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Abstract

The current change in battery technology followed by the almost immediate adoption of lithium as a key resource
powering our energy needs in various applications is undeniable. Lithium-ion batteries (LIBs) are at the forefront of the
industry and offer excellent performance. The application of LIBs is expected to continue to increase. The adoption of
renewable energies has spurred this LIB proliferation and resulted in a dramatic increase in LIB waste. In this review, we
address waste LIB collection and segregation approaches, waste LIB treatment approaches, and related economics. We
have coined a “green score” concept based on a review of several quantitative analyses from the literature to compare
the three mainstream recycling processes: pyrometallurgical, hydrometallurgical, and direct recycling. In addition, we
analyze the current trends in policymaking and in government incentive development directed toward promoting LIB
waste recycling. Future LIB recycling perspectives are analyzed, and opportunities and threats to LIB recycling are

presented.

Introduction

Valued at close to 120.5 billion United States dollars
(USD) in 2020, the overall battery market has continued
to grow'. Lithium-ion batteries (LIBs) have steadily
increased in popularity in the battery market over the past
two decades, and their market share alone is expected to
reach approximately 50 billion USD by 2024>. A great
amount of funding has been invested in the LIB market,
which has led to various technological breakthroughs that
have propelled the adoption of this technology™*. LIBs are
arguably the most appealing batteries in the market,
offering an array of operational benefits, such as higher
energy densities, lower self-discharge capacities, and
lighter weights than those of competing technologies®. A
key sector that utilizes many LIBs is the electric vehicle
(EV) industry, which has experienced considerable growth
in market share, with Europe, China, and the United
States being the key EV markets®. It is predicted that the
EV market will exceed 725 billion USD by 2026, based on
an annual compound growth rate of >27%’. A study by
Richa et al. predicted that the maximum number of LIBs
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will be produced for the EV industry by 2040, and the
battery mass may exceed 4 million tons®.

LIB market growth and advances in LIB technologies
will result in the following: (i) additional resources will be
utilized to meet market needs, and (ii) large quantities of
LIB waste will be generated. Reserves of key metals used
to manufacture LIBs are unevenly distributed and,
therefore, have become a matter of geopolitical concern in
recent years. An average of 70% of the world’s cobalt (Co)
originates from the Democratic Republic of the Congo
(DRC), while the other Co-producing countries generate
no more than 5% each of the total amount of this
resource. Graphite, which is an important component in
the production of anodes, is mostly produced in China
and Mozambique. These countries generate a combined
total of ~70% of the global amount of graphite. Both LIB
resource supply and waste production can be addressed
through recycling operations, which are aspects of a cir-
cular economy, as shown in Fig. 1. The circular economy
seeks to foster sustainable consumption by increasing the
useful lives of materials and products, reducing waste
production through alternate waste treatment approaches
that allow materials to benefit the environment and
societies, thereby promoting natural ecosystem regen-
eration’. As an example, the State of Nevada in the United
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Fig. 1 Circular economy of LIBs. A depiction of the circular economy
that seeks to foster sustainable consumption, wherein recycling

operations are a part of the circular economy.
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States is spearheading various projects related to the LIB
circular economy. A part of the LIB circular economy
entails the management of LIBs past their useful life,
which, in recent years, has led to increases in research and
development (R&D) activities and in the number of
organizations that focus on LIB recycling. The goals of
this review are to analyze the current LIB recycling trends,
recycling methods applied, policies, and incentives for LIB
recycling and to provide a summary of the opportunities
and threats to the LIB recycling market.

Lithium-ion battery technology

LIBs are categorized based on their composition and are
designed to meet specific user needs. Although lithium
(Li) is the key component of LIBs, other elements are
typically used as building blocks, including Co, nickel (Ni),
manganese (Mn), iron (Fe), aluminum (Al), copper (Cu),
and graphite. Most LIBs are chiefly composed of a cath-
ode, anode, electrolyte, and separator, with these con-
stituents being housed inside a casing. LIBs operate based
on the migration ability of Li" ions, migrating from the
cathode to the anode during charging and in the reverse
direction during discharging. The structure and operation
principle of a LIB is shown in Fig. 2. Insertion compound
anodes and cathodes allow for this migration to occur via
an organic liquid electrolyte, such as LiPF salt, which is
dissolved in an organic solvent mixture. The solvent
mixture may comprise ethyl methyl carbonate (EMC),
dimethyl carbonate (DMC), ethylene carbonate (EC), and
diethyl carbonate (DEC), among other organic solvents'®.
Graphite has been the primary material utilized for LIB
anodes.

Intercalation cathodes that store migrated Li* ions via
insertion may be composed of transition metal oxides,
metal chalcogenides (such as NbSe; and TiS3), or
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polyanions (XO,*”, X =Si, P, S, W, Mo, As)'". In parti-
cular, metal oxide cathodes are relatively mature com-
ponents of the market because they are at the forefront of
advances in LIB technologies, and they will be the focus of
this review. Metal oxide cathodes can be divided into
three classes: i) spinel, ii) layered oxides, and iii) polyanion
oxides'?. These materials can include Li[Ni;_,.,CoMn,]
0O, (NMC), LiFePO, (LFP), LiMnO, (LMO), LiCoO,
(LCO) and Li[Ni;.xyCoxAL]O, (NCA), and their com-
positions, performance characteristics, and applications
are given in Fig. 3. As seen from the provided list of LIB
cathode chemistries, the cathode contains most of the
economic elements. Therefore, it is appealing to conduct
investigations into material recovery from the cathode
material.

Supply of lithium-ion battery materials

Resource supply for LIBs is vital to their commercial
success; therefore, complex geopolitical structures must
be considered with regard to the supply chain. Of the
most common elements used in LIBs, Co, and Li are
predicted to pose the greatest supply risks'>. To reduce
the sensitivities of supply fluctuations, several techniques
may be employed, such as expanding supply sources,
increasing recycling abilities, and establishing interna-
tional communication among agencies'®. In this review,
the elements that are essential for LIB manufacturing are
categorized as critical or noncritical. Table 1 provides a
list of these key elements and their designation. The cri-
tical elements are designated as such because they are the
primary focus of this review article, unlike the noncritical
elements. According to the 2023 Mineral Commodity
Summaries'®, the production of noncritical elements in
2021 is as follows:

a. China, India, and Russia produced the greatest
amounts of smelter Al, with 2022 production
estimates showing an increase in output.

b. Chile, Peru and China had the greatest Cu mine
production, with estimated figures showing a
decrease in production across the board in 2022.

c. Phosphate rock was chiefly produced by China,
Morocco, and the United States.

d. Australia, Brazil, and China were the largest
producers of usable iron ore, while China, India,
and Japan were the largest producers of pig iron.

The top producing countries for each of the highlighted

LIB critical elements (including graphite) are given in Fig.
4, with Australia and China clearly standing out as top
producers of several highly desirable materials.

