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ABSTRACT

Despite the increasing interest in second-life of electric vehicle batteries, the characteristics of supply
chains to support such products are yet to be developed. The purpose of this paper is to investigate
the key supply chain characteristics required to effectively accommodate circular models for second-
life electric vehicle batteries. Through a longitudinal case study, we map possible application areas
and customer segments, necessary key activities, and potential actors that might emerge in future
supply chains for these products. The findings are discussed in relation to product-oriented, use-
oriented, and result-oriented circular models. The suggested circular models and their comparisons
provide insights into how different supply chain dimensions are configured for different circular busi-
ness models, and the advantages, disadvantages, and prerequisites associated by each model.

Abbreviations: BM: Business model; EV: Electric vehicle; PHEV: Plug-in electric vehicles; BEV: Battery
electric vehicles; EoL: End of life; CE: Circular economy; CBM: Circular business model; CSC: Circular
supply chain; SoH: State-of-health; OEM: Original equipment manufacturer; BSP: Battery service pro-
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1. Introduction

The automotive industry is going through a major transform-
ation where internal combustion engine vehicles are being
replaced by zero-emission vehicles. In the European Union,
the shift from fossil fuels to electromobility is seen as pre-
requisite to reach the goal of climate neutrality by 2050
(European Commission 2019) and there will be a ban on the
sale of new diesel or petrol cars and vans from the year
2035 (European Commission 2023). Hence, EV batteries will
become an important source for green mobility, leading to
massive increases in their demand (European Parliament
2023) with corresponding challenges (International Energy
Agency 2020). The performance of a vehicle is limited to the
state-of-health (SoH) of the battery (Martinez-Laserna et al.
2018a). Early estimates indicated that after 8 to 10years in
service, the battery’s SoH level is expected to decrease to
70-80% level making them no longer useful to power EVs
(IDTechEx 2020; Jiang et al. 2018; Jiao and Evans 2017;
Olsson et al. 2018). Given the surge in demand for EVs, it is
estimated that battery waste will also increase massively,
reaching approximately 1.7 million tonnes of waste available
for recycling in 2030, an increase of 259% compared to 2021
(Circle Energy Storage 2022). However, considering both the
relative high costs (Kurdve et al. 2019), the scarcity of critical
raw materials (e.g. cobalt, lithium, natural graphite) with
potential disruptions in supply (European Commission 2020)
and the high environmental footprint (Martinez-Laserna et al.

2018b), EV batteries are too valuable to discard after use in
the vehicle. Triggered by the discussions on circular econ-
omy (CE) and high costs of recycling (Jiao and Evans 2016b),
alternative solutions for EV batteries such as repurposing
them for reuse in other applications and bringing them into
a second-life are being explored (Ghisellini, Cialani, and
Ulgiati 2016).

Research so far has explored the economic and environ-
mental viability of second-life of EV batteries (Casals, Amante
Garcia, and Canal 2019a; Casals, Barbero, and Corchero
2019b; Debnath, Ahmad, and Habibi 2014; Kamath et al.
2020), the effect of technical aspects on their viability (Keeli
and Sharma 2012; Martinez-Laserna et al. 2018b; Neubauer,
Wood, and Pesaran 2015), different areas of second-life appli-
cation (Lacey, Putrus, and Salim 2013; Song et al. 2019;
White, Thompson, and Swan 2020) and potential strategies
for reuse (Baars et al. 2020; Neubauer and Pesaran 2011) or
recycling (Feng et al. 2023; Xu et al. 2022). Several studies
have explored potential circular business models (CBMs) for
second-life of EV batteries (Brauer 2016; Chirumalla, Reyes,
and Toorajipour 2022; Chirumalla et al. 2024; Jiao and Evans
2017, 2016a, 2016b; Olsson et al. 2018; Reinhardt et al. 2020,
2019). A key differentiator between a linear BM and a CBM s
the associated supply chain (de Angelis, Howard, and
Miemczyk 2018; Burke, Zhang, and Wang 2023; Geissdoerfer
et al. 2018; Batista et al. 2018a). To understand the possibil-
ities of a sustainable and circular EV battery transition,
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knowledge about the various phases in the supply chain and
related industry outlooks is crucial (Barman, Dutta, and
Azzopardi 2023) but yet to be given scholarly attention
(Ahmad et al. 2023; Barman, Dutta, and Azzopardi 2023;
Schulz-Monninghoff, Neidhardt, and Niero 2023). With
increasing volumes of retired batteries, economies of scale
will emerge giving more opportunities for third-party collec-
tors and new supply chain configurations (Li 2022). Hence, a
key question evolves around the development of circular
supply chains for EV batteries.

