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Abstract

Drawing on the case of Korea, this paper presents an argument on the comprehensive
strategies that integrate technology, policy, and cultural changes to address the
climate crisis and ensure a stable transition to renewable energy. Recently, Korea has
been shifting its industrial focus to the eco-friendly energy sector, including electric
vehicle industry, with the goal of achieving carbon neutrality by 2050. This shift
means that there is a growing demand for critical minerals such as cobalt, nickel, and
lithium, which are essential for manufacturing electric vehicle batteries. With growing
interest in securing critical minerals and battery recycling, four key areas are explored
from a Korean perspective: (1) the role of critical minerals in EV battery production;
(2) advancements in battery recycling technology; (3) misconceptions and truths
about climate crisis, energy transition, and battery recycling; and (4) ongoing
policies on battery recycling in Korea. Addressing the global problems related to
critical mineral procurement and battery recycling and introducing the recent
implementations at the government level in Korea can contribute to sustainability,
ensuring progression in the right direction.

Keywords: Lithium-ion battery; Critical minerals; Battery recycling; Carbon neutrality;
Republic of Korea

1. Introduction

Among the leading industries in Korea, the shift in interest from the steel, shipbuilding,
and construction industries to the electronics, semiconductor, and automobile industries
has been a major change over the past 20 years. This change implies that the landscape of
the core industries in Korea that drive economic growth through exports has changed,
and recently, the focus has shifted to the eco-friendly energy industry to solve the
problem of global warming caused by increased carbon dioxide emissions.

Efforts to solve the climate crisis by achieving carbon neutrality by 2050 are
being made worldwide, and e-mobility is receiving attention as a specific measure."?
Accordingly, the electric vehicle and hydrogen fuel-cell vehicle industries, which replace
internal combustion engines with fossil fuels, are growing rapidly, and the demand for
batteries used in these eco-friendly vehicles is skyrocketing. It is expected that by 2030,
eco-friendly vehicles will account for >40 million of the approximately 100 million
vehicles produced worldwide.**
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The batteries used in electric vehicles comprise a
single pack. The pack comprises several modules, each
of which comprises several cells. A single pack weighs
approximately 500 kg. Cathode materials of electric vehicle
batteries include cobalt, nickel, and lithium, which account
for >30% of the price of electric vehicle batteries.*” For
example, an NCM811 battery pack with an energy of 70
kWh contains 6 kg of cobalt, 45 kg of nickel, and 40 kg
of lithium in the form of lithium carbonate (Figure 1).
The demand for these metals in 2030 will be 240,000
tons, 1.8 million tons, and 1.6 million tons, respectively.®
Therefore, to mitigate global warming using eco-friendly
vehicles, securing the critical raw materials or elements
essential for the above-mentioned batteries is important.
Stable securing of key minerals containing these metals is
possible through overseas resource development and can
also be achieved by recycling waste batteries generated
when electric vehicles are scrapped.

This paper presents some perspectives on the
comprehensive strategies that integrate technology, policy,
and cultural changes to address the climate crisis and
ensure a stable transition to renewable energy. In this paper,
the key minerals for electric vehicle batteries are detailed in
the beginning, followed by a review of the current status of
recycling technology for waste electric vehicle batteries, as
well as misconceptions and truths about the climate crisis,
energy, and battery recycling. Finally, ongoing policies on
critical minerals procurement and battery recycling in
Korea have been discussed.

2. Critical minerals for electric vehicle
batteries

An electric vehicle harnesses the chemical energy of
a lithium secondary battery, which is converted into
electrical energy that rotates motor to move the vehicle.
Compared to internal combustion vehicles such as
gasoline and diesel vehicles, which convert the heat
energy generated when burning fossil fuels into kinetic

For a 70 kWh BEV with a NCM 811 battery
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Figure 1. Contents of critical materials in one electric vehicle battery pack.
Image created by the authors. (Redrawn based on Reference No. 42).
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energy, there is no exhaust gas emission, thus alleviating
air pollution problems caused by driving. In addition to
electric vehicles, hydrogen fuel cell vehicles that rotate
their motor using the electricity generated when oxygen
and hydrogen gas in the air are converted into water with
the help of a catalyst in a fuel cell stack can be considered
eco-friendly. In these hydrogen electric vehicles, a battery
is used such that when the accelerator pedal is released
while driving, the motor acts as a generator through the
wheels, converting kinetic energy into electrical energy
for charging. In addition, lithium secondary batteries have
recently replaced lead-acid batteries to provide the 12 V
electricity supplied to automotive electronic components.

