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A B S T R A C T   

To transition towards sustainable mobility in emerging economies, fostering the use of electric vehicles (EVs) is 
required. This necessitates the development of an efficient management system for end-of-life (EoL) EV batteries 
under a circular economy principle. Using Thailand as a case study, this paper provides a holistic analysis by 
developing a Cost-Benefit Analysis (CBA) and deriving policy implications from the CBA results that consider 
stakeholder perspectives at the micro level and the uncertainties of future development. The findings suggest that 
the economies of scale (plant centralization) and the share of cathode chemistries play pivotal roles. In some 
cases, investment incentives may be required depending on the inflow of EoL batteries, technological ad
vancements, and market volatility. A policy mix combining EoL volume-focused (i.e., enhancing battery 
collection rates/imports and establishing a clear policy roadmap for scaling up recycling operations) and 
monetary measures (i.e., taxes and financial subsidies) is essential to establish recycling facilities.   

1. Introduction 

To reach the Paris Agreement's goal to limit global warming to 
1.5 ◦C, sector decarbonization has come into consideration, including 
the transportation sector (UN Environment Programme, 2022), in which 
carbon dioxide (CO2) emissions increased by an average of almost 2 % 
every year from 1990 to 2021 (International Energy Agency, 2022a, 
2022b). As a result, it is necessary to promote carbon-neutral mobility 
systems, and one promising practice is to electrify the transportation 
sector by increasing EV usage to mitigate the impacts of climate change 
(Onat et al., 2021). By 2030, EVs will share more than 60 % or almost 
350 million vehicles globally (International Energy Agency, 2022a, 
2022b). 

While the current key players in the EV market are China, Europe, 
and the United States, emerging markets are also transitioning to EVs 
(Gahlaut et al., 2023), especially in India, Thailand, and Indonesia. In 
2022, the EV sales in these three countries were more than triple 
compared to 2021 (International Energy Agency, 2023). Focusing on 
Thailand, the country is one of the leading vehicle productions in Asia 

and can become a regional EV hub. Moreover, Thailand has set a target 
called 30@30, meaning that in 2030, 30 % of the car production in the 
country will be zero-emission vehicles (ZEVs) (Office of the Board of 
Investment, 2023). According to (Electric Vehicle Association of 
Thailand, 2023), the number of battery electric vehicle registrations 
raised more than 900 % from 2019 to 2023. A recent study forecasts that 
the country needs to reach 100 % EVs (for motorcycles, cars, and buses) 
in 2035 or around 10 million land-based EVs to achieve a carbon 
neutrality target by 2050 (CASE for Southeast Asia, 2022). Regarding 
the EoL scrap, (Barkhausen et al., 2023) estimated that 2035 EoL bat
teries will range from 4–20 ktons. 

Additionally, Thailand is suffering from significant levels of air 
pollution, particularly PM2.5 (particulate matter with a diameter up to 
2.5 μm), sulfur dioxide (SO2), nitrogen oxides (NOx), ammonia (NH3) 
and one of the largest emitters is from road vehicles, especially for 
particulate matter and NOx (Cheewaphongphan et al., 2017; Cheewa
phongphan et al., 2020; Dutta and Chavalparit, 2023). In the Bangkok 
metropolitan area, with a population of around 11 million (National 
Statistical Office of Thailand, 2023), a recent study (Chavanaves et al., 
2021) found that air pollution caused by transportation will lead to 
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47,331 disability-adjusted life years (DALYs) in 2024. Considering 
climate and air pollution concerns, Thailand is pushing towards a low- 
carbon society, and EVs are one of the solutions for the transportation 
sector. This shows that the number of EVs and EoL batteries is expected 
to increase significantly over time. Consequently, Thailand must 
implement an efficient EoL battery management ecosystem to tackle 
these challenges. 

Although promoting an enabling environment for EVs is necessary to 
achieve climate targets, it, in turn, requires many Lithium-ion batteries 
(LIBs). Thus, the government should not only consider progressing EV 
technology diffusion but also setting up a waste management ecosystem 
for battery waste generated from EVs (Skeete et al., 2020). This is 
because the production process of LIBs requires (1) scarce/critical raw 
materials, such as lithium, cobalt, and nickel, and (2) a significant 
amount of energy, leading to environmental and social impacts from 
mining, refining, and manufacturing (Albertsen et al., 2021; Beaudet 
et al., 2020; Lotz et al., 2022). 

The circular economy (CE) is the opposite of a traditional linear 
economic model, meaning that a production and consumption model 
would retain or extend the life cycle of each product (Albertsen et al., 
2021; European Parliament, 2022). The CE concept can advance sus
tainable production and consumption behaviors, improve operational 
efficiencies, reduce waste and economic risks of supply shortage, and 
mitigate environmental impacts, as discussed in (Camilleri, 2020; Choi 
and Rhee, 2020; Liu et al., 2023). The CE measures for EV batteries 
include intensifying use, repairing, remanufacturing, reusing, repur
posing, and recycling (Albertsen et al., 2021). 

The scope of this study focuses on a recycling approach since it has 
been considered the most common CE measure for EV batteries (Schulz- 
Mönninghoff and Evans, 2023). Although the measures, such as reusing 
and repurposing, for second-use applications of EV batteries have 
environmental benefits and postpone the need for recycling (Bobba 
et al., 2018; Kamath et al., 2023; Kotak et al., 2021), they still pose some 
challenges such as those related to costs, necessary safety standards, and 
battery availability (Börner et al., 2022). In addition, when EV batteries 
reach their EoL stages (including after second-use applications), recy
cling technologies are required. EVs also cannot be called sustainable 
mobility if these conditions are not fulfilled: renewable energy use to 
electrify the vehicles, local industrial development, and EoL battery 
recycling (D'Adamo et al., 2023). When the EoL stage is reached, EoL 
batteries need to be recycled to get raw materials from the cathode to 
produce new batteries or different products. 

As a result, this work aims to develop a comprehensive CBA for EV 
battery recycling and derive policy recommendations from the CBA 
findings that account for the perspectives of stakeholders at the micro 
level and the potential uncertainties in future developments. The results 

of this study could be the preliminary guidelines for establishing recy
cling facilities in emerging economies, contributing to achieving the 
Sustainable Development Goal (SDG) 12 – Responsible Consumption 
and Production. 

2. Literature review 

When reviewing the currently available literature on the feasibility 
of EV battery recycling, it was found that the studies could be divided 
into two groups. The first group focused on the techno-economic aspects 
of EV battery recycling, particularly its economic feasibility under given 
conditions and its environmental impacts. In contrast, the second group 
dealt with the political aspects of battery recycling feasibility, naming 
barriers and enablers and discussing policy measures to address them. 

