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Abstract: Rapid electrification in transportation has led to an increased demand
for lithium-ion batteries (LIBs). As batteries in electric vehicles reach their end-
of-life, waste and disposal problems are expected in the next years. LIBs contain
critical metals such as lithium, nickel, and cobalt. With a growing interest in
circular economy and securing material supply chains, there has been extensive
research on the technical aspects and economic value of LIBs recycling.
However, real-world case combining cluster perspective with technical process
aspects received less attention. This study investigates the spatial concentration
and value chain positioning of LIBs recycling facilities in South Korea. It
demonstrates a mapping of EV infrastructure, industrial recycling facilities, and
government-led facilities to identify emerging clusters. The activities and
positions of recycling facilities are analysed and characterized based on their
functional roles and facility types. In addition, relevant government policies
fostering the LIBs recycling sector are investigated.
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1 Introduction

Lithium ion batteries (LIBs) expanded its application over the years from consumer
electronics to electric vehicles (EVs) and energy storage services. Below Figure 1
illustrates the rapid adoption of full battery electric vehicles (BEVs) over time. As
electrification of transportation is one of the most promising alternatives to reduce
greenhouse gas emissions and to achieve circular economy, governments actively
promoted adoption of EVs in 2010s with subsidiaries and building EV infrastructure. Many
countries have encouraged the transition from conventional internal combustion engine
vehicles to electric vehicles. (Rezaei, et al. 2025; Ghosh 2020, Rietmann et al. 2019)

Below Figure 1 shows that both EV adoption and LIBs recycling research exhibit a
similar upward trend. Given that the expected lifetime of electric vehicles batteries ranges
from 10 to 15 years, a substantial accumulation of end-of-life lithium-ion batteries (LIBs)
is expected within next decades. (Rezaei, et al. 2025; Abdelbaky et al. 2021; Bobba et al.
2019; Neubauer et al. 2015).
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Figure 1 Global number of battery electric cars and number of publications per year on
“lithium ion battery recycling”. (Source: Web of Science, Statista).
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Figure 2 Number of publications per year: “lithium ion battery recycling” and “circular
economy” (Source: Web of Science).

The amount of end-of-life LIBs, which contain critical metals such as lithium, nickel, and
cobalt, is expected to reach more than 5 million tons by 2030. Therefore, management of



spent batteries has emerged as one of the timely issues for governments, policymakers, and
industry stakeholders received attention due to growing interest in circular economy and
increasing geopolitical uncertainty in material supply chain. (Sopea-lordache, et al. 2025;
Yu, et al. 2022). As an example, EU Battery Regulation in 2023 sets phased mandatory
targets for minimum recycled content in new EV batteries to promote circular economy
objectives. (EU Regulation 2023/1542)

As illustrated in Figure 2, the number of publications on both circular economy and
lithium-ion battery recycling has increased concurrently, showing the close conceptual
connection between the two thema. The circular economy suggests the concept of “closing
the loop” by framing material and product systems as continuous cycles rather than linear
flows. (Ragossnig AM, et al. 2019) Baum et al (2022) examined global recycling
techniques trends by analysing 32 LIBs recycling involved firms. However, the study
focused on technical aspects than spatial distribution. Previous research has examined the
economic characteristics of end-of-life value chains and estimated the corresponding
residual value of batteries (Rohr et al. 2017). and investigated different technical processes
in LIBs recycling for circular economy (Bae et al. 2021; Velazquez-Martinez, et al. 2019;
Lietal. 2018).

The clusters act as localized innovation structures that enable knowledge transfer
(Fromhold-Eisebith, 2024; Christopoulos, et al. 2023). Prior studies have explored LIBs
recycling clusters with different methods. Xia et al (2026) analysed the evolution of
China’s innovation network in LIBs recycling using patent data. They reported that eastern
China has denser network, and universities and research institutes functioned as
intermediaries or hubs within the innovation process. Nguyen-Tien et al. (2022) suggested
that the optimal future plant locations for LIBs recycling is in the Midlands and later the
East Coast based on techno-economic modelling. Choi et al (2020) reported on current
management, policy, and technology in LIBs recycling sector in South Korea. Combining
empirical cases with cluster theory in LIBs recycling remain underexplored or only
partially addressed. This research gap will be address by using spatial clustering analysis,
analytic hierarchy process, and value chain positioning analysis to answer the following
research questions:

1. How are lithium-ion battery (LIB) recycling facilities spatially clustered in
South Korea?

2. How are emerging clusters geographically distributed?

3. How are LIB recycling facilities positioned within the battery value chain, and
how do their functional roles differ across clusters?