Lifetime, waste collection, and treatment options
for LIBs

The collection of LIBs at the end-of-life (EoL) is a vital
aspect of recycling endeavors. Pristine batteries are
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considered to have reached their EoL when they are only
able to retain 80% of their original rated capacity'®. The
remaining capacity of the battery can be determined using
the state of health (SOH), which is evaluated using the
battery-rated capacity (C.,) and the maximum battery
current operating capacity (Cey,) in Eq. 1'7:

SOH = Ccur/Crat (1)

Therefore, a LIB reaches its EoL upon reaching 0.8
SOH. Other important parameters usually used when
describing battery health and capacity include the state of
charge (SOC) and depth of discharge (DOD). The SOC at
any point in time is the ratio of the battery level of charge
at that moment to the maximum capacity of the battery'®,
The DOD may be defined as the ratio of the discharge
capacity of the battery in the fully charged state to the
nominal capacity of the battery'®. The determination of
SOH may be accomplished through direct measurement,
modeling, or the application of data-driven
approaches®* %2,

Direct measurements can be carried out using the
ampere-hour counting method or electrochemical impe-
dance spectroscopy (EIS). The ampere-hour counting
method involves fully charging and discharging the LIB
with a small constant current at ambient temperature®.
The charge transferred during the complete charge-dis-
charge cycle is accurately measured, and Eq. 1 can be
applied for SOH computation®®. Measuring the SOH
using EIS involves first using an electrical signal that is
sent to the system and then recording the impedance-
dependent response®*. For example, the ohmic resistance

has been noted to increase linearly with the age of the
battery; thus, using a defined diagnostic map between the
available capacity and the ohmic resistance allows for the
determination of SOH**. Apart from the SOH, EIS can be
used to determine the internal temperature and SOC of a
battery, which can be used to infer its health'”. The
modeling approach for estimating the SOH involves
electrical and electrochemical models and nonlinear
partial differential equations to correlate the battery SOH
with measured signals, such as the current, voltage, and
temperature®®?’. Data-driven approaches, such as support
vectors and fuzzy logic, can leverage machine learning to
calculate battery degradation indicators using collected
data during battery operation®®*°, By applying different
approaches or a combination thereof, the LIB EoL can be
determined. Although LIBs may be considered to have
reached their EoL upon reaching a SOH of 80%, LIBs may
be utilized for different purposes at their EOLs, such as
stationary energy storage.

The collection and reuse of EoL LIBs is an evolving area
of recycling with the potential to grow drastically. This
field can ensure reliable management and supply of cri-
tical materials in-house. It is important to switch from the
casual discarding of spent and EoL LIBs to establishing
robust LIB collection strategies for waste LIB. The poor to
nonexistent LIB collection rates across different geo-
graphic regions, especially those associated with domestic
consumer electronics, impede the expansion of LIB waste
treatment efforts. It has been reported that the highest
waste LIB collection rates are in Asian countries at
~70%. This high rate is apparent mainly because LIB
manufacturing has been concentrated in Asia, thereby
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Fig. 3 Metal oxide battery compositions and associated performance characteristics and applications. Different metal oxide cathode
compositions: Li[Niy_.,Co,MnyJO, (NMC), LiFePO, (LFP), LIMnO, (LMO), LiCoO, (LCO) and Li[Niy_.,Co,Al,JO, (NCA). Their performance characteristics
are given in terms of the gravimetric energy density (GED) and volumetric energy density (VED), in addition to examples of LIB chemical
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Table 1 LIB key elements, element designations, and
designation price ranges.

Designation Elements Price range (USD/mt)*
Critical elements Li, Ni, Mn, Co 790.00-35,000.00
Noncritical elements Al, Cu, C Fe, P 28.00-8300.00

The given price ranges are based on the following compounds: LiOH, MnSO,,
NiSO,, Co, FeSO,, Al, Cu, phosphoric acid, and natural graphite.

promoting targeted LIB waste treatment efforts. The
European Union (EU), Australia, and the Americas are
receiving some traction, but they still face challenges
related to the volumes necessary for profitability®'.

The collection, transport, and storage of LIBs must be
appropriate, as LIBs are classified as highly combustible
hazardous materials. Flammable electrolytes (in the form
of liquid electrolytes) in LIBs pose an ignition risk, which
may lead to thermal runaway. In the case of waste and
spent batteries, improper discarding of the LIBs can lead
to (i) LIB puncturing during waste processing by crushing;
(ii) subjecting the LIBs to dangerously high temperatures;
or (iii) short-circuiting, which may result from residual
charges in the discarded LIBs. To treat LIB waste,
refurbishing, repurposing, and recycling are potential
pathways that have been explored®>**, Figure 5 shows the
possible pathways that can be explored for the treatment
of waste LIBs.

The refurbishing and repurposing of LIBs chiefly target
batteries that can still be applied for purposes requiring a
relatively low LIB capacity, although they have reached
their EoLs as described earlier. These batteries can be
directly reused for the same application as before LIB
refurbishment or for cascade use for a different, less
demanding application®’, With respect to LIB recycling,
several approaches have been developed that generally fall
under two categories: direct and indirect recycling. Direct
LIB recycling involves the direct regeneration of the
cathode material by relithiation, while indirect LIB recy-
cling completely breaks down the electrode material to
recover the separate constituents as compounds (usually
salts or alloys). Of the two recycling approaches men-
tioned, indirect recycling is more prevalent with full-scale
commercial applications than direct recycling, which is
still at the experimental level. Further details regarding
these LIB waste treatment pathways are discussed in the
preceding sections.

Refurbishing and repurposing

Refurbishment of LIBs for direct reuse in EVs has been
considered for tackling LIB waste. This process may be
applicable for LIBs that have not necessarily reached their
EoLs but are obtained from EVs that require significant
automotive repairs or that have suffered damage from
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collision while the LIBs remain intact®. Furthermore, even
upon reaching the defined EoL, EV LIBs may be reused
for less demanding EV commutes®!, A preferable strategy
for handling LIBs at the EoL is refurbishing and repur-
posing the LIBs to meet different energy storage needs®”.
A good example of LIBs that fit this criterion is EV LIBs
that have experienced capacity fade, thereby degrading the
driving range capability. Although these LIBs are not
appropriate for EVs, they still retain ~80% of their original
capacities from the beginning of life (BOL) and may be
utilized until they retain only 50-60%, as depicted in
Fig. 6>*°°. These LIBs have been the subject of second-life
applications, such as in EV charging infrastructure and in
industrial and renewable energy storage systems>’~*°. The
refurbishment and repurposing process steps include
initial testing and screening, sorting, regrouping, and new
system management integration*'. Some of the technical
challenges associated with refurbishing include safety
issues in treatment and a lack of homogeneity in terms of
capacity and cell type, which increase with increasing cell
age®’

Direct recycling

Direct recycling is a low-cost LIB recycling approach
that has been explored with other conventional methods.
Relithiation is used in direct LIB recycling, which allows
for the retention of constituent materials to the greatest
extent. The active materials are not broken down into
their constituents. This preservation allows recyclers to
bypass the costly components of the remanufacturing
process, which utilizes recycled cathode constituent
metals. Direct recycling includes electrochemical,
mechanical, cathode-to-cathode, and cathode-healing™
(trademarked by Hulico LLC) methodologies*>**, These
methodologies share the common feature of reactivating
the cathode material without the need to decompose it to
its constituent elements or compounds. Figure 7 provides
a schematic example of a direct recycling process.