2.1. Techno-economic literature 

Concerning the techno-economic studies, (Rohr et al., 2017) con
ducted a techno-economic analysis of EV battery remanufacturing, 
second-life, and recycling using a cost-benefit and net present value 
approach. It was concluded that the second-life option is already 
economically viable, while the feasibility of remanufacturing and 
recycling depended on the number of EV batteries. Another study 
focused on a feasibility analysis of EV battery recycling using a cost- 
benefit approach (Lander et al., 2021). The authors found that eco
nomic viability factors include transportation distance (in-country or 
out-country), wage, battery pack design, and recycling method. A recent 
study from (Reinhart et al., 2023) also discussed the techno-economic 
analysis of different pyrometallurgical recycling routes and battery 
cell compositions. They concluded that cell chemistry is the most critical 
factor affecting the economic feasibility of EV battery recycling. The 
high shares of cobalt and nickel in battery cell compositions lead to the 
increased profitability of EV recycling facilities. In addition, (Blömeke 
et al., 2022) conducted an environmental and economic impact analysis 
based on material and energy flow analysis for different industrial bat
tery recycling routes. It was found that mechanical pretreatment recy
cling has the highest economic benefits and avoided environmental 
impacts compared to thermal-mechanical and pyrometallurgical pre
treatment. (Thompson et al., 2021) also conducted a comparative 
techno-economic analysis of different hydrometallurgical recycling 
processes and found that cell disassembly presents a more economically 
advantageous approach than shredding, highlighting the importance of 
battery design for disassembly. A publication from (Dunn et al., 2022) 
also evaluated appropriate recycled content standards (RCS) for the U.S. 
based on sale projection, techno-economic analysis, life cycle assess
ment, and material flow analysis. It was suggested that an in-house 

Nomenclature 

a,b,c Equipment-specific cost coefficients 
cap Recycling plant size/capacity 
DC Disassembly cost 
EC Equipment cost 
Eff Material recovery efficiencies 
HLC Hourly labor cost 
i Cathode chemistry type in NCX and LFP scenarios 
j Utility type 
k Recycled material 
Md Manpower (time) requirement for removing a battery pack 

from a car to disassembling it to a cell level 
Net benefits Net benefits 
OLC Operating labor cost 
Pack Number of battery packs for each cathode chemistry type 

PPP Purchasing power parities 
Prm Raw material price per kg 
Prv Recovery material price per kg 
Pu Utility price per unit 
Raw mat Required raw material amount (kg) used in the recycling 

process per 1 kg of EoL battery 
RC Recycling cost 
Rec amount Recovery amount of each material from 1 kg of EoL 

battery 
RMC Raw material cost 
RV Recovery value of the recycled material 
TC Transportation cost 
Total benefits Total benefits 
Total costs Total costs 
UC Utility cost 
Utility Utility amount required per 1 kg of battery  
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recycling process is required to increase profitability and decrease 
environmental impacts. 

Additionally, (Popien et al., 2022) and (Scheller et al., 2023) 
explored different recycling networks (recycling plant sizes and number 
of recycling sites – centralized vs. decentralized recycling facilities). 
While (Popien et al., 2022) concluded that large and centralized battery 
recycling facilities are recommended, (Scheller et al., 2023) indicated 
that centralized and decentralized can lead to the same level of perfor
mance, and decentralization does not refer to lower transportation costs 
in all situations. (Scheller et al., 2023) also highlighted that energy 
prices should be considered for new battery recycling plants, and if 
possible, self-generated electricity from renewable energy sources (e.g., 
solar power) should be assessed. Moreover, circular factories (inte
grating battery production and recycling at the same site) can outper
form other recycling networks due to their on-site battery production 
and small transportation costs. Furthermore, (Cao et al., 2023) high
lighted the importance of minimizing co-products (such as lithium car
bonate, sodium sulfate, and graphite) to reduce environmental impacts 
and increase the profitability of battery recycling. Some studies also 
focused on pre-treatment activities or collection modes to understand 
disassembly costs (Rallo et al., 2020), automatic disassembly processes 
(Choux et al., 2024; Lander et al., 2023), and feasible collection modes/ 
activities (Zhang et al., 2021). Lastly, several authors centralized their 
works on the techno-economic feasibility of second-life battery appli
cations that can be utilized for power grid services (Al-Alawi et al., 2022; 
Fallah and Fitzpatrick, 2022; Sun et al., 2020). 

2.2. Policy-related literature 

Regarding policy-related research, the current review literature 
(Beaudet et al., 2020; Lima et al., 2022; Shahjalal et al., 2022) analyzed 
drivers and bottlenecks of EV battery recycling processes. These barriers 
include high recycling costs, EoL battery supply problems to make the 
recycling plant economically viable, sorting problems due to a lack of 
battery passports, and improper regulations. Moreover, (Albertsen et al., 
2021; Olsson et al., 2018; Wrålsen et al., 2021) focused on market/cir
cular business model perspectives. It was found that the business models 
are context-specific, significantly depend on internal factors, and require 
close collaboration among stakeholders (especially governments and 
vehicle manufacturers)/joint ventures. In addition, based on a frame
work presented in (Tankou, Bieker, and Hall 2023), policy interventions 
to scale up EoL battery recycling facilities can be categorized into six 
areas: battery traceability and collection, building domestic capacity, 
battery information, battery standards, recycling mandates, and R&D. 
Table 1 summarizes policy interventions/practices from all relevant 
policy-related studies based on six areas mentioned above (Ahuja et al., 
2020; Curtis et al., 2021; Danino-Perraud, 2020; Drabik and Rizos, n.d.; 
Hampel, 2022; Hao et al., 2022; Harper et al., 2023; Islam and Iyer- 
Raniga, 2022; Kelleher Environmental, 2020; McNamara, 2023; Neu
mann et al., 2022; Nurdiawati and Agrawal, 2022; Tang et al., 2019; 
Tankou et al., 2023). 

Focusing on emerging economies, (Gahlaut et al., 2023) analyzed 
barriers to sustainable EV mobility systems in India, and the three most 
essential blockades are those related to costs, policy support, and 
awareness. The authors also suggested a future study of enhancing CE 
measures for EV batteries to promote sustainable development by uti
lizing batteries until their EoL stages and properly managing their 
wastes. (Bhuyan et al., 2022) also adopted a multi-stakeholder and 
multi-criteria decision-making approach to understand critical enablers 
and barriers of battery recycling in India. It was found that the most 
critical barrier is the lack of governmental policy support, while the 
most promising enablers are back systems included in business models. 
In addition, (Khumkoa, 2019) investigated the potential of battery 
recycling development in Thailand and concluded that it is necessary to 
create proper infrastructure and introduce policies to drive battery 
recycling facilities in the country. 