Despite the increasing interest in BM research associated
with second-life of EV batteries, the characteristics of supply
chains to support such BMs in general, and CBMs in particular
are yet to be developed (Zils, Howard, and Hopkinson 2023).
Building this connection requires understanding of the fea-
tures of the supply chain structure. To this end, the purpose
of this paper is to investigate the key characteristics of circular
supply chains (CSCs) required to effectively accommodate
CBMs for the second-life of EV batteries. This includes map-
ping possible application areas and customer segments,
necessary key activities, and potential actors that might
emerge in the future CSCs for these products. Three research
questions are developed to operationalise this purpose:

1. What are the characteristics of CSCs that are associated
with CBMs for second-life EV batteries?

2. How may CSCs be structured for different CBM configura-
tions of second-life EV battery applications?

3. What kind of barriers, challenges, and opportunities
around CSCs for second-life EV batteries are foreseen?

Given that the market for EV batteries is developing fast
with a high degree of uncertainty regarding the performance
of the battery, the actors involved, and the rapidly changing
legislation, we opted for a longitudinal case study covering
the changing perspectives of companies in this field.

The remainder of the paper is organised as follows. First,
we critically review two literature streams that help us to
build our analytical framework; CBMs and CSCs. Based on
the theoretical conceptualisation, we have integrated CBMs
with CSCs within the context of EV batteries and conducted
an empirical study to expand the understanding on the
second-life of these products. A closer look into potential
application areas, respective customers, supply chain activ-
ities, actors and resources needed in different BMs for the
second-life of these products and remaining barriers are pro-
vided in Section 4. Finally, conclusions are made highlighting
relevant findings and implications for both research and
practice.

2. Towards CSCs supporting CBMs for second-life
EV batteries

While BMs entail a conception of how a business organisa-
tion creates, delivers, and captures value (Osterwalder and
Pigneur 2010), CBMs identify the way of doing business with
a circular and/or a closed system approach (Bocken et al.
2016; Geissdoerfer et al. 2018; Ludeke-Freund, Gold, and

Bocken 2019) by slowing, narrowing, and closing technical
and biological cycles (Bocken et al. 2016). The analytical
framework is built on CBM dimensions and CSC actors and
activities. The different CBM configurations inform CSC struc-
tures for second-life of EV batteries and require the involve-
ment of diverse actors performing different activities. In this
section, we first illustrate generic CBM and CSC structures
and review previous literature on the second-life of EV bat-
teries focusing on supply chain actors and activities which
later on are used to discuss the findings.

2.1. CBM dimensions

A value proposition is a set of products, services, or a com-
bination of both, that satisfies a customer need
(Chesbrough 2010) and offers benefits (Llideke-Freund,
Gold, and Bocken 2019) and value for the customer
(Chesbrough 2010). When adopting a circular business
logic, it is important to rearticulate the value proposition
(Geissdoerfer et al. 2020) and adjust it to the targeted cus-
tomer segment (Osterwalder and Pigneur 2010). In con-
trast to the traditional, linear BM logic, circular value
propositions are operationalised through e.g. access,
usage, and performance-oriented customer offerings
(Bocken et al. 2016; Ellen MacArthur Foundation 2013)
such as leasing, subscription and as-a-service BM
(Geissdoerfer et al. 2020; Ranta, Aarikka-Stenroos, and
Makinen 2018). Product-oriented, use-oriented, or result-
oriented product-service systems (PSS) (Tukker 2015, 2004)
are also forms for circular value propositions that aim to
improve resource utilisation (Mont 2002) and where EoL
activities are optimised through reuse or repurpose
(Michelini et al. 2017).

The second BM dimension, value creation and delivery,
refers to the key activities, partnerships and resources that
are necessary for the firm to create and deliver the value
proposition to target customers (Ludeke-Freund, Gold, and
Bocken 2019; Osterwalder and Pigneur 2010). This is closely
related to the CSC of a CBM (Geissdoerfer et al. 2020, 2018)
and will be elaborated further below.

