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A B S T R A C T

To maximise the resource efficiency of electric vehicle lithium-ion batteries (LIBs), their lifetimes can be
extended through cascading second- and third-life applications. Using expert input, this study establishes a
conceptual model for understanding these applications’ state of health (SOH) thresholds and user requirements.
Using a qualitative methodology, including focus group discussions with multistakeholder experts and policy
analysis of the European battery regulatory landscape, we propose extending LIB use. Our model outlines po-
tential second- and third-life applications aiming to maximise battery value retention. The findings highlight
gaps in current European Union regulations that inadequately support battery-repurposing strategies. The con-
ceptual model with an SOH threshold and key performance indicators serves as a foundation for researchers and
industries to explore cascading battery applications, foster long-term resource efficiency and contribute to the
circular economy by extending LIB lifespans through repurposing initiatives.

1. Introduction

With the global transition towards sustainable energy alternatives,
electric vehicles (EVs) have become a central focus of both mobility and
stationary energy storage system (ESS) applications
(Quinteros-Condoretty et al., 2020; Virmani et al., 2023). The growing
demand for lithium-ion batteries (LIBs) in EVs has increased interest in
battery circularity, driving new regulations, such as the European Bat-
tery Regulation [Regulation (EU) 2023/1542; European Commission
(EC), 2023a], which aims to promote sustainability by encouraging
circularity in the battery industry. The literature has offered different
circular economy strategies (CESs) for LIBs, including remanufacture,
reuse, repurpose and recycling, along with different scenarios for
developing the battery sector and life-cycle management (Baars et al.,
2021; Bobba et al., 2019; Dunn et al., 2023; Glöser-Chahoud et al., 2021;
Nurdiawati and Agrawal, 2022). The present article focuses on the
repurposing of LIBs, a key strategy within the circular economy (CE) to
extend the battery’s lifespan by finding new applications beyond their
original use (Stahel, 2016). LIBs can be effectively repurposed for
various second- and third-life applications (Quinteros-Condoretty et al.,
2021).

Defined as the complete or partial reuse of a battery for a different
application (Börner et al., 2022), repurposing offers a sustainable
alternative to immediate recycling (Dunn et al., 2023) with the aim of
extending the battery’s lifetime (Bobba et al., 2019). In the EV industry,
batteries are seldom directly reused without refurbishment or remanu-
facturing (Glöser-Chahoud et al., 2021) because of the degradation of
their technical characteristics over time (Hu et al., 2020). Repurposing is
relevant for spent EV batteries, which can still serve in ESSs where
diminished capacity is less critical (Baars et al., 2021).

Distinguishing between second- and third-life applications for EV
batteries is important because they differ in their technical re-
quirements. For example, an EV battery with 80% remaining capacity
(Dunn et al., 2023; Shahjalal et al., 2022) may be deemed ‘too good’ for
certain applications, for example, as a backup power source. Given that
the circular EV LIB industry is a new and evolving domain (Albertsen
et al., 2021), a systemic understanding of it and pertinent regulations
and policies is critical (Morseletto, 2020; Nurdiawati and Agrawal,
2022); these regulatory frameworks are viewed not only as the most
critical drivers of the adoption of CESs for LIBs (Wrålsen et al., 2021) but
also as barriers to their widespread implementation (Chirumalla et al.,
2023; Shahjalal et al., 2022). Furthermore, policy development should
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incentivise the adoption of higher-level CESs, such as repurposing
(Albertsen et al., 2021). A holistic approach is essential for maximising
long-term resource efficiency by integrating a cascading use of EV bat-
teries across their second and third lives (Quinteros-Condoretty et al.,
2021).

Once EV LIBs degrade to 80% of their initial capacity, they have
reached the end of their automotive lives (Haram et al., 2021). However,
spent EV batteries retain a significant capacity and can operate for
additional years when repurposed (Muhammad et al., 2019). Large
batteries can be repurposed as stationary power sources (Colarullo and
Thakur, 2022), allowing for better exploitation of the storage capacity of
LIBs (Bobba et al., 2019) and increasing their utilisation and potentially
decreasing their total lifetime costs (Börner et al., 2022); this will reduce
their negative environmental impact more significantly than recycling
(Dunn et al., 2023). However, repurposing has several challenges, such
as delayed recycling and material recovery (Nurdiawati and Agrawal,
2022) and regulatory inconsistencies hindering its adoption (Chirumalla
et al., 2023).

Most studies have focused on second-life applications in ESSs and
their specific key performance indicators (KPIs) and state of health
(SOH) thresholds (Börner et al., 2022). However, there is a gap in un-
derstanding the technical requirements for various repurposing appli-
cations, especially third-life applications. Second- and third-life
applications, such as in residential households, uninterruptible power
supplies (UPSs), and grid-scale power variance, can extend battery life
by 7–10 years (Bobba et al., 2018; Haram et al., 2021; Muhammad et al.,
2019). Although several studies have analysed second-life applications
in stationary energy systems (Casals et al., 2019; Martinez-Laserna et al.,
2018; Shahjalal et al., 2022), fewer have emphasised cascading ap-
proaches integrating third-life applications (Helander and Ljunggren,
2023; Ribeiro da Silva, 2023), highlighting the need to optimise multi-
life battery systems across diverse applications (Börner et al., 2022) and
investigate methods for extending the lifespan of LIB batteries, including
repurposing thresholds and potential performance upgrades (Casals
et al., 2019). Policy improvements are needed to support repurposing
initiatives (Albertsen et al., 2021). Therefore, the current study was
guided by the following two research questions (RQs):

• RQ1: How can the optimal pathway for spent EV batteries be
determined through specific SOH thresholds and KPIs for various
second- and third-life applications?