In summary, many techno-economic studies present the micro- 
perspective of companies potentially involved in EV battery recycling. 
The key question for these actors is: Is EV battery recycling an 
economically viable option for my company or not? In contrast, policy- 
related research reveals the macro-perspective of policymakers and their 
consultants, addressing the key question: What can we do to facilitate EV 
battery recycling in this country? Obviously, there is a well-known 
connection between these two questions: If the policy provides frame
work conditions within which EV battery recycling is economically 
viable, companies will realize it. A little less obvious is that the answer to 
both questions is highly dependent on future development, which is 
uncertain for all actors and, therefore, bedevil the policymaking process. 
Consequently, this study takes a holistic approach to the research 
question: How can policies support the economic viability of EV battery 
recycling in Thailand? It gives special attention to the stakeholders' 
perspectives at the micro-level and the epistemic uncertainty of future 
development. Although political decisions need to consider various 
other factors, such as building capacity (e.g., technical know-how and 
skilled working force), this study focuses on economic viability as an 
essential starting point. Additionally, other methods (e.g., dynamic 
macroeconomic modeling) might highlight different economic aspects 
that are likewise important. Still, this study aims to transfer perspectives 
from stakeholders at the economic micro-level (i.e., company repre
sentatives) to the policymaking process while considering future un
certainties affecting all actors. Moreover, the results of this study 
contribute to sustainable and efficient resource use, which are essential 
to achieving SDG 12. 

Therefore, our approach consists of three steps. First, the perspec
tives of company representatives on factors influencing economic 
viability are collected through interviews and literature research. Next, 
the impacts of all identified factors on the economic viability are 

Table 1 
Summary of policy interventions/practices for establishing EoL battery 
recycling.  

Areas Policy interventions/practices 

Battery traceability and 
collection  

• Transparent and traceable EV battery platform to 
improve the collection rate and report back to the 
government regarding the recovery quota achieved  

• Extended producer responsibilities  
• Take-back systems  
• Minimum collection target 

Building domestic 
capacity  

• Market-pull policies/incentives such as reward- 
penalty and investment/tax incentives  

• Innovative financial instruments  
• Innovative business models such as produce-service 

systems  
• Promote national/regional/international 

collaboration among relevant stakeholders, including 
importing EoL batteries 

Battery information  • Battery passport (transparent battery labeling) to 
optimize the recycling process 

Battery standards  • Standards on manufacturing and safety when handling 
EoL batteries  

• Standards on accuracy and reporting of the state-of- 
health metric  

• Standards on battery durability  
• Standards on information accessibility (battery 

passport) 
Recycling mandates  • Battery waste laws/regulations, such as recycled 

material content requirements, recovery targets/rates, 
and taxes on primary raw materials  

• Laws/regulations to prohibit the disposal of batteries 
Research and 

development (R&D)  
• Dedicated research funding such as to increase the 

recovery rate, broaden the range of recycled battery 
materials and improve the environmental impact  

• Eco-design (durability, repairability, and 
recyclability)  

• Battery recycling pilot project  
• Joint ventures for R&D (such as public-private 

partnerships)  
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quantitatively analyzed in a cost-benefit analysis, covering their un
certain future development through a scenario- and sensitivity-based 
set-up. Finally, conclusions are drawn on policy measures to support 
economic feasibility appropriately against various possible future 
developments. 

3. Methods 

This analysis was divided into three main parts: (1) literature anal
ysis and stakeholder interviews, (2) scenario-/sensitivity-based CBA, 
and (3) deriving policy recommendations for supporting EV battery 
recycling. All data and assumptions represent the context of Thailand. 
The outcomes of the literature analysis/stakeholder interview (1) and 
CBA analysis (2) are the foundation of the policy recommendations (3), 
as illustrated in Fig. 1. 

3.1. Literature analysis and stakeholder interviews 

This step identified factors potentially influencing each cost and 
benefit component and net benefits of EV battery recycling facilities 
based on literature analysis (see Section 2) and six online semi- 
structured stakeholder interviews during 2022–2023. For the stake
holder selection process, since the EV battery ecosystem in Thailand is in 
a very early stage, we attempted to cover all possible sectors with at least 
one company, including (1) a car battery-related business focusing on 
second-life and EoL batteries, (2) a battery testing company, (3) two EV 
manufacturers, (4) a foreign-based company recycler and (5) a cell 
battery manufacturer in Thailand. Besides general company informa
tion, the interviews ascertained the companies' EoL battery collection 
and management plan and their expectations on EoL battery amount and 
management costs. Further, their perspectives on barriers, enablers, and 
required support through policy were explored. The complete list of 
questions is listed in a supplementary material (S1). The identified 
influencing factors were quantitatively analyzed in the next step (CBA). 
Moreover, the bottlenecks and policy options for fostering EV battery 
recycling facilities mentioned by the interviewed stakeholders were 
utilized to derive policy recommendations in step 3. 

3.2. Scenario-/sensitivity-based CBA 

The CBA is a technique for measuring and comparing a system's 
positive (benefits) and negative (costs) economic impacts (Chaianong 
et al., 2019) that can help stakeholders make informed decisions. Since 
the CBA scope of this analysis was based on a recycling business/com
pany perspective, cost components include transportation, disassembly, 

and recycling costs, while a benefit component is the recovery value of 
recycled material, as discussed in (Dunn et al., 2022; Lander et al., 2021; 
Rohr et al., 2017). Fig. 2 shows the framework diagram of CBA with four 
scenario factors and four sensitivity parameters tested in this study, 
which are discussed further in Section 3.2.1. 

3.2.1. Scenario and sensitivity analysis 
First, the study includes three different time horizons (2035, 2050, 

and 2065), which were chosen by assuming a 15-year battery lifetime 
(Haram et al., 2021; Zhang et al., 2021) from 2020 (past), 2035 (short- 
term) and 2050 (long-term; carbon neutrality goal of Thailand), 
respectively. Several scenarios (see Fig. 2) were tested for each time 
horizon based on influencing factors identified from the previous step 
(Section 3.1). Four scenario factors refer to second-order factors (see 
Fig. 5) that should affect either cost or benefit components. At the same 
time, the four sensitivity parameters are primarily first-order factors 
tested in terms of percentage from the base case. 

The first three factors were plant size/capacity (10,000 (small), 
50,000 (medium), and 100,000 (large) tons per year; see Section 3.2.2), 
cathode chemistry (NCX and LFP scenarios; see Fig. 3 and Section 3.2.2), 
and plant location. For plant location, decentralized and centralized 
locations were compared, assuming the same amount of the batteries 
would be recycled and the same disassembling cost per unit would arise. 
For the former (decentralized site), it is assumed that recycling plants 
are in the center of each region: Bangkok region (including Bangkok and 
its vicinity, east, west, and central of Thailand, and according to 
(Department of Land Transport, 2022), this region has high car de
mand.), northeast, north, and south of Thailand with smaller plant size, 
while the centralized location is assumed to be in Bangkok and its vi
cinity only with larger plant size. In the two cases, transportation and 
recycling costs are the differentiating factors. Another influencing factor 
tested in this analysis was investment incentives from the public sector. 
In some cases, the recycling processes might not be economically 
attractive, and financial incentives may lead to positive net benefits. 
Investment incentives to reduce recycling costs, ranging from 10–30 %, 
were tested in the models. The maximum investment incentives at 30 % 
were adopted from the Battery and Electric Vehicle Manufacturing Tax 
Credit of the U.S. (Office of Energy Efficiency and Renewable Energy, 
2023). 