The last dimension, value capture, considers how an
organisation may capture a fraction of the created value
(Ludeke-Freund, Gold, and Bocken 2019), and includes the
revenue streams, cost structure (Bocken et al. 2014), and the
applied revenue model (Geissdoerfer et al. 2020). In the case
of EoL products, value can be captured by taking the prod-
ucts back into the loop again through either providing cost
reductions for its materials that can be used as inputs to
new products, or by enabling a reuse and tapping into new
revenue streams (Bocken et al. 2014). Developing a business
from linear to CE perspective is not an easy process
(Mishra, Hopkinson, and Tidridge 2018; van Loon and Van
Wassenhove 2020) and requires reconfigurations in all these
three dimensions. Extending EoL products into a second-life
requires more targeted transformations of the traditional BM
dimensions. Choosing a circular business strategy that aligns
with the capabilities and resources of the company is impor-
tant (Atasu, Dumas, and Van Wassenhove 2021).



2.2. CBM for second-life EV batteries

The studies that have explored CBMs for the second-life of EV
batteries have focused mainly on deciding factors and uncer-
tainty. Jiao and Evans (2016a;b) found that finding a feasible
second-life application for EV batteries can reduce the costs of
electric vehicles but require governmental support and inter-
industrial collaboration, mainly between the vehicle manufac-
turer and energy companies. They further posit that a lack of
control over retired EV batteries hampers second-life possibil-
ities and hence that vehicle manufacturers need to retain the
ownership through e.g. leasing of batteries (Jiao and Evans
2016a, 2016b). Olsson et al. (2018) identified four business
models for EV batteries; the linear current model with limited
recycling, the linear current model with extended state-of-the-
art recycling, a circular model where batteries are repaired
and refurbished for second use, and a circular model with
reuse and second-life. The latter requires high degree of col-
laboration and the authors identified cognitive and organisa-
tional barriers related to such business models. Reinhardt
et al. (2019) also state that the attitudes and characteristics of
stakeholders are an important element in the highly uncertain
and fast-developing environment of EV batteries and shared
value creation and collaboration is needed to create a viable
business case for second-life EV batteries. A closer look into
the required collaboration forms provides evidence for the
involvement and even development of diverse actors to facili-
tate different CBM archetypes (Chirumalla et al. 2024). The cur-
rent CBM strategies of different vehicle manufacturers in
Europe indicate how context-dependent and policy driven
these initiatives are where linear and recycling BMs seem to
dominate the industry for now (Albertsen et al. 2021).

2.3. CSCs for second-life EV batteries

While CSCs are integral parts of CBMs, there are different
approaches to their conceptualisation and their building
blocks. Batista et al. (2018b) highlight the prolonged life
cycle focus and the sustainability of their performance.
Farooque et al. (2019) offer a more specific approach by
underlining the importance of restorative and regenerative
cycles with a zero-waste perspective while defining CSCs.

Despite the fundamental differences between the linear
and circular models, conceptualizations refer seldom to prac-
tices or attributes that are unique to CSCs (Masi, Day, and
Godsell 2017). In an extensive review of the field, Farooque
et al. (2019) list main supply chain functions that are related
to CE, ranging from product/service design, procurement,
production, logistics, consumption, towards EoL and waste
management. However, a circular perspective entails specific
attention to prolonged and multiple cycles with several sup-
ply chains required to function in each cycle. For better
understanding, it is essential to focus on the specific stages
and investigate the supply chains that need to be structured
within that stage or cycle. To conceptualise the CSCs for EoL
EV batteries, we use the framework from Geissdoerfer et al.
(2020) in Figure 1 and illustrate the activities and actors to
facilitate the flows within these supply chains.
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2.3.1. Activities

The CSCs of EoL EV batteries start when their first lives in
vehicles end and they are collected from these vehicles.
Following the circular approach, the second-life supply chain
should end with a collection activity again for third, fourth
or nth usage within the same cycle or in other cycles. The
flows within such a circular chain are between the EV ori-
ginal equipment manufacturer (OEM) and users in second-
life EV battery markets.