• RQ2: In what ways do current regulations support or hinder the
extension of EV battery lifetimes through repurposing, and what
policy changes could enhance these efforts?

Drawing on insights from 20 focus group discussions (FGDs) organ-
ised under the EU Horizon REINFORCE project regarding standardised,
automated, safe and cost-efficient processing of end-of-life batteries for
second and third lives and for recycling, the current study provides a
conceptual model for extending the lifetime of EVs. We contribute to
prolonging the usefulness of EV batteries, maximising retained product
value through second- and third-life applications (Reike et al., 2018).
We identify SOH thresholds and KPIs for these applications, presenting a
comprehensive conceptual model that encompasses multiple cascading
battery life cycles. Together with its policy aspects, this model addresses
the essential elements of battery repurposing, thus supporting battery
circularity (Campbell-Johnston et al., 2020; Dunn et al., 2023; Morse-
letto, 2020).

The article is structured as follows: Section 2 discusses the concep-
tual background, Section 3 presents the research approach, Section 4
summarises the results, and Section 5 concludes the article by discussing
the findings, presenting the study limitations and suggesting future
research avenues.

2. Conceptual background

2.1. Definition and types of battery repurposing

Although no clear definition of repurposing exists, we define it as ‘the
usage of the battery in another application’ (Börner et al., 2022, p.3),
providing a second and third life to the spent EV battery. There are two
kinds of repurposing (Bobba et al., 2018). The first, known as ‘direct
reuse’, does not dismantle the battery pack but tests it, and if the SOH
threshold is met, it is directly used in the second application. The second
strategy—‘battery repurposing’—dismantles the battery at the module
level, creating a new battery pack with extra costs, but is more flexible
and suitable for specific applications (Casals et al., 2017).

Second- and third-life concept approaches innovate battery use to
prolong battery usefulness and maximise the retained product value
(Reike et al., 2018) and critical raw material (CRM) value before recy-
cling. Second-life batteries are no longer useful in EVs but still have
sufficient capacity, typically approximately 80%, for use in other ap-
plications, such as industrial stationary ESSs (Ali et al., 2021). Third-life
batteries are repurposed for a third use after their initial automotive and
second-life applications, such as for power grids, microgrids or backup
power systems. Various scenarios concerning end-of-life (EOL) batteries
have been discussed (Aguilar Lopez et al., 2023; Baars et al., 2021;
Bobba et al., 2019; Börner et al., 2022; Glöser-Chahoud et al., 2021;
Nurdiawati and Agrawal, 2022; Ribeiro da Silva et al., 2023; Wrålsen
et al., 2021). However, studies on multiple life cycles beyond the second
life cycle are still nascent (Helander and Ljunggren, 2023), even though
cascaded use is recognised as important for extending resource use and
retaining the added value of materials (Campbell-Johnston et al., 2020).

2.2. Applications and benefits of second- and third-life batteries

Empirical studies on the second and third life of batteries provide
concrete examples of how repurposing can be implemented. For
instance, Martinez-Laserna et al. (2018) investigated EV battery repur-
posing for use in stationary ESSs, demonstrating significant potential for
extending battery life and enhancing grid stability. Similarly, Kamath
et al. (2020) examined the reuse of spent batteries in renewable energy
applications and found that even with diminished capacity, these bat-
teries can effectively support solar and wind power systems. Helander
and Ljunggren (2023) explored the potential for third-life applications of
EV batteries within a product-service system offered by an underground
hard-rock mining equipment manufacturer, focusing on multiple reuse
and recycling loops. These studies underscore the feasibility and benefits
of repurposing batteries and provide valuable insights into the technical,
economic and environmental aspects of second- and third-life
applications.

The concept of repurposing within a CE has gained significant
attention as a strategy to enhance resource efficiency and minimise
waste. Literature reviews by Bobba et al. (2018) and Melin et al. (2021)
highlighted the benefits of extending product life cycles, conserving
resources and reducing environmental impacts. Casals et al. (2017) and
Ahmadi et al. (2017) discussed the economic advantages, including cost
savings and new market opportunities. The cascading use of batteries
optimises resource utilisation, reduces costs and offers environmental
benefits by extending battery lifespans (Albertsen et al., 2021; Börner
et al., 2022; Shahjalal et al., 2022). However, challenges remain, such as
ensuring efficient dismantling, assessment and repackaging processes;
managing capacity decreases and internal resistance issues; and
addressing regulatory uncertainties and economic feasibility (Albertsen
et al., 2021; Börner et al., 2022; Ribeiro et al., 2023; Shahjalal et al.,
2022). Additionally, labour costs, valuation complexity and potential
competition over spent batteries because of higher resource prices
complicate commercial deployment (Albertsen et al., 2021; Ribeiro
et al., 2023), and no standards and policies are a hurdle (Haram et al.,
2021).
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2.3. State of health and key performance indicators