Lithium-ion batteries are used mainly in electric
vehicles. Nickel-metal hybrid batteries have been used in
hybrid electric vehicles produced in Japan, but have now
been replaced with lithium secondary batteries.” The types
of lithium secondary batteries include the NCM lithium-
ion battery, which is produced as the main product in
Korea; a ternary battery (Li(Ni, Co, Mn)O,) in which
transition metals, such as nickel-cobalt-manganese,
are combined with lithium to form a layered transition
metal oxide; and lithium iron phosphate (LFP) batteries
(LiFePO,), which are mostly produced in China. LFP
batteries have the advantages of higher safety, lower price,
and longer lifespan than lithium-ion batteries; however,
their disadvantages include low energy density and
short driving range.'®* Recently, M3P batteries that use
manganese, zinc, and aluminum instead of iron have been
developed to increase the driving range.*

Lithium-ion batteries comprise anodes, cathodes,
electrolytes, and separators, and the cathode, made
of lithium, nickel, cobalt, and manganese, is the most
interesting component. These metals are important
components that affect the driving range of electric
vehicles, which are referred to as critical materials in the
electric vehicle battery industry. Critical materials are
defined as resources that are essential for the production
of key technologies and products including lithium, nickel,
cobalt, and rare earth element.'*'* Due to the surge in
demand and supply uncertainties, certain materials have
been selected and carefully managed. For electric vehicles
to replace internal combustion engine vehicles, they must
be able of cruising for 400 km on a single charge, and the
charging time must not be excessively long compared to
the 5-min refueling time of internal combustion engine
vehicles; thus, shortening the charging time is also
important. In addition, the price of electric vehicles is an
important variable, and batteries determine the price of
electric vehicles; for electric vehicles to be competitive,
batteries must be produced at <$100/kWh. In recent years,
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the manufacturing cost of NCM-cathode batteries has
been steadily dropping from $200 to $100 per kWh due
to improvements in battery manufacturing technology;
however, the price of key raw materials recently increased
and is currently hovering at approximately $130/kWh.**

Theprice ofkey raw materials for electricvehiclebatteries
has skyrocketed because the production of electric vehicles
is increasing worldwide. These key raw materials are
produced through the processes of investigating, exploring,
mining, beneficiation, refining, and materializing mineral
resources; therefore, it is difficult to match the supply and
demand in this industry. In addition, they are produced
geographically only in certain countries; therefore, they are
also greatly affected by geopolitics (Figure 2).

Lithium is produced as a terrestrial mineral such
as spodumene (LiAlSi,O,) in Australia, China, and the
Democratic Republic of Congo, and also exists in dissolved,
ionic form found in salt lakes such as those in Chile, South
America. These are refined to produce lithium carbonate or
lithium hydroxide, which are then supplied to companies
that manufacture battery cathode-active materials. The
price of lithium carbonate has recently decreased to
$16.5/kg, compared to $63.8 a year ago.'®"” This is believed
to be due to the oversupply of raw materials resulting from
a temporary slowdown in the electric vehicle industry.

Cobalt is a metal produced mainly in the Democratic
Republic of the Congo, as a byproduct of nickel and copper
production processes. It is mined with copper in the form
of cobaltite (CoAsS) and chalcopyrite (CuFeS,). Mined ore
is made into copper-cobalt or nickel-cobalt alloy powder
through high-temperature smelting (pyrometallurgical
process) and then made into battery raw materials through
a hydrometallurgical process.'®"

Russia, South Africa, and Australia are the main
producers of nickel sulfide ores, such as pentlandite
(Fe,Ni,S,), whereas Indonesia, the Philippines, and New
Caledonia are the main producers of nickel oxide ores such
as laterite.*** Nickel is mainly used in stainless steel alloys,
and recently, its demand for battery use has increased by
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30%. Sulfide ore smelting is similar to cobalt ore smelting,
and nickel oxide ore smelting is a high-temperature,
high-pressure acid leaching method that produces a large
amount of iron oxide residue as waste; therefore, new
leaching processes are being studied.?**

In light of the above, key battery materials produced
from critical minerals are only deposited in a few countries,
and most of them are refined in China; therefore, there are
difficulties in securing raw materials due to the political
and economic interests of the United States, Europe, and
China.?**? Therefore, securing stable source of these key
raw materials has become an important agenda, and there
are four ways to do so. The first is to cooperate closely
with countries that produce critical minerals containing
key raw materials to secure a stable supply of minerals.
The second is to expand the stockpiling of these key raw
materials domestically. The third is to actively develop
overseas mineral resources. The hasty expansion of
overseas resource development projects initiated by the
previous administration in Korea has met failure. However,
Korea can continue to pursue private-led overseas resource
development projects by taking systematic steps, just as
China monopolized most of mineral resources projects
in Africa. The fourth is to secure key raw materials
through recycling. This is examined in detail in the next
section.

