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Abstract

Lithium-ion batteries (LIBs) pose a significant threat to the environment due to hazard-
ous heavy metals in large percentages. That is why a great deal of attention has been paid
to recycling of LIBs to protect the environment and conserve the resources. India is the
world’s second-most populated country, with 1.37 billion inhabitants in 2019, and is antici-
pated to grow by 273 million people by 2050, according to the United Nations. The biggest
obstacles for India’s sustainable development will be reducing CO, emissions and satisfy-
ing the energy requirements of such densely populated country. The electric vehicle (EV)
and renewable energy sectors have benefited as a result of this. Indian government wants
to achieve 100 percent electric transportation by 2030, and the country’s EV battery mar-
ket is estimated to expand by $300 billion between 2017 and 2030. Batteries, on the other
hand, are linked to a slew of difficulties, including their disposal as municipal solid hazard-
ous waste at the end of their useful lives. Waste batteries, when properly utilised, can cre-
ate several beneficial economic opportunities as well as jobs. This paper highlights India’s
lithium-ion battery market current scenario, potential, opportunities and various challenges
associated with recycling procedures. The study of foreign market regulatory structures
on recycling and management of lithium-ion battery waste is also being done, and few
regulatory guidelines are being suggested that would improve the Indian battery recycling
industry.

Keywords Lithium-ion batteries - Battery recycling - Battery waste - Policy regulations

1 Introduction

Lithium-ion batteries (LIBs) are energy storage systems for converting energy from chemi-
cal to electrical form [1]. There are two electrodes in each battery cell namely cathode
and an anode. A separator layer consisting of an electrolyte allows electrons or ions to
move in between the two electrodes. There are two kinds of batteries i.e. primary and sec-
ondary. Primary batteries are also termed as non-rechargeable batteries suitable for single-
use purpose. Lithium-ion batteries belong to the category of chargeable and rechargeable
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secondary batteries. Demand for lithium-ion batteries has gained significant momentum
over the past few years across several sectors, including portable devices and electric vehi-
cles (EVs) [2]. The demand accreditation is due to various advantages associated with
these batteries in comparison to the other battery types. Some of the advantages are abil-
ity of lithium ion batteries to tolerate a large number of regeneration cycles and tempera-
tures; high energy efficiency that can be used for a longer duration for powering electronic
devices; favourably discharge resistance; high voltage per cell ratio; the environmental
impact is relatively low as compared to lead-acid batteries. Lithium batteries were com-
monly used in mobile computing applications, and later as energy storage systems in EVs
and renewable resources, such as solar and wind [3]. The success of lithium-ion batter-
ies in renewable energy applications will depend mostly on various factors such as safety,
cost, cycle life, energy, and power, which are further dependent on the component materi-
als used in the batteries. LIBs are well-thought-out as the battery of choice for driving the
next generation of hybrid electric vehicles as well as plug-in hybrids, given that efficiency,
cost, and safety improvements can be achieved [4, 5]. India’s demand for LIBs is estimated
to rise considerably in subsequent five years [6]. Two of India’s major ingenuities to boost
the market are the National Electric Mobility Mission Project 2020, with an estimate of
bringing approximately 7 million EVs on Indian streets by the year 2020 and achieving a
clean energy aim of 175 GW by the year 2022 [7]. Indian government wants to achieve 100
percent electric transportation by 2030, and the country’s EV battery market is estimated
to expand by $300 billion between 2017 and 2030. Recycling industry growth in India is
anticipated to be approximately 23 GWh in 2030 representing a $1 billion opportunity.

This paper presents a draft estimate of India’s yearly lithium-ion battery demand to
surge from 2.9 GWh in 2018 to 132 GWh in 2030 at 37.5% Compound annual growth rate.
This scenario would, in turn, increase the volume of ‘spent’ batteries in the environment
and can turn into severe health and environmental hazard if left untreated [8]. The best
means of handling these untreated batteries efficiently is by utilising various mechanical
and metallurgical methods to extract natural ores and metals that can be reused to gener-
ate more batteries [9]. As most of the natural metal reserves are located outside India, the
manufacturers of Indian batteries are heavily reliant on imports. Recycling of spent bat-
teries is the sole solution to reduce this dependence [10]. This reliance on imports is the
prime reasons that India is still not a battery manufacturer and there is urgent need to invest
in large-scale recycling set-up to reduce dependence on imports and for sustainable battery
production. The only obstacle in achieving India’s ambitious electric mobility target for
the EVs is the high cost associated with them, out of which, about 40-50 percent, is only
contributed by the batteries. Indian government should adopt suitable policy measures for
sustainable and certified ways to recycle the used lithium-ion batteries constituent materi-
als. Indian government in order to safeguard this, announced in October 2019, a recycling
policy for LIBs. The policy is in the drafting phase and levies accountability upon manu-
facturers to gather consumed batteries under included in Extended Producer Responsibil-
ity (EPR) standards. Martinez et al. 2019 [11] discussed the current practices and popular
recycling techniques for LIBs. Wang et al. 2014 [12] analysed the profitability of recycling
facilities and also discussed the commodity market prices of the materials recovered from
recycling batteries. In addition this study also gives an insight on end-of-life battery man-
agement and relevant policymaking for spent LIBs. King et al. 2019 [13] covered the cur-
rent and future scope of the LIB recycling industry in Australia. Steward et al. 2019 [14]
discussed the current and future recycling methods for consumed LIBs. Also, insights and
directions for future applications on the basis of supply chain are presented in this paper.
Further this study provides the techno-economic analyses of LIBs.
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1.1 Motivation and Scope