The SOH is critical for determining spent EV battery suitability for
repurposing in second- and third-life applications (Börner et al., 2022).
Important KPIs like capacity and internal resistance play a vital role in
evaluating the health and performance of these batteries (Börner et al.,
2022; Shahjalal et al., 2022). For instance, starting a battery’s second
life at 80% SOH and setting the EOL at 60% SOH can extend its useful
life by 3 to 3.5 years (Casals et al., 2019). Accurate SOH assessment
methods, including impedance measurements and capacity estimation,
are essential to ensure the optimal performance and longevity of
repurposed batteries (Shahjalal et al., 2022). Additionally, monitoring
SOH variations, maintaining optimal depth of discharge levels and
balancing other KPIs, such as cycle times and internal resistance, are
crucial to avoid premature degradation and maximise repurposed bat-
teries’ efficiency (Casals et al., 2019; Shahjalal et al., 2022). These
factors collectively ensure that repurposed batteries can meet the per-
formance demands of secondary applications, thereby contributing to
enhanced resource utilisation and sustainability.

3. Material and methods

Given the exploratory nature of cascading repurposing strategies for
spent EV batteries, we adopted a qualitative research design (Eriksson
and Kovalainen, 2008). This approach allowed us to develop a
comprehensive and nuanced understanding of the topic, informed by
expert insights and policy analysis. The methodology consisted of FGDs
with experts, complemented by a review of relevant literature and policy
documents.

3.1. Data collection

The primary data collection method was FGDs, chosen for their
effectiveness in capturing diverse perspectives and generating insights
through group interaction (Barbour, 2018; Morgan, 1997). A total of 20
FGDs were conducted between June and November 2023, involving 25
experts from 14 organisations representing seven industries and seven
research and development organisations. Details of the FGDs and par-
ticipants are summarised in Table 1.

Each FGD started with broad, open-ended questions – such as ‘What
are the most important factors to consider in extending the useful life-
time of EV batteries?’ – to foster discussion. These were followed by
specific probes, such as ‘When is a battery considered a spent EV

battery?’, as well as defining the SOH thresholds and identifying KPIs for
different repurposing applications. The iterative nature of the FGDs
allowed for continuous refinement of themes across sessions. Modera-
tors from both research and industry backgrounds ensure balanced input
and guided discussions. For further details on the FGD design and spe-
cific questions posed, refer to Supplementary Material SM1.

The FGDs covered a range of topics critical to the research, including
second- and third-life applications of spent batteries, technical re-
quirements, and the regulatory implications of current and future EU
policies. Data from the FGDs were documented using meeting minutes,
recordings, and Excel templates.

3.2. Data analysis

The data analysis followed an abductive approach, integrating
theory-driven and data-driven processes to iteratively refine our un-
derstanding of the repurposing of spent EV batteries (Timmermans and
Tavory, 2012). Initial coding categories were developed based on both
the literature and insights generated from the FGDs. Coding was per-
formed manually, and findings were cross-validated using secondary
sources to ensure reliability. This approach aligns with the abductive
method, where theories guide the initial analysis while remaining open
to new patterns and interpretations that emerge from the data. The
coding process was structured hierarchically into three levels: first-level
descriptive codes captured specific observations from the FGDs; sub--
themes grouped related descriptive codes into more refined categories;
and broader themes represented the highest level of abstraction, identi-
fying overarching patterns consistent with theories of repurposing and
the CE.

To structure the analysis, we initially applied three primary broader
themes: “applications of spent EV batteries,” “requirements for those
applications,” and “regulations for repurposing.” These themes facili-
tated the organisation of the FGD data into categories of practical ap-
plications, technical requirements, and regulatory considerations. Based
on the results, we refined our themes and sub-themes. For instance, the
broader theme of “requirements” was redefined as “battery assessment,”
with sub-themes “SOH assessment” and “KPIs” used to evaluate battery
performance. Ultimately, we refined the broader themes into four main
categories: “high-performance applications” (second life), “low-perfor-
mance applications” (third life), “battery assessment,” and “repurposing
policy,” as detailed in Table 2 on the data structure.

For policy analysis, we conducted an in-depth assessment of the EU
regulatory framework on batteries, focusing on how policies support

Table 1
Overview of the focus group discussions (F) and details of the participating organisations (R: research, I: industry, T: total).