Sensitivity analysis was also conducted in this study. The parameters 
studied are equipment cost, raw material cost, recovery value of recy
cled material, and recycling efficiency (see Fig. 2). Regarding equip
ment/raw material cost (the main components of recycling costs) and 
recovery value of recycled material, their costs/prices are sensitive to 
several factors. They, for example, include technology cost reduction 

Fig. 1. Research framework diagram.  
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and economic and political factors (such as the correlation of chemical 
engineering plant cost index (CEPCI) and macro-economic indicators as 
discussed in (Mignard, 2014)). Therefore, testing the impacts of equip
ment/raw material cost and recovery value change on net benefits is 
essential. This analysis tested these three parameters by varying from 
− 50 (low) to 500 (high) percent from the base case. This is because, 
focusing on recovery value, in our base scenario, an average of the 
Customer Price Index (CPI) during the past ten years was applied to 
project the future price of each recycled material, which was found to be 
very conservative at around 1 %. Based on the actual 10-year historical 
price of recycled materials, it was found that cobalt had the highest 
standard deviation of the market price (Investing.com, 2023). Thus, we 
used annual cobalt price change as a baseline to define percent changes 
(− 50 to 500 %) for the sensitivity analysis, which was applied to recy
cled material values, equipment cost, and material cost to be able to 
compare all three parameters whether which one has the highest im
pacts on net benefits. For recycling efficiency, it is essential to assess how 
well the recycling plants could perform, which would affect the amount 
of recycled materials. The recycling efficiency of the base scenario was 
based on (Dai et al., 2019), which is already high for some recycled 
materials (at 90–98 %). We then assumed the lower bound at 85 % and 
the upper bound at 99 %, as mentioned in (Zhou et al., 2020), that some 
recycled materials could achieve a recycling yield of over 99 %. In 
summary, this parameter varied from 85 (low) to 99 (high) percent ef
ficiency to understand its effects on net benefit values. 

3.2.2. Basic assumptions of the CBA 
In the following, general assumptions are explained. They were 

taken from the literature as a foundation for the CBA, including basic 
assumptions on the battery lifecycle, possible battery chemistries, 
overall EoL battery potential, realistic plant sizes, and recycling method 
and operation. 

First, it is essential to note that only EoL batteries (after the second 
life or 15 years from the beginning of life as discussed in (Haram et al., 
2021; Zhang et al., 2021)) were considered in this analysis (as discussed 
in Footnote 2). This means that each battery is reused or repurposed for 
its second life before being processed for recycling. 

The cathode chemistries of EoL batteries were forecasted based on 
two scenarios depending on the major cathode shares chemistries in 
2050 – the Nickel and Cobalt-based dominance scenario (short: NCX) 
and the Lithium-Iron-Phosphate-based dominance scenario (short: LFP). 
They were adopted by the analysis of (Dunn et al., 2022) and initially 
presented by (Xu et al., 2020). Details on cathode chemistry shares in the 
NCX and the LFP scenarios in 2020, 2035, and 2050 are illustrated in 
Fig. 3. 

For three selected time horizons, the amount of EoL batteries in 
Thailand was estimated to understand the potential demand for EV 
battery recycling plants, as illustrated in Fig. 4. EoL batteries were 
assumed only from electric passenger cars and did not include produc
tion/cell scrap and potential imported EoL batteries. The low EV 
adoption (around 4 % share of EVs in 2039) was adopted from (Thailand 
Development Research Institute, 2022) and projected linearly for the 

Fig. 2. Framework diagram of scenario-/sensitivity-based CBA.  

Fig. 3. Share of cathode chemistry in 2020, 2035, and 2050. The left figure represents the NCX scenario, and the right represents the LFP scenario. NMC is Nickel- 
Manganese-Cobalt Oxide, NCA is Lithium-Nickel-Cobalt Oxide, LFP is Lithium-Iron-Phosphate, and LMO is Lithium-Manganese-Spinel. 
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rest, while the high EV adoption (10 million EVs in 2035) was adopted 
from (CASE for Southeast Asia, 2022) and projected linearly for the rest. 
The Asia's electronic waste collection rate was considered to be 11 % 
(Neumann et al., 2022), assuming an annual growth rate of 2 %, as used 
in (Dunn et al., 2022). Moreover, each cathode chemistry's character
istics and total pack weight were adopted from (Lander et al., 2021). As 
a result, it is found that in 2035, EoL batteries are expected to be around 
6000 tons, while in 2050 and 2065, they range from about 
20,000–150,000 and 50,000–460,000 tons, depending on EV adoption 
rate and cathode chemistry (LFP weights are higher than NCX weights). 
This is also in line with a study from (Barkhausen et al., 2023), which 
estimated that EoL scrap 2035 ranges from 4–20 kton. 

To cover the respective demand, different sizes of recycling plants 
(small, medium, and high – 10,000, 50,000, and 100,000 tons per year, 
respectively) were selected to test in this analysis based on existing LIB 
recycling plants as summarized in (Baum et al., 2022). It is also 
important to note that the current infrastructure of EV recycling plants is 
not yet suitable for large-scale plants (Wu et al., 2022); therefore, in this 
analysis, the maximum EV recycling plant size was set to 100,000 tons 
per year. 

Considering the battery recycling process, the pre-treatment (dis
charging, disassembly, crushing, and separation) and recycling are the 
two main components (Hua et al., 2021; Shahjalal et al., 2022; Wind
isch-Kern et al., 2022). Currently, four recycling methods: pyrometal
lurgical, hydrometallurgical, bio-hydrometallurgical, and direct 
recycling are being discussed in the literature. Due to its high recovery 
rate and low energy consumption, the hydrometallurgical method is 
considered one of the dominant technology choices. However, the pro
cess requires time and high reagent consumption (Hua et al., 2021; 
Vieceli et al., 2021). The other recycling methods have been reported 
and summarized by (Chen et al., 2019; Hua et al., 2021; Rajaeifar et al., 
2022). As a result, the hydrometallurgical recycling process was selected 
to focus on in this analysis. Each recycling plant was assumed to operate 
320 days per year and 20 h per day, and its lifetime is ten years (Dai 
et al., 2019). 

3.2.3. Detailed CBA calculation 
Focusing on cost components, transportation cost (TC in USD/kg) 

was assumed based on the ten-wheel truck cost in Thailand and is 
dependent on distance and fuel (diesel) price. This truck transportation 
cost was initially published by the Comptroller General's Department of 
Thailand but cited in (Thai Local Technician Support Association, n.d.). 
Two parts of transportation costs were considered in this analysis – 
transportation costs (1) from end user to collection/disassembly point 
and (2) from collection/disassembly point to recycling plant, which both 
were assumed to be around 300 and 500 km (km), respectively. This was 
assumed from the average distance of each region (such as north, 
northeast, and south of Thailand) to Bangkok and its vicinity area, which 

was selected to be the location of a recycling plant. The fuel price (diesel 
price) was taken from the database of the Bank of Thailand (Bank of 
Thailand, 2022), which is around 30 Thai Baht per liter or 0.85 US 
dollars per liter in 2022. This price was averaged from December 2021 
to May 2022, and the exchange rate was 1 US Dollar (USD): 35.327 Thai 
Baht (THB) as of June 30th, 2022. The fuel price was projected to in
crease over time, according to an average Customer Price Index (CPI) 
over the past ten years. According to (National Statistical Office of 
Thailand, 2022), the CPI is approximately 1 %. 