Most of the studies are focused on the description of recycling processes and also not
covering the important aspects linked with recycling of lithium ion batteries in context to
Indian market scenario such as the current state of Indian industry, potential, opportuni-
ties and challenges associated with recycling. The aim of this work is to provide analysis
of recycling technologies from an economical perspective This paper thus highlights all
the above mentioned aspects clearly highlighting the India’s lithium-ion battery industry’s
current state, recycling potential, and the linked opportunities and challenges with that. It
also focuses on the recycling processes that have been adopted worldwide, along with the
recycling applications and benefits. Last but not least, the paper examines the international
market regulatory mechanisms for recycling and handling lithium-ion battery waste and
recommends a few policy recommendations to the Indian government that would improve
the battery recycling industry.

The paper is organized as follows: Sect. 2 describes the essential metals, costs of critical
raw materials used in LIBs and also covers different types, specifications, uses and per-
formance metrics for LIBs. Lithium-ion market size globally and in India is covered in
Sect. 2; in Sect. 3, the need for recycling and different applications of LIBs are presented.
Solutions for reuse and recycling LIBs namely closed loop recycling and second life use
are discussed in detail in Sect. 4. Section 5 describes the different recycling challenges
associated with closed loop recycling. Section 6 discusses in detail the battery recycling
market opportunities in India. Section 7 presents International regulations for disposing
of lithium-ion batteries in different countries like Europe, the United States of America,
China, Japan, and India. Section 8 gives opinion based policy recommendations for recy-
cling LIBs. Lastly, conclusion is given in Sect. 9.

2 Critical Metals used in Lithium-lon Batteries

LIBs mainly comprise of 5 principal metals namely cobalt, iron, aluminium, copper, and
lithium [15]. Figure 1 depicts the general structure of a lithium-ion battery pack. Usually,
the anode comprises of copper foil enclosed with a fine coat of carbon, whereas the cath-
ode includes metals such as cobalt, aluminium, and lithium. Nickel and cobalt are rare met-
als with minimal availability across the world. Table 1 displays the main characteristics
of metals/materials used in lithium-ion batteries. These five primary metals usually reflect
50-60 percent of lithium-ion battery costs [16]. Thus, any variation in the cost of these
metals will significantly affect the batteries’ total cost. This price variance depends on vari-
ous economic parameters and are covered in subsequent section.

2.1 Price Trends of Critical Raw Materials

The prices of critical metals that constitute lithium-ion batteries have fluctuated over the
last ten years, due to increasing demand and the anticipated boom in the EV market. As is
evident from Fig. 2, of all metals, cobalt is the most expensive. Since 2012, there is a rise
of 3—4 percent in cobalt demand annually. In December 2017, the electric vehicle indus-
try’s anticipated boom led to the cobalt price peaking at $79,000 per tonne on the com-
modity market. This increase was short-lived, and since then, prices saw a sharp decline of
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Fig. 1 Generic composition of a lithium-ion battery pack

more than 30 percent due to surplus supply and a lower than anticipated demand for EVs.
Nickel and lithium, too, saw a considerable fluctuation in prices. Nickel prices peaked at
about $19,000 per tonne in 2012 but later saw a dramatic decline. There has been a steady
rise in nickel prices since 2016 and stood at $16,000 per tonne in July 2021. Whereas,
Lithium prices surged considerably from $7,000 per tonne to $17,000 per tonne from 2012
to 2021. Aluminium has demonstrated average price stability in the last ten years within
$1,700-2,300 per tonne. This cost variance contributes to the creation of specific lithium-
ion battery chemistries to reduce the cost by decreasing the cobalt share and finding the
best combination of comparable benefits. The next subsection describes the different lith-
ium-ion battery types based on the different metal combinations and their global adoption
share.