Session Topic Participating
organisations

Number of participants Date Duration

F1 Understanding the main topics on extending EV battery lifetime R:4 I:5 T:9 R:6 I:7 T:13 7.6.2023 1 h
F2 Clustering the main topics for repurposing R:4 I:2 T:6 R:6 I:3 T:9 3.7.2023 1 h
F3 Identifying the main processes and opportunities for second and third battery lives R:3 I:3 T:6 R:4 I:3 T:7 17.7.2023 1 h
F4 Exploring future market opportunities for second and third battery lives R:7 I:4 T:11 R:13 I:6 T:19 20.7.2023 1.5 h
F5 Conceptual model development: Preliminary criteria for CES adoption R:3 I:1 T:4 R:6 I:1 T:7 25.7.2023 1 h
F6 Conceptual model development: Criteria for CES adoption R:2 I:0 T:2 R:5 I:0 T:5 4.8.2023 0.5 h
F7 Key concept definitions: Validation R:3 I:2 T:5 R:7 I:2 T:9 28.8.2023 1 h
F8 New battery regulation R:3 I:2 T:5 R:5 I:2 T:7 31.8.2023 0.5 h
F9 Conceptual model development R:2 I:0 T:2 R:5 I:0 T:5 7.9.2023 1 h
F10 Criteria for CES adoption: Validation 1/3 R:3 I:3 T:6 R:5 I:4 T:9 11.9.2023 1 h
F11 Criteria for CES adoption: Validation 2/2 R:2 I:0 T:2 R:5 I:0 T:5 20.9.2023 1 h
F12 Criteria for CES adoption: Validation 3/3 R:3 I:2 T:5 R:6 I:3 T:9 25.9.2023 1 h
F13 Battery transportation and safety issues R:2 I:1 T:3 R:4 I:1 T:4 29.9.2023 0.5 h
F14 Conceptual model development: Modelling perspective R:2 I:1 T:3 R:4 I:3 T:7 9.10.2023 1 h
F15 Battery pack disassembly strategies R:5 I:3 T:8 R:6 I:7 T:13 23.10.2023 1 h
F16 User requirements for second- and third-life batteries R:4 I:4 T:8 R:6 I:5 T:11 26.10.2023 1 h
F17 Second- and third-life applications: Identification R:2 I:4 T:6 R:3 I:5 T:8 6.11.2023 1 h
F18 Second- and third-life applications: Technical aspects 1/2 R:4 I:2 T:6 R:5 I:3 T:8 10.11.2023 1 h
F19 Second- and third-life applications: Technical aspects 2/2 R:4 I:2 T:6 R:6 I:3 T:9 20.11.2023 1 h
F20 Conceptual model validation R:4 I:1 T:5 R:6 I:2 T:8 27.11.2023 1 h
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different CESs, including repurposing and recycling, while noting any
conflicts, synergies or complementarities (Morseletto, 2020). FGD data
on policy recommendations to support repurposing were manually
coded and categorised into four dimensions: policy and regulatory
framework, financial and economic support, operational and structural
support, and market engagement (see Section 4.3, Table 4 for more
details).

4. Results

The findings present a model for repurposing to extend the product
lifetime of LIBs by cascading their use to second- and third-life appli-
cations. This model is accompanied by a list of potential user segments
and repurposing application categories, related SOH thresholds and
KPIs. Additionally, the model highlights the interaction between prac-
tical applications and regulatory frameworks in extending the lifetime of
EV batteries.

Our findings have three primary elements: (1) an optimal pathway
for spent EV batteries through repurposing, showing cascading appli-
cations for lifetime extension involving second- and third-life applica-
tions and their corresponding SOH thresholds and KPIs; (2) an
assessment of the remaining battery capacity based on the battery’s
technical characterisation; and (3) policies on extended battery life-
times, based on regulations that either boost or hinder the repurposing
of batteries for second- and third-life applications in a cascading setting
(Fig. 1).

4.1. Optimal pathway for repurposing spent EV batteries

Our model shows multiple life cycles and applications for spent EV
batteries. To find adequate technical measures for extending the lifetime
and maximising the utilisation of batteries, our conceptual model pro-
poses four distinct consecutive stages, where the first stage, first life, is
the primary life of an EV battery within the EV itself, typically spanning
10–15 years. Here, the battery retains approximately 80% of its initial
capacity.

The second stage, second life applications, emerges once the battery’s
capacity for EV use diminishes, at which point it transitions to secondary
applications geared towards high-performance uses, including station-
ary energy storage both on- and off-grid, serving purposes such as
renewable energy integration, load levelling and peak shaving. Here, the
battery can operate for an additional 5–8 years. These applications
typically require batteries with 60–80% SOH that can endure 550 cycles
or more while maintaining energy densities ranging from 100 to 300
Wh/kg and operating within varying temperature ranges. Additionally,
batteries repurposed for telecom and mobile applications must meet
specific cycle life and energy density criteria tailored to support pow-
ering cell towers, base stations and various mobile EVs under different
environmental conditions (see Table 3).

The third stage, third life, occurs when the battery’s remaining ca-
pacity targets lower performance demands, focusing on backup power
systems for residential and commercial use, urban electromobility (e.g.
e-bikes and scooters) and portable power solutions for everyday elec-
tronics. This stage can extend the battery’s life by another 5–10 years. As
Table 3 shows, these applications utilise batteries with reduced capacity
with 40–60% SOH, longer cycle life exceeding 5000 cycles and energy
densities ranging from 70 to 120 Wh/kg operating under milder tem-
perature conditions. This categorisation underscores the diverse utility
potentials of repurposed EV batteries across different life-cycle stages,
emphasising optimisation for specific performance metrics and opera-
tional environments.

Finally, the fourth stage, recycling, ends by closing the loop with the
recovery of valuable materials, such as lithium, cobalt and nickel, and
their reintroduction into the battery production cycle as secondary re-
sources, minimising the need for primary resource extraction.