3. Status of electric vehicle battery
recycling technology

Recycling companies currently leading battery recycling
businesses include Belgiums Umicore, Korea’s SungEel
Hitech, as well as Chinas BRUNP, GEM, and Huayou
Cobalt (Figure 3). These recycling companies sell the
cobalt, nickel, and lithium compounds produced from
recycling to lithium-ion battery cathode manufacturers at
reasonable prices. To date, raw materials for economically
viable recycling projects have been scrapped from the
battery manufacturing process and waste batteries
recovered from small home appliances such as mobile
phones.

Unit: k-tonnes
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Figure 2. Expected demand for key battery raw materials over the next 20 years. Image created by the authors. (Redrawn based on Reference No. 42).
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Figure 3. Commercialized waste battery recycling processes

In the case of the Umicore process, the entire waste
battery is melted at 1,450°C in a furnace without any
additional pretreatment. Copper, cobalt, iron, and nickel
are recovered in the form of alloys, whereas lithium,
aluminum, and silicon are separated into slag and sold as
construction aggregates.'® The alloys are atomized into a
fine powder, dissolved in hydrochloric acid, and made into
metal compounds through a separation and purification
process, which are then sold as battery precursor. Electric
vehicle waste batteries, which weigh 500 kg and are large
in size, must be disassembled into modules before being
fed in. There are problems such as the large amount of
carbon dioxide generated during the melting process and
the difficulty of recovering lithium, which has skyrocketed
in price. Therefore, research into lithium recovery during
melting is currently being conducted in Korea.”

In Chinese and Korean recycling companies, electric
vehicle battery packs are dismantled after electric
discharge, disassembled into modules, and crushed and
pulverized to a create black mass, which is the raw material
for the leaching process.?® The black mass was dissolved
in sulfuric acid and converted into metal compounds
through a solvent extraction process. To recycle electric
vehicle batteries, which contain a large amount of energy
and are composed of hundreds of kilograms of cells, fire
and explosion problems must be solved. In addition,
many problems need to be solved, such as metal recovery
rate, improvement of leaching processes, and wastewater
treatment; therefore, new recycling processes are still being
developed.?-*2

In Duesenfeld, Germany, a process was developed to
control fire and explosion by blowing nitrogen during the
shredding process and to recover the electrolyte in a black
mass using a reduced-pressure evaporation method.* In

the US, the Li-Cycle currently operates a process that puts
battery packs into a shredder without pretreatment and
sprays a neutralizing solution during the process to control
fire and explosion.’** Sebitchem, a recycling company in
Korea, is making a black mass using a similar process, and
energy materials are solving fire and explosion problems
using a low-temperature cooling method.

Cycle-Well in China are developing a process to
selectively leach lithium and increase the lithium
recovery rates. In addition, Ascend Elements in the US
are developing a direct metal hydroxide co-precipitation
method that omits the solvent extraction process to
increase competitiveness. The direct recycling method
developed by the Argonne National Laboratory in the
US is a process that separates cathode scrap, washes, and
removes only impurities, supplements the missing metals,
and heat-treats them to make cathodes again.*® These new
recycling methods are expected to be more economical
than existing methods due to their simpler manufacturing
processes; however, they must overcome the hurdle
of an independent product manufacturing process for
commercialization.

The following are important factors for commercializing
the battery recycling process: (1) securing raw materials,
(2) controlling fire and explosion problems, and
(3) establishing a separation and purification process to
produce products that can be used as raw materials for
batteries. In addition, to ensure economic feasibility, five
items mustbe considered: (1) metal contentin raw materials,
(2) raw material recovery status, (3) recycling scale,
(4) government institutional support, and (5) recycling
technology. Among these, recycling technology is the most
important.
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4, Misconceptions and truths about climate
crisis, energy, and battery recycling

To reduce carbon dioxide emissions, interest in recycling,
reusing, repurposing, and remanufacturing is increasing.®
However, there is confusion regarding the use of these
terms (Figure 4). Thus, the terminology should be
precisely defined and distinguished to avoid confusion.
After the battery was separated from the electric vehicle
and its performance was evaluated, batteries with a
performance below 80% were recycled, and those with a
performance above 80% were reused, repurposed, and
remanufactured. Reuse refers to using again of batteries
separated from electric vehicles for the same purpose as
the electric vehicles. Repurposing refers to using again
of batteries for other purposes. Remanufacturing refers
to the disassembly, inspection, and repairing of batteries
to render them similar to new products. Therefore,
restoring battery performance through part replacement
and using them in electric vehicles for the same purpose
should be called remanufacturing-reuse. In addition,
disassembling, inspecting, and repairing batteries for use
as Energy Storage Systems and Uninterruptible Power
Supply Systems should be corrected for remanufacturing
and repurposing.