Indirect recycling
Pyrometallurgical treatment

Pyrometallurgical approaches, which utilize elevated
temperatures to thermally treat EoL LIBs, can be divided
into (i) thermal pretreatment and (ii) extractive pyr-
ometallurgy processes. Pretreatment is used to prepare
cathode materials by removing the binder, recovering the
electrolyte, and/or removing carbon. Conversely, extrac-
tive metallurgy is used to isolate and recoup constituent
metals from LIBs, producing gases, slag, metal alloy
mixtures, and salts.

Thermal pretreatment may be conducted on EoL LIBs
for the thermochemical conversion of some constituents.
This process may be achieved through incineration and
pyrolysis. Incineration involves the use of elevated
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temperatures in an oxygen or air atmosphere and is used
to burn off carbon and binder; thermal decomposition
begins at ~350°C***, Since the binder has adhesive
characteristics, it may result in cathode powder retention
on the Al foil and affect the metal recovery efficiency.
Carbon removal helps to improve the Li leaching effi-
ciency when Li leaching is conducted downstream, as the
presence of carbon allows the absorption of Li ions®.
Pyrolysis chiefly facilitates the thermal decomposition of
organic compounds into products that can be used
downstream as chemical feedstock or fuel, and when
coupled with condensation, pyrolysis can enable electro-
lyte recovery®. For example, Zachmann et al. utilized a
low-temperature process in which the recovery of elec-
trolyte solvents (EMC, DMC, and EC) was optimized at

~130°C. The off-gas produced includes toxic hydrogen
fluoride gas (HF,) and phosphoryl fluoride (POF;) from
the decomposition of LiPF4 salt. When the gas is bubbled
off through deionized water, which serves as a gas wash,
HF, forms hydrofluoric acid (HF), and POF; forms
phosphoric acid (H3PO4)*. The increased treatment
temperature correlates directly with the increases in
volume and concentration of 0ff—gas48. Furthermore,
pyrolysis crispens the Al foil, facilitating separation from
the cathode material®.

Extractive pyrometallurgy processes include roasting
and smelting. These processes are less vulnerable to
constituent chemistries, such as reduced vulnerability to
organic impurities in the black mass (BM), than hydro-
metallurgical processes.

Roasting can be subdivided into carbothermic and salt-
assisted roasting, while smelting involves high tempera-
tures above the material melting point, resulting in metal
reduction and the generation of immiscible molten liquid
phases®®. Cathode materials obtained from the thermal
pretreatment of EoL LIBs may be used as feedstocks for
roasting operations. During carbothermic roasting, the
cathode material is heated in the presence of a carbon-
based reducing agent, such as coke or charcoal, to pro-
duce a mixture of alloys, impure metals, or oxides
requiring further refining, in addition to carbon residue®.
The sequence of steps that occur is the decomposition of
the cathode material, which is followed by the oxidation of
carbon and the reduction in the level of decomposed
metal oxides. The graphite present in the spent anode has
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been investigated as an agent for carbothermic roasting to
reduce the high valence state of cathode metal elements to
prepare for hydrometallurgical processing®>. Furthermore,
the incorporation of microwave technology in car-
bothermic roasting has led to the emergence of
microwave-assisted reduction, which is conducted in a
microwave furnace®®. This process takes advantage of the
carbon present in the cathode material to absorb micro-
wave energy, which leads to the formation of lattice cracks
and to interparticle dissociation through the destruction
of the crystal structures of the cathode material, and it
effectively increases the material temperature®®>, This
phenomenon reduces the reaction time relative to con-
ventional heating through the material bed®®. In salt-
assisted reduction roasting, chlorination (using NaCl,
NH,ClL, HClg), or Clyg), sulfation (using Na,SO,,
NH,SO,4, MgSO,, SO,, or HySO,4) or nitration (using
HNO3) may be utilized to convert the constituent metal
elements into water-soluble compounds®®~>%,

Smelting is used to isolate and recoup constituent
metals from LIBs, producing slag, metal alloy mixtures,
and off-gases. The oxygen potential of the contained
metals is a key factor, as metals with low oxygen potential
require less effort for recovery by smelting than metals
with higher oxygen potential, affecting the efficiency and
selectivity of recovery. It is because of the oxygen
potential that smelting operations fail to effectively
recover Li (with a high oxygen potential) as part of the
matte (the metal alloy with values); however, the Li
enters the slag®®. The slag mostly consists of unwanted
impurities that preferentially separate into the slag due to
reactions with the added fluxing agents, which assist in
reducing the operating temperature®’. Slag often

undergoes hydrometallurgical treatment for complete
metal extraction. The metal alloy mixture product con-
tains transition metals, such as Ni, Co, and Mn, that are
specific to the feedstock LIB chemistry. The oxygen
potential contributes to the state of the metal alloy,
making it difficult to separate metals with similar oxygen
potentials, such as Ni and Co, and thereby affecting the
process selectivity. A novel smelting approach utilizes
multiple induction coils layered through a graphite bed.
By melting materials at several different layers and tem-
peratures, it is possible to recover Li and transition metals
(Co, Ni, Mn)*. Figure 8 shows the sequence of steps that
may be conducted in the pyrometallurgical treatment of a
mixed feedstock of spent LIBs.

To make the process sustainable, alternative energy
sources for alleviating the high energy draw associated
with pyrometallurgy while presenting relatively green
solutions are a subject of investigation. Solar energy has
recently been explored for LIB recycling in the form of
concentrated solar power (CSP). CSP technologies use a
series of optics, such as mirrors and lenses, to concentrate
solar irradiation over a large area onto a small receiving
surface®. The concentrated energy can then be directly
used to provide industrial heat, converted to electricity, or
stored as heat in thermal energy storage systems that use
molten salts. The industrial application of CSP in ceramic
material processing and extractive metallurgy has allowed
for the investigation of the application of CSP in the
carbothermic reduction of LIB waste®"?,

Hydrometallurgical treatment
During hydrometallurgical processing, the LIBs are
initially discharged to prevent short-circuiting. This
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phenomenon may be accomplished through various
methods, such as connecting a load to the battery or
applying a solution that may be made from alkaline
bicarbonates, ammonium bicarbonate, and hydrogen
phosphates®®. When using aqueous solutions for dis-
charge, care must be taken because some solutions
damage the battery terminals via corrosion®*. Selection
is highly dependent on the desired state of the dis-
charged battery. Some nonconventional methods for
discharging batteries before hydrometallurgical treat-
ment include the use of an external short circuit or
resistor, but care must be taken because heat may
accumulate®>®®, After battery discharge, the LIBs are
disassembled, and the metal casing and any wrapping
material are selectively removed to expose the electrode
material, which can then be subjected to leaching
operations. Material leaching occurs via material dis-
solution in a solvent (lixiviant). As LIB active materials
are bound with a binder, such as polyvinylidene fluoride
(PVDF), to the Al and Cu current collectors, organic
solvents, such as N-methyl-2-pyrrolidone (NMP),
N-dimethylacetamide (DMAC), or N,N-dimethylfor-
mamide (DMF), may be employed to break down the
binder®’.