4.2. Assessment of SOH and KPIs

Once the potential extended-life battery applications are defined, the
question arises regarding how to determine the optimal pathway for a
spent EV battery, including second- and third-life use. In our cascade
model, when repurposing a battery, its remaining capacity must be
carefully assessed and monitored to ensure safety and optimal decision-
making regarding its potential second- or third-life applications. The

Table 2
Data structure.

Broader theme (3rd
level)

Sub-themes
(2nd level)

Descriptive codes
(1st level)

High-performance
applications
(2nd life)

Stationary energy storage • Renewable farming
• Area and frequency
regulation

• Load levelling
• Generation-side asset
management

• Peak shovelling
• Reactive power support
• Microgrid
• Smart grid
• Load following
• Power quality &
reliability

• Spinning reserve
• Renewable energy
integration

Telecoms • Powering cell towers
• Powering base stations

Mobile applications • EV charging station
• Electric boats
• Electric aircraft and
drones

• Renewable energy
integration

Low-performance
applications (3rd
life)

Backup power & UPS • For homes
• For businesses
• For computers and other
critical equipment

Urban electromobility and
micro batteries

• E-bikes and scooters
• Home appliances
• Portable power for
laptops and mobile
devices

Battery assessment SOH assessment • Battery chemistry
• Battery format
• Battery unit
• Battery Management
System

KPIs • Internal resistance
• Cycle lifetime
• Energy density
• C-rate (discharge/
charge rates)

Repurposing policy Current policy support • European Green Deal
• Circular Economy
Action Plan

• The Raw Materials
Action Plan

• Sustainable and Smart
Mobility Strategy

• New EU Battery
regulation

• Battery Passport
• Critical Raw Materials
Act

• Inland transport of
dangerous goods

Policy recommendations to
support repurposing

• Regulatory framework
• Financial support
• Operational support
• Market engagement
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battery’s SOH serves as a KPI of the battery, describing the degree of its
degradation relative to its original state. This degradation in the ESS of a
battery unit leads to a decline in its performance over its lifespan. The
battery’s SOH can manifest as the capacity SOH, reflecting that the
battery’s capacity fades over time, or as the power SOH, which corre-
lates with the increase in the internal resistance of the battery unit over
time. Hence, battery performance depends on various factors, such as
power, internal resistance, voltage and self-discharge. To acquire the
essential data for battery assessment, safety inspections are imperative
to ensure the battery’s integrity and safe dismantling, followed by
retrieval of battery management system (BMS) data to diagnose the
battery’s condition. A comprehensive battery assessment entails a well-
defined characterisation process gathering any missing data on the
battery’s current state, thereby facilitating SOH evaluation.

When assessing a battery to determine its capacity and when delib-
erating on repurposing strategies for spent EV batteries, several factors
merit consideration: battery chemistry, battery unit level and battery
shape. For example, from a demand-orientated perspective, the choice
of battery chemistry, such as nickel manganese cobalt (NMC) or lithium
iron phosphate (LFP), plays a pivotal role, with each possessing unique
attributes. Depending on an application’s specific requirements, it might
utilise both chemistries or one of them. Some second- and third-life
applications may be better suited for NMC or LFP batteries, depending
on variables such as the energy density, life cycle and safety consider-
ations. Furthermore, an inclusive evaluation at the battery unit lev-
el—spanning pack, module or cell—provides a holistic understanding of
specific parameter ranges. Considering the diverse cell for-
mats—prismatic, cylindrical and pouch—enriches the conceptual model
by enabling comprehensive assessment of repurposing possibilities. For
instance, pouch cells cannot be dismantled.

In selecting the appropriate cathode chemistry for repurposing spent
EV LIBs, it is crucial to consider the unique characteristics of NMC and

LFP chemistries, particularly as the market transitions towards increased
use of LFP batteries for both EVs and energy storage systems. NMC
batteries, with higher energy density and greater material recyclability
due to their nickel and cobalt content, are better suited for applications
requiring long-range capabilities, such as passenger EVs and high-
performance stationary energy storage systems. However, the eco-
nomic incentive to extend the life of NMC batteries before material
recycling is a key factor, as their valuable CRMsmake them attractive for
recovery. In contrast, LFP batteries, which contain more abundant and
less expensive materials like iron, are not economically viable for
recycling but offer significant advantages in repurposing due to their
superior safety and longer cycle life. LFP batteries are thus ideal can-
didates for second- and third-life applications, particularly in lower-
value and high-safety applications such as backup power systems,
urban electromobility and off-grid energy storage. Choosing an inap-
propriate chemistry for a given application can lead to safety concerns,
including potential thermal runaway, underscoring the need for careful
selection based on performance requirements and life-cycle
considerations.

4.3. Policy on the extended lifetime of lithium-ion batteries

To estimate the extent of policy support and potential bottlenecks to
the realisation of the conceptual model, we mapped relevant policies for
repurposing EV batteries (Table 4).

The European Parliament (2023) defined the CE as a conceptual
model that emphasises sharing, leasing, reusing, repairing, refurbishing
and recycling to extend product life cycles. The EC (2018) stated that it
is crucial for the EU to transition to a CE to ensure a competitive and
sustainable EU economy with low carbon emissions and efficient use of
resources; this aim is reflected in the CEAP, which introduced the
concept of circularity into EU policy and represents the EU’s

Fig. 1. Conceptual model of the extension of EV battery lifetime.
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Table 3
Second- and third-life applications of spent EV batteries.

