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Abstract /

Implication and Sustainability of Automotive Recycling:
A Comprehensive Review with Emphasis on Plastic and EV Batteries

LEE Seohyun and JUNG Junha of Korea Automotive Technology Institute

1. Introduction

@ (Background)

* The need for automotive recycling is increasing among OEMs and parts manufacturers as
global policy, led by the EU, continue to be strengthened and supply chain risks emerge.

2. Overview of Automotive Recycling and the Policy Trends

$ (Overview of Automotive Recycling)

* (ELVs) Vehicles use a vast amount of resources during their production. After being used, they
may be scrapped if they don’'t meet the relevant environmental and economical standards.

(Table 1) Classification of End of Life Vehicles(ELVs)

Classification Process
Vehicles that are inoperable domestically due to regulations and are suitable for scrap
because the repair costs are higher than their current value, and: Scrap
@ they are inoperable also in overseas due to their poor condition, or
@ export is impossible because the expenses(transport costs, etc.) outweigh the profits
Vehicles that are inoperable domestically due to regulations and suitable for scrap because Scrap or
repair costs are higher than their value, but can be exported because they are operable Export
overseas (due to more relaxed regulations, or cheaper repair costs due to lower labor costs)

* (Recycling) End-of-Life Vehicle(ELV) and its resources are either remanufactured, reused
or recycled, depending on their condition.

(Table 2) Classification of Recycling Methods

Remanufact Among the activities that make “recyclable resources*” to recyclable, reusable condition,

uring activity that restore the resources their original performance(or better) through processes
such as disassembly, inspection, maintenance, and reassembly, etc.

Reuse Activity that allows “recyclable resources” to be reused in their current condition or after
minor repairs

Recycle Reusing or recycling waste materials

Circulation Using whole or some of “recyclable resources” as raw material
Use * Raw materials which consist of whole or some of “recyclable resources” are defined as “recycled
raw materials”

* The meaning of ‘recyclable resources’ is defined in Article 2, Subparagraph 2 of the "TACT ON THE PROMOTION
OF SAVING AND RECYCLING OF RESOURCES,
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* (ELV Recycling Process) In South Korea, ELVs and their resources are recycled through
automotive dismantling recyclers, scrap recyclers, ASR(Automotive Shredder Residue)
recyclers, and waste gas treatment business operators, sequentially.

* (Vehicle Electrification and Recycling) Due to the motorization and electrification of
vehicles, the use of metals, plastics, and electronic components is expected to grow
exponentially. However, these materials are difficult to recycle, making automotive
recycling even more arduous.

@ (Global Policy on Automotive Recycling)

* (Trends) As regulatory obligations and their scope continue to strengthen, the need to
consider resource circulation during the product design stage and to share supply chain
data is increasing.

(Table 3) European Union’s Core Policies Regarding Automotive Recycling
Policy Effective Date ‘ Overview

» Promote circular product design, taking into consideration the product
Eco Design 2024.7 durability and reusability

Regulation ' * Disclosure of recycling information, such as annual waste volume
« Mandatory attachment of Digital Product Passport(DPP)

* Introduction of Digital Battery Passport

Battery 2023.8 * Mandatory usage of recycled raw materials in battery production
Regulation ' * Requirement for battery producers to collect and recycle EolL
batteries
Current ELV directive is to be strengthened, including:
) * A ban on the export of ELVs(Vehicle that is inoperable in EU due to
ELV Regulation . . : .
(Proposed TBD regulations and suitable for scrap because repair costs are higher than
(Proposal their value, but can be exported because they are operable overseas)
amendment to o . :
released * Mandatory use of recycled plastic in vehicle production

current ELV

directive) 2023.7) * Mandatory recycling of plastics originated from ELV

* A requirement for the removal of e-drive motors, electronic
components, Eol batteries and other sixteen kinds of parts

* (South Korean Policies@®) Eco-Assurance System(EcoAS) and Extended Producer
Responsibility (EPR) are in effect for the automotive recycling, with the legal framework to
foster the growth of EolL battery reuse and recycle industries is being established.

* (South Korean Policy Changes®) While vehicles are not subject to EPR, five types of
plastic-based vehicle maintenance parts became subject to EPR in 2023. Including all
types of EolL batteries in the EPR list was considered but not implemented. However,
adding LFP batteries alone to the EPR list is currently under consideration.
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(Table 4) South Korea’s Core Policies Regarding Automotive Recycling

Classification ‘ Overview

* (OEMs, Vehicle importers) Must comply with hazardous substance content
standards and provide relevant recycling information (including the
dismantling process, location of hazardous materials to be removed, and

EcoAS L )
composition of synthetic polymer compounds, etc.) to recyclers
ELVs * (Recyclers) Must recycle ELVs and their parts as much as possible to meet
& the ELV recycling target of 95%
Plastics * Assigns the responsibility for the recovery and recycling of waste
materials, such as plastics, to product producers
EPR * Eol batteries are not included, unlike the EU

« Five types of plastic-based vehicle maintenance parts(bumpers, moldings and
garnishes, under covers, washer and coolant tanks) are included in 2023

Electrical Appliances | * Distribution of Eol batteries for reuse is only permitted if they pass safety

and Consumer inspections, which are to be conducted by designated agencies
Products Safety | » Designation of EoL battery inspection agencies(9 agencies available, as of
Control Act August 2024.)

Act on Promotion of | « Designation of Eol batteries as ‘circular resources™ rather than waste,
Transition to Circular | reducing regulatory burden for companies
Economy and Society | * Only for the purposes of remanufacturing and reuse(recycling is not included)

* Establishment of various battery life cycle management systems, to be
developed by different government ministries:
(MOTIE) Battery supply chain data, trade information system (EoL battery

Eo'ﬁ distribution and reuse history, etc.)
Batteries (ME) Integrated EV life cycle environmental information system(battery
Law-Policy* recharge information, battery recycling history, etc.)
Infrastructure (MOLIT) EV battery safety certification management system(battery safety

Building Plan for EoL | certification, performance evaluation, remanufacturing history)
Battery Reuse and | * An integrated platform, connecting aforementioned systems
Recycle Industries | * Introduction of certification system for recycled raw materials (production
and usage)

* Introduction of battery pre—removal evaluation system

* Establishment of distribution system for EoL batteries(incl. the
establishment of specialized business registration, trade and storage
standards, and transaction information system)

3. Current Status of Automotive Recycling

$ (Automotive Recycling in South Korea)

© (Scope) This research focuses on the domestic circulation of ELVs, specifically plastic and Eol
batteries. The latest trends in global policies and vehicle electrification are taken into consideration.

@ End-of-Life Vehicle(ELV)

* (Status) S. Korea has a relatively well-established ELV management structure compared to
other countries, with almost all ELVs processed by registered recyclers.

* (Issue) However, the recycling rate of ELVs and their resources in S. Korea is assumed to
be relatively low. The development of ASR treatment technology is proposed as a solution.

* (Outlook) As the number of EoL EVs is expected to rise, investments and support are needed
for recyclers, as they require additional infrastructure and technology to process these EVs.




[Figure 1] Overview of Automotive Circulation Flow in South Korea
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@® Plastic

* (Global plastic usage and waste) The automotive industry ranked 3™ in plastic usage among
all industries. The proportion of plastic used in new vehicle is expected to rise(currently 10%
by weight and 50% by volume). However, most of the plastic from ELVs is difficult to reuse
or recycle, leading to a predominance of incineration.

(Domestic plastic usage and waste) Plastic usage and emissions within the Korean automotive
industry are unverifiable due to a lack of statistical data. However, the usage of recycled plastic
in vehicle production and the recycling rate of plastic originating from ELVs are both low.

(Global policy trends) Major countries are introducing policies such as mandates for the use
of recycled raw materials in the production of new plastics. Given the extensive use of plastic
in vehicles, these trends are expected to have huge impact on the automotive industry.

(Status) Demand for high—quality raw materials suitable for recycled plastic production is
anticipated to rise exponentially. However, since the domestic recycling industry is primarily
composed of SMEs, obtaining a sufficient amount of high—quality raw materials remains a
challenge. Nevertheless, based on the recent mutual growth agreement between large

companies and SMEs, gradual improvement can be expected.

(Outlook) The recycling rate of plastic is expected to gradually increase, driven by the revision
of EPR in 2023 and the target for the use of recycled plastics by OEMs.(20% by 2030, up from

the current 2%)
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[Figure 2] Overview of Plastic Circulation Flow in South Korea
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® End-of-Life(EolL) Batteries

* (Battery usage and waste) While the adoption of Electric Vehicle(EV) continues to rise, EoL
batteries are expected to be discharged in large quantities starting in 2030. For instance, the
current output of EoL batteries(14,000 unit) in South Korea is expected to grow to 108,000
unit by 2030. Hence, achieving economies of scale by securing raw materials remains a top
priority, to foster the growth of EoL battery reuse and recycling industries.

(Domestic policy) The South Korean government has amended its EV subsidy recovery
policy to ensure that EoL EVs and their batteries are primarily circulated domestically. If
an EV is deregistered before completing the mandatory operation period—especially for
export reasons—the last owner of the EV must return a portion of the subsidy.

(Status) Previously, Eol batteries from scrapped EVs were required to be return to the
relevant local governments. However, EVs registered since 2021 are exempt from this
rule, thus leaving a gap in the management of EoL batteries.

