2020. As result, the annual world-
wide sales of all EVs will reach 3.8 million by
2020.%" Pillot*° estimated that the global HEV sales
will reach 2.2 million units by 2015, and they will
rise to almost 4.5 million units by 2020. In 2020, the
greatest demand for LIB would be almost 75% for
electronic devices. For automobiles, the demand for
LIB would be mostly from EVs (22%), followed by
PHEVs (3%) and HEVs (2%).2° Considering that
NCA-G chemistry would be the most widely used, as
Hsiao and Richter®® assumed, the global demand for
lithium for EV would be 11800-23000 tonnes in
2020, in line with estimate given by Gaines and
Nelson.?° As result, the amount of lithium used for
batteries (6990 tonnes) would need to increase be-
tween 30% and 60%.

Even though lithium estimated reserves can pro-
vide such demand, there is a need to increase pro-
duction in a short term, as lithium producers are
working at 80% of their capacity and the overall
demand is due to almost double during the next
years. A possible way to increase its production is by
its recovery from batteries, which is still low and has
still to be improved. Optimizing the cycle of lithium
by improving its recovery and recycling will help
lithium to remain a viable source over the long term.

CONCLUSION

Lithium has been considered as critical metal due
to its high economic and technological importance.
Reserves of lithium have been recently estimated to
be 39 million tonnes. Lithium is mainly produced
from brine, which has a low energy demand for the
process (it uses principally solar energy) and gener-
ates eight times less solid waste than its production
from spodumene. One of the major uses of lithium is
in batteries. In 2011, the battery sector consumed
6990 tonnes of lithium, and it is due to increase as
lithium batteries are fully implemented in electric
vehicles. In 2020, the expected demand of lithium is
estimated to be 11800-23000 tonnes. Recycling of
lithium is still incipient; in 2011, less than 3% of the
total annual production was recycled. However, as
the collection and recycling targets set by the EU are
reached, it will become an important source of lith-
ium and other metals as cobalt and nickel.
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