As shown in Eq. (1), the disassembly cost was calculated, where DC is 
the total disassembly cost (USD). HLC is hourly labor cost (USD/h), 
which was adopted from an average of the maximum and minimum 
hourly wage of mechanical labor in Thailand (around 1.9 USD/h) (iTax, 
2022) and is assumed to increase 2 % every year (Ministry of Labor, 
2022). Md is the manpower (time) requirement for removing a battery 
pack from a car to disassembling it to a cell level, which was assumed to 
be 27 h per battery pack (Rallo et al., 2020). The pack is the number of 
battery packs for each cathode chemistry type, calculated from the 
cathode chemistry shown in Fig. 3, weight per pack of each cathode 
chemistry, and total recycling capacity (cap; ton per year). i refers to 
each cathode chemistry type in NCX and LFP scenarios. 

DC =
∑

(HLC ×Md × Pack)i (1) 

Regarding recycling cost (RC), it consists of three main categories: 
capital investment, manufacturing cost, and others (such as adminis
trative cost and R&D cost). The equipment cost, raw material cost, 
operating labor, and utilities cost are discussed below with some 
parameter adjustments to the Thai context, while the details of other 
cost categories calculation were taken from Table 15 of (Dai et al., 
2019). 

Equipment cost for hydrometallurgical recycling process (such as 
conveyers, calciner, wet granulator, and density separator) was derived 
from Eq. (2). Where EC is equipment cost (USD). a,b, and c are 
equipment-specific cost coefficients. They were reported in 2017 by (Dai 
et al., 2019) and applied annual chemical engineering plant cost index 
(CEPCI), reported in chemical engineering magazine (cited from 
(Maxwell, 2022)), for converting each equipment price from 2017 to 
2035, 2050, and 2065. PPP is purchasing power parities, referring to the 
equalization of purchasing power of different countries compared to the 
U.S. The PPP value of Serbia from (OECD, 2022) was used in this 
analysis since Thailand and Serbia have the same Gross Domestic 
Product (GDP). cap is recycling plant size/capacity in tons per hour. 

EC = a×PPP× capb + c (2) 

Raw material cost (RMC in USD, such as ammonium hydroxide, 
hydrochloric acid, and hydrogen peroxide) was modeled as shown in Eq. 
(3). Raw mat is the required raw material amount (kg) used in the 
recycling process per 1 kg of EoL battery, which was adopted from (Dai 
et al., 2019). Prm is the raw material price per kg. The PPP and CPI were 
applied to the raw material prices to reflect their future cost and Thai 
context, as discussed earlier in the equipment cost calculation. cap is the 
recycling plant size/capacity in kg per year. 

RMC = Raw mat×Prm × cap (3) 

Operating labor cost (OLC in USD) was calculated based on Eq. (4), 
where HLC is an hourly labor cost (USD/h) as discussed in the disas
sembly cost section. Mr is the manpower (time) requirement for the 
hydrometallurgical recycling process (212 person-hour per day and 320 
days per year, as stated in (Dai et al., 2019). 

OLC = HLC×Mr (4) 

Lastly, utility costs (UC in USD) were derived as shown in Eq. (5), 
where utility refers to each utility amount required per 1 kg of battery, 
which was adopted from (Dai et al., 2019). Pu is the utility price per unit. 
Utility prices are 0.002 USD/gal for water (average across all block rates 

Fig. 4. EoL battery potential for recycling in four different scenarios. Low/high 
refers to the EV adoption rate, while NCX/LFP refers to cathode chemistry 
scenarios (see Fig. 3). 
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in July 2022) (Metropolitan Waterworks Authority, 2022), 0.03 USD/ 
MJ for diesel (similar data source to the transportation cost section), 
0.01 USD/MJ for natural gas (average from poor price from November 
2021 to April 2022) (Energy Planning and Policy Office, 2022), and 0.04 
USD/MJ for electricity (average from large-scale's energy charge across 
all voltages in July 2022) (Metropolitan Electricity Authority, 2022). 
Again, the CPI was also applied to the utility price per unit to represent 
its future cost. cap is recycling plant size/capacity in kg per year. j refers 
to each utility type (water, diesel, natural gas, and electricity). 

UC =
∑

(utility× PU × cap)j (5) 

The benefit component refers to the recovery value (RV) of the 
recycled material (active cathode materials (lithium, cobalt, nickel, and 
manganese), copper, aluminum, graphite, and steel in USD). It is 
important to note that based on (Dai et al., 2019), plastics and electro
lytes were assumed to be burnt for energy, while carbon black and 
polyvinylidene fluoride (PVDF) were not considered in this analysis. The 
recovery value of each recycled material was calculated as shown in Eq. 
(6). It is based on the recovery amount (rec amount) of each material (j) 
from 1 kg of EoL battery, material recovery efficiencies (eff) and re
covery material price per kg (Prv), as discussed in (Dai et al., 2019). The 
PPP and CPI were also applied to the recovered material price per kg. cap 
is the recycling plant size/capacity in kg per year. k refers to each 
recycled material. 

RV =
∑

(rec amount × eff × Prv × cap)k (6) 

Next, net benefits were calculated from total costs and total benefits 
and converted into USD/kg (Eqs. (7.1)–(7.3); cap in kg per year). Two 
possibilities of CBA interpretation include (1) positive net benefits, 
where total benefits are greater than total costs of the EV recycling plant 
(attractive investment), and (2) negative net benefits, meaning in the 
opposite direction that total costs are greater than total benefits (unat
tractive investment). 

Total costs = TC+

(
DC + RC

cap

)

(7.1)  

Total benefits =
RV
cap

(7.2)  

Net benefits = Total benefits − Total costs (7.3)  

3.3. Policy recommendations 

In this step, starting from the influence of each factor according to 
the scenario− /sensitivity-based CBA, potential leverages to increase the 
net benefits of EV battery recycling facilities were evaluated. Policy 
options addressing these leverages were chosen from the literature 
analysis and stakeholder interviews, as discussed in Section 3.1, and 
their advantages/disadvantages and potential impacts were assessed. 
Based on this assessment, policy recommendations were derived for 
fostering EV battery recycling facilities in Thailand. 

4. Results and discussion 

The result and discussion section was divided into three main sub
sections: identified influencing factors (from the literature analysis and 
stakeholder interviews), quantitative effect of each influencing factor on 
net benefits as determined by scenario− /sensitivity-based CBA (general 
results, and influence of four factors, and three sensitivity parameters), 
and policy recommendations. 