(Outlook) After being removed from EVs, EolL batteries are classified and sent to
remanufacturing, reuse, or recycling industries based on their state of health(SoH). While the
battery recycling industry has garnered some attention recently, the remanufacturing and
reuse industries are also expected to grow exponentially in the future.




[Figure 3] Overview of End of Life(EoL) Battery Circulation Flow in South Korea
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@ (Automotive Recycling in Major Countries)

© (Scope) The EU and China are researched, as they lead on global policy making and EV
sales, respectively. China is also the fastest to establish EolL battery recovery system.

0 tU

* (ELV) Despite having world-leading recycling technologies, the EU has a relatively
inferior ELV management system, with one—third of ELVs considered to be missing.
To address the issue, the EU proposed the ELV regulation to reinforce its
management structure and plans to develop an integrated ELV management system.

* (Plastic) The ELV regulation will mandate a 25% use of recycled plastics (from ELVs) in
vehicle production, and mandate a 30% recycling rate of plastics originated from ELVs.

* (Eol Batteries) The Battery regulation, which came into effect in August 2023, assigns battery
manufacturers the responsibility of recovering and recycling EoL batteries, and require proof of
the use of recycled raw materials and supply chain due diligence. To facilitate this,
cross—industry data sharing platforms, such as Catena—X, are being developed.

® China

* (ELV) Due to relatively poor ELV management system and the competitiveness of registered
recyclers, over 85% of ELVs and their resources are believed to be processed illegally in
China. To counteract this problem, the government has initiated a pilot program for
automotive EPR and introduced tax reductions for registered dismantling recyclers.

* (Plastic) The overall recovery and recycling rate of plastics is not high, and the policies
promoting the use of ELV-originated plastic are considered insufficient. Likewise, the
demand for recycled plastics within the local automotive industry is minimal.

* (Eol Batteries) China has established an EoL battery life cycle management system in
2018, the fastest among major countries. However, some amendments are required to
enhance its effectiveness.
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® Comparison between major countries

* The comparative analysis between South Korea, the EU, and China are summarized as below.

(Table 5) Comparison of Major Countries’ Recycling Status of ELVs and Its Resources

ELVs and Its Resources

EoL EVs

EolL Batteries

Plastics

South
Korea

* Almost all ELVs are
processed through
registered recyclers

* Exports of ELV to
developing nations
are on the rise

* A significant amount of
EolL EVs are being
exported

* Due to safety issues,
Eol batteries are not
traded separately, but
as part of the EV
Recycled raw materials
are imported en masse
from the EU

* The usage rate of
recycled plastics in
vehicle production is
targeted to 20% by
2030, up from the
current 2%

EU

* One-third of ELVs are
considered missing

* Exports of ELV to
developing nations
are on the rise

* Exports to developing
nations are on the rise

Due to safety issues,
Eol batteries are not
traded separately, but
as part of the EV
Recycled raw materials
are exported(ex:
20,000 tons of black
mass exported to
South Korea(out of
30,000 tons))

* The usage rate of
recycled plastics in
vehicle production is
approximately 8%

China

* 85% of ELVs are
processed
improperly

* The export amount of
ELVs is limited

* The export of Eol EVs
began recently, with
most of exported
vehicles being almost
new NEVs(New
Energy Vehicles)

75% of Eol batteries
are processed
improperly by
unregistered
companies

The import of EoL
batteries and black
mass is nearly
impossible

* Recovery and recycling
are almost
non—existent




(Table 6) Comparison of Major Countries’ Policies Regarding ELVs and Its Resources

ELVs and Its Resources
Country

EoL EVs Eol Batteries Plastic
* Not subject to EPR, : El\(;; igbigrzjajiir ol Not subject to EPR,
but the target * Not subject to EPR 9 ‘P but five plastic— based
. . ) 2021 are required to . .
recycling rate is set by | * The EV subsidy : . vehicle maintenance
. return their batteries,
EcoAS recovery policy has . parts (bumpers,
South but EVs registered .
* Almost all ELVs are been strengthened to : moldings and
Korea . since 2021 are exempt .
managed properly discourage EV . i garnishes, under
. . from this requirement.
through ELV deregistration for . covers, washer tanks,
. . * A battery life cycle
registration and export. coolant tanks) are
management system management system subject to EPR
is planned(by 2027)
* Through the Battery
Regulation:
- Subject to EPR « Subject to EPR @Apphcat}on of EPR * Subject to automative
. . ; . @ Mandating the use of | EPR
* An integrated vehicle | * An integrated vehicle i -
. . . . recycled raw materials | « A minimum of 30%(by
registration and registration and . . . .
in product production | weight) recycling of
management system | management system . . O
. . ® Establishment of a plastics originated
is planned(by 2029) is planned(by 2029) ] .
EU o L battery life cycle from ELV is mandatory.
* Limiting exports of | * Limiting exports of -
. . management system | « A minimum of 256%
inoperable ELV by inoperable ELV by . . .
designating them as | designating them as * Require SLI batteries to |  use of recycled plastic
2 . be disassembled (6.25% from ELV
wastes is being wastes are being - . .
considered considered * Limiting the export of | based) in vehicle
black mass by designa| production from 2030
ting it as hazardous
waste
* Subject to EPR
* Not subject to EPR * A battery life cycle
* Introduction of management system
policies to prgmote « Not subject to EPR in operation, with an
the competitiveness . upgrade planned by o .
. * NEV batteries are * No verifiable policy to
. of registered . the end of 2024 i
China . . managed by a life cycle o promote plastic
dismantling management svstem * Allowing imports of recvelin
recyclers, such as the lanag 4 Fol_ batteries and black yeling
o since 2018 .
application of a mass is under
simplified tax method conside- ration (to be
for value—added tax determined by the end
of 2024)

4. Status and Outlook of Automotive Recycling Technology

@ (Plastic Recovery and Recycling)

* (Status) Plastic recycling technologies can be classified into physical, chemical, and thermal methods.
Considering the environmental regulations concerning the automotive industry, physical and chemical
recycling are primarily employed to recycle plastics from ELV and to produce recycled plastics.

* (Outlook) Currently, physical recycling is the most widely used methods for producing recycled
plastics. However, it has limitations in terms of the scope of application and the quality of the
output. Therefore, advancements in plastic recovery and cleaning systems, as well as the
development of chemical recycling technology, are suggested.
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@ (EoL Battery Recovery and Recycle)

* (Battery Reuse) Advancements are being made in the fields of battery diagnosis and
dismantling, with a focus on applying Al and data analysis techniques to enhance the
speed and accuracy of the these processes.

* (Battery Recycling) Pyrometallurgy and hydrometallurgy are currently widely used
techniques to recover rare metals from EoL batteries. Recent studies have concentrated on
improving the economic efficiency and environmental impact of battery recycling.

5. Conclusion and Implications

@ (Promote the Plastic Recycling Within the Automotive Industry)

* Investments are needed in plastic collection, sorting, and cleaning sectors to enhance the
efficiency and economic feasibility of plastic recycling.

* In order to meet the regulatory requirements, such as the mandatory use of recycled plastic
in vehicle production and the recycling of plastics originated from ELV, advancements in
plastic separation and recovery systems, as well as ASR recycling technology, are essential.

* For OEMs, it is crucial to M achieve the economic feasibility of using recycled plastics in
vehicle production, @ ensure that the quality of recycled plastics matches that of new ones,
and ® reduce carbon emissions. In order to accomplish these goals, leveraging chemical
recycling technology would be needed, alongside the physical recycling.

* Last but not least, the establishment of an advanced statistical system is vital, not only in
understanding an accurate overview of the plastic recycling today, but also in meeting the
requirements of international regulations such as the UN plastic treaty.

€ (Promote the Domestic Circulation of EoL Batteries)

* To bolster the growth of EolL battery reuse and recycle industries, the South Korean
government plans to establish relevant law, policy, and infrastructures by 2027. This includes
@ a life cycle management system, @ a certification system for the use and production of
recycled raw materials, ® Eol battery pre-removal evaluation system.

* Since acquiring raw materials(EoL batteries) remains a critical task for the aforementioned
industries, promoting the domestic circulation of EoL EVs and their batteries is necessary.
Encouraging domestic trade of EVs and developing guidelines for EV subsidy recovery policy
should be considered.

* To further promote the circulation of EVs and reduce supply chain risks, it's important to
foster the growth of remanufacture and reuse of other automotive parts as well, such as
e—drive motors.

* When aforementioned framework is established and the recycling of EoL EVs is enhanced,

substantial improvement in Eol battery recycling can be expected.




[Figure 4] Expected Improvement in EoL Battery Circulation Flow in South Korea
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@ (Consolidate Cross-Industry Cooperation)

* To effectively address global regulatory requirements, the need for cross—industry data
integration is becoming more prominent. Accordingly, domestic companies—including
OEMs, parts manufacturers, and raw material manufacturers—need to cooperate.