Category Application Potential user segment KPIs

Capacity [%
SOH]

Internal
resistance [%]

Cycle life Energy
density

Operating temperature

2nd
Life

High-performance
applications

Stationary energy storage (on-
grid)

• Renewable farming
• Area and frequency regulation
• Load levelling
• Generation-side asset
management

• Peak shovelling
• Reactive power support

60–80 60–80 550 cycles (80% SOH) 100–300
Wh/kg

Discharge − 20–55◦C, Charge 0–40◦C

Stationary energy storage (off-
grid)

• Microgrid
• Smart grid
• Load following
• Power quality & reliability
• Spinning reserve
• Renewable energy integration

Telecoms • Powering cell towers
• Powering base stations

800 cycles (NMC), 2000
cycles (LFP),

80–180 Wh/
kg

Discharge − 20–50◦C (NMC), − 30–60◦C
(LFP), Charge: 0–40◦C

Mobile applications • EV charging station
• Electric boats
• Electric aircraft and drones
• Renewable energy integration

500–1500 cycles 100–300
Wh/kg

− 20–60◦C

3rd
Life

Low-performance
applications

Backup power & UPS • For homes
• For businesses
• For computers and other critical
equipment

40–60 40–60 > 5000 cycles 70–120 Wh/
kg

5–35◦C

Urban electromobility and
micro batteries

• E-bikes and scooters
• Home appliances
• Portable power for laptops and
mobile devices

500 cycles (70% SOH) N/A Charge 0–45◦C, Discharge − 20–60◦C

A
.R.Q
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commitment to integrating circularity into its future policy instruments
(Talens Peiro et al., 2020). The CEAP aims to increase recycled content,
reduce battery waste and facilitate recycling, reuse and repurposing in
the EU. The Strategy for Sustainable and Smart Mobility notes the
increasing demand for batteries in the mobility sector (EC, 2020c), and
the Raw Materials Action Plan (EC, 2020b) considers the increased
circularity necessary to improve access to raw materials. Although these
policies stress the importance of multiple CESs, the Green Deal (EC,
2019), for instance, rarely mentions reuse or repurposing, indicating
that not all CESs have been fully integrated. European Battery Regula-
tion 2023/1542 (EC, 2023a) contains measures such as battery health
checks, collection targets for recycling and requirements for minimum
recycled content in new batteries (EC, 2023a). LIB raw materials,
damaged LIBs and LIBs with a capacity exceeding 100 Wh are consid-
ered dangerous goods according to Directive 2008/68/EC, which pre-
sents rules for LIB labelling and transportation (EC, 2008; United
Nations, 2023). Raw Materials Act 2023/0079 focuses on EOL vehicles
and ecodesign. The retrievability of components and materials from
used cars, including EVs, should be ensured, and products should be
designed to prolong their lifetimes (EC, 2023b).

Although policy strategies highlight the importance of supporting
second-life solutions, the policy measures are focused on recycling, and
there are significant differences between measures implemented to
support repurposing and those utilised to support recycling. The most
significant measures to stimulate EV LIB repurposing are presented in
European Battery Regulation 2023/1542 (EC, 2023a), including a BMS
and battery ‘health check’ which enables the recategorisation of

repurposable batteries from waste to product. Although regulation
2023/1542 sets clear targets for recycling rates and requirements for
recycled content, it has no targets or objectives for repurposing (EC,
2023a). Measures such as battery health checks and battery passports
enable repurposing but do not create incentives as strong as those used
to support recycling. Furthermore, there is no mention of a third life in
any of the policy documents. The exclusion of a third life as a possible
strategy for battery lifetime expansion signals that it was not considered
a potential option or that recycling was seen as preferable to a third life.

Based on insights gathered from the FGDs, a nuanced approach is
recommended to foster effective battery-repurposing initiatives across
four defined categories (Table 5). Although current policies, such as the
new battery regulation (2023/1542), play a crucial role, there is a
notable gap in incentivising repurposing efforts. Rather than solely
enabling policies, there needs to be robust financial incentives aimed at
both businesses and consumers. Specific measures could include pro-
posing subsidies, tax incentives and tailored incentive schemes designed
to mitigate repurposing costs and promote wider adoption of repurposed
batteries. Moreover, it is essential to advocate for increased funding for
research and development initiatives and facilitate stronger collabora-
tions between the public and private sectors. These actions are vital for
stimulating market demand and driving continuous innovation.

5. Discussion and conclusion

The present research addresses critical gaps by investigating the
optimal pathways for battery repurposing and necessary regulatory

Table 4
EU policies relevant to EV LIBs.