4.1. Identified influencing factors 

Fig. 5 represents factors identified from the literature and stake
holder interviews (see Sections 2 and 3.1) that potentially affect the net 
benefits of EV battery recycling facilities. Regarding second-order fac
tors, recycling efficiency and recovery material prices were identified to 
positively impact recovery material values. On the other hand, the share 
of LFP chemistry in batteries leads to adverse effects on recovery ma
terial values. Concerning recycling costs, four relevant parameters cause 
positive or negative impacts. Equipment and raw material costs increase 
recycling costs; in contrast, financial incentives from the public sector 
and plant size/amount of EoL batteries decrease recycling costs. Lastly, 

Fig. 5. Causal loop diagram (CLD) of factors identified as relevant based on literature and stakeholder interviews.  
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plant centralization increases transportation costs. The respective 
quantitative impacts derived by CBA are described in the next section. 

4.2. Quantitative effect of each influencing factor on net benefits as 
determined by scenario-/sensitivity-based CBA 

4.2.1. General CBA results 
Regarding total costs (Fig. 6-a), the main cost component is the 

recycling cost, which shares around 87 %, followed by disassembly cost 
(10 %) and transportation cost (3 %). These results align with (Lander 
et al., 2021) considering a recycling plant in China and quoted trans
portation costs. The total costs range from around 4–10, 2–4, and 1–3 
USD/kg for small, medium, and large plants, respectively. Total costs 
were assumed to increase over time due to economic and political fac
tors (such as CPI), and its technology cost reduction is considered only in 
the sensitivity analysis section. Total benefits (Fig. 6-b) range around 
2–3 USD/kg across years and cathode chemistries. For both scenarios, 
total benefits were also assumed to increase over time due to CPI. 
Depending on plant size and cathode chemistry, the net benefits range 
from about − 2 to 1, − 4 to 1, and -8 to 0.1 USD/kg in 2035, 2050, and 
2065, respectively (Fig. 6-c). The results also suggest that the net ben
efits become smaller over time due to a higher increase in total costs 
than in total benefits. 

4.2.2. Influence of plant size 
The economy of scale significantly affects total costs. Larger plant 

sizes lead to lower total costs of EV battery recycling (Fig. 6-a). It is also 
important to note that the total costs, or recycling costs, in particular, 
decrease significantly until a certain level of plant size. The recycling 
costs are almost stable after they reach a breakeven point of battery 
volumes. This is also confirmed by (Dunn et al., 2022; Lander et al., 
2021). According to Fig. 7, in 2035, 2050, and 2065, recycling costs 
decrease sharply, with a plant size between 1000–5000 tons per year, 
and continue to fall until the plant size reaches 50,000 tons per year. 
After that, recycling costs will start to become constant. 

4.2.3. Influence of cathode chemistry 
Across the three different time horizons, total costs are slightly 

different between the two types of cathode chemistry due to a difference 
in disassembly costs (Fig. 6-a). In contrast, transportation and recycling 
costs are equal. Unlike total costs, total benefits (Fig. 6-b) are signifi
cantly different between NCX and LFP cases, especially in the later years, 
while they are slightly different between plant sizes. In 2035, the total 
benefits of both cases are similar because the share of cathode chemistry 
is almost unaltered (Fig. 3). On the other hand, in the later years, the 
total benefits of the NCX scenario increase while they decrease in the 
LFP scenario over time. This is because of the increasing shares of LFP 
batteries in the LFP scenario and their recovery values being lower than 
those from NCX batteries. 

It can also be concluded that EV battery recycling in Thailand will 
become economically feasible at around 50,000 tons per year for NCX 
and LFP scenarios in 2035. In contrast, in 2050 and 2065, only a large 
plant (100,000 tons per year) with NCX scenarios is profitable. Thus, 
economies of scale and cathode chemistry are essential, and larger plant 
sizes with NCX batteries lead to the highest net benefits. In contrast, 
small plants are not economically attractive, especially for the LFP 
scenarios and later years (such as in 2065). 

4.2.4. Influence of plant location 
Regarding plant locations, considering the same amount of EoL 

batteries at around 300,000 tons (a high & NCX scenario in 2065 in 
Fig. 4), the total costs differ between centralized and decentralized op
tions. In other words, the centralized option lowers total costs by around 
9 %. It is because of the economy of scale of the centralized option 
(larger plant size than the decentralized option). This aligns with a study 
by (Popien et al., 2022) that recommended centralized battery recycling 

facilities. Although transportation costs increase for the centralized 
option by around 20 %, the economy of scale plays a more critical role 
than transportation costs. This factor leads to the conclusion that area- 
based prioritization should be considered, as proposed in (Chaianong 
and Pharino 2022). The recycling plants in Thailand should be built first 
near the high-demand (high expected battery wastes) areas, such as the 
Bangkok Metropolitan Region, where the demand for passenger cars is 
high (Department of Land Transport, 2023). It is expected that if they 
are changed to EVs, it will lead to high EoL batteries in the future. 

4.2.5. Influence of public investment incentives 
Concerning public investment incentives, net benefits at different 

levels of incentives are summarized in Table 2. The high investment 
incentives strongly increase net benefits. For the medium plants with 
NCX dominance, some incentives (around 10 % in 2050 and 30 % in 
2065) could increase the total benefits over total costs, as highlighted in 
red in Table 2. However, for the LFP dominance scenario and medium 
plant size, only a high incentive at about 30 % in 2050 could lead to 
positive net benefits. For the remaining cases of negative net benefits, 
reaching positive net benefits with incentives up to 30 % is impossible. 

4.2.6. Influence of sensitivity parameters 

4.2.6.1. Equipment and material costs and recovery value. Due to the high 
uncertainties of future equipment/material costs and recovery values, a 
sensitivity analysis of these costs/values was performed, as shown in 
Fig. 8. For small plants, equipment cost tends to have the highest impact 
on net benefits, followed by recovery value, while material cost is less 
important. 

On the other hand, for medium and large plants, net benefits are 
more sensitive to recovery value than equipment cost but still less sen
sitive to material cost. This is due to an economy of scale and the amount 
of recycled materials. As a result, larger plants are less sensitive to 
equipment/material cost but more dependent on the recovery value. 

4.2.6.2. Recycling efficiency. Regarding the tested recycling efficiency 
range (85–99 %), it has more minor effects on net benefits, similar to 
material cost. Due to the considerable amount of recycled materials, 
recycling efficiency significantly influences large plants more than small 
plants compared to the base case. 

The sensitivity results suggest that cost/price-sensitive issues 
significantly impact the net benefit values, as discussed in (Dunn et al., 
2022). Lower recycling costs and higher recovery value could bring net 
benefits from negative to positive, even for small plant sizes, where this 
is not the case for investment incentives (at a maximum of 30 %). 
Moreover, the results on net benefits in 2050 and 2065 could exceed 
those in 2035 if the recycling technology cost reduction is considered 
and/or recovery value is assumed to increase more than our base case. It 
would lead to attractive investments in the later years, unlike in the base 
scenario, where net benefits become worse over time. 