* Amendments to current regulations may be considered to ensure the quality of recycling
information provided by OEMs and vehicle importers.
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WEE floh THOIC M2t XSAE A4t Al S2AE ALEZ0| I 7k MY0ICh2D ?Ol
CFRP(Carbon Fiber Reinforced Plastic)™d T2 A2t Aol EH - LY 52 dsiet 28 A XY
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American Chemistry Council(ACC)2 '214d 7|& 20| M4t MXIo| AXf & E2AEQ| HIES 21
712 50% =1, 3 7I1E & 9.6% +FEL= FHOINULE22) F FHO| M=H "2 O] 219 |0] XY
AIRE A Al S2HAE SH HIE2 16% S713HCH, 7t HISE2 12% S7I34CH SfCh Eot S2tAEIS
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MarklinesOfl =22 SiXH XSt 10E ot 132kg2| SSHAE0] ALBEX|Z, O2{0f= LHAZ | 2HXet
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(B 2-4) &l -0[2H2| RISAE L SHAE AR HIS =3

(A9 kg, %)

%53 1,100kg 1,300kg 1,600kg
SUHAE0| XA SN XiX[ot= HIS 12% 16% 13%
PP 37% 37% 40%

PUR 15% 15% 10%

PA 12% 12% 8%

XX Z2AE PE 8% 8% 15%
LM HIS ABS/SAN 7% 7% 5%
PET 5% 8% 10%

Others 16% 13% 12%

2L 100% 100% 100%

At=: Marklines, “Automobile Recycling: Reusing Resources and Plastic Recovery: Securing recovered plastic raw
materials and designing vehicles for easy disassembly(2024. 1. 30.), https://www.marklines.com/en/report
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115) European Commission, “Questions and Answers: End-of-Life vehicles(2023. 7. 13.)’, https://ec.europa.eu/
commission/presscorner/detail/en/ganda_23_3820, accessed: 2024. 6. 20.

116) Maury, T., Tazi, N., et al.(2023), “Towards recycled plastic content targets in new passenger cars and light
commercial vehicles Technical proposals and analysis of impacts in the context of the review of the ELV
Directive”, JRC Science for Policy Report, European Commission.
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118) European Commission(2023a), Impact Assessment Report Accompanying the document Proposal for a Regulation
of the European Parliament and of the Council on circularity requirements for vehicle design and on management
of end-of-life vehicles, European Commission.

119) A=A HZAKVOLVO, Jaguar Land Rover), Zt=0| XAtSAt MY S |(S USRS S|(the German Association
of the Automotive Industry, VDA), S8 XSAHIAES|(ACEA), =2 XsAHEES|(The Society of Motor
Manufacturers and Traders), ANl XtSAMMAES|(Spanish Association of Automobile and Lorry
Manufacturers)), 22 H|ZAL (Continental), E2tAE MZ7|Y Borealis, 2K HZ7|2i(Evonik Industries AG) &

120) European Commission(2023b), Proposal for a Regulation of the European Parliament and of the Council:
on circularity requirements for vehicle design and on management of end-of-life vehicles, amending
Regulations (EU) 2018/858 and 2019/1020 and repealing Directives 2000/53/EC and 2005/64/EC, European
Commission.
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EU= THHE{2] 2! HHHE{2)0f 25t F™(EU Battery Regulation, 0|5t EU HHE{Z| 7). 2023 8¥
17 AJGH3HCE122) 0f0f 2} 24 HEH TAXMOZ 245 |27t =1 OH0|Ct. O] EU HiE 2| #82
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EU HiEZ| 782 FUoIM M= 2= BiH2E Y= oIt B A 253X 8 HiE2l=
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127) %W, B4k, MR E ZF%"(2024. 4. 17.), https://www.chinaventure.com.cn/news/110-20240416-
380689.html, accessed: 2024. 4. 22.

128) 21E5%F, SMIE—(2023), REIZH T HFEERNR - BAEENBIM & 3RE - 2017 FEA L 2021FE F THOTHERE
TimES, = 0L T -, EREBE) 1 7L, Vol.104, SEIBIKAI, 2023.1.

129) KHSEEM, “FRED ZFEKN? | SHEFFAERT ZF (2024, 3. 26.)", https://www.dashuhao.com/
guangzhou/1185.html, accessed: 2024. 4. 22.

130) A7, ‘BB #E , S5 RigE T LFEREM(2024. 6. 28.)", https://auto.gasgoo.com/news/202406/
28170397075C108.shtml, accessed: 2024. 7. 10.
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AEAHL} Z0| AH|X0H|H| 21 20|X| o= B0 Ml
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T SSHAHI AE S2AES E8I010] HBols U Sk U= HEEL QL1649
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o B2l O L
71E 22 M YAS H2A0 HEHAE IEE S Hold! MY S2AEQ FHE =017
Slofl 2 7Y S2 1k S LAS YS! UL Yt R AEF HEHAES =8t 018
L7t Q7| HROICE TREN 7|Ue HEtAEo] I, @, AN LY, HedY S 12{5t0]
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Diversity of
Advanced Recycling

Incineration

Mechanical
Recycling

uateW

e

aphoay

Gasification
ical

©

Dissolution Pyrolysis
i ochemic

Bl

| TSRS WAL T 224N LS, SolH WRROR PLE. SH5tX KEES S5 EHDepolymerisation)Zt HEHE
(Pyrolysis), 71A2KGasification) S)22 CHAl LI, = HOIME M S2t28 H=RE YMe Qs 271X g
S5 HI’AI)DrQ MOHstH
=0l o=/)UlE =S

XtE: nova-Institut GmbH(2024), RCI Position Paper on Chemical and Physical Recycling, nova—-Institut.

164) Nikkei X Tech, “B& iz, EUTHBEICBA T 7R % HBLT 238012(2023. 9. 8.), https://xtech.nikkei.com/
atcl/nxt/column/18/02572/090600002/?P=2, accessed: 2024. 7. 26.)

165) Z2AEIT 2|0}, “oleid MER-T gt S8 L 11K|(2022. 7. 8.), https://www.plastickorea.co.kr/news/article
View.html|?idxno=22031, accessed: 2024. 8. 11.
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1 Mg A E SN a2E WA 2= 8dl(Dissolution), aFst Mghg Waloz
(Enzymolysis)- 0 &dl(Solvolysis) S sHEE 7|&(Depolymerisation)t S&6H(Pyrolysis)
Y=L QUCH 2 MEE 7|=2 OF £7| HA=E ZHEnt T2Ed 52 U5Y 27 AUt J8Lt

7 A 2

2dd &
A1 QUL O SUME Y H= 2

S

H
0l

rir
tol
on HI
ol

U ATHEZM S) At 7I¥2 st T8 AHISA AZS M
EENFE Yue o= U E2ol 7|120] FL 7|9 4 X 2| X228 SOA MLt

(Sl /9, 7h)

s e e | s g

It 7lE S8719

=3 A HZ2AEHM B2 * EU VK, 50| 3, 5= 170, 21 2 XF 174
2o/x x| =C|HE 010 Edliotl, 1 =\ 71
' (Dissolution) = & &20Oi(anti-solvent)E = 8,000t/H « ATE 7|A0| HCHNO|H IR 7|2
F7tot0 Bt E2|HE & 270(tHE: == Shuye Environmental
Technology)
MR, cumEsduoesnE S Lab 72
= Eol Z2|HE 2alf * EU A2 7|2 171
(Enzymolysis)

2400 718 3a71Y
Z2|H(FZ PE)E, 2IHE « EU 1474, 20| 77, Y2 274, &= 174
s 28510 « iR 7|82 770(01E 2|0} Arco, I A
_ 20 ;—3H E0f-Co|0 - S22 550~ IFP Energies Nouvelles, & DuPont
(Solvolysis) E—aﬂ%}. 0| 2o ZutE2S | 8,750t/ | Teijin Films, O/= Eastman Chemical-
MNASHH M2 E2|H2 Dow: International Business Machines
statx 2l Corporation §), %2 7|¥2 571,

o At - ARER] 7|2 127)

80/ 7= S=7IY
=8 S2AE o7 |Ea « EU 427}, 80| 217, 11 2| X9 1174, &=

HIO|QOHAE St AT Gl 494, CIS X9 17H, L& 174
015 SEHOI| A - A - 7 [HI=2 « {72 71 167H(HIZ=E Blue Alp,
(PyErglysis) MeSHALL 2oliEt. 0|2 Solf  40,000t/H | HEE= Neste+VTT, O|22|0F Demont,
OiX ¢ e M Z2HE QAEZ|Ot OMV, 0= Chevron
AALSET| Q3 IHAMRAZE Phillips, & INEOS Styrolution, M2
A Unipetrol §), &2 7| 187}, A2

AEIEY 7|9 4674

Xt&: Recycling Magazine, “Advanced Recycling on the rise(2024. 2. 23.)", https://www.recycling-magazine.
com/2024/02/23/advanced-recycling—on-the-rise/, accessed: 2024. 8. 10.