Leaching in acidic or alkaline solutions is used to extract
the constituent metals from the LIB active materials that
have been separated from the current collectors. Figure 9
shows a general summary of the steps associated with LIB
recycling hydrometallurgical operations. Ammonia (NH3)
and its sulfate or sulfite derivatives may be used as alkaline
leaching solutions, while organic (such as citric, ascorbic,
and oxalic acids) and inorganic (HCl, H,SO,, and H3PO,)
acids may be used as acidic leaching solutions®®. The
inclusion of hydrogen peroxide in an acidic media
leaching solution has been shown to increase the recovery
rates of Co and Li in solution. This rate increase arises due
to the role of peroxide as a reductant; this reductant
creates more Co(Il) species than Co(IIl) species®”. The
Co(II) species have better leaching characteristics com-
pared to the Co (III) species. The kinetics of the leaching
process can be explained using the empirical logarithmic
law model of the rate, which depends on the surface layer
diffusion of the solvent and is supplemented by X-ray
powder diffraction and scanning electron microscopy
analysis’’. Despite the reputation of ammonia as a less
effective leaching agent than other materials, its tendency
to favor complexes with Cu and Co shows promise for its
leaching abilities. By using sodium sulfite as a reductant,
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ammonia leaching can exceed selectivity values of 98% for
Li, Ni, and Co”'. Methods that have been employed to
improve the effectiveness of the leaching process include
the addition of a calcination step (removal of impurities)
and fusion with potassium hydrogen sulfate’”. The addi-
tion of ultrasonic technology to the existing process
results in distinctive cavitation of the material surface,
which aids in the recovery of precious metals while
remaining less environmentally impactful than other
methods, such as highly acidic solutions”>.

Bioleaching is a novel LIB metal recovery approach that
has been investigated’*. In a study by Bahaloo-Horeh &
Mousavi, bacteria of the family Aspergillus niger were
used to produce organic acids for the leaching process.
Organic acid production was initially optimized by alter-
ing the inoculum size, initial pH, and sucrose con-
centration. When producing the acids, leaching was
conducted, and the highest metal recoveries of Li (100%),
Cu (100%), Mn (77%), and Al (75%) were achieved at 2%
w/v, while the highest recoveries of Co (64%) and Ni
(54%) are obtained at 1% w/v’>. Jagen Roy et al. investi-
gated metal recovery from NMC batteries through the
application of Acidithiobacillus ferrooxidans, which is an
autotrophic bacterium. The spent LIBs were discharged,
mechanically shredded, and finely crushed before leach-
ing. When bacteria are used, biogenic H,SO,4 and Fe3t
produced, and they act as biolixiviants. Recoveries of 92%
Mn, 90% Ni, 89% Li, and 82% Co from the spent LIBs after
72 h of leaching were achieved”*. While bioleaching pro-
cesses can recover high amounts of metal, they often
exhibit poor kinetics and subsequently low throughput
rates™”

In summary, the leaching process results in a mixture of
metal ion species in solution and a solid residue consisting

of insoluble components. With the target metals in
solution, the separation and recovery of these metals are
the next steps in the recycling process. These steps have
led to the development of three main techniques: (i)
precipitation, (ii) solvent extraction, and (iii) electro-
chemical deposition.

Precipitation is a chemical process in which a chemical
agent is used to forcibly convert dissolved species into
insoluble compounds. After leaching the LIB cathode
powders, remaining solid residues are filtered, and various
chemical agents are used to systematically precipitate the
various metals to recover them as metal salts, thereby
affecting separation’®. A myriad of chemicals have been
investigated for the precipitation step, including carbo-
nates and hydroxides’””®, Often, coprecipitation occurs,
such that the precipitated material contains several metal
ions with a somewhat uniform distribution. This ability to
produce a mixed and homogenous material can aid in the
resynthesis of the cathode material while avoiding
potentially complicated separation steps’®. The following
are some representative precipitation studies performed
during the recycling of materials from LIBs.

Sa et al. used NaOH and NH;3.H,O for coprecipitation
to produce Nij;3Mn;,3Co,,3(OH), after NMC LIB leach-
ing. A total of 1 M NH3.H,O was initially heated to 60 °C,
after which 5 M NH3 was added. H,O and 2 M of leached
MSO, (M = Co, Ni, Mn) were added at rates of 10 mL/hr
and 30 mL/hr, respectively, for two hours, while 5M
NaOH was added automatically throughout the pre-
cipitation process for pH control. Care was taken in
adjusting the Ni:Mn:Co to close to 1:1:1 to obtain a high-
quality precursor for NMC cathode production after
coprecipitation. Mn>* oxidation was particularly mon-
itored during coprecipitation. Coprecipitation was
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Table 2 Solvent extraction systems used for LIB recycling.
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Solvent System constituent metals Extraction of target metal(s) References
PC88A Li, Co, Ni >80% Co 128129
Cyanex 272 Li, Co, Mn >85% Co 130

PC88A and TOA Li, Co, Cu, Al >90% Co 129

Arcoga M5640 and Cyanex 272 Li, Co, Cu, Ni >80% Li, =97 Co, =97 Cu, 296 Ni 71131

HBTA and TOPO Li, Ni, Co >90% Li 132

The solvent details are provided in the text.

conducted in a nitrogen (N,) atmosphere to prevent the
formation of Mn®", which could lead to multiphase for-
mation and affect coprecipitation. The coprecipitation
process was completed after 24 h, producing Ni;;sMn; 3
Co1/3(0OH),; this material was then physically mixed with
Li;COj3 and heated for 12 h in air at 900 °C to synthesize
the LiNi;;3Mny,3C0;,30, cathode material”®.

Dhiman & Gupta applied a mixture of precipitation and
solvent extraction after leaching. Concentrated NaOH
was added to the product leach solution, and the resulting
mixture was heated for 2h at 95°C, causing Fe to pre-
cipitate as iron hydroxide [Fe(OH),], which was filtered.
Moreover, the resulting solution was treated with
ammonium persulfate [(NH,4),S,Og] to precipitate Mn as
manganese oxide (MnO,), which was filtered. A NaOH
solution was added to precipitate any Cu and Al, which
were filtered as Cu(OH), and Al(OH)3, respectively. Then,
solvent extraction was applied using a phosphonium ionic
liquid reagent to selectively extract Co from the remaining
solution containing Li, Ni, and Co. Co was recovered from
the organic material used for extraction via one of two
approaches. The first approach involved the direct pre-
cipitation of Co from the loaded organic material using
0.04 M oxalic acid, which was followed by calcining the
resulting cobalt oxalate (CoC,0O,) at 600°C to obtain
cobalt oxide (Co30,4). The second approach involved
stripping the organic reagent using 0.05 M HCI solution
to recover the cobalt in solution. The raffinate produced
from the solvent extraction process was treated with
ammonia (NHj3) and dimethylglyoxime to precipitate Ni
as a dimethylglyoxalate complex. The mixture remaining
after Ni precipitation was filtered and treated with NaOH
for pH adjustment, after which a saturated Na,COj
solution was added at 100 °C to precipitate the Li,CO3*.