2.2 Classification of LIBs

LIB is a general name for dry lithium, nickel, cobalt, copper, and aluminium batteries.
Table 2 offers descriptions of various lithium batteries, and these batteries vary in per-
centage compositions of different metals. Thus, the various types of commercial batteries
offer capacity, protection, lifespan, cost, and efficiency. Lithium Cobalt Oxide (LCO), and
Lithium Nickel Manganese Cobalt Oxide (NMC) are the most common types of LIBs cur-
rently in use. LCO accounts for 37 percent market share (highest in the market), primarily
due to its applications in portable devices, namely, cameras, cellular phones, laptops. With
a market share of 29 percent, Nickel Manganese Cobalt is ranked second highest primarily
due to its usage in EVs and medical devices. The most commonly used batteries in India
are NMC with an average life of two to three years and LFP with five to seven year lifes-
pan [6]. NMC batteries have gained momentum in the last 34 years, primarily in Electric
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vehicles, street lights, and storage applications. LFP batteries, however, have now begun
to gain more popularity in India. Scientists are currently exploring NMC batteries 8:1:1
chemistry ratio to reduce the battery costs by decreasing the share of cobalt in the battery
mix. As is evident from Fig. 3, recycling may play a significant part as the cobalt quantity
recovered from NMC battery in the chemistry ratio of 1:1:1 can energize three NMC bat-
teries with a chemistry ratio of 8:1:1 in the coming years.

2.3 Battery Parameters
Some battery parameters that are used to characterise batteries are discussed in this section.

(1) Voltage The minimal voltage at which the battery is supposed to function is the bat-
tery’s voltage rating. The nominal voltage may not be the same as the actual voltage.
This is mostly determined by the battery’s State of Charge (SoC) and temperature.

(2) Capacity In context of batteries the term capacity denotes the quantity of charge that
a battery can supply at its rated voltage. The amount of electrode material in the bat-
tery has a direct relationship with the capacity. C,,, refers to capacity measurement in
ampere-hours (Ah). A battery’s energy capacity is easily calculated by multiplying the
rated battery voltage in volts by the battery capacity in Amp-hours.

Ebat = Cbatv (1)

(3) C-rate
C-rate is measurement of the battery’s discharge rate in relation to its capacity. It’s
defined as the current multiplied by the discharge current the battery can sustain for
an hour.
(4) Battery efficiency
Battery round trip efficiency is defined as the ratio of the total storage output to the
total storage input,

FEout
nbgt = E_- (2)

1243
The round-trip efficiency of batteries consists of two efficiencies namely the voltaic effi-
ciency and the columbic efficiency. The first one is the ratio of the average discharging
voltage to the average charging voltage whereas columbic is the ratio of capacity dis-
charged over capacity charged.
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The battery efficiency is the product of voltaic and columbic efficiencies,
Vdischarge Qdischarge
Mbar = My = = - (5)

charge Qcharge

3 State of Charge and Depth of Discharge

The State of Charge (SoC), is another significant battery metric and is the proportion of
the battery capacity accessible for discharge,

6)

Another key indicator is the Depth of Discharge (DoD), which is referred to as the
proportion of the battery capacity that has been discharged.

O]
The fraction of power that can be extracted from a battery is determined by its Depth
of Discharge. For example, if the manufacturer specifies a battery’s DoD as 25%, the

load will only be able to consume 25% of the battery’s capacity. The DoD is the per-
centage of the battery’s capacity that can be utilised, as indicated by the manufacturer.
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Fig.4 Lithium-ion battery global market size, GWh. Source: Bloomberg New Energy Finance (BNEF)

3.1 Market size of Lithium-lon Battery
3.1.1 Market Size of Lithium-lon Battery Globally

Bloomberg New Energy Finance (BNEF) projected the LIB market growth to rise ten
times from approximately 180 GWh in the year 2018 to 2000 GWh in 2030 globally, as
shown in Fig. 4. By 2030, EVs alone will hold about 85 percent of the lithium-ion bat-
tery market. Battery costs alone account for 50 percent of the electric vehicle cost. Thus,
the battery demand will also expand with growth in EVs. Main reasons accounting to this
demand are the declining prices of battery and global demand boom in EV segment. This
boom at a global level will also impact the Indian lithium-ion battery market scenario in
the coming decade.

3.1.2 Lithium-lon Battery Market Growth in India

Our paper forecasts that India’s annual lithium-ion battery demand will increase by 37.5
percent at a CAGR to hit 132 GWh in 2030, as shown in Fig. 5. The projected growth in
the lithium-ion battery’s total market share is approximately 2.9 GWh to about 800 GWh
from the year 2018-2030. Roughly 65 percent of lithium batteries are primarily utilized
in the telecom industry and data centres, whereas the outstanding 35 percent demand is
occupied by EVs. By the year 2030, on the pretext of government pushing towards electric
mobility, electric vehicles’ share is expected to be about 80 percent.