In conclusion, the economy of scale (combined with plant centrali
zation) and cathode composition are crucial factors. The sensitivity re
sults also highlight how the uncertainty of equipment/material costs and 
recovery value (due to technological development and market volatility) 
can affect the net benefits. To illustrate this point, in some cases, these 
can lead to positive net benefits even without public investment in
centives. Fig. 9 summarizes the effects of each influencing factor on net 
benefits. 

In addition, concrete recommendations regarding the suitable plant 
size for investment can be derived from the CBA results. Depending on 
the level of technological development and market volatility (such as the 
high-sensitivity cases), it will be possible to start building small recy
cling plants at the beginning stage (in 2035) when in-country EoL bat
tery demand is still low. However, if the cost/price sensitivity level is not 
high (such as in a base case), investing in a small recycling plant (10,000 
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(a) Total costs

(b) Total benefits

(c) Net benefits

Fig. 6. Total costs, total benefits, and net benefits (USD/kg) for two scenarios on cathode chemistry shares (NCX vs. LFP dominance) and different assumptions on 
plant sizes (small, medium, large) in 2035, 2050, and 2065. 
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tons per year) is recommended only when the government can provide 
high incentives (such as investment incentives at more than 30 %). 
Otherwise, the recycling capacity needs to reach around 50,000 tons per 
year. Furthermore, when the demand for EoL batteries is high enough, a 
larger plant size would be recommended due to its higher investment 
attractiveness. Under the current assumptions, the centralized option, 
such as at the Bangkok Metropolitan Region, where expected EoL bat
tery demand is high, should be promoted for plant location since the 
economies of scale impact net benefits more than transportation costs. 

Moreover, the flexibility of the automotive industry plays a role in 
either facilitating or hindering the adoption of EVs and the establish
ment of recycling facilities in emerging markets. The rapid adoption of 
EV technologies by automotive manufacturers, coupled with advance
ments in design and manufacturing processes and an efficient supply 
chain, can significantly accelerate the EoL volumes, leading to the 
economy of scale of recycling. Furthermore, it is essential for recyclers 
and the automotive industries to synergize and ensure that the designs 
are appropriate for recycling and that an effective and targeted collec
tion system is in place. These collaborative efforts are crucial in creating 
a sustainable mobility ecosystem, focusing on sustainable production 
throughout the value chain, from material parts/resource acquisitions to 

manufacturing and end-of-life management systems. 
As discussed, the research framework developed and used in this 

research integrated CBA into the policy recommendation process, 
focusing on incorporating stakeholders' viewpoints and acknowledging 
uncertainties regarding future development, which can be adopted in 
other studies to improve the inclusion of micro-level perspectives and 
future uncertainties in policymaking processes, particularly in emerging 
economies. 

Concerning the model limitations, while the model is thorough and 
methodical, applying it requires geographically specific assumptions. 
Moreover, the identifying factors and sensitivity analysis may differ, and 
it is necessary to explore these based on each country's context. 

4.3. Policy recommendations 

For establishing economically feasible EV battery recycling, the 
policymakers should support influencing factors that strongly increase 
net benefits (darker green boxes; Fig. 9) and mitigate factors that 
strongly decrease net benefits (darker orange boxes; Fig. 9). A summary 
of potential policy measures (selected from the literature analysis and 
stakeholder interviews as discussed in Sections 2 and 3.1) addressing all 

Fig. 7. Economies of scale impacts on recycling costs (Top left- 2035, Top right- 2050, and Bottom- 2065).  

Table 2 
Net benefits (USD/kg) in 2035, 2050, and 2065 for different plant sizes and cathode chemistries assuming different incentive levels (0–30 %). Green marks 
positive net benefits, and red highlights the cases where positive net benefits are achieved through incentives. 

Year/% 
Incentive 

2035 2050 2065
0% 10% 20% 30% 0% 10% 20% 30% 0% 10% 20% 30%

Small
NCX -1.53 -1.17 -0.80 -0.44 -3.81 -3.20 -2.59 -1.98 -6.78 -5.85 -4.92 -4.00
LFP -1.57 -1.20 -0.84 -0.48 -4.28 -3.67 -3.06 -2.45 -7.81 -6.88 -5.95 -5.03

Medium
NCX 0.57 0.71 0.85 0.99 -0.08 0.15 0.37 0.60 -0.97 -0.63 -0.30 0.03
LFP 0.53 0.67 0.81 0.95 -0.55 -0.33 -0.10 0.13 -2.00 -1.66 -1.33 -1.00

Large
NCX 0.92 1.02 1.13 1.23 0.55 0.71 0.87 1.03 0.02 0.25 0.48 0.72
LFP 0.89 0.99 1.09 1.19 0.08 0.24 0.40 0.56 -1.01 -0.78 -0.55 -0.31
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strongly influential factors and brief assessments of the advantages, 
disadvantages, and trade-offs of these policy measures are given in 
Table 3. 

The technology-specific policy measure mitigating the LFP share 
(marked in red in Table 3) was excluded due to severe trade-offs with 
general sustainable development goals. Limiting the market share of the 

LFP battery technology might increase recycling revenues. Still, it would 
contradict overall environmental policy goals since the LFP technology 
is more environmentally favorable than the NCX technology. Nonethe
less, the other policy measures supporting the remaining factors in 
Table 3 are generally compatible with sustainable development goals. 

Each policy measure has advantages and disadvantages, and 

(a) Small plant size (Top left- 2035, Top right- 2050, and Bottom- 2065).

(b) Medium plant size (Top left- 2035, Top right- 2050, and Bottom- 2065).

Fig. 8. Sensitivity analysis of equipment cost, material cost, recovery value, and recycling efficiency on net benefits in 2035, 2050, and 2065 for different plant sizes 
and cathode chemistries. 
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according to the CBA results, none of them can ensure economically 
viable EV battery recycling in Thailand in all scenarios on its own. 
Therefore, combining these measures into a policy mix appears to be the 
most constructive policy strategy (for a general introduction and dis
cussion of the policy mix concept – see (Kern et al., 2019)). Correlations 
between the different policy instruments can lead to additional benefits 
but also adverse effects, so potential correlations and dependencies will 
be discussed in the following. 

The measures addressing the national amount of EoL batteries, EoL 
battery imports, plant size, and plant centralization (EoL amount- 
focused measures) aim to increase economies of scale by providing a 
high amount of EoL battery material at one recycling site. Enhanced 
electrification of traffic, high battery collection rates in Thailand, and 
international cooperation for high imports help to facilitate a sufficient 
inflow of battery material. Moreover, centralizing and enlarging recy
cling plants through public investments, policy programs, reliable policy 

(c) Large plant size (Top left- 2035, Top right- 2050, and Bottom- 2065).

Fig. 8. (continued). 

Fig. 9. Impacts of the factors on net benefits according to scenario-/sensitivity-based CBA.  
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Table 3 
Policy options are suggested and briefly assessed for all main influential factors identified in Fig. 9. 