Solvent extraction is a process by which various ions/
compounds are transferred between two immiscible
phases based on the selectivity of the extracting phase for
the target ion/compound. Highly selective reagents are
used to separate ions/compounds; therefore, this process
is proven to be very effective. Some reagents that
have been used for LIBs include 2-ethylhexyl phosphonic
acid (PC88A), trioctylamine (TOA), di-2-ethylhexyl

phosphoric acid (D2EHPA), benzoyltrifluoroacetone
(HBTA), trioctylphosphine oxide (TOPO) and bis(2,4,4-
trimethylpentyl)phosphoric acid (Cyanex 272), as shown
in Table 2. Since solvent extraction processes are chiefly
focused on the separation of ions/compounds, they are
usually paired with another process to recover the metal
species, and for LIBs, precipitation is used to obtain
metal salts as the product®. Solvent extraction may be
used with precipitation to extract impurities before
precipitation.

Electrochemical deposition utilizes the differences in
electrode potentials to recover and separate metals. An
applied potential causes the metallic ions in the solution
to obtain electrons, resulting in metal deposition on the
cathode. With respect to LIBs, Al, and Fe recovery via
electrochemical deposition has not been of primary con-
cern because of the economics involved and the relative
ease of precipitating Al and Fe*°. Li has a strong negative
potential, which complicates its electrochemical deposi-
tion®!. Mn electrodeposition is strongly affected by the
purity of the electrolyte, and it requires the use of addi-
tives such as selenite or selenate, which improve the
deposition quality; conversely, the addition of ammonia
increases the current efﬁciencysz. In contrast, Co and Ni
have ideal standard reduction potentials for electro-
deposition, but their electrodeposition from a mixture
consisting of both species can be challenging because
their potentials are comparable, which affects selectivity
and often results in the formation of a Co-Ni alloy®*. The
following are examples of electrodeposition studies that
have been conducted.

To improve the selectivity during Co and Ni electro-
deposition, Kim et al. utilized an interfacial design using
functionalized electrodes and speciation control using
concentrated chloride to recover Co and Ni from NMC
cathode powder®. An anionic cobalt chloride complex
(CoCly*™) formed, while Ni was in the cationic form
[Ni(H,0)5Cl]". Cu foil was used as the working electrode,
and the electrodes were functionalized with positively
charged polydiallyldimethylammonium chloride (poly-
DDA). These electrodes changed the mobility of the Co
anion through electrostatic stabilization, and the Co
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selectivity depended on the polyDDA loading. Using this
method, final purities of ~96.4% Co and ~94.1% Ni were
attained®®. Conversely, Freitas & Garcia exclusively ana-
lyzed Co electrodeposition from LCO LIB cathode pow-
der, and they specifically focused on pH effects, which
eliminated the interference of Ni**, Starting with a solu-
tion primarily composed of 3 M HCI, which was used for
the leaching operations, NaOH and boric acid (H3BO3)
buffer were used for pH adjustment before Co electro-
deposition. An Al working electrode was used for the
experiments, which focused on ascertaining the most
suitable electrochemical conditions for stable Co elec-
trodeposition. Investigations into electrodeposition at a
potential of —1.00V (vs. Ag/AgCl/NaCl saturated refer-
ence electrode) and subsequent dissolution of the Co
deposits in 0.5 M H,SO, revealed that deposits formed
above a pH of 4.0 were increasingly resistant to corrosion
because of the non-inclusion of adsorbed hydrogen®*.

The electrochemical processing of LIBs could take the
form of electrolysis via the application of molten salt.
Molten salt electrolysis involves the selective dissolution
of certain battery components within a high-temperature
molten salt solution, and it involves a combination of the
dissolution, separation, and recovery steps, which are
often separated in aqueous systems. Molten salts are
excellent electrolytes due to their wide electrochemical
window and high ionic conductivity®>. These features
make them ideally suited for the electrochemical manip-
ulation of electrons, which can be used for metal reduc-
tion during the metal recovery and separation process®.
In addition, the solubility of some compounds in molten
salts can be manipulated, thereby allowing the recovery of
insoluble compounds, such as Co and CoO®.

The cathode material, which is the subject of treatment,
is made of an electrolytic cell cathode and immersed in a
molten electrolyte, with various materials, such as carbon,
LiFePO,, and Ni-Cu-Fe alloys, being used in some studies
as the anode®*~°, Some molten salts that have been
utilized include Na,CO3-K,COj, AICI3-NaCl, NaCl-
CaCl,, Na,CO3;-K,CO3;, and LiCl-KCl. Some works
involving the application of molten salt systems include
cathode material peeling from Al foil by melting PVDF in
AlICl;-NaCl*°, the recovery of Co and Li using Na,COs-
K,CO5%¢, Mn reduction from LiMn,O, in NaCl-CaCl,%,
and Co and Li recovery from LiCoO, in LiCI-KCI’'. A
drawback is the elevated operating temperature, which
can range from 160-750 °C depending on the application.

LCA and design considerations for lithium-ion
battery recycling

The evaluation of the environmental performance of
different processes is essential for obtaining a holistic
picture of the application of recycling as a treatment for
EoL LIBs. Life cycle assessment (LCA) is a tool that has
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been applied to ascertain certain information, such as the
environmental implications of various processes, and has
been similarly used to analyze EoL LIB treatment”. An
LCA is a methodological framework used to estimate and
analyze the attributable environmental impacts of a ser-
vice, activity, or product, from conception to final disposal
(including recycling)®. Depending on the LCA results, we
consider the process from raw material extraction to a
specific endpoint, such as the production of batteries (the
“cradle-to-gate” approach), the final disposal of batteries
(the “cradle-to-grave” approach), and the remanufactur-
ing of batteries from waste (the “cradle-to-cradle”
approach)”.

When carrying out any LCA, there are three main
components that comprise an LCA that is compliant with
International Organization for Standardization (ISO)
14040, as shown in Fig. 10. The goal and scope of the LCA
are explicitly stated, wherein the material, process and/or
service of the study are highlighted, the system boundary
under consideration is defined, and the functional unit is
presented. The life cycle inventory provides a detailed
account of all required materials, energy, produced waste,
and emissions based on the chosen functional unit. In the
life cycle impact assessment, we then utilize the results
from the inventory, which are converted to level indica-
tors used to characterize impacts associated with the
resource utilization and pollutants generated and released.
Some level indicators that are used are the global warming
potential (GWP), greenhouse gas emissions (GHG), water
consumption (WC), mineral depletion potential (MDP),
cumulative energy demand (CED), human toxicity
potential (HTP), air pollutant emissions (APE) and par-
ticulate matter (PM)*>°°.

According to Nordelof and colleagues, modeling of the
EoL treatment of a product may be carried out by
applying two main approaches: the cutoff approach and
the EoL recycling approach”’. The cutoff approach
accounts for collection and pretreatment and does not
model the system to include the recovery, reuse, or
repurposing of recycled materials. In the EoL recycling
approach, material recovery is included above and beyond
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the collection. In addition, pretreatment is included in the
cutoff approach. It is typically assumed that a unit
quantity of the recovered material directly replaces an
equivalent unit quantity of primary material used
upstream in the production system”’.