Figure 6 is depicting the price variation of Lithium ion battery pack over the last ten
years and it has shown a considerable drop in the price of lithium ion battery pack.

Hypotheses for estimating market size:

Other storage applications refer to data centres, consumer electronics, and telecom sites.
For EV’s, capacity for 2, 3 and 4 wheelers is 2 kWh, 5 kWh, 15 kWh and 250 kWh for
electric buses.

3. Electric vehicle sales are expected to see a rise of 0.2—128.5 million from the year
2018-2030, with a CAGR of 71 percent.

DN =
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Some of the Indian government’s significant initiatives planned to boost India’s lithium-
ion battery industry’s growth are:

e FElectric Mobility Mission Plan 2020, forecasting 67 million EVs in India by 2020;
e One hundred seventy-five gigawatts of renewable energy capacity addition by 2022 and
the long-term goal of 450 GW by 2030.

Also, over and above these initiatives, the Indian government has approved National
Mission on Transformative Mobility and Battery Storage in March 2019 to set up inte-
grated batteries and manufacturing plants in India on a large scale by 2024. The main
motive is to improve lithium batteries’ domestic production, as the Indian electric vehi-
cle industry depends totally on imported batteries from China [17-19]. The government
of India in July 2018 directed Hindustan Copper (HCL), National Aluminium Company
(NALCO), and Mineral Exploration Corporation Limited (MECL), the three state-owned
mineral companies for exploring and acquiring the mineral resources overseas to ensure
strategic access to lithium and cobalt.

Some of the other announcements are:
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e Panasonic Corporation is considering possibilities to set up the module’s assembly
plant for lithium batteries in India.

e Amara Raja Batteries Ltd and Exide Industries Ltd are in the process of jointly ventur-
ing battery assembling with overseas companies.

¢ Indian Oil Corporation Ltd. announced a partnership with an overseas start-up to estab-
lish a 1-gigawatt manufacturing plant.

e LG Chemical Limited of South Korea and Toshiba of Japan have also formed partner-
ships with Mahindra and Mahindra (M&M) Limited to assemble battery packs.

Looking at the strategic investment scales to start battery manufacturing in India, it is
sure that the products running on these batteries would become more reasonably priced.
This scale of development will also give rise to questions regarding safe disposal and recy-
cling of spent batteries. The subsequent section reflects these issues and suggests an action
plan to protect the environment from heaps of spent batteries.

4 Recycling Need and its Industrial Applications

The battery manufacturers are methodically planning to set up huge plants for manufac-
turing reasonably priced batteries considering the limited life and safe disposing methods
once they are spent. Usually, it takes around 500-10,000 cycles for a lithium-ion battery
to charge and discharge depending on specific parameters such as the purpose, size of bat-
tery, and chemistry. Hence application area of a lithium-ion battery will decide the pace
at which batteries reach end-of-life. So far, the batteries that have reached the end of life
are the ones with vast applications in laptops and tablets, telecom, satellites, aviation, cell
phones, automotive, railway, UPS and switchgear and controls [20]. Lithium batteries also
has applications in critical devices such as pacemakers and other implantable electronic
medical devices. Besides these, a large amount of lithium-ion battery scrap is piling up at
the telecommunication sites. Furthermore, with the whole world’s attention is now shift-
ing towards Electric vehicles utilizing lithium-ion batteries, the demand for these batter-
ies is thus expected to increase enormously. Materials recovered from recycling LIBs will
become economically profitable in time if production of these batteries increases as pro-
jected. Lithium products, Cobalt, Manganese and Nickel recovered at scale will have larger
concentrations of the element than native ores. Recycling lithium ion phosphate is pro-
jected to play a significantly important role in electric vehicles and in energy storage appli-
cations in the near future, as it is currently the only product that offers a financial incentive
for recycling. As a result, technologies based on directly recycled materials, such as lithium
ion phosphate, should be encouraged. Finally, the short-term battery life would simultane-
ously increase the number of spent batteries requiring an efficient recycling process. The
main factors responsible for driving recycling of lithium batteries are discussed below:

4.1 Shortage of Metals and Other Resources

According to Bloomberg New Energy Finance (BNEF), it is projected that consumption
of metals utilized in lithium-ion batteries such as lithium, copper, and cobalt will increase
globally by the year 2030, as shown in Fig. 7. The raw materials stocks and supplies are
primarily based outside India. Therefore, lithium-ion batteries’ recycling is essential to
lessen reliance on imports of critical metals and avert environmental and health hazards.
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Fig.7 Raw materials demand from LIBs packs in EVs

Also, the varying political relationships with countries that own natural reserves of
these primary metals and fluctuating raw material prices on global markets may affect
India’s battery prices. Considering that LIBs currently account for approximately 40-50
percent of the cost of EV, a rise in battery costs could raise the already high cost of electric
vehicles and hinder the selling of EVs.