Policy Aim Objectives relevant to EV LIBs and CES adoption

European Green Deal (EC, 2019) Transform the EU into a resource-efficient, fair,
competitive and carbon-neutral economy by 2050

• Adopt the use of a life-cycle approach
• Create a predictable and simplified regulatory environment

Circular Economy Action Plan (CEAP) (
EC, 2020a)

Transition the European economy to a circular model • Improve battery durability, reusability, upgradability, reparability, and
resource and energy efficiency

• Reduce hazardous chemicals and environmental and carbon footprints
• Support recycling, remanufacturing and product-as-a-service business
models

• Standardise European battery recycling
The Raw Materials Action Plan (2020) (
EC, 2020b)

Ensure sufficient and sustainable supply of CRMs • Promote sustainable product design, innovation, extended product lifetimes
and use of secondary raw materials

• Develop resilient EU value chains and sourcing; source 80% of lithium from
Europe by 2025

• Diversify sources and promote responsible sourcing from third countries
Sustainable and Smart Mobility Strategy
(2020) (EC, 2020c)

Build a resilient and sustainable mobility network for
Europe

• Achieve 90% reduction in CO2 emissions from mobility by 2050
• Achieve at least 30 million zero-emission vehicles by 2030
• Achieve almost 100% zero-emission vehicles by 2050

New battery regulation (2023/1542) (EC,
2023a)

Facilitate the reuse, repurposing and recycling of
batteries

• Achieve performance and durability requirements
• Recover 90% of cobalt, nickel and copper and 35% of lithium from batteries
by 2025

• Recover 95% of cobalt, nickel and copper and 70% of lithium from batteries
by 2030

• Achieve the following recycled battery content requirements by 2030: 12%
cobalt, 85% lead, 4% lithium and 4% nickel; and the following by 2035: 20%
cobalt, 10% lithium and 12% nickel

2023/0079 Critical Raw Materials (CRM)
Act (EC, 2023b)

Develop circular and sustainable European raw
materials supply chains by increasing self-sufficiency
and diversifying supply

• Strengthen the European CRMs value chain
• Diversify CRM imports
• Improve Europe’s capacity to monitor and mitigate supply disruption risks
• Ensure functioning markets for CRMs, maintain a high level of environmental
protection and improve circularity and sustainability

• Increase recycling and use of secondary CRMs
• Promote ecodesign to reduce resource use and increase durability,
reparability and reusability and to ensure recycling, remanufacturing or
recovery

Directive 2008/68/EC inland transport of
dangerous goods (EC, 2008; United
Nations, 2023)

Ensure safe transport of dangerous goods between
Member States and third countries according to the
ADR, RID or ADN1

• Ensure that LIBs are packed and labelled correctly, and transported in a
vehicle equipped with appropriate safety features

• Ensure that LIBs with a capacity of more than 100 Wh are transported as
dangerous goods

• Ensure that all damaged or defective LIBs are transported as dangerous goods

1 ADR: European Agreement concerning the International Carriage of Dangerous Goods by Road, RID: Regulation concerning the International Carriage of
Dangerous goods by Rail, ADN: European Agreement concerning the International Carriage of Dangerous Goods by Inland Waterways.
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enhancements. Our model delineates a range of potential applications
for extending EV batteries into second and third lives. These applications
span from stationary ESSs to smaller-scale uses for residential andmicro-
urban electromobility. Additionally, we explore specific SOH thresholds
and KPIs to support decision-making on maximising EV battery lifetimes
through repurposing and analyse how current regulations support or
hinder these efforts, proposing policy changes to enhance repurposing
initiatives. The contributions are twofold: first, we define specific SOH
thresholds and user requirements tailored to different second- and third-
life applications based on expert insights and, second, we critically
evaluate current policies and identify specific recommendations to
encourage greater emphasis on battery repurposing over recycling.

5.1. Theoretical contribution

Our study makes significant theoretical contributions by establishing
repurposing as a crucial strategy for extending the lifespan of EV bat-
teries within the CE framework. By defining specific SOH thresholds and
user requirements for different second- and third-life applications, our
model addresses gaps in the literature. For instance, although Albertsen
et al. (2021) and Casals et al. (2019) discussed the general benefits of
second-life applications, our research offers a more detailed and
actionable pathway tailored to distinct user needs. Additionally, unlike
Martinez-Laserna et al. (2018), who focused on regulatory aspects, our
findings integrate business strategies with technical analyses, providing
a more holistic approach to battery capacity assessment and policy
challenges. This comprehensive model goes beyond the scope of Ribeiro
da Silva (2023) and Shahjalal et al. (2022) by proposing a multistage
cascade of battery use, optimising resource utilisation and reduces total
lifetime costs, as supported by Börner et al. (2022). Moreover, our
research identifies specific regulatory shortcomings and offers targeted

policy recommendations, thus filling the critical gap noted by Dunn
et al. (2023) and Hoarau and Lorang (2022) regarding the need for
enhanced incentives for repurposing. Through these contributions, our
study enriches the theoretical discourse on CESs in battery life-cycle
management.

5.2. Managerial implications

Our study reveals contrasting perspectives in the literature regarding
battery-repurposing strategies within a CE. Unlike previous studies
emphasising regulatory support (Martinez-Laserna et al., 2018; Kamath
et al., 2020), our findings highlight a predominant focus on recycling
within existing frameworks. This presents a strategic opportunity for
managers to proactively explore the underutilised potential of second-
and third-life battery applications. By implementing our model, orga-
nisations can optimise resource utilisation and operational efficiency,
thereby aligning with environmental sustainability goals while reducing
the costs associated with traditional disposal methods. The insights
derived from contrasting our findings with the literature (Bobba et al.,
2019) emphasise the importance of managerial decisions that prioritise
flexibility and innovation in battery life-cycle management. This
approach not only addresses regulatory uncertainties but also enhances
organisational resilience by leveraging diverse end-use scenarios and
adapting to evolving market dynamics.