Main 
influential 

factors 
(identified in 

Fig. 9)

Policy options Advantages/drivers Disadvantages/challenges

EoL amount-focused measures
National 
amount of 
EoL batteries

Support 
electrification of 
traffic and high 
battery collection 
rates (e.g., through 
transparent and 
traceable EV battery 
platforms).

The electrification of 
the mobility sector is 
an established goal of 
the Thai 
decarbonization 
roadmap. 

Collection is an additional 
challenge, especially on 
infrastructure.

EoL battery 
import

Support international 
cooperation, e.g., 
joint ventures.

This generally 
accepted policy 
principle in Thailand 
can have additional 
economic benefits.

There might be competition 
from other countries.

Plant size Support construction 
of larger plants, e.g., 
by investing in larger 
plant projects, 
encouraging 
industrial networks, 
and providing 
planning reliability 
through binding 
policy roadmaps. 

It can be done in a 
pilot phase first.  

These measures include 
major organizational 
challenges for 
policymaking.

Plant 
centralization

Support 
centralization of 
plants, e.g., by 
investment and 
policy programs with 
a regional focus.

It can be done in a 
pilot phase first.  

A possible trade-off is the 
additional support of 
already economically 
advanced regions with high 
amounts of EoL batteries 
instead of supporting less 
economically developed 
regions.

Monetary measures
Recovered 
material 
prices

Taxes on primary 
raw materials to 
increase market 
prices.

It can be done 
through law 
enactment, which can 
be powerful. 

This is only functional if 
batteries are produced in 
Thailand, and mitigation 
measures need to be 
defined for primary raw 
material sellers.  

Financial 
incentives 

Subsidies for 
recycling, e.g., 
responsibilities/costs, 
are allocated to the 
public. 

It generates positive 
externalities for 
promoting a circular 
economy and 
sustainable 
resources. 

Public financial resources 
are limited/also needed for 
other important issues. 

Regulation for 
mandatory recycling, 
i.e., 
responsibilities/costs 
are allocated to 
producers or 
consumers of EV 
batteries. 

It can be done 
through law 
enactment, which can 
be powerful.  

Costs are shifted to their 
origin as a generally 
established mechanism of 
sustainability policy, but this 
needs to be accepted by 
the respective actors 
(producers or consumers of 
EV batteries). 

Equipment 
costs 

Subsidies for 
recycling, e.g., 
investment incentives 
to reduce recycling 
costs. 

This is a generally 
accepted policy 
principle, especially 
for the first stage of 
technology 
development.  

Public financial resources 
are limited/also needed for 
other important issues. 

Technology-focused measure 
Share of LFP 
chemistry in 
batteries 

Limit market share of 
the LFP technology. 

 Since LFP is the 
environmentally most 
favorable material, such 
limitations are incompatible 
with general environmental 
policy goals. 
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roadmaps, and network initiation support the concentration of this 
inflow into a few large plants. Therefore, these measures go hand in 
hand and add to a constructive policy mix. 

Nonetheless, these EoL amount-focused measures may still be 
insufficient to enable economically viable EV battery recycling, making 
additional monetary measures by policymakers (such as investment 
incentives (Table 2), tax credits, reward-penalty, and deposit-refund, as 
discussed in (Hao et al., 2022; Tang et al., 2019)) necessary. Increasing 
market prices for the recovered materials through a tax on primary raw 
materials is one potentially useful addition, but it only works if the 
batteries are manufactured in Thailand. Furthermore, incentives can 
address recycling costs through either subsidies or regulations for 
mandatory recycling (such as a producer or consumer responsibility). 
While the latter is often seen as the advantageous alternative (for 
potentially initiating additional favorable behavior of producers/con
sumers and saving public money), both measures can also be combined. 

However, possible challenges could be observed for all measures, 
such as battery collection infrastructure, battery import competitors, 
organizational challenges for policymaking, possible trade-offs, public 
resource feasibility, and cost-shifting (see Table 3). As a result, relevant 
stakeholders must be prepared. Particularly, policymakers need to 
provide policy roadmaps that prioritize policy measures over time ac
cording to the stage of technology development. Moreover, the gov
ernment must allocate financial resources to develop EV battery 
recycling properly. Increasing producer/consumer responsibility, 
awareness, and research and development in recycling technologies is 
also necessary. 

In summary, all policy measures identified for supporting factors of 
net benefits for EV battery recycling can be combined into an effective 
policy mix without negative correlations. This aligns with Fig. 9, where 
no contradictory influences of the underlying influential factors were 
found. Further measures identified through other means than CBA might 
also be helpful and necessary to complement this policy mix suggestion, 
which mainly combines measures necessary from the perspective of 
relevant companies. Besides, all recommendations are based on theo
retical considerations about causal connections, but no guarantee can be 
given for their success. Hence, policymakers must decide on a suitable 
and acceptable policy mix, and a stakeholder process would be an 
essential next step in creating a policy roadmap. 

5. Conclusions 

Increasing the adoption of electric vehicles (EVs) is essential for 
moving towards sustainable mobility. Consequently, this requires sus
tainable and efficient resource utilization through the value chain 
(SDG12). A nation like Thailand needs effective battery waste man
agement, including a recycling scheme once batteries reach their end-of- 
life (EoL) phases. The CBA of recycling EV batteries was conducted in 
this study, extracting policy recommendations from the quantitative 
findings while considering individual stakeholders' experiences and 
points of view and potential uncertainties in future development. 

The main findings are that the economies of scale (plant centraliza
tion) and the share of cathode chemistries are essential factors for 
economically feasible EoL battery recycling facilities. The presented 
research also shows that preliminary guidelines for establishing 
economically feasible EV battery recycling facilities depend on market 
price volatility. In extreme cases, when recycling costs are low, and 
recovery values are high, it is recommended to start building small 
recycling plants (e.g., 10,000 tons per year) at the beginning of 2035. 
Otherwise, the government must provide financial support (such as in
vestment incentives at more than 30 %) or import battery wastes from 
neighboring countries until the medium plant size (e.g., 50,000 tons per 
year) can be operated. Then, large and centralized recycling plants are 
preferable to support long-term strategies in the later years. The plant 
locations should be prioritized in areas with high battery waste demand, 
such as the Bangkok Metropolitan Region. 

A policy mix resulting from scenario-/sensitivity-based CBA is most 
promising in establishing economically feasible recycling facilities for 
EV batteries in Thailand. It combines financial incentives and/or regu
lation for mandatory recycling (where producers and/or consumers 
cover recycling costs) with taxes on primary materials, support for EoL 
battery import, and a green mobility transformation, including high 
battery collection rates. To implement these, all relevant stakeholders 
must prepare for the structural changes based on their roles in the 
ecosystem. 

Although, the results above arise from the examination of CBA from a 
micro-level (company) perspective. However, it is possible to extend the 
scope of work to consider from the societal perspective, including ex
ternalities, and to combine the CBA with the environmental assessment 
analysis. Further work on outlining implementation steps and priori
tizing each measure based on a stakeholder process considering possible 
future scenarios of EV deployment and the amount of EoL batteries is 
recommended to create concrete policy recommendations. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.spc.2024.03.025. 
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