4.2 Environmental Hazards

Disposal of heavy metals used in lithium-ion batteries such as nickel, copper, and organic
chemicals with municipal waste can lead to soil and water pollution and can negatively
affect the environment. Moreover, toxic gases are released due to incinerating lithium-ion
batteries, thereby causing air pollution.

4.3 Health Hazards

A tremendous amount of careful handling is required for lithium-ion batteries due to sev-
eral health risks to human beings. Lithium can easily be absorbed in edible plants leading
to various reproductive, genetic, and gastrointestinal problems, thereby entering the food
chain.

4.4 Reduction of Green House Gases emission

The battery raw materials are obtained from selected terrestrial locations, and their trans-
portation to various parts of the world for lithium-ion batteries manufacturing can raise
their carbon footprint, leading to greenhouse gas emissions. It has been shown that recy-
cling batteries is beneficial to the environment. Using recycled materials will eliminate
up to 90 percent of CO2 emissions from the manufacturing cycle [21]. Thus, recycling of
spent batteries to extract precious metals used in lithium batteries is the essential require-
ment to reduce India’s reliance on imports of these metals. Also, mandating appropriate
battery disposal should be strictly enforced to shield the environment and human beings
from the various risks associated with lithium-ion battery waste.
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5 Lithium-lon Battery Waste Management
The solutions for the reuse and recycling of used LIBs are:

e Closed-loop recycling Recycling of Lithium-ion battery aids in recovering different
metals like nickel, cobalt, and lithium.

e Second Life uses Once the EV battery’s drop-in potential is below 70 to 80 percent, it
still can be utilized in households or energy backups.

5.1 Second Life Use (Short Term Solution)

Lithium-ion batteries used in electric vehicles have less than ten years of shelf life. The
life-cycle of the electric vehicle battery is shown in Fig. 8. After 5-8 years, the battery’s
power-producing capacity is not sufficient for an Electric vehicle to give desired results.
Such ‘spent’ batteries can thus be utilized for secondary applications as they still maintain
70 percent—80 percent of their initial capacity and can be used for few more years [22].
Some second-life-uses of lithium batteries are listed below:

e Managing electricity for residential and C&I (Commercial and Industrial) units.
e Strengthening the peak power capacity or stabilization of the power grid.
¢ Firming of renewable energy systems by storage.

In the short term, a second life-use solution for managing battery waste will be eco-
nomically and environmentally beneficial, until a large number of lithium-ion batteries are
ready for recycling. These advantages include an extended battery life by up to 5-10 years
after serving its fundamental purpose, reducing the waste, and the amount of energy essen-
tial for producing new batteries. In European countries, many vehicle manufacturers are
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Table 3 Second life initiatives by automobile companies
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utilizing these ’spent’ batteries for energy storage applications in residential and provid-
ing large scale grid solutions. Table 3 describes some of the Second Life Strategies as
embraced by leading car companies. According to an E &Y report [23], the collective
capacity availability of "spent" batteries globally is likely to be 1000 GWh by the year
2030, at a rate of 80 percent for reuse applications.

5.1.1 Various Challenges in using the Battery for the Second Life

There are several challenges and issues responsible for not picking up of lithium-ion bat-
tery recycling such as:

e Absence of standardized policies and protocols for battery reuse in energy storage. Cur-
rently, the consumers are not assured of the reliability of the life span provided by these
second-life batteries. Moreover, they are also unsure whether these batteries are being
supplied from a reliable and certified distributor.

e Lack of proper methodology about the reliable reuse of batteries reaching end-of-life
and whether the waste products from these batteries are handled and disposed of with
utmost care to prevent hazardous effects.

Regardless of the above apprehensions, the rising prospects to reuse batteries by vehicle
manufacturers are likely to increase continually. Also, with the increasing number of EVs
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on the streets in the future, the prospects of reusing end-of-life batteries would simultane-
ously rise.

5.2 Closed Loop Recycling (Long Term Solution)

Second life battery has to undergo closed-loop recycling for extracting useful battery ele-
ments [24]. The various processes involved in closed-loop recycling are as follows:

1. Mechanical Process or direct recycling Crushing and physical component separation,
as well as black mass recovery, are all examples of direct recycling. Comminution is
usually the first step in mechanical processes, with the goal of liberating the materi-
als/components. The materials/components are then sorted based on physical qualities
including particle size, shape, density, and electric and magnetic properties.