4. What factors significantly explain the spatial distribution of battery recycling
clusters in South Korea?

e EV registration density

e EV infrastructure

e Industrial recycling concentration
e  Government policy zones

e Logistics accessibility
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The study is structured as follows: Section 2 (Data and method) provides details about the
data and methods used to build the research design. Section 3 (Results) presents the
mapping, identified clusters, key recycling players, and recycling processes in the value
chain. The Section 4 (Discussion) evaluates the key findings and implications. Although
recycling and reuse are often treated as a combined concept, this study is limited to the
recycling of end-of-life batteries and production scrap into final refined product which
could be used again in the production cycle.

2 Data and Method

Data was collected using secondary resources including company official websites,
newspapers, KSGA (Korea Smart Grid Association, https://www.ksga.org/eng/index.do),
and South Korean government websites: Public Data Portal (https://www.data.go.kr),
KIPRIS (Korea Intellectual Property Information Search, https://www kipris.or.kr),
Korean Policy Briefing (https://www.korea.kr), and DART (Data Analysis, Retrieval and
Transfer System). Information of population in the region and registered number of EVs
were collected from Public Data Portal. Number of chargers in regions was collected from
KSGA. Quantitative research on capacity of recycling facilities was chosen to identify key
actors engaged in battery recycling activities and research. DART reports of Korean
recycling companies were used for qualitative data collection such as their research focus,
business and services, as well as quantitative research such as financial information and
number of employees. The analysis further examines the geographic distribution of firms
and their lithium-ion batteries recycling facilities whether these entities are co-located or
geographically dispersed inside south Korea.

This study employs Kernel Density Estimation (KDE) and LISA (Local Indicators of
Spatial Association) to identify and assess the spatial clustering patterns of LIB recycling
facilities in South Korea. AHP (Analytic Hierarchy Process) is used to derive the relative
importance of key factors influencing cluster formation. Finally, mapping visualization is
applied to present the spatial distribution, cluster structures, value chain positions in a clear
form.

KDE is a method used to estimate the probability density function of variables on
observed data. KDE at location (x,y) is defined as:

n
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where n is the number of observations, h is the bandwidth, (x,y) are observed data
points in the map as latitude and longitude, and K is a Gaussian function:
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The collected numerical data of EV charger and EV adoption were normalized by
population and the area to ensure comparability across regions.

Number of the EV chargers in the region

Densit EV Ch =
ensity of arger Area of the region (km?)

Number of EVs in the region

Density of EV adotpion =
ensity of EV adotpion Population of the region (km?)


https://www.korea.kr/

3 Results

3.1 Spatial distribution of EV infrastructure and EV adoption (2020-2025)

Figure 3 & 4 illustrate a significant expansion of electric vehicle (EV) charging
infrastructure and EV adoptions in South Korea between 2020 and 2025.
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Figure 3 Number of EV Chargers in South Korea.
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Figure 4 EV Adoptions in South Korea.

From Figure 3, it is shown that the capital area (Seoul, Gyeonggi, and Incheon) and
Gyeongsang region exhibited significant more number of EV chargers than other regions.
Figure 4.a illustrates that Jeju had significant high number of EV adoptions in 2020. In
2025, due to rapid increase of EV adoption overall in South Korea, the adoption number
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increased in all regions. As shown in Figure 4.b, the Gyeonggi area showed the highest
adoption. As the population and area varies among the regions, normalization was
performed for an objective comparison.

3.2 Normalized spatial distribution of EV infrastructure and EV adoption
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Figure 5 EV chargers density per area (normalized) and EV adoption density per 1000
inhabitants (normalized) between 2020 and 2025.

After normalizing the data, the analysis reveals distinct regional leaders: Seoul exhibits
the highest charger density while Jeju maintains the lead in EV adoption per capita. Seoul
has the smallest area (605 km?) among regions, and its urban layout led this high charger
density. This discrepancy suggests that although the current infrastructure is most densely
packed in the central region (Seoul, Gyeonggi, and Incheon), it does not always linearly
correlate with the highest EV adoption, implying the influence of diverse regional factors.



3.2 Spatial distribution of government-led recycling infrastructure & facilities

3.2.1 Future waste resources collection center

Figure 6 shows the government-led LIBs recycling infrastructure. The four black dot
represents Future Waste Resources Collection Center (Future Waste Resources Base
Collection Center). These centers were established in 2021 by the Ministry of Environment
of South Korea and are currently operated by the Korea Environment Corporation. These
centers are located in four regional hubs: Seoul metropolitan (Siheung), Chungcheong
(Hongseong), Honam (Jeongeup), and Yeongnam (Daegu).