A major hindrance to LCA utilization in LIB studies is
its non-standardized nature, wherein different researchers
utilize different impact assessment techniques depending
on their chemical compositions, thereby generating non-
comparable and sometimes contradictory results®®,
Regardless, LCA still provides a technique for assessing
the broad impacts of the treatment of LIBs upon reaching
their EoL. Many LIB LCA studies addressing EoL treat-
ment have focused mostly on NMC and LFP composi-
tions, and pyrometallurgical, hydrometallurgical, and
direct recycling techniques have been assessed””. Through
LCA, it has been determined that conventional pyr-
ometallurgical processing of EoL LIBs is predicted to have
a larger GWP because of its higher carbon emission than
hydrometallurgical processing'®. This difference arises
largely because of the energy requirement for pyr-
ometallurgical processing, which results in the production
of various direct and indirect carbon emissions. Studies
aimed at addressing LIB pyrometallurgical processing
emissions, such as the application of concentrated solar-
powered molten reactors, are being performed®. Fur-
thermore, Li recovery through conventional pyr-
ometallurgical techniques is difficult because it is lost in
flue dust and slag (from which Li recovery requires the
processing of large quantities of slag), whereas hydro-
metallurgical processing allows for the recovery of Li
either as a carbonate or a hydroxide'®'. The following is a
summary of some works covering these aspects.

Jiang et al. conducted an LCA study with a focus on
comparing hydrometallurgical and direct recycling pro-
cesses for the recycling of NMC and LFP LIBs. The
indicators that were applied in the study were the CED,
GWP, HTP, and MDP. Their results indicated that the
benefits of recycling were directly linked to recovery
efficiency and electricity usage. No significant differences
in the impacts associated with the use of the hydro-
metallurgical or direct recycling process were reported for
LEFP batteries. In contrast, NMC battery recycling via
hydrometallurgy had relatively great impacts on all the
indicator categories. The CED, GWP, HTP, and MDP
ratios of the hydrometallurgical process to the direct
recycling process were 2.4, 1.9, 1.5, and 1.4, respectively.
This phenomenon was attributed to the need for addi-
tional energy and chemicals, such as H,SO, and NaOH,
for cathode component recovery and separation in the
hydrometallurgical process”.

In their study, Yoo and colleagues analyzed a process
focused on recovering Li in the form of LiOH and other
cathode component materials from spent NMC batteries.
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The analysis was based on the EverBatt model'** and the
Greenhouse gases, Regulated Emissions and Energy use in
Technologies (GREET®) model'® on the basis of a kilo-
gram of recovered LiOH. The battery recycling process
was compared to that of LiOH production from Chilean
brine (LCB) and from Australian ore (LAO). The results
showed that the recycling process produces 37 and 72%
less GHG emissions than LCB and LAO, respectively. The
key contributor to GHG emissions while utilizing LCB is
found to be Li,COs;. While utilizing LAO, the major
contributor is the energy extracted from coal used for
LiOH production. The water consumption results show
57 and 80% lower water usage levels than LCB and LAO,
respectively. The factor contributing the most to the
water consumption of the process to produce recycled
LiOH is energy (electricity) use, which contributes to 70%
of the life cycle water consumption”®.

A major challenge that recyclers have encountered is
the dismantling of LIBs to effectively recover and recycle
great quantities of materials in pure states. It has become
increasingly clear that cell design is an influencing factor
in the effective dismantling of cells. With respect to EVs,
cells aggregate into modules, after which the modules
aggregate into packs'®*, Assembling packs, modules, and
cells is important. The packs and modules are often glued
while the cells are hermetically sealed. The use of adhe-
sives in module and pack assembly ensures rigidity and
introduces the challenge of dismantling. Organic solvents
are often required for dissolution. Overall, various struc-
tures have been designed for safety and longevity that can
affect recycling speed by impacting the disassembly
process.

Marshall et al. highlighted a developed cell disassembly
process using LMO and NCA (ratio of 3:1) pouch cells.
The cells were first discharged, and then a ceramic scalpel
was used to open the cell pouch with incisions made
around the cell edges. The electrode stack was separated
into different components: the cathode, anode, and other
constituents. The electrodes were washed in an
isopropanol-2-ol bath to remove salt and electrolyte,
thereby preventing HF formation from electrolyte
hydrolysis. The active BM was separated from the Cu and
Al current collectors. An oxalic acid solution (0.02 M) was
used for the separation of the BM from the anodes at
ambient temperature and ultrasonication for 30 min,
while the cathodes were ultrasonicated for 5min in a
0.5 M oxalic acid solution at 50 °C'%°. A key finding is that
the developed process is generally suitable for other cell
chemistries; however, some aspects have been tailored to
the reported chemistry and design. For example, a steel
can requires a different dismantling approach than
another component.

This research clearly shows how the design of the
recycling process will become a major consideration in
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Table 3 Summary of the green score criteria and process
comparison.

Process Complexity Waste Power Green
generation consumption score
Pyrometallurgy 8 6 5 19
Hydrometallurgy 6 7 7 20
Direct recycling* 7 8 8 23

*Based on reported laboratory-scale efforts.

the future. A form of standardized design must be
adopted to develop a recycling process with an efficient
dismantling process. This design will significantly con-
tribute to downstream processes with respect to the
qualities of the recovered materials and the cost of the
recycling process. If an overarching simplified comparison
is to be made between the different processes, process
design and selection can be further simplified. A com-
parison can be made with a focus on key indicators, which
are termed green score indicators. These indicators
include complexity, waste generation, and consumption.
The green score pseudo technical approach was devel-
oped from a review of the literature showing an apparent
dearth of a clear comparison matrix for the different EoL
LIB recycling technologies. By mapping the LCA aspects
onto the green score, waste generation may be considered
to encompass GWP, GHG, APE, and PM, while con-
sumption encompasses WC, MDP, and CED. Complexity
is based only on the technical aspects previously outlined
for each of the processes. A score of 10 (1-worst and 10-
best) is assigned for each of the processes based on the
summary of the literature provided, and the results are
summarized in Table 3.

In terms of complexity, pyrometallurgy is the least
complex process, as little to no sorting is needed for the
feedstock. Furthermore, as pyrometallurgical processes
are more established and less affected by chemistries
than other processes, they boast robustness. Direct
recycling has the next highest score because it elim-
inates the recovery process of each element that occurs
in both pyrometallurgy and hydrometallurgy. Hydro-
metallurgy is the most complex because it involves
several sequential steps to prepare EoL LIBs, extract
target components, and recover them in various forms.
Direct recycling is the method that generates the least
waste because it does not extract or separate materials.
The waste generated is attributed to excess material
used during relithiation. Hydrometallurgical processes
mostly produce large quantities of wastewater that must
be treated. Thus, hydrometallurgy is assigned a score of
7. Pyrometallurgical procedures are assigned a score of
6. This score is assigned due to their contributions to
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the GWP, GHG, APE, and PM indicators. Technologies
and approaches are being developed to improve the
process by reducing gaseous emissions and energy
density, thereby decreasing the contributions to the
GWP and GHG indicators®>>*, With respect to con-
sumption, direct recycling utilizes the lowest amount of
power and has the lowest MDP, but it ranks second to
hydrometallurgical processing with respect to WC.
Considering these aspects, direct recycling receives a
score of 8. Hydrometallurgical processes consume
power for temperature control and for commercial
operations, an added power consumption is experi-
enced during shredding. This process has a high WC
and the second-highest MDP after direct recycling;
therefore, a score of 7 is assigned to this process. Pyr-
ometallurgical operations are by far the most energy
intensive of the three approaches. However, these
operations have the lowest WC and the highest MDP
indicators. A score of 5 is assigned to pyrometallurgical
processing. The ranking of the processes with respect to
the total green score (from highest to lowest) is as
follows: i) direct recycling, ii) hydrometallurgy, and iii)
pyrometallurgy.