2. Hydro-Metallurgical recycling Chemicals and liquids are used in this process. Three
primary phases are involved in hydrometallurgical processes. The first is leaching, which
is the process of dissolving metals with acid, base, or salt in most circumstances. Puri-
fication is the second phase, which involves specific chemical processes to separate
the metals. Solid-liquid reactions, such as ion exchange and precipitation, as well as
liquid-liquid reactions, such as solvent extraction, are included in the third phase. By
crystallisation, ionic precipitation, reduction with gas, electrochemical reduction, or
electrolytic reduction, the metals of interest must be recovered. Because of their ability
to create high-quality products, hydrometallurgical operations are frequently used as
refining steps. High treatment capacity, low temperature operation, and high impurity
removal efficiency are all advantages of hydrometallurgical recycling. The disadvan-
tages of this process include product toxicity, waste stream difficulties, high chemical
consumption, and high temperature operation.

3. Pyro-Metallurgical recycling The spent lithium-ion cells are processed at high tempera-
tures in this process, which uses heat and flames. No prior pre-treatment mechanically
is required, and the batteries go straight into the furnace. Pyro-metallurgy covers high-
temperature procedures for winning and refining metals, such as roasting or smelting.
Roasting is a phrase used to describe operations that use a gas—solid reaction, such as
oxidative roasting, to purify ore or secondary raw materials. Smelting is a chemical
operations to recover metals and secondary raw material. Smelting decomposes second-
ary raw material using heat and a chemical reducing agent, releasing other elements as
gases or slag and leaving the metal base behind. The reducing agent is usually a carbon
source. Pyro-metallurgy offers a number of benefits, including high reaction rates, com-
pact plant space for a given throughput, and high overall efficiency. On the negative side,
these methods frequently yield intermediates that require additional hydrometallurgical
refinement, and they are uneconomic for low-grade concentrates. The existing recycling
processes can only recover around half of the economic value. The percentage of differ-
ent elements recovered in various industrial processes is shown in Table 4.

A recent study found that more than 90 percent of a spent lithium-ion battery eco-
nomic value comprises seven prime components. These components are nickel, lithium,
cobalt, aluminium, graphite, manganese, and copper [25]. The existing recycling tech-
nologies can only recover 50 percent of the economic value from present recycling sys-
tems. Before subjecting the lithium-ion batteries to recycling processes, the first step
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Table 4 Material Percentage recovered in different industrial processes

Material % of various elements recovered
Pyro-metallurgical hydrometallurgical Combination of pyro-metal-
process process lurgical & hydrometallurgical

processes

Type of Batteries NMC LFP NMC and LFP

Lithium 94 81 57

Manganese ~100 NA 0

Nickel 97 NA 95

Cobalt ~100 NA 94

was to separate plastics, aluminium, and copper [26]. The cost of recycling Lithium-ion
batteries depends on several factors such as battery chemistry, operation scale, volume,
and cost of raw materials.

6 Recycling Challenges

Closed-loop recycling of lithium-ion batteries presents a lot of challenges and risks, and
few of them are:

e Battery recycling is an incredibly complex process. Continuous variations in the
research methodologies and designs by manufacturers to increase the battery effi-
ciency have led to creation of batteries with varying compositions and designs. Such
variations make it very hard to adopt a standardized recycling procedure, and also
reduces efficacy. The average recycling output of approximately 50 percent of the
financial value and high costs associated with recycling, makes the entire recycling
process an expensive affair. Recycling will not be very economical on the current
scale.

e High recycling costs- In India, the cost involved in recycling a LIB is around INR
90-100/kg according to industry sources. A Lithium battery recycling unit requires
high investment in management, resource acquisition and transportation, though the
margins are small. Recovering expenses and booking profits takes at least five years.

e In India, lack of awareness is another crucial problem for battery manufacturers and
end consumers. Although the recyclers are still struggling even in the Business to
Business (B2B) market, Business to Customer (B2C) will continue to be a distant
possibility for the coming few years.

Tapping the recyclers onto the B2C segment is also a logistically implausible idea.
Safety concerns- The health risks associated with collecting, storing, and transport-
ing waste lithium batteries may be a concern. The residual energy can be emitted
rapidly and may result in fire if the disposed battery is short-circuited.

e Storage and transportation of unused waste batteries is a demanding task. Presently,
only 5 percent of spent lithium-ion batteries are being collected. These challenges
would eventually subside with the standardization of the LIB market composition
and growth.
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Fig.9 Lithium-ion battery recycling market in India

7 Market Opportunity: Battery Recycling in India

Globally, only about 50 percent of spent batteries find their way to recyclers [20] [27].
Multiple reasons contribute to this situation, such as:

e Hoarding or storage of batteries
e Second life usage in other applications
e Waste disposal of batteries

According to our study, it is expected that the recycling market pace will pick up from
2022 onwards in India. The annual demand for recycling is predicted to be about 22-23
GWh in 2030, which is a $1,000 million potential, as shown in Fig. 9. Between 2022 and
2030, electric vehicle batteries will majorly contribute to the recycling market, with 75
percent of the overall recycling market will be led by public transport. This growth is pre-
dicted on the fact that such batteries are subject to hundreds of partial cycles each year,
intense operating temperatures, and rising discharge levels, resulting in high lithium-ion
degradation.