Jleut stebd Xt HAl, 55| Sl WAl VisdE UHE M= ¢ Hlls FEE & A=
ULt 2f THEE 7|22 0P 7Y 27| HH 2 ZHd S8 B SEE0| 2| SUZIX| U
SISy IHEE 72 Sdll 7IE 228 M L49 sHHE S5 + UL FtEE A2 ARO|L,
BHGL Ba SEYE 1Y [ ooty M8 YH2= RE HS2AES XMelohs A2 HEGH
HO= A2 ZMICE X0 SRl 71=2 HEAUAEY Azets 254 Lolig +~ Als 8=
H71=0 QU Sfobd IfaE HAT HSSTE X -8 S2 Sall 2218 M8 &~ Uz HEAAEE
SiSMY THEE YAMCZ XelE + UACH Ol S8 HAOf B iSHE 1T I BIEAGHK| s +
ULH= A0]LH.
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2449 18 0|2 FEMMHLHXATLANREL, National Renewable Energy Laboratory)

0] ALER IS S+ MUL LM 2loty S P4 & B2l 7|8 S2 Atdzg 20/t %II 20f

Megeoz HI| HEgths 223 WRICE Taylor Uekert et al.(2023)0] MEM &6l 7|22 StAENIA
SCAES MAShE 8t AAED EAAE-OeE Matoh= KA fAet= A0|C Et afstd
N8 SHE2 120] YMolH, 222 Mot Meghdole & F7t SEE 7AO0F Bttt 0] F20IAM
CHEHO| stel=2it HAEHEE Lilch=0| 01 B7ot= WHES Lot 28 QAE BIE6IH 2elX
Tetg dalo MAE ZM=HS XotE = ATt §HCt166)

Taylor Uekert et al.(2023)= W2t TSt | A Y 2 £, GM R, 224 SHHIE, 2td
I, MMH=0| F) S0 M2t S2A - ofetd Makg WAS MEsHOF otCtil FSAGHUCE S2tAE0|
FMEIX| LUCH HIE-2+E - XM S2tAE EH 5 2= FHE ol S5 M0 &f2/H0(2t1
oIt oHH XISXI0| AM8oh= E2tAE EES 02 ORI, X&SAt HMEALL BHd, S2tAE 22
L= 7hd, 2024 SFE MH|A S3 flolf SME E27 Al

(23 4-3] MBAAE WY-SH Y AN SHO 02 HY WS Y4 E2|

= T =" - —

Technical constraints Which plastic is
your feedstock?

ma o
] ! ¢

How contaminated is the feedstock?

X X x = opportunity for

innovation as there
-
- Are there pigments/dyes?

is currently no

closed-loop
¢ pathway available

What is the top priority?

User priorities™

' Y Y

LA
Iower high- lower high- | lower high-

Most environmental § quality environmental | quality owetr environmental | quality
suitable impacts i impacts i oS impacts resin
current ] i 1
recycling s - - -
technology

Enzymat|c

hydronS|s G|YCO|yS|S MethanOIyS's

F S MAATE= IS R HS2HAEQ| O] OfL 2} HE S2AAE Q| M2 WAIS H1w 3 HDPE:= 1UE 22| HI(PE)

HEE MAE ESAHME Y 5), LDPEE ML E2|0|2H Y22 M&E E2AEHHIE, I8 §)
XtE: Taylor Uekert et al.(2023), Technical, Economic, and Environmental Comparison of Closed-Loop Recycling
Technologies for Common Plastics, ACS Sustainable Chemistry & Engineering, 11 (3), pp. 965~978.

166) £5| EU= =& HIZ2| B4 HIEYS 7IZC 2 HN2 QAR IS Riloh= HAREZFME(CBAM)' E =9
ORI, e SefAE MY U0l ZetE V50| 5. 263 125 H N 2ags FarE 6IFh|, 0l 12fstH
SloH TR HIAIO 2 MALSH XA Z2TAEIQ| 74)(1|M0| I Lo £ 9l
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AEzg0lets 282 2 He e S 6 F7F SF0| 2o 1 bg0A HFol Bart
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LCA 7IZ B4 HEE F7IYHE Y8 H CO, M 7| 7HE0| 20601 HIHELE

A
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SEIN YR YHOR HBAALS AT M 471 M- M2 20/ £X7} S0/ Wt
O QYIEI} 7L RS 2ot 0l2i2 23 WO HEAASS RO Yot YRR 5O
Mg 5017| 9Io) 7 SH O 22 OILIRIZ £5H0F 517] TRO|CH,

i

mn

SY7IHL=E ofid|- MEE0| 02 SctAH HE YisS MG HEAAE - MA- 18 7|s
S -HH|0f| CHEt SX7 H QST HIHEILE167)

2. Al25 HiE{2] 3|4 T2 7|2

0

Q2L HEZ FIE L ASS BEIR M- XS 714 £FS MEI80 S3I0T 2 4 QIO
2413 29 SIS |ST |2 Y7L O|RAFHX| S 120 2727 |s 2015 MO R 224 7|& &
7 HE DA S 27T 168)169)

F2=9| O|XKIA| MHALE-MEE 7IE & S AT 7|80 et 87t 20 EH 2|2t HiEl
XA ZO0FOIM L= &7H MIA 2| 19| 7IEHE BRet A2 UEINCH, MEE-IHAE 20 =
30 00 29| #2222 G/HEAL. T2iLt ME= HHE|Z] AL - MEE 7152 O JHE HAZ 718
A9 7HY, 485t £, = 22 S GHZEGH0F & HAE T EXei. 2 20ME AE= HiHE
HALS - T2 7|%10] 2iM =2 2ot U= 7|z H 7HE S 7150 CHall h2rettt.

(B 4-4) O|XtHX| £0f 2= 7|=H7t

<:r°| %, )
" e= | we | e | oum
unE1a| IHMR HEIZ] | KHARR- | BHEIZ] [ TBALS- | EKI 2 | WAKR- | BXI 2 [ AALS-
2 A% xngﬂ UATH | THES | L AX | MES | AW | MES | AW | HEsg
71& &%) 100 90 100 100 2 80 80 82 80
7|EARKH) 0 1 1 0 0 1.8 5 3 2 2.3
2772 AR Me 27 HD Hn | 32 F3 £3 £33
A= st=aks|&7 |21 E7HA(2024), 2022 71& & Hot, Wep|a 2S4S

167) RAEZ|, “[BtAE X|7] 2 HX|= BARH | S5 TSR SAIR1712(2023. 10. 16.)", https://www.newstree.kr
/newsView/ntr202310130015, accessed. 2024.8.10.

168) T7|X} HHE{2|E 2 OfL|2t 2= O|XRIXIE L2 Bt

169) Blf5 B TLk= 0| 24 Delphi Method) O2 714 458 H7 1), 20| Hhie T2} 5~2022] 23N KA
ISug W X2 TEXOR YEHI0 22 HOR HE (5K E5Y
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oz
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2.1.1. MM

fe|Uet 712 27 A= BiEE| MABELE MEE 7Is/iE0 S 7HNCLE 22 MAE
AR 71S/0L0 e =20t ULt LUyt 7|”S0] MARE 717120 #dS FA & A2 A8=
HHE2(Q] 7IXIE Z|CHatet B0l HO0KH &, 12|11 22 HYIXE 8iE 2|2 LFP 2|7} teoks H

=
=
=02l & 4= QUL

AE= HiElElE 5 HEIE TITohl AL Mefottt il MEHSHH LHHO2 MA, ol HAf, g2
AL 2oll, S8 27 % MEE SO 18S HAM ARSI

[T 4-4] ME=F HHE2| THALE SEE

A& AL 2(2018), 2017H K 7t MI|RE 2| ZE

HiE2= d-EE-1 Hel2 A5 MES = TR MAEE 4+ QAT FeHez M7 |t
HHE =2 2E ZEFQ tiE2| M HA= MAZOHH ZHHS! ofx|, =8 SJT A g4
2Lt AHOIC BHEf2] M JEHZH 2t JALE MEZE ditE = s et 28X, =2 2E

C=
20| ZYEH §50| Xote= S c>r71|7f UACE oHH A HelZ MAESHE = 25 Ml §52
efsh = QUM HSeh FE O MALE MIZS Mz = RACt= HO| O 2Lt & Hel2 MAEa|
Flotixt= ofix| HIE X HO|=7t ZORIL= —Erlﬂ7 FEMST Dt =M= S HAR 2E HRAWM

HAHZO[ 2202t o AX|LL ATt

H 4-5) HiE{2| FYELIE A< HiE 2| THALE TEH

S| 0| = WS =7t =S
- « ofjA| HE XN _ -
« 3| HI2 XM . o 22 M| O3 X THs
ST HIS X RER S x| 28 20 USt iR Jts
PSgs| - GfRl 5 The RS ESS MK . QT 20| Cro| HKITH O] = eIp B I= v [EpNR=Ti=-X=}
"AYESSR EEEHBOUY g o e - LIt SEHO| ESS 714 &0
. = oHx Zt 4l H2 =
C S DS 9 4 22 A S5 Kot N =l
s by P2 U LR U SN M A - 25 S M S AR St
- CHQ| HAY 0|UX| L K5t
« Test 22 A2t 2 H|E 37t
X2 o HXIZMST2(2018), TRt AFRE HIE(Z] 2 A& 52 QI8 B3 A7
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2.1.1.1, H{E{2| ZIgt

HHES2] ZIHS HHEI2] RHARR: SOI01A 7HS) 7 [27H0] ZI5H4) O[RIRIT Qs 20F 5 SILIOICE AR
NEfE M G2} SEf5t R HIERIS 228 4 QT Rty
TR HEJ2) KIALR IO OFLI2H BHES2] Rriagt Ftio] Q10| IS S5+ 22t & 4 QIct,