Economic considerations for lithium-ion battery
waste management

A probe into the economics of each of the main
approaches for handling LIB waste, as shown in Fig. 5, is
carried out to provide an image of the current economic
state of the market. Overall processes (which consist of
multiple processing steps) that produce a final marketable
product are selected: i) refurbishing and repurposing, ii)
direct recycling, iii) indirect pyrometallurgy, and iv)
indirect hydrometallurgy recycling. The economic analy-
sis is built on a cost comparison with the basis of a tonne
of EoL LIBs processed or treated. Notably, various sources
provide data based on the units that best describe the
desired process (marketable) product. The data gathered
from the various sources are given in their original form
before conversion and standardization in Table 4.
Therefore, for comparison, conversions are applied based
on information from sources, as indicated in the “notes”
column of Table 5. An in-depth description of the cal-
culation methods is given in Tables S2-S6 of the sup-
plementary information.

After standardizing the data to provide a common basis
for comparison (cost/tonne of EoL LIBs), the economics
of each of the approaches highlighted in Table 4 are given
in Table 5. The lowest cost is associated with direct pyr-
ometallurgy treatment at USD 26 per tonne of EoL LIBs,
while the highest cost is associated with refurbishing/
repurposing at USD 7,452 per tonne of EoL LIBs. The
repurposing/refurbishment process is greatly affected by
the unit being treated. The refurbishment of relatively
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small units, such as cells, costs more than that of relatively
large units, such as batteries.

Policy and government incentives

The government and policy-makers play pivotal roles in
the support and adoption of LIB recycling. To date, most
nations do not have government-affiliated centers focused
on LIB recycling; however, several grants have been
awarded to various organizations to help with the estab-
lishment and scaling of LIB recycling facilities'®. It has
been reported that Redwood Materials, a company located
in Nevada U.S.A., secured a government loan commit-
ment of USD 2 billion for the development of a LIB
recycling complex'?”. Another LIB recycling company, Li-
Cycle US Holdings, Inc., received a USD 375 million loan
from the U.S. Department of Energy Loan Programs
Office to finance the construction of a LIB resource
recovery facility'®®. Major drawbacks in designing legis-
lation directed at LIB recycling are the differences in

Table 4 LIB waste treatment approaches and associated
unstandardized costs.

Processing approach Action per unit of Cost (USD) Ref.

reference
Refurbishing/repurposing Selling price/kWh 35-108 36133
Mechanical processing Processing/t EoL LiBs 1447 134
(Pretreatment)
Direct recycling Selling price/t rLiCM 12,000 13
Pyrometallurgy (Indirect Cost/t LiBs 136
recycling) Direct 26-1851
Multi-step 696-2421
Hydrometallurgy (Indirect Cost/tBM 270-8430 137

recycling)

References: tonne EolL LIBs (t EoL LIBs), tonne BM (tBM), and tonne relithiated
cathode material (t rLiCM).
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battery design and utilization and in the level of maturity
of LIB recycling technology. These characteristics are not
managed in an established manner. Public awareness,
information dissemination, and ease of access are also
lacking. Figure 11 provides a summary of some of the
policies enacted to promote LIB recycling across the
globe.

A leading regulation that has been adopted by several
countries across Europe, Asia, and North America, is the
Extended Producer Responsibility (EPR). Manufacturers
and retailers of LIB-utilizing products must collect the
LIBs contained in the products and ensure their appro-
priate recycling'®. The EU helped shape EPR regulations,
with widespread adoption and continuous revision and
improvement. While the EPR does not specifically address
LIBs, it does highlight regulations for battery recycling.
Industrial partners have influenced battery collection,
sorting, and recycling. For example, the operator of Eur-
ope’s largest EV battery recycling plant, Hydrovolt, and
the more established GRS Batterien, which was jointly
established by the Electrical and Electronic Industries
Association and battery manufacturers, have contributed
to this discussion''’.

As part of the European energy policy, national reg-
ulations regarding the management of waste batteries and
associated accumulators have been introduced in EU
member states. The EU regulations cover a multitude of
different battery compositions, including LIBs. Through
Directive 2006/66/EC, the polluter pays concept has been
applied, enabling consumers to freely dispose of batteries
at designated locations. The directive obligates EU
member states to monitor and annually report waste and
spent portable battery collection rates. Some provisions
have since been made to aid in the implementation of
Directive 2006/66/EC, such as Commission Regulation
(EU) No 493/2012, which lays down details regarding
waste batteries and accumulator recycling efficiency cal-
culations. Moreover, Commission Regulation (EU) No

Table 5 LIB waste treatment approaches and associated costs upon standardization.

Processing approach Notes

Cost (USD/tonne of EoL LiBs)

Refurbishing/repurposing  Based on 115 W hr/kg battery at BOL, and the refurbished LiB has 50-60% DOD relative to

at BOL®®.

2013-7452

Cost variance considering cell, module or battery treatment.

Direct recycling

Pyrometallurgy

Multi-step—mechanical LiB pretreatment steps before charging in furnace.

Hydrometallurgy

Contains cost of mechanical treatment with BM making up 50% of the EoL LiB'*.

Cathode material makes up 25% of the cell by mass'’.

Direct—mechanically untreated LiBs directly fed into furnace.

Contains cost of mechanical treatment with BM making up 40% of the Eol LiB">®.

4447
26-1851
696-2421
1555-4819
1582-5662

Standardized costs of the various LIB waste treatment approaches for comparison. The “notes” column provides conversion information sourced from highlighted

references allowing for the use of a common unit for costing: tonnes of EoL LIBs.
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EU — Established EPR
Government and industrial
partnerships.
Collection and transportation

channels.

UK — Following EU’s EPR
guidelines.

.

market

Fig. 11 Global spent LIB recycling policy landscape. A summary of some of the policies enacted to promote LIB recycling across the globe.

US — Federal government
funded LIB recycling
research.

Japan — Adoption of some
EPR principles.
Established PEUR.

J

1103/2010 is considered, which provides guidelines rela-
ted to the capacity labeling of automotive and portable
rechargeable batteries and accumulators. To bridge the
gap between the various sectors comprising the battery
value chain—including industry, government, and the
scientific community (including academia)—the Eur-
opean Battery Alliance (EBA) was established and laun-
ched in 2017. With the support of the European
Investment Bank and the European Commission, the EBA
has assisted in strategic action plans for a circular econ-
omy, such as the acquisition of raw materials by
recycling'"'.