Another confusing term concerns critical minerals, key
substances, and core raw materials. Recently, as these terms
have been increasingly mentioned, they have often been
misused. Minerals are defined as industrial compounds
that occur in nature and have a certain chemical formula
based on the chemical combination of elements, such
as spodumene (LiAlSi,O,) and pentlandite (FeNi,S,).
Therefore, it is incorrect to call metallic elements such as
nickel, cobalt, and lithium critical minerals, they should
instead be called critical raw materials or core elements.
Cobalt sulfate (CoSO,-7H,0), nickel sulfate (NiSO,-6H,0),
and lithium carbonate (Li,CO,), which are produced

Battery reuse, repurposing, recycling COﬂCGpt
remanufacturing & reuse
Grade Reuse
Parts replacement «———— A for the same remanufacturing
—> purpose & repurposing
Elactric Epd of . Grade Repurposing Reusable
hicl Life(EOL) —» grading —» for other purpose  ——> =TT (11433
vehicle battery B in ESS, UPS (ESS, UPs)
T Grade Recycling
raw metals decomposition .
materials (Ni, Co) edaion C  forexraction

by processing minerals, can also be called critical raw
materials.

Securing critical minerals is affected by an imbalance
in the supply and demand of raw materials, due to
geographical bias and price fluctuations. One solution to
this problem is to secure cobalt and nickel by smelting
deep-sea manganese nodules.”* However, the Deep Sea
Conservation Coalition, which consists of approximately
100 environmental groups worldwide, is fiercely opposing
mining due to the destruction of unknown underwater
ecosystems and marine ecosystem diversity. Manganese
nodules are deposited on the seafloor at a depth of 3,000
- 5,000 m, where water pressure is high; therefore, they
can be easily collected, and environmental pollution can
be minimized compared to offshore oil development or
onshore mineral development. Citing these points, Nauru,
a small island nation in the Pacific, recently applied for a
manganese nodule mining permit and requested that the
UN address the issue of ecosystem impacts.*

To overcome the climate crisis caused by global
warming, carbon neutrality implementation plans for
2025 are being prepared one after another, and the
use of renewable energy and electric vehicles has been
suggested.** However, this problem cannot simply be
solved by switching to renewable energy sources and
electric vehicles. Humans’ desire for energy and power
can be said to be instinctive. In addition, under an eco-
friendly framework, the psychological barrier to entry
is reduced, which can lead to an accelerated increase in
energy consumption. People need to secure a steady supply
of energy because they will starve if they do not eat. They
also need to fight and win against their enemies to survive,
so they want more power (work efficiency, P = energy/
time), and their desire is endless. Therefore, as long as
human survival instincts exist, global warming caused by
excessive energy use will be difficult to solve. To solve this

Figure 4. Conceptual diagram of battery reuse, repurposing, and recycling
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problem, it is necessary to change the social paradigm, in
which the mindset of moderating endless human desires
and practicing moderation are recognized as the highest
virtues, along with a shift to renewable energy and electric
vehicles subsidized by the government.

As interest in the electric vehicle battery recycling
industry grows, countries overseas are implementing
related legislation, such as the USIRA and the EU’s CRMA,
to mandate the securing of critical battery materials through
battery recycling.***> Meanwhile, there is a movement to
recognize waste batteries and intermediate materials, such
as black mass, as products rather than waste to promote
the battery recycling industry.** However, the CRMA’s
mandate on the use of recycled materials also applies to
waste, creating a contradictory issue. To address this issue,
the EU is holding workshops with relevant experts to
discuss institutional improvements.

In addition, there is considerable investment in overseas
recycling companies. However, companies exaggerate their
advertising to attract investment. Therefore, investments
should not be made solely based on the exaggerated plans of
these companies and should be made from a mid- to long-
term perspective, considering that even for substantial
companies, it is a business that takes a lot of time from
launch to product production and profit generation.

5. 0Ongoing policies on critical minerals
procurement and battery recycling in Korea

With the establishment of terminology, the Korean
government established policy recommendations and
institutional strategies based on the development of critical
minerals procurement and battery recycling technologies.