SI5| RIHGHOF 20| OFM NS SHHEH A QIS

o=

ol
HE

=
HE 2] 2!
HESIUZO| AEZ HIEZ|= 4 SoHE 7|E2E MALE - MHELE F1E517|0l, HiE2] Tz

J17F SoH 8 H 0| et 71=0] HO0| MY}, SoH 8 YAl0l= el ZF7F UA=E, Hong,

J., Wang, Z,, et al.(2021)9] &0l =M I &= CIO|H 7|¢ho] deix] din My| Bd E=
HICI0[EIE 7|HIOR §t B S WA § F VX2 27 4 U0t 0|F MX WA 2N YT
St EE E2 MY Y YA 1Y 2 LA0Z NET 4 ACH, BE 28 YA Hul2ds
2ot HIOJE 7]2t YAI NS TH YHO= M2e = Ut

[ 4-5] BHE{2| SoH =8 7|'H 2&%
Direct measurement [ ]
methods [ ]
()] |
methods [ ]

| SOH estimation methods |
_" Adaptive filtering ] [ Electrochemical methods J L EKF/UKEF.. filters ]
A 4 bl [ -infinity observer ] [ Luenberger observer ]
( )
( )

Capacity/Energy test ] { Ampere counting

Ohmic resistance ] [ Cycle number counting

‘ Experimental methods }—

Charging curve method ] [ CIA method

DVA method ] [ Ultrasonic inspection

Empirical model ] [ Optimization algorithms

‘ Model-based methods }—
Data driven
—{ i |

Xt=2: Hong, J., Wang, Z., et al.(2021), “Online accurate state of health estimation for battery systems on real world
electric vehicles with variable driving conditions considered”, Journal of Cleaner Production

Data fitting ] [ Machine learning methods

HiE 2| SEHE TTY e F2rdd ME590] 25 S0, 0] F 7iKl= &% SAOIL. XIS7Kl=
g0l 282 = 2N YT G4 S0l = JHEEAL. 8iE=|E STV YTot=0 20 32
AIZH0] £Q5|= 20| THOIL}. 2Lt ALZ= HiE=|7} iE 2dot| SE=

E o - |_ hl

TO0| HOFH 1O WEHEICY, 8ITt A40| Wt XNES BESH= T 7|#0] 32 B2 FIH0| 755t
pN|
=

32440| Zof

H 4-6) HHE{2] SE ZIT ZAME Hlu

(E9t: %)
T N T Bat=(%)
_ « QIS S B A ni]lmo 0|73 Mot M22 &X oKzt
nmge [SOYT OIS CEASS DURIOHERESY AT 10202 -e0
* BMSZRH BiE2] STYEN(SoC) ot S =)
o © 05 OO BTG (AN BRI BAC3 BRUESNEE MR L o oo
"R s wues ueeine 8Y 5 e -
o AL Daxto Cto|o| M 20| Fst= A I§
by IRO5 O B3N (AN B BAC/3BINEAE Y B o oo
A5 WHB2 El2iHe) 83 FHETAR 8ARZ D2 &2
Jo 23 DR UNEAS 360l 2 2 W YNHA, ¥ A
TT = =3 I
o TWIES 3T 42 10201 ~90

* BMSZSH H{E2] SHLEH(SoC) &t T=

Az OlHAEENSH & UEH I A= My
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[12! 4-6] CT & HHE{2| ZIT GilA|

L

Felaneal-1 Ee|ojanteal-2 E2|ojanteAl-3

2R 2AHux-2

A2 UEA(2023), W7|X AL S HHEZ] SMITH T 71E S

o

2.1.1.2. H{E{2] SHx|

fon

HHEfS| SHAI= HHES] AtEedt 1Y &

r

NSt 02 HENR! ST Lgolt. Aisebt K22
Olre AIFE, HiE2E stz 719 HIE0|L =221 271 27| 0|0 M7 K= A0 127t
Ct=70 BHE2] Of7 )= OFPRIY, 2, HSYO= =0t 0 HE =710 Alg= HiE2|S 22| 2010
Mg 85 HHoP| 050, HiHZ] oA 71 2T K= AL

(3™ 4-7] BHE{2| T7 | SAE 7= X0

o=
Cylindrical Prismatic Pouch
Tesla model S 85 Mk1 kWh battery pack BMW i3 Mk1 22-kWh battery pack Nissan Leaf Mk1 22-kWh battery pack
Panasonic Samsung/SDI C

Pack

,

|

I _r!

\‘ 963 mm
-

16 medules per pack 8 modules per pack 48 modules per pack
l 25kg 245kg 38kg
7gmm Jzzzzzoz ' ,l, ,,,,,, l
B w’ 150mm ____017 35mMm =z======¢_A
Vodule T " 1 665 mm T \/@/ T W
i o (g
302 mm_sh_ 511 300 225 mm_siv. 303 mm
¢ @ <

444 cells per module

G18mm —»| |
65 mmI
Cell —

4 cells per module

‘
b
45 .;F‘E/
elicmionet 36V NGA cathode 37V NMC cathode 375V LMO/NMC cathode
:,E,,i';',‘:,m rest 48.5g  Graphite anode 2 kg Graphite anode

914 g Graphite anode

Xt&: Harper, G., Sommerville, R., et al.(2019), “Recycling lithium=ion batteries from electric vehicles”, Nature
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ISR M HIg, 22X X 58 S0IS 4 QU= AAHIS =511 XIS} HIEZ] MIZRAL 2 THZAK}

S0| GIO|EE - &2 £ QIEE St LRI} QI Z0|Ct.
2.1.2. 2
A2 H{E{2] THZHZS THHIR - KHALZO| 01242 HE2 A50| MoHE HHEZ|0M LZ- TUE - U7HS 5|4
AE| S MRS CIA| 283 4 QI E 5451= 7[20|C TIRH R2|L2I0A= SoH7t

S50 eR0lE el - SAH S H
60% Olot= AotE A= HiEE|E MEE 82 =[5t
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SHHANM =
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3
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A

2| S0
HEE 50% Olet algt

HiE 2] AH2E2 FHEl 2 2d2 H= al-20i| MRt dEHC= AA M=
= ANOF FHgS iﬁiﬂﬂ 1 QUEET70) HHE1E 2 SREZ o5l 54 ARI0I U= 7YY MEE
e Chot 2o = 4 M2t SE0| 4] XM S0 Hat

2= =0/7| Aol

(23 4-8] AH2Z HHE(2| THEE SHE

HijE{2]
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LR0ls
T2 S
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(2022), HiH{E 2] A

O

Xtz gt

170) DealSite, “ot= HH{E{ 2] }IXIZE 3|=80| EIQ10| R 7IE(2022. 10. 7.)", https://dealsite.co.kr/articles/92793,
accessed: 2024. 6. 3.
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(B 4-7) N-E8ZF HiE{2] THEE SX{2| 3H H
24 &Y X Mg
He * A= HIEZIE T20|M 88AIA - 2 IMIREHE MOZ =0 3feftt « A1 5 £ 2T 2H
R/EE FE 20 23l RIEL F= 3|3l KALS
* ARE2 H= Hig * N2/XM0|HX] At * ZAPO| BFYOR Hm 25
x| T EREER ek FE LS « U= TE RX
CT L AYY AT o= «2lE 2 U B Tks * LFP HiE 2|0 HE 7t
* O X2 7hs « MHEHCR KNS EXH| o M2/X0IHX| AL
« FUE LZ Q) 24 3|2 032 B ;
oh . %:; —'.E—IFHIE T e Iy a8 * H =0 M
. 1 s * O HatAE ER s MU AL 25
= : *B =), H Cobalt | « Onto Technol o|=),
28« Uricore(17 1), Glencore GHLICH, ;unp(sﬁ) uayou Coba nto Techno ogy(0|=)
12 Valdi@ZA), Inmeteo(l=) (=), Li-Cycle@iLtCt, O|=), Princeton NuEnergy(0|=),
= e HUBI0|El(Et=) Oofl01HI(EH=)
XtZ: SNE Research(2024), Ao10|E1(2024) £ 210610 XX H2|

(O3 4-9] AEZ BiEZ| MEES 2?18 WX, X2 S
} ° Bl ¢
::::;‘:T;’:‘h’“’ Direct Recycling — .@ — 'é;i= = il -:@-3"»\
% Cell Disassembly Dielamination Regeneration Active Material

|

Shredd i P s “L e \
e a it Direct Recycling ! \ . {"t’
4 . — — \ — S
l \ J . ) ara
Hydrothemmal Drymg Eelithiation Active Material
Mechanical

Separation

Hydrometallurgy "

Leaching

Black Mass

!
A

Passive Metal
Extraction

& Pyrometallurgy

Heating Slag

Separation

XtE: Wu, S., Kaden, N., Droder, K(2023),
Efficient Recycling”, Batteries

Li Precipitation

Hydrometalhirgical
Process

A
|
J

s -

Li Carbonate

Li Carbonate

‘A Systematic Review on Lithium—-lon Battery Disassembly Processes for

2.1.2.1. HAZH

HAZHS IL0|M 22S FHAA|HA =E6H= BAI0|TH 1XH2 150~500°CHIA 716l £7| 201 =2
HI7Aet £ 2Xt2 2f 1,000°CE 71, HHKE &0l 242 FE0IL E20M =52 g2 222 L
X0|2 Qlol AL £e2iT12t o g2 S22 2a|H=0|, A -TLEQ ==H0 | 212t O E ME 28510
=2 SUM 7t BE2 sle 4 ULCLH OL 2|F0F Y7He| AR ST i AR S2i10]| XSSHA|
0] 3471 220, F7t SASHE Soff YRE 348 4 Tt sttt
84_ XIS} Kf@iagto] LM AJAR: S2tAE-H{EZ| HERS FAo=2