Even though the UK is no longer an EU Member State,
the EU Batteries Directive was transposed to the UK legal
scape. With regard to LIB recycling, the UK adopted
elements of battery collection, disposal, and recycling
from the EU Batteries Directive. Specifically, the Directive
has addressed LIBs used in industry and banned their
disposal by incineration or in landfills. Similar to the EU,
the UK adopted the concept of “polluter pays,” wherein
battery end-users can dispose of batteries at the end of use
with battery producers or suppliers at no charge. A
requirement is that records must be kept of the amounts
of industrial batteries entering the UK market and of the
amounts of batteries leaving the market through take-
back programs by manufacturers and suppliers or through
recycling through approved battery treatment operators
inside or outside the UK borders''?.

Apart from the EU and the UK, some other countries
are enacting policies and legislation to improve LIB
recycling. Some noteworthy nations are Japan and the US,
which have LIB recycling markets that are still in flux.
Japan has adopted several principles from the EU’s EPR
program to promote resource recovery and the abatement
of environmental consequences resulting from waste
battery disposal''®. The Promotion of Effective Utilization
of Resources (PEUR) is a Japanese legislation that pro-
motes the recycling of rechargeable batteries through
partnerships between importers, manufacturers, and dis-
tributors of batteries (including LIBs) and battery-

powered electronics''*, In the US, the federal

government has pushed for LIB recycling research and
facility establishment through various grants to reduce the
costs of EoL LIB collection and transportation, thereby
improving the management of damaged and nondamaged
EoL LIBs and improving battery design to facilitate the
reuse, dismantling, recycling and recovery of materials
and components. These strategies are designed to
improve the overall EoL LIB treatment process while
providing a secondary source of raw materials and thereby
easing burdens on the material supply chain.

Future scope and gap analysis

Although LIB utilization is currently on the rise, an
indirect method for reducing LIB waste and challenges
faced by recycling is the modification of lithium-based
battery technology and alternative high-capacity battery
technologies. Li solid-state batteries, which utilize a Li
metal anode and a solid matrix or solid-state electrolyte
(SSE) for charge shuttling (not a liquid electrolyte), are
promising alternatives to Li-based batteries''”. Some solid
matrices for Li solid-state batteries are solid polymers and
solid inorganic electrolytes, which can be divided into
oxide-, sulfide-, and halide-based SSEs*'®''’. This elec-
trolyte change replaces the flammable liquid electrolyte
and improves safety issues in downstream processing
while increasing capacity and energy density''®. With the
utilization of Li metal, care still needs to be taken in
handling spent Li solid-state batteries''”.

An alternative ion battery to LIBs is the sodium-ion
battery (SIB). SIBs have the same working principle and
cell design as LIBs, with one key difference: the use of
sodium (Na) instead of Li as the main chemical compo-
nent. As Na is less expensive and more widely available
than Li (>1000 times more abundant than Li), SIB costs
might be lower than LIB costs''®. However, owing to the
lower average SIB service life (2—5 years) and the lower
material valuation in SIBs, the economic recycling of EoL
SIBs may prove to be more challenging than LIB recy-
cling'?®. Apart from the changes in electrolytes and
cathode materials, a modification in the anodes used in
battery technology is a viable future prospect. Currently,
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graphite is chiefly utilized in LIB anodes. However, silicon
(Si) is an alternative that is being explored for use as an
anode. Si anodes may leverage the high Si abundance to
make them cheaper than graphite anodes while providing
higher energy densities and faster charging speeds'*'*%,
While Si anodes may offer the aforementioned advan-
tages, they often undergo extensive volume changes
during cycling, leading to active material deterioration
and current collector—active material contact loss; in
addition, these anodes affect operational characteristics,
such as solid electrolyte interface growth'**~'%°,

Considering the current status quo of battery technol-
ogy, the primary motivation for LIB recycling is the
growth of the LIB industry in the next several decades,
which indicates a growth in waste processing. Therefore,
innovation in recycling methods has been on the rise over
the past ten years. The optimization of these methodol-
ogies—including heat treatment, leaching, and precipita-
tion—will be of utmost importance, and research should
be focused on ensuring a consistent supply of LIB con-
stituent materials. In addition to the actual processes
required for recycling, supporting structures, such as
dependable collection and sorting, information dis-
semination, and robust handling channels, need to be
established. A concerted effort by the US Department of
Energy aimed at improving this aspect has been made
through the provision of funding for research into the
following aspects: i) improving consumer involvement in
battery recycling; ii) programs targeting retailers and local
and state consumers in terms of their electronic battery
collection, transportation, recycling and reprocessing; and
ili) cost reduction for recycling consumer electronics
batteries, with a focus on less expensive collection and
preprocessing to render the batteries nontoxic'*°. Novel
recycling approaches show promise for economical and
environmentally friendly extraction.

Currently, there are several limitations to battery recy-
cling capacity. A premier imperfection is the large amount
of waste generated with respect to the mass of batteries. A
potential avenue is to repurpose used batteries at their
EOL. Up to 70% of the original capacity of a used battery
can be integrated into a new energy storage system127.
Current and future national and global initiatives may be
focused on environmental impacts and climate change
related to all aspects of energy production. There are
several ecological ramifications of recycling that make it a
less appealing process. Primarily, a large amount of che-
mical waste is generated from hydrometallurgical meth-
ods, and high-temperature loads are coupled with
emissions associated with pyrometallurgical processing.
Research directed at addressing these shortcomings is
being performed, with a focus on chemical waste reduc-
tion via closed-loop processing and green chemicals.
Moreover, power supply technologies are emerging to
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manage energy demand and emissions. In the short term,
these methods can be performed sequentially to reduce
the harmful effects of each technology, with relatively low
temperatures and fume control measures being employed
to reduce heat treatment effects. However, the basicity of
the generated wastewater and the potential for reagent
recovery pose problems for future research.

To simplify the comparison of the three overarching
processes (pyrometallurgy, hydrometallurgy, and direct
recycling), a pseudo-technical green score approach based
on LCA aspects has been described and applied to each
process. With this green score, a numerical value is
assigned based on three broad categories (complexity,
waste generation, and power consumption). The green
score is envisioned as a simplified matrix that can be
condensed from more complex data and help all legisla-
tors and policy-makers in decision-making. Due to its
nature, the green score can expand and reflect key para-
meters of interest across various industries and simplify
data presentation.

Economic analyses of LIB recycling and waste man-
agement by different methods can be simplified by uti-
lizing a common basis that clearly reflects the associated
costs of each process. To highlight this benefit, the con-
version of costs associated with various EoL LIB and waste
LIB treatment processes are presented in this work. Costs
are standardized to reflect the treatment cost per tonne of
LIB. The results show that pyrometallurgy provides the
lowest cost per tonne of LIB processed, while hydro-
metallurgy has the highest cost per tonne of LIB pro-
cessed. Costs are largely influenced by the feedstock and
the complexity of the method applied. This influence can
be observed when considering the application of direct or
indirect pyrometallurgy and the energy source and when
considering various hydrometallurgical operations that
require different processing chemicals. Overall, the LIB
and overall battery landscape will continue to evolve with
the development of new energy sources, processing
technologies, and policies that will continuously affect LIB
waste management and recycling.
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