The ten activities depicted in Figure 1 are developed by
integrating three bodies of knowledge: seminal supply chain
conceptualizations (Lambert and Cooper 2000; Lambert and
Enz 2017), reverse and closed-loop supply chains (Blackburn
et al. 2004; Guide and Van Wassenhove 2001; Morana and
Seuring 2007) and CSC models (Farooque et al. 2019;
Geissdoerfer et al. 2018; Bressanelli, Perona, and Saccani 2019).
Product disposition determines SoH of the battery through
testing, grading, and sorting of the used batteries (Guide and
Van Wassenhove 2009). Some batteries will be transferred to
their second-life, either directly being remarketed or after
refurbishment and/or repurposing. Refurbishment enhances
the longevity of products by e.g. replacing parts and perform-
ing maintenance (Ludeke-Freund, Gold, and Bocken 2019),
while repurposing prepares the product for use in other mar-
kets (Bernon, Tjahjono, and Ripanti 2018). Followed by this is
remarketing, based on the value proposition inherent to the
selected business model. Remarketing EoL products into exist-
ing markets entails a risk of cannibalisation of new products
and markets (Abbey et al. 2015). Following this is the forward
logistics activities to the new customer and customer service
activities such as installing and maintenance at customer base
which can create new revenue flows. Kalmykova, Sadagopan,
and Rosado (2018) state that existing CE studies focus heavily
on recovery, consumption and use parts of the value chain
while ignoring manufacturing, distribution, and sales stages.
Our conceptualisation addresses this issue by illustrating a hol-
istic approach instead.

When batteries have been rendered obsolete in their
second-life application, depending on the ownership model
or the regulations in the specific setting, a product reacquisi-
tion activity might be necessary (Morana and Seuring 2007)
which will require reverse supply chain flows. Within this
framework, it is assumed that the product responsibility for
the OEM continues. However, depending on the context and
regulations, the second or third life of EV batteries might
begin at another product owner, potentially a new actor.

2.3.2. Actors

A different constellation of actors will be needed to perform
activities in the second-life of EV battery supply chains. EV
OEMs and customers of second-life batteries are positioned
at the opposite ends of the CSC in Figure 1. Intermediaries
such as recyclers, logistic service providers (LSPs) (Olsson
et al. 2018) or new actors such as battery service providers
(BSPs) (Reinhardt et al. 2020, 2019) are expected to fulfil vari-
ous functions to facilitate the circular flows between the key
actors. Recyclers can act as dismantlers or extend their serv-
ices into product disposition and refurbishing, depending on
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Figure 1. A circular supply chain for the second-life of EV batteries.

the context. They can even act as a sub-category within BSPs
that are specialised actors who offer all types of value chain
services such as maintenance, repair or repurposing of
the batteries (Reinhardt et al. 2020, 2019). LSPs handle the
movement and storage of used batteries between OEMs,
BSPs and respective markets. Within the second-life EV bat-
tery market, a closer focus on customers is required because
these markets vary significantly based on the intended use.
Intended use would change the required activities and inter-
mediaries. Therefore, it is important to differentiate between
customer groups and application areas.

Depending on what degree of vertical integration the
OEM chooses to have, the included actors within the CSC
and the scope of their roles will be affected (Williamson
1973). Earlier studies (Jiao and Evans 2017; Reinhardt et al.
2020) have identified that partnerships and inter-firm collab-
orations within the value network will be key to facilitate a
CBM for second-life EV batteries, hence affecting the actor
constellation in associated supply chains.

3. Methodology

In line with the exploratory nature of the purpose, a single
case study research design using longitudinal data is
adopted in this study (Flick 2018), where the chosen setting
is the emerging second-life EV battery sector. Following the
definitions from Eisenhardt (1989) and Yin (2015), a case
study refers to an in-depth investigation of a single unit to

SCFROM sEcONDUIF®

2ND LIFEEV
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illuminate the characteristics of a larger but similar phenom-
enon. For an emerging phenomenon and when the research
problem and questions are directed towards the analysis of a
number of interdependent variables in complex structures,
in-depth case study is a suitable method (Dubois and Gadde
2002). When studying transition challenges and opportuni-
ties, the longitudinal nature of the study becomes important.
The interviews are conducted over a timespan of four years,
providing a unique insight into how companies are working
with developing CBMs and their associated CSCs in an
uncertain setting with fast development and changing legis-
lation. The interviews were conducted at intervals in four dis-
tinct blocks (late 2017, early 2020, late 2020, and late 2021)
and constitute as ‘multiple shot’ longitudinal case study
(Blazejewski 2011). The research process was abductive
(Bryman and Bell 2015), as both the empirical and theoretical
scope of the project was modified iteratively, an approach
that is often useful when exploring new realms and concepts
where the original framework subsequently needs adaptation
(Dubois and Gadde 2002).