(23 4-10] BHE{2] e AMSHE 2t

SLiBs

[ ]
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SRULR} 71USIH RISt MEEFHE MEt 2 SHHIIZE X S0l HEE MESe A= 7H6Ht197)
'24.68 & oI IDIS= 4370=0A HO{E= 9170 ASAH EHHE 3,12471K| 22| ofix| AHeSHE
M5k QICH 198)199)

196) ©HE T2 [MAEMGA S| MBS FToP| o FEMEOIL S SO 2t FR(HEEZR)E
QFol= 32, ASAEHIE - +UUAE I MBEFEEE MSoH0F Sttt o HER - HAS AT -OI510] X1 - LAl

Sh= e

MHEEHEMSSAY, IDISO| 7HU5HH MEEHEE MIdt= 40 MEEHEE MSst A2 7Y

197) 248, MSA| MEEFYENSSMY BHA! (BFR 1A H2015-1775)

198) 437§=2 Spain, Sweden, United Kingdom, Bulgaria, Romania, Croatia, Serbia, Macedonia, Austria, Belgium,
Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Korea,
Latvia, Lithuania, Luxemburg, Malta, Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia,
Montenegro, Iceland, China, Turkey, Russia, Ukraine, India, Albania.

199) 9174 A}s At BEMEE Abarth, Aiways, Alfa Romeo, Alpine, Aston Martin, Audi, Autobianchi, Bentley, BMW,
BMW ALPINA, BMW Motorrad, Buick, Cadillac, Chevrolet, Chrysler, Citroén, Corvette, Cupra, Dacia,
Daihatsu, Daimler, Dodge, DS, Ducati, FAW-Volkswagen, Fiat, Fiat Professional, Ford, Geely, GM Daewoo,
Great Wall, Honda, Honda Motorcycle, Hummer, Hyundai, Infiniti, Isuzu, IVECO, Jaguar, Jeep, Kia,
Lamborghini, Lancia, Land Rover, LDV, LEAP Motor, Lexus, Lincoln, Lotus, Lynk & Co, MAN, Maserati, Maxus,
Mazda, McLaren, Mercedes—-Benz, MG, MG, Mini, Mitsubishi, Mitsubishi FUSO Truck and Bus Corporation,
Mobilize, NIO, Nissan, Opel, ORA, Peugeot, Polestar, Porsche, Renault, Renault Samsung Motors, Renault
Trucks, Rolls Royce, Rover, Saab, Seat, Shanghai Volkswagen, Skoda, Smart, Ssangyong, Streetscooter,
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H 5-4) FHGHHEEAAR(IDIS) & MZEAIE HS MHEEEE H

o Hgals oy RIZsHs sHHIRE
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* £0f E—J w2 *XH
. . QIR AXY
DEXME axjor " HHEIRI AR ZIEDSESE A7 [m AT
IONIQ cee —H « IR(TIA, HAN ATHQ} =2 o
SChxp) 2 RARKER| HYE: o= 59 E A
SACHAY g CERTUIX CHE MDA HIABHOF & HAIZ AThot Z25 ANE ATH
« DY HHER Y hojo] Aot mak * LA A
o ORI HMEHE AXY
* S7IRIESY A
DEXMH
Model H::rfnxr oo A= oo
Tesla A AR o= A e
* 0 HHEf2]
. « 201 2 22| AX
2550 W2l AT Jlepe By Lo X A
e « K| H5HO} & CHALE AXHQ} =2 S
o 230 gIMRLR| —|O'rr—l— e, A7\ ATH
ot HHEy - T S| 22 5IE AN 2 B e
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1) Shxte] 42 0|= Tesla, = NIOO|| H|aH Li- % EEO| AKX & O L2 HEE HSotl US.
2) SICHRIRE NIOE L - QI AX HEE MS6t AUF. © %= PP, ABS, PE S0 HAIE US
Atz ZHGHHHEAIAEI(IDIS, International Dismantling Information System, www.idis2.com) & RHHZ XIZ L=
MNEHEE XA ZAL FE

Subaru, Suzuki, TATA, Tesla, Toyota, Vauxhall, Volkswagen, Volvo, WEY, Zinoro
200) Y2 HEH2 “The data in IDIS is compiled by the vehicle manufacturer and is not reviewed or controlled by
any other institution.” 2t Z2(IDIS, “FAQS’. https://www.idis2.com/fags.php, accessed: 2024. 6. 28.)
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SiMli= BiE 2] SRV E AU 2 O|FUHR|L A=Y, 2l 7tset &4 54 S A0 &aE1 AMSet
ML= SAI7H ACE O1F 7Ha| flol 2R1t AIS 288t ofid| 7Y S/ T AL

Choux, M., Bigorra, E., Tyapin, 1.(2021)e 22, AIS 225t HiE2| oix|7|HS TASGIUCE 2822
HE|2|E CHFeh ZI0iM et 2, Y12E
S RIS TE5 S HR| XU AA|GH},
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(O3 £5-2] 22 g&¢t iE2| six| 7|2 2+

NO
Image Object Decision Position Removal
capturing ™ detection rmaking —™rcalculation [—®operation
A B C D E

Next LIB

XtZ: Choux, M., Bigorra, E., Tyapin, 1.(2021), “Task Planner for Robotic Disassembly of Electric Vehicle Battery Pack”, Metals

2RI Al 7IES =2 HiEE ofiF ASst 72 T2 AT Vst 285 At et 7180
AMEE ULt HiE|S|S AlE0t D 2Foks HX2| TA|, B2 HEfet 30 2=t ofid 18S =5

otz AE & QArEE A, OIX[ZUCZ S| Ag MAole A3 A S 3HAZ 28 = QT
Meng, K., Xu, G., et al.(2022)0| [2} 2t HAHEZ T2 ARE s 7|a2 A2t

>

i

1Al M| HAOM= CNN(Convolutional Neural Networks) 7[2t2] CV(Computer Vision)0|
20 UCH Ol= O|0JX[L} F4 HIO|E X288 Haid ZHO|H X2y 7Is/ML0c 851 /U=

C. ol 7|&2 ¢= HE= 0|0|X| HIO|HIES E6t0 AEll 2]E A0 H=EAH T
Ct= AEO0| UL CHEH O[0]X| HI0|E 2] HO| 50 HAQl L2 7IX|H, SE8 2| H0|HE
2t {02 ofCh= 0| HEO|C

> I
o

2THARI A& R QARET HAMM 275 = 229 s32 =21 QXS0 X 2 2HE0M HHEZISE
olix[orA T AFB S HHE{2|Q] CHfSH HERRL =& CHAGH = 2t QIX[5H 1 0]0i| Meket ofix| S EEaHot
57| 20|t &2M0 2 M Y 12|E(Genetic Algorithm, GA)t 45} Sk&(Reinforcement Learning,
RL) SO| MA|=IR=0I, A= 21X st ZHIE ol of7| floll MEsH Tstigs 2Wsot= DE=, S86H!
Al&oiM Hetoh= =X o 20l Metollt & ciAH2| HEIE 2Eol/| (&= SAZE ULt At
G USRI AYAQRE Sof sfgilt FARRH HAO 2 ATEQHE STA7 = Hil2{d 7|H0(|0 o2 HAE
AX0Fok= HiE 2| x|t 20| =PRI THO| Q71 k= 2| sh20| Kefotlt, = sta 1FE0A A[ZH0]

Q5= UF U2 2H0l= BiEXokA| Ees 2E0] AT Sttt

STHAQ! ohixl & HANME SHE AXIt oM S8 M=t S0 et 7[e=S0] =EH1 UCt
SHE ZX0l= R—CNN(Region—based Convolutional Neural Network)Z YOLO (You only Look
Once) 52| MAlH|M ZolE Held ZES0| U=, TA= MA| 0|0X[0|M U 2 FAS MHs

5 oY Yoo HEE M5! MR E2 RENKIE ZXE 4 AUks FHO| UCH Q| ZS HA
O|DIXIS Bt 0| M2(5101 BI27 EXIZ 012 4 QUCHs FHO| UL

AT0l= Q1710] AF| SHA| K@ BIO|EIS BESH Si% HAI0| JHUET ULk 217 BIXIO] S Kl
Alot BIOJEIZ 211, 012 D510} BH| KRS TIGHs WAOIC A Kl Bl0|EIS 21usH 2HY
20| HIZ B8 4 9/O82 HSH0|Ch. TiFt TETO| Al HIO[E7 LRSI A 1S PS4
2L} OIS T2 AEI0f ST} HEat7|= OfZCHs 3177t UL,
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[12 22-3] R-CNNZt YOLO Z29| 7HQ(a,b) L LA} EXX| OflAl(c,d)

Tmage Extract Region Compute Region
inputs proposals CNN features Region

= m I > Classifier
ﬁn ||E | %% {detection )