@ Future Waste Resources Collection Center (Operating since 2021)
@ Sccondary Battery Specialized Complexes (Annoucned in 2023)
© Integrated Used Battery Resource Center (scheduled for completion in 2029)
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Figure 6 Government-Led Battery Recycling Infrastructure Sites

It began as pilot operations in 2021, then the full operation started in 2022. Their
primary objective is to collect, evaluate, and connect end-of-life EV batteries for reuse,
remanufacturing, or recycling to achieve a circular economy. These centers were planned
to function as a national control hub enabling safe collection and assessment of battery
residual value. EVs registered before 2021 that received government subsidies were
required to return their batteries to the government upon decommissioning.

As shown in Figure 8, a total of 3,733 electric vehicle batteries had been collected, of
which 2,126 were supplied to companies and research institutes to support and promote the
development of reuse and recycle related industry.
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Figure 7 Number of collected used batteries in Future Waste Resources Collection Center
(Source: Press release from the Ministry of Climate, Energy and Environment)

3.2.2 Secondary battery specialized complexes

Blue marked areas in Figure 6 represents secondary battery specialized complex in
South Korea. These complexes were designated in 2023 as part of the government’s
strategy to foster secondary batteries industries. It aims for different regional roles within
the national battery value chain strategy. Pohang focuses on advanced materials and next
generation battery technologies. Saemangeum aims for industrial scale production of
battery materials and recycling activities. Ulsan and Cheongju respectively emphasize
battery cell production development. These complexes receive policy incentives, including
corporate tax reductions, investment tax credits, and exemptions or reductions in land
leasing fees. In addition, the regulatory processes are simplified, permitting processes are
expedited, and infrastructure support such as electricity, water, and logistics.

3.2.3 Integrated Used Batteries Resources Center

The Integrated Used Battery Resource Centers in Jeju began as a pilot in 2019 and
became operational in 2020. They are operated with Jeju Technopark for end-of-life EV
batteries collection, assessment, and management for reuse and recycling. However, due
to the absence of pretreatment firms, collected used batteries have been transported to the
South Korea mainland. Further recycling steps are handled by other firms. The center
planned for expansion by 2029.

3.2.4 Lithium ion batteries recycling process steps

Based on a comprehensive review of existing literature, Figure 8 provides a simplified
illustration of the LIB recycling process and its value chain positions. The upstream steps
are collection, assessment, and pretreatment for both end-of-life batteries and production
scraps. The downstream steps focus on material recovery through hydrometallurgy and



refining processes. Due to low investment cost and comparative simple process, the
number of firms involved in upstream activities were higher than that of firms involved in
downstream recyclers. Below Table 1 provides the explanation of the steps.
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Figure 8 Simple scheme for LIBs recycling process steps (Baum et al 2022; Velazquez-

Martinez, et al. 2019)

Table 1 Key process stages in lithium-ion battery recycling

Recycling Steps Recycling Processes

Transport/Collection Transportation of end-of-life batteries or production scraps

Assessment Assess the value and status of end-of-batteris

Preparation Disassembly and/or discharge batteries prior to subsequent
recycling processes

Pretreatment Separation of battery components and production of black mass
through mechanical and/or thermal treatment

Hydrometallurgy Recovery of valuable metals via hydrometallurgical processes

Waste Treatment

including leaching, solvent extraction, crystallization, etc.

Treatment of wastewater, off-gas, and solid residues

Source: Baum et al 2022; Velazquez-Martinez, et al. 2019
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Figure 9 Recycling firms by recycling routes

Figure 9 shows the recycling firms with different recycling routes. Except for the 3
hydrometallurgical process handling plant in the middle, the other hydrometallurgy process
involving plants are located in the coast. It suggests that as hydrometallurgy and refining
process requires wastewater treatment, firms were often located in the coast area. Gangwon
region, where showed relatively low EV numbers and low infrastructure density in Section
Figure 3&4, there were no recycling companies or relevant government institutions located
in the region.

4 Discussion

Specialized zones host companies; however, it remains unclear whether these clusters
are primarily government-fostered or industry-led. For instance, Saemangeum has recently
seen the construction of new plants from Sungeel Hitech, suggesting that policy measures
and incentives have played a role in attracting firms. However, the two city, Ulsan and
Pohang, they have different context. Ulsan has long been an automotive industry driven
city with Hyundai automotive group, while Pohang developed historically around the steel
industry with Posco. The recyclers in these cities were existing in the city before the city
was chosen as a specialized zones.

10



While South Korea entered the battery recycling sector later than China and Japan, the
government is supporting the industry by a strategic dual track to leverages both established
industrial hubs and newly designated strategic hub. It implies that the South Korean
government has designated existing strong industrial cities, such as Pohang and Ulsan.
Additionaly, the Saemangeum region is being developed as a new cluster for secondary
battery.
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