*Others denotes batteries utilized in stationary storage applications, telecom sites, and
portable devices.

The assumptions on which this scenario is presented are as follows:

This data consists of batteries available for recycling as well as for second life use.
Majority batteries used in electric vehicles will be used for second life while, on the
other hand, closed-loop recycling will be suitable for other applications.

e Each year a certain proportion is presumed from EV’s and others for second life use/
closed-loop recycling, which will steadily rise till 2030. For EV’s, this is expected to be
40 percent from the year 2021, while for ‘others," only 1% from 2021 can be expected.

e Life of battery: Buses- 4 years, four-wheelers-8 years, 3-wheeler-3 years, two-wheel-
ers-5 years, and Storage- 8 years.

e As per the battery production goals set under the Energy Storage Mission by NITI
Aayog, the goal of 160 GWh of battery recycling by 2030 is anticipated. The manu-
facturing waste can be used for recycling soon if cell manufacturing units are set up
in India. Many Indian companies are eyeing this profitable prospect and already
announced plans to develop recycling projects. The specific significant recycling play-
ers are as follows:

e Mahindra Electric plans to enable EV battery recycling, like the cell phone batteries
recycling.
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Table 5 Other Recycling companies in India

Recycler Technology Location Methods

Exigo Mechanical Haryana In house patents

TES-AMM Mechanical and Hydro ~ Chennai/Singapore RECUPYL (Singapore)
Metallurgy

E-Parisaraa Mechanical Bangalore In house patents

Sungeel Hi-metal Hydro Metallurgy Andhra Pradesh Sungeel, India

EXIMO Recycling Mechanical Gujarat N/A

ECORECO Mechanical Mumbai NIPPON Recycling

ECOTantra Mechanical Pune NIPPON Recycling

Surbine Recycling In house patents Gujarat Electro & Hydro Metallurgy

e Attero Recycling is an important player and has set a commercial, operational recycling
plant in India.

e Raasi Solar is in the process of setting up a 300 MW recycling plant along with cell
manufacturing and battery assembling.

e Tata Chemicals unveiled its battery recycling operations at Mumbai in August 2019
and intended to recycle 500 tons of spent batteries.

Lithium-ion battery recycling is a laborious and expensive affair and can only be sus-
tained by long-term focussed players. With mounting capacities, profits will also escalate
for them. Besides these significant firms, other companies who manage electronic waste
and have LIB recycling plans in India are shown in Table 5 below:

8 International Regulations: Recycling and Disposal

While there is awareness about battery reusability and recyclability, this market will only
gain momentum with a clear policy structure on the government end. The number of spent
LIBs will also be growing with the rise of the EV industry. Globally, spent LIBs and their
waste are categorized as ‘Dangerous Goods.” Lack of proper and standardized battery dis-
posal and recycling regulations can lead to improper handling of spent battery waste and
can pose hazardous effects on the environment. Presently, the regulations governing the
disposal of spent LIBs differ considerably across countries. Specified battery disposal reg-
ulations in some of the leading countries are outlined in Table 6 and listed below:

(i) European Union

The European Union (EU) established a Battery Directive in 2006 to help EU members to
protect, conserve, and enhance environmental quality by reducing the adverse effects of
waste batteries, including LIBs. The European Union had set a timeline for recycling spent
lithium-ion batteries by battery producers and importers. The EU’s "Batteries Directive"

has the following requirements:

e Used battery collection rates will be 25 percent by 2012 and 45 percent by 2016.
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e For battery recycling in order to manufacture identical products had to be 65 percent in
terms of weight for Lead Acid batteries, 75 percent of Nickel-Cadmium batteries, and
50 percent of remaining types of batteries.

e Prohibition of automotive, industrial batteries, and accumulator’s disposal to landfill or
burning.

Studies [28] suggested that most EU members achieved the 2012 goals, but the 2016
goals were too optimistic. In 2014, while seven Member States had already met the 45 per-
cent goal for 2016, four Member States had yet to meet the 25 percent goal for 2012.

(i1)) United States of America

LIBs are considered harmful in USA and are governed under the Standards for Univer-
sal Waste Management (Electronic Code of Federal Regulations, Title 40, Sect. 273, US
Environmental Protection Agency). This legislation mandates the processing of waste bat-
teries as hazardous waste and should be sent for recycling. The directive forbids landfills
explicitly for disposing of the batteries. However, no directive on resource recovery from
lithium-ion battery waste is included in the Federal Government standards. Some US states
such as California, New-York, New-Jersey, Florida, and Maryland are implementing their
regulations that require manufacturers to provide or fund the recycling of batteries.