Predict for each grid cell Detection

- Bounding box +
Image S x 8 Grid confidence \
inputs on input Final

| Class probability I

Only one single CNN

Ml vw_modules_01 0.94 _Screw 0.6 lempty_screw. 0.41
Empty, screw 0.4 MALIB MSZON Oscl e re: Cre

serey G.52° % wWmodules_i

L Oﬁ ‘-screw 0.81 = screw_0.54

ey 550" OulPsccraw 0.88
. SC"YEERU Ty
VW_modules_0U1 U.95 - ‘_.
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050 — scrow O
screw 0,722 SN} screw o
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AtZ: Meng, K., Xu, G., et al.(2022), “Intelligent disassembly of electric-vehicle batteries: a forward—- looking
overview”, Resources, Conservation & Recycling

CHoF SAM7EK|= QI7te] JHYO| Sl &HEet Xi& ofixle 7IsXML 2L ZHECE a2 dElE,
Cote= =50t Q17 7F Hels Sot ofidVt =211 QU 222 /2 5 525 & LiAL
=7/ &2 A Haotl g=EM0l MAUS oot Q172 HANZ ZgtE =252 2elotks s
2 WX S5 AAS HYots 4AI0|CH Meng, K., Xu, G., et al.(2022)0] M2 AWM=
2R07 2+ == 2%t 59 & o= eg s, 7t WSS QIKISI KIS 4~ AU0{0fF HYok=
AR S= 7tsde ElAstol QS S 4= QAT AL 2 GIO| HIIEA| oA ZdS Flle
Q7| 0]t 217t si= 0 E0l= RNN(Recurrent Neural Network) S0| 22 2 £ Q=0 0l AREZ
Q7| WS IEHS AXot0] 0|F 2| H&g KISE 4= UL SHTt

[OE 2E-4] HiE2| oA 22-217F e 3H HEx

Waste battery DB and
process management Process 2: H&hAE

Cicho CHCho i Process 4: HEhEY
system Process 1: 528 + Cutting and Process 3: §th=2X%
) v, + Removal adhesive CiCha s
« Removal pack cover | removal harness, j, * Removal busbar | Process 5: HS:=X
+ separation and
* Removal main frame, cable and and bolt * Removal module case
v v L transfer battery
bolts, etc. inside the connectors * Removal module f bolt
modules to next
pack * Removal parts in of fixing bolts ooty
narrow space ®

/ Process 6: EIEHAME

= Separating Module
case and cell

* BMS and terminal
block cutting

* Discharge recycling cell

final

= —

o«

AE: UER, BRI 9(2022)5 HIgLZ 2R WE M7y

201) Allagui, A., Belhadj, I., et al.(2023), “Reinforcement learning for disassembly sequence planning
optimization”, Computers in Industry
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Yao, L., Xu, S., et al.

(2027)0 =M HIOJE 7|HE ME 7[H2 SAN 257 WY, HEY U, HY
M4 Y, SA H0|E 2E S 47K 7tH| 122 2RE 4 U

M 22 UEHE2 M0 L B2 L0|X H0M &t A5 ¥ IS FEoM Mddot= YO =,
HO 2= ZHt WE(Kalman Filter, KF)QF IHE|Z ZE(Particle Filter, PF) 7| £0] QICt. KF=
XH?P( HME Sl AsL=2 2 MAE LESH= HACE MY HIO|H Mo 7+ Hglst 0
P

CHEF ALZ S HiHZ(S| A2 HIMSHMRl S8 27|01 2dE0iM= KFe| 280] Mt +~ A=t 01
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Il
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S30| ot O SLet 2tdod E2f01dE :'1% | 0= ROl 7=, B2 Ath o 2+1=7(0
AIZI0| Bt A2F 4 = HO| HH22 &2l

A gioll= olg MAU(Artificial Neural Network, ANN)ZF &4 AZA2(Convolutional Neural
Network, CNN), S} M ZA2(BP) S0| QUCt 0] = ANNS H|M3 H0|E{0)| HQ1 0|SHOZ, Naha, A.,
Han, S., etal.(2020)2 TR - RS- HiE2| 2= &S HiEZ|2| YR HETS 2E510{ 1% X HP| LiZ SoH ate
ZFoh=0| SSE3UCHLT ST} THEFANN SA| KFeF ORI IX |2 E2{01d HZ HI0|E7} E0| EQoith= HEO| Tt

HIE] A B0 siEs= MEE HIE HAI(Support Vector Machine, SVM)z} 2214 HIE A
(Relevance Vector Machine, RVM) 8t H|413 HI0[E 24 7|HO 2 A7| 7|1t H|WEHS [ TjO|E
ME0| BHol H|wH Fekot 0Z0] 7ksotth= YEO0[ AL RVME 3 H|O[X|2t 0|2 7[Hte] 3t
Al 2d 7[Hez, SYMQ HECE gk = X203 529 2ME &g & Utks FHEO0| ULt
HIO[E{Z} XILEX|A| SlAT B QFEH0| HOHE = U
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OfX|2C 2= S| HIO|H 0| ULt HiEZ|C] =S ot= SAINCO = TIRll=0|, HI0[ES] A1

HIEFO 2 HE(2|Q| LIS MBS M5t 4 QIOM 012 2aH L 2H™(Wiener Process, WP)2t 7+

Y 3|7 22 (Gaussian Process Regression, GPR) S &g% 4= QICt. 0| & GPR2 SVM S}
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202) 22MEAH2022), “M7| AR HEHE 2] offd| 25 7|= J{ESHH2022. 5. 10.)", http://m.irobotnews. com/news/
articleView.htm|?idxno=28450, assessed: 2024. 7. 29.
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A: simple calculation.
D: Linear models are constrained.

A: simple principle, unlimited model noise.
D: need a large number of training samples,
large amount of calculation.

A: only need data, high precision of operation.
D: need a large number of training samples,
local extreme value.

A: Simple model.
D: need a large number of training samples,
large amount of calculation.

Data-driven
method

A: simple operation, less sample required.
D: Kernel function parameter sensitive, easy
to overfit.

A: flexible parameter control, small amount of
calculation.

D: poor stability of long-term estimation
accuracy.

A: high flexibility.
D: Less application.

A: Give confidence intervals.
D: large amount of calculation, complex super
parameters.

SLLLLLL

Comments:
A—Advantage
D—Disadvantage

XtE: Yao, L., Xu, S., et al.(2021), “A Review of Lithium-lon Battery State of Health Estimation and Prediction
Methods”, World Electric Vehicle Journal
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cartech.co.kr/news/articleView.htmI?idxno=21793, accessed: 2024. 7. 12.
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(Et21: %)

120%

103%

100%

80%
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40%

20%

% Cost Energy Water GHG SOx
consumption consumption emissions emissions
mVirgin ®Pyro OHydro mDirect
2 NCM111 HHE2] kg A = HEE 7|15Y. IZ2H U2 ME M, HASH OE M, SASTo OE M
28 U NENEE A AQ51= HI, HUX A2, £ A0, 9*'7% HiZ, SOx HiE2Y
AtZ: Gaines, L., Dai, Q., et al.(2021), “Dlrect Recycling R&D at the ReCell Center”, Recycling

Y M2 7I=HoR HoIH SO 2HO JIAN MLt YSHEE(CAM) MYolRts F SAH=
TS0, SX2| B HIE2] AL TR0 £ 2lFS CAM 7201 EE5t= 1iZE (Relithiation)
2Ye 5ol Y3 L5 =BGt Y THOIL,

(B R2-1) 83 HER] 21E S A 5 YIUST T8 WZE 3
Process Type Lithium Source Conditions Unique Features

LiOH with knowledge of

i . Heating in 2 stages —
lithium vacancy concentration 5 8

Thermal

Low temperature hydrothermal

Hydrothermal LiOH/KOH solution reaction followed by high —
temperature anneal
Redox Mediator Anode of electrochemical cell Room temperature Reaction faFﬂ“atEd by
mediator

Low temperature ionothermal

Ionothermal Li salt in ionic liquid reaction followed by high Takes place in ionic liquid
temperature anneal
Roll-to-roll reactor under

Electrochemical Anode of electrochemical cell Room temperature
development

Xt2: Gaines, L., Dai, Q., et al.(2021), “Direct Recycling R&D at the ReCell Center”, Recycling

CH2E 2 289 32 YSME JHZ 2l06t0 A8 4 At= FO| s HEe=: HEot!