5.3. Policy implications

Despite the EU’s emphasis on battery circularity (Barkhausen et al.,
2023), the results show that the implemented policies provide stronger
incentives for recycling than other CESs. This finding aligns with that of
Albertsen et al. (2021), who noted that although the EU Battery

Table 5
Recommendations to support battery-repurposing initiatives.

Category Themes Specific recommendation

Policy and regulatory framework Regulatory compliance and standards • Develop certification programmes for safety and compliance standards on digital product
passports (DPPs)

• Set guidelines for necessary information to enable repurposing and consumer right to repair
• Standardise battery health monitoring
• Develop and enforce harmonised standards for repurposing processes
• Standardise testing methods for safety and performance

Legal frameworks and mandates • Implement extended producer responsibility (ERP) mandates
• Establish clear regulations for ownership and liability of repurposed batteries
• Specify hazardous material classification in DPPs
• Establish battery design regulations

Financial incentives and economic
support

For businesses • Offer subsidies and tax breaks to businesses in battery repurposing
• Architect incentive schemes to offset the costs of repurposing (e.g. transportation, testing,
dismantling, reassembly)

• Subsidise technological innovation (e.g. AI-enabled disassembly)
For consumers • Provide tax benefits for buyers of repurposed batteries

• Lower VAT for refurbished, repurposed and remanufactured batteries
• Subsidise storage optimisation that uses repurposed batteries

Economic impact assessment • Cost comparison between new and repurposed batteries
• Link subsidies to job creation in battery-repurposing initiatives

Operational and structural support Research and development • Fund R&D initiatives to advance repurposing technologies
• Support pilot projects for battery repurposing
• Subsidise innovations for efficient and environmentally friendly repurposing processes

Infrastructure support • Invest in robust battery collection and recycling systems
• Establish centralised locations and logistical frameworks for battery return and transport
• Support local value chain improvement and development of new, sustainable recycling
technologies

Data and transparency • Create tracking systems to manage the life cycles of batteries
• Ensure transparency through labelling to build consumer confidence
• Facilitate data exchange among stakeholders (manufacturers, recyclers and repurposing entities)

Market engagement and impact Consumer and market engagement • Educate consumers and businesses on the advantages of repurposed batteries
• Promote the use of repurposed batteries in government projects and public infrastructure
• Forster collaborations between the public and private sectors to drive market demand and
innovation

Environmental and economic
considerations

• Calculate environmental impact benefits to align incentives with cost savings from positive
environmental practices

• Monitor the retention of battery materials within Europe to reduce dependency on imports
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Directive introduces recycled content requirements and aims to enhance
information availability, it indirectly supports repurposing without
strong incentives. Although Regulation 2023/1542 includes measures
such as the use of a BMS and battery health checks, it lacks mandatory
requirements or substantial incentives for repurposing. Dunn et al.
(2023) emphasised that prioritising second- and third-life applications
over recycling reduces the lifetime environmental impact of LIBs.
Hoarau and Lorang (2022) suggested adjusting recycled content re-
quirements to support second-life applications. We recommend a sys-
temic approach that harmonises recycling with second- and third-life
strategies through robust regulations that encompass all CES options.
This aligns with Börner et al. (2022) and Riveiro et al. (2023), who
stressed the importance of data sharing and transparency across the
battery value chain. Additionally, policies should be technology-neutral
to adapt to emerging technologies (Melin et al., 2021). The differences in
circularity-related policies across countries, such as China’s temporary
ban on large-scale repurposing (Geng et al., 2022), highlight the need for
universal standards to benefit CESs (Chirumalla et al., 2023). Compre-
hensive policies that integrate repurposing strategies into national en-
ergy frameworks (Kamath et al., 2020) can significantly enhance the
utility and environmental benefits of batteries.

5.4. Limitations and recommendations for further research

The present study contributes to extending the lifespan of spent EV
batteries within a conceptual model while acknowledging certain limi-
tations. The proposed model—derived from FGDs and secondary data-
—serves as a theoretical framework rather than an empirically tested
framework guiding the achievement of CE targets. Empirical in-
vestigations are needed to validate and refine the presented concepts.
No economic analysis for potential applications was conducted, high-
lighting the need for studies to assess the economic viability of each
repurposing application, particularly in relation to different battery
chemistries. For example, further exploration is needed to determine
when NMC or LFP batteries are most appropriate for specific applica-
tions, considering trade-offs between recyclability value, safety and
long-term performance benefits. The dynamic nature of the CE and
sustainable battery management, influenced by ongoing technological
advancements and regulatory changes, may impact the efficacy of the
outlined strategies. Although the present study offers insights into po-
tential pathways for extending the EV battery lifespan and aligning with
CE goals, further research, particularly through real-world applications,
is essential for validating and refining the model. Future research should
explore the practical implementation of the model in diverse contexts,
evaluate its effectiveness and consider safety concerns to mitigate risks
associated with repurposing while refining strategies to maximise the
value and lifespan of EV batteries within the CE model.
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