As concerns grow about resource-weaponizing
strategies and supply chain crises worldwide, the Korean
government is actively pursuing national policies to secure
critical minerals. In February 2025, the “Special Act on
National Resource Security” was enacted to prepare for
crises related to resource security and respond effectively
when crises occur. The purpose of this act is to contribute
to national security and sustainable development of
the national economy by stipulating matters related to
the resource security promotion system. The Korean
government must establish a supply chain for critical
minerals such as nickel, lithium, and tungsten, as well
as oil and natural gas. In the future, public energy and
resource organizations, including the Korea National Oil
Corporation and Korea Gas Corporation, will be designated
as institutions with a reserve obligation in normal times,
and will be temporarily required to make additional and
new stockpiling obligation in cases of emergency.*

Korea’s integrated management system for used
batteries is evolving through stronger legal frameworks,
enhanced collection and reuse systems, and advanced
data-management platforms. The focus is on advancing
the used battery management systems to foster the used
battery industry and proactively respond to global trade
regulations. This involves enhancing battery lifecycle
tracking, optimizing recycling processes, and establishing
a robust regulatory framework to ensure sustainability
and international competitiveness. The “Battery
Lifecycle Tracking System” was designed to manage and
share comprehensive lifecycle data of batteries, from
manufacturing and electric vehicle operation to vehicle
retirement and recycling of used batteries. This system
is crucial in promoting battery resource circulation by
facilitating efficient tracking and utilization. It is expected
to contribute to policy development for battery supply
chain management, trade activation, and safety oversight,
and to ensure transparent transaction information. The
government aims to establish an integrated portal by 2027,
allowing users to apply for and share battery lifecycle data.

The “Recycled Material Certification System” is
being introduced to proactively respond to global trade
regulations, such as the EUs mandatory use of recycled
materials in batteries. This system verifies the proportion
of valuable metals, such as lithium, nickel, and cobalt,
extracted from used batteries and incorporated into
new battery production. Under this system, the Korean
Ministry of Environment certifies recycling companies
to produce recycled materials (Production Certification),
whereas the Korean Ministry of Trade, Industry, and
Energy verifies the proportion of recycled materials used
in new batteries (Usage Certification). By introducing this
“Korean-style Recycled Material Certification System,”
the Korean government aims to ease the certification
burden on domestic exporters and ensure compliance with
international regulations. In addition, the Korean Ministry
of Land, Infrastructure, and Transport plans to introduce
a “Pre-Dismantling Performance Evaluation” for electric
vehicle batteries. Based on the research and development
outcomes related to performance evaluation technologies
and equipment, specific grading standards were established
to assess battery conditions before removal. This initiative
aims to enhance the efliciency of battery reuse and
recycling by ensuring accurate classification and optimal
utilization of used batteries.*

In addition, the Korean Ministry of Environment has
designated used electric vehicle batteries as circulating
resources rather than waste,”” and it has established the
“Secondary Battery Circulation Support Group” to create
an institutional foundation for revitalizing the circulation
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of used batteries while supporting the related industries
from a full life-cycle perspective. Operated directly
under the Resource Circulation Bureau of the Ministry
of Environment, its core functions include supporting
secondary battery circulation by establishing a recycled
material certification system and developing a recycling
framework for LFP batteries.*

By fostering public-private partnerships and investing in
eco-friendly technologies, Korea is laying the groundwork
for a sustainable resource circulation model. With
continued policy support and technological innovation,
Korea will be positioned to efficiently manage and utilize
used batteries in an environmentally responsible manner.

6. Conclusion

Electric vehicles and their batteries represent as an
essential first step toward lowering carbon emissions
and addressing climatic issues. A key component of
this transition is securing critical minerals. However,
geopolitical dependencies, supply-demand imbalances,
and price volatility make it difficult to secure these critical
minerals. It is important to obtain these materials through
recycling. The recycling technologies have the potential
to significantly mitigate resource constraints and reduce
environmental impacts in Korea.

In addition, defining and comprehending key terms,
such as recycling, reuse, and critical materials, will ensure
clarity in addressing these challenges. Electric vehicles
and renewable energy are crucial for achieving carbon
neutrality; however, they are not standalone remedies.
A paradigm shift is needed to address the climate crisis,
fostering a culture of moderation and sustainable
consumption alongside advancements in technology and
policy support. By integrating technological innovation
with a broader social commitment to sustainability,
humanity can make meaningful progress in combating
global warming.
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