QUC}. HHE{Z| 7|=0| W= LXet0f T2t NCM622, NCM8118 Lot #= Zgt

ALETT QAL JeU MY MEECe2 +H M YE NCM111 A= HiE20A 23t 22
7

NCMQY., S9| Z[4I HHE{=|0 Z1CH= 2&5H7| 07| HZ0H| A7 U= AO0|E

)

0|2t Z& SAE F=57] o AA0I2-(Upeycling)0l2h= 71&0] F=E QICH 2 Argonne

S0 M= LMOIZH2 L5 9 S Higol= 7Is= 012 Sdlf 7IE NCM111 BiHEIS

206) Gaines, L., Dai, Q., et al.(2021), “Direct Recycling R&D at the ReCell Center”, Recycling
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(B $2-2) B\ MEp Q37 7Y

Sample Compaosition

Pristine Liy 153Mig 393C00 300Mnp 30202
Delithiated Lip 76Nip 391C00 300Mng 35502
Hydrothermal Liy 1 50Nig 351 C0p,300MNy, 35402
Upcycled Liy psaMNig,594C00, 261 Mng 25205

= EE MU A 2], 2RIEHF) B2, 8 MZ2E XM= HiE2], YA0IZE & HiE2
XtZ: Davis, K., Demopoulos, G.(2024), “Effective upcycling of NMC 111 TO NMC 622 cathodes by hydrothermal
relithiation and Ni—enriching annealing”, Next Energy

§HM Wang, T., Luo, H., et al.(2022)=

Ao Aol 28%(Reciprocal Ternary Molten Salts,
RTMS)E 83t NCM1110IA NCM6B2222| HAO|S- S S3FUCt D STt YAOISHE HiEZl=

NCM111ELH 40111 AE NCM6222t AR 4

(23 F=-9] HiH2E X MOIZ ST 7E(a), =5 =HI(b) R A0|Z 85(0)

B
. 4.44 1% cycle half-cell charge-discharge = = U 1.08
C
42 -
—~ 4.0
= 2
o 3.84 20 mAJ| &
g °l s
v 2
> AFEE NMCT11
3.41 AE NMC111
3.24 __ ¥A0I2Y NMmce22
— U F NMC622
3.0 T
gu 1h0 150 200 AR E NMC1118A0I 28 NMCB22 M T NMC622
Capacity (mAh/g) °T =E= s
C
=)
=
<
E
-'E m A2 NMCE22
b4 = ME NMC622
3 50 =
o m ME NMC111
m A2 NMCT11 Half-cell
0 L U T T U
0 20 40 60 80 100

Cycle number

AtE: Wang, T., Luo, H., et al.(2022), “Flux upcycling of spent NMC 111 to nickel-rich NMC cathodes in reciprocal
ternary molten salts”, iScience

ZE MEE U 7158 2R 7|¥0lE 0129 Princeton NuEnergy2t Onto TechnologyOl U

2 7| S0A= Huayou Cobalt/ A+t 7HUZ T3 SO|Ct HH bR HIZRAL S0AM = 2047+ 3H':c3
S0 2AS 71 Aoz L=, '22H UCMOO|0|1 AFEI0| 2L22H ATHMS MSHoE 21
O=2 NCM1112t NCM622E Xidlist= H7LE &AISH HE ULH207)

207) Gupta, V., Yu, X., et al.(2022), “Scalable Direct Recycling of Cathode Black Mass from Spent Lithium~-lon
Batteries”, Advanced Energy Materials
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(a) (b)
Spent cathode SCraps | _tartaric acid H,0, “‘oé s
4 = N\ = | 6
Pretreatment (& y ) ie'§ - e =
‘ N S e—rs |8 .
| Residue | Leachate (§ [ < ¢ F g
H v ¥ H
s ] Leaching Process Co recovery
1 e | PH adjustment | optimization \ Co(-oxalate
LiCoO, powders —
- : eachale
luminum foil Ni-Mn-Co | Ni:Mn-Co Il Residual solution e ﬁ
H0,— 0, |
[For precursor preparation | [Li precipitation | Co(Ill-tartrate: Co(Il)-oxalate b
) H,0,— H.0 Licriched solution
Li,CO, NaCOOH solution

XtZ: Cheng, Q., Wang, Z., et al.(2024), “Recent advances in preferentially selective Li recovery from spent
lithium=ion batteries: A review”, Journal of Environmental Chemical Engineering

A 245+ = 31 = o) o1 22X =) Sl
A4 2B BHOIME BRNE AIS0l0 YT 2WS D20IM T 252 484 HRE2
=) S XlZFgHk=H k=3 O|= E3 = 32| L =1 =1y 3l
HEARIZ HSok= YAI0| &1 U=, 5ol HaS M= 2Eoks A1/t 20| TR0 ATt
(=] L Ot 2XR= k=3 =3 o o =3 k=)
EtAEO=E LRSS 22S0| 28 758t Zheng, Y., Shao, P., Yang, L.(2023)2 HSSM(EH)S
= = 0/. O EOo =IA= =
2E50 90%9| 2l§S 2|40l BItt
IIrg —_ O|H o O x|= E SIAS
(B R2-3) BHAEE 718 & A& 181 2iE 258
Spent cathode materials Carbon source Main process Roasting Li recovery Products
temperature efficiency
NCM Spent anode graphite Roasting in an Ar atmosphere, water 700 °C 90% Li»COs, Ni, Co,
leaching MnO
Mixture of NCM and LCO Lignite Roasting in an Ar atmosphere, water 650 °C 84.7% LizCO3 MnSOy4,
leaching, acid leaching, and solvent NiSOy4, CoSOy4
extraction
LiTMOx (TM = Ni, Co, Mn) Wood chips Biomass pyrolysis in an Ar atmosphere, 500 °C 99.99% Li2CO3 MnO,
powders water leaching NiO, CoO
Mixture of NCM and LCO Bamboo meal waste Reducing roasting, acid pickling process, 650 °C 99% Li»COs3, Ni, Co,
water leaching, and low concentration acid MnO
leaching
Spent NCM-523 Bean dregs Biomass reduction roasting, carbonated 700 °C 93.8% Li>COs3, Ni, Co,
water leaching MnO
LiNip 5C0q.2Mng 305 and Crushed powder of electrolytic Roasting in a N atmosphere, water 650 °C 98.2% LizCOs3, Ni, Co,
Lig.goNig 705C00,505 waste cathodes (with 90.7% leaching MnO
carbon)
Li(Ni;MnyCo1 4.y)03 graphite Roasting in an Ar atmosphere, water 1000 °C 93% Li,CO3, Ni, Co,
leaching, CO, gas reaction, acid leaching MnO

AtZ: Cheng, Q., Wang, Z., et al.(2024), “Recent advances in preferentially selective Li recovery from spent
lithium—ion batteries: A review”, Journal of Environmental Chemical Engineering

208) Cheng, Q., Wang, Z., et al.(2024), “Recent advances in preferentially selective Li recovery from spent
lithium—ion batteries: A review”, Journal of Environmental Chemical Engineering
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SHSY0NME SHASE =2 I JEM= T2 s 0|80k, Ol HEXN =222
DES(Deep Eutectic Solvent; S&20H) 52| 212t ZENZ Aot = AL RIdTT QUCH

DESE 58 =& =220 #2280 2o J20AM bluH g4 S8&= dZS 018010 MzE=
8Oz, O£ S0 ==7H0| 242} 302°C2t 133°Cel st Z&(Che)t QA (urea)s 1:2 SHIZ M2
SYE2 580 12°CE HOotH J20M Azt DESS -5ttt 209)

(B 75-4) S8EM(DES)2 EF X &8X
Type Description General formula Example Application
Type 1 A combination of metal and organic salts Cat™ X~ z MCl, ZnCl; + ChCl Metal electrodeposition
Type Il A hydrate of metal salt and organic salt Cat™ X~ z MCl, yH,0 CoCl,- 6H,0 + ChCl Large scale industrial process
Type llI A mixture of hydrogen bond donor Cat™ X z RZ ChCl + Urea Metal recovery, extraction,
and organic salt biocatalytic activity

Type IV A mixture of metal salts in addition MClx 4 RZ = MCl, "RZ + MCly, 1~ MCl, + Urea/Ethylene Precursor for LnDES, materials for

with hydrogen donor compound

Glycol /Acetamide

superconductors, lasers, magnets,
and electronics

Xt&: Padwal, C., Pham, H., et al.(2021), “Deep Eutectic Solvents: Green Approach for Cathode Recycling of Li-lon
Batteries”, Advanced Energy & Sustainability Research

042) DES S0IM 24 M3tz Edi0ll= F=2 EQY Il DESTt AR ELE At 3 SHHMX0I ZHO|A
Fe/ol7| H20|Ct ISHME F2HE2(Chel) 7|8 DESIt 7HE B0| ARZEICHL S0t
DESE B ZIE4 SRI0IA 0| QT BAS B3 7120 27IM H5 N9 39 2FS 13
TIe MOt A M7 LS, DESE MAREE &~ Q7| THZ0|CH210) 5t S ZH0|| 2Hitstpa
S BN ST WOt Qi [ EEH HHORD B 4 UCH CIRt DES 5 2B AST= Qo2
SHAICE 71240] HIMt AR 317} KISIE| T QICkD BiCt
(B 2E-5) 7|& &43F 1 DES &8 3 E4 |
Factors Hydrometallurgical DESs-based process
process
Chemicals High concentration Low concentration
Temnperature High Intermediate
Reaction time Intermediate Short
Relative energy consumption High Moderate
Chemical cost Intermediate Low
Primary waste products Liguid and solids Liquid
Limitation Corrosive acids Viscosity
Recyclability Mon-recyclable Partially or sometimes
fully recyclable
Toxicity High Non-toxic (low)

Xt&: Padwal, C., Pham, H., et al.(2021), “Deep Eutectic Solvents: Green Approach for Cathode Recycling of Li-lon
Batteries”, Advanced Energy & Sustainability Research

200) 0124(2013), MZE Z8HE R0f: 2 HO|2E 2812, 512115l |4 HH A7
210) Z2ILt 2/(2023), BSLIS 223t I NdFeBAACRRE SER HE 7S, St=ezsts|
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