(iii) China

In 2017, the Ministry of China released draft regulations holding automobile manufac-
turers accountable for the recovery of new energy vehicle batteries. It also requires these
manufacturers to create networks for recycling and providing service outlets for collecting,
storing, and transferring old batteries to specialized recyclers. The automotive manufactur-
ers have to set up a replacement service system for efficiently fixing or swapping the old
batteries. Auto manufacturers will now have to set up a traceability system to locate own-
ers of the batteries that have been discarded. The battery makers are encouraged to follow

standardized designs to simplify the recycling process. Battery manufacturers must provide
the automobile makers with technical training to store and uninstall old batteries.

(iv) India

At present, India has no policy structure or mechanism for recycling lithium-ion batter-
ies and the demand for a second use. However, the Indian government declared in October
2019 that recycling policy for lithium-ion batteries is in the drafting phase, in which the
recyclers are given tax Standard Operating Procedures (SOPs). This strategy also places
responsibility on battery manufacturers to recover used batteries under the EPR require-
ments. Also, the proposed policy would provide incentivized motivation for firms setting
up recycling facilities and make the processing of used batteries incumbent on produc-
ers [29]. The e-waste management and handling regulations notified in 2011 declared all
the batteries as e-waste, except lead-acid batteries. However, these laws do not explicitly
address disposing the batteries safely. Few states and Union Territories issued directives
for handling e-waste collection, thereby mentioning the authorized collection centres by
the state agencies. However, the enforcement of these guidelines remains a problem at the
root level. In 2001, a notification was issued by Gol ‘The Batteries Management and Han-
dling Rules’ for lead-acid batteries, to channelize consumed lead-acid batteries [30, 31]. To
date, however, it has been a challenge to implement these rules. Approximately 85 percent
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lead-acid batteries undergo recycling in India according to data collected from various
sources. Although the formal sector recycles 40 percent of the batteries, the rest is recycled
informally [33, 34].

9 Policy Recommendations for Recycling LIBs: Opinion

In our opinion, the main policy recommendations that are needed to be implemented at the
government level are discussed below:

e The labelling of lithium-ion batteries should be made a guideline that would help dis-

tinguish them from other types of batteries.

Battery disposal into landfills must be punishable offence.

Policies for establishing a comprehensive incentive system such as incentives for estab-
lishing tax holidays and income tax deductions for the establishment of lithium-ion bat-
tery recycling plants in India have to be framed.

Legislation is needed to facilitate storage and proper disposal of spent batteries.

The government will consider developing an environmentally friendly research pro-
gram for more effective direct recycling processes. In order to make it attractive to
academicians and researchers, recognized research centres should be well funded.

e The government should aim at closed-loop recycling, where products are recycled
directly from spent batteries, reducing energy usage and waste by removing mining and
processing measures.

¢ Finally, Extended Producer Responsibility (EPR) should be developed by the govern-
ment to safeguard battery manufacturers’ responsibility for recycling the batteries sold
by them in the market. It involves that all the EV manufacturers will take back used
LIBs and allow second-use of these batteries before they are handed over for disposal
to some authenticated recycler. For making EPR effective, consumers may be charged a
small battery fee.

If taken now, all these steps will help India streamlining and formalizing the methodolo-
gies to ensure that lithium-ion batteries are appropriately disposed of and recycled safely
and cost-effectively.

10 Conclusion and Future Scope

Recycling and reusing lithium-ion batteries has become more than an option, and it is the
need of the hour. This will help India address end-to-end battery manufacturing issues and
ensure avoiding pollution, safeguarding less waste, and reducing costs. It also addresses the
scarcity of absolute mineral reserves in India by reusing them primarily to reduce imports.
This paper highlights India’s lithium-ion battery market current scenario, potential, oppor-
tunities and various challenges associated with recycling procedures. The study of foreign
market regulatory structures on recycling and management of lithium-ion battery waste is
also being done, and few regulatory guidelines are being suggested that would improve
the Indian battery recycling industry. With time, new business models are likely to emerge
that provide better solutions such as battery leasing, in which the batteries are returned
after lease is over, and manufacturer is responsible for reuse and recycling. India’s battery
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suppliers have already begun selling with an option to buy back. While there is cognizance
towards battery recyclability, still this market will only gain momentum with the imple-
mentation of standardized policy guidelines and regulations. Clear guidelines for collec-
tion, storage, and transportation of recycling waste batteries need to be laid out. Detailed
instructions must also be laid out and implemented for consumers as well as for battery
suppliers.
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the current study.
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