3.1. Sampling

The sampling started with the purposeful selection of the
OEM because of their quest to explore the potential for ena-
bling a second-life for its used EV batteries. The OEM can
also be seen as the ‘focal firm’ in the supply chain that has
the power to strategically lead the transition to CSC (Burke,



Zhang, and Wang 2023). The unit of analysis in this study is
the CSC structure for second-life EV batteries. Though this
CSC did not fully exist and operate during this longitudinal
data collection process, we aimed to gather a representative
sample to include all the potential actors in different CSC
configurations. This required multiple iterations of a chain
referral. First, we selected a purposeful sample (Flick 2018)
from key contacts along the CSC for EoL EV batteries and
within the OEM. We conducted the initial interviews with a
set of interviewees from both business and technical depart-
ments. This allowed us to include multiple expertise and
experience in relation to EV batteries from within and
beyond the OEM perspective. After the initial round, we
coded and analysed the data and adopted a theoretical sam-
pling approach (Bryman and Bell 2015; Flick 2018) where ini-
tial findings from this analysis were used to shape the rest of
the data collection. In addition to the inclusion of other
interviewees at the OEM, the sample was extended to poten-
tial customers, industry experts and BSPs. Such an approach
helped to capture insights from a potential supply chain for
second-life of EV batteries. The sample from the customer
category included different potential market segments for
these products. Industry experts were selected through chain
referral and snowballing from earlier interviews. Finally, BSPs
were selected based on a combination of availability and fit,
as this actor type is still emerging and hence relatively scarce.

3.2. Data collection and analysis

Due to the explorative nature of this study, aiming at reveal-
ing the characteristics of a relatively unexplored area, semi-
structured interviews (Newcomer, Hatry, and Wholey 2015)
were used as the primary source of empirical evidence. This
data collection method offers flexibility and facilitates adap-
tation to progress (Bryman and Bell 2015). After initial discus-
sions, an interview guide was developed for data collection
at the OEM and adapted for the different actor groups listed
above. A total of 37 interviews were conducted between
November 2017 and December 2021. Table 1 shows the
details about the interviews. The interview guides for the
later interviews included a set of questions with the aim to
triangulate (Denzin 2017) the findings of the earlier inter-
views. The interviews were recorded, with permission from
the interviewees, and used only by the researchers to valid-
ate the data in the notes and the summaries (Andersson
1985; Flick 2018).

Field notes from all interviews were summarised and
recorded directly after the meeting. Moreover, the field notes
and the audio were compiled together to complement each
other, which also marked the first step of the data analysis
(Burnard 1991; Stuart et al. 2002; Voss, Tsikriktsis, and
Frohlich 2002). Following this, CBM and CSC literature was
used to develop high-order a priori codes (Miles, Huberman,
and Saldana 2020) to guide the first categorisation of the
retrieved data, more specifically the three dimensions of the
CBM. Next, the empirical data was grouped according to
similarity, hence structuring the data (Fawcett et al. 2014) by
finding repetitions in the data (Bernard 2017). This was done
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on an electronic spreadsheet where higher-order categories
were placed to the left-hand side, and the lower-order,
inductive codes (Miles, Huberman, and Saldana 2020) derived
from the data to the right. By iteratively analysing the data,
relating it to and refining (Burnard 1991) the associated the-
oretical and inductive codes, areas, and subareas relevant
when designing CBMs and associated CSCs for second-life of
EV batteries were deduced.

3.3. Research quality

According to Flick (2018) and Roulston (2010), the design
and execution of the research process affects the quality of
qualitative research. As the aim of the study is to explore
and discover (Dubois and Gadde 2002), previously unchar-
tered areas, the abductive and iterative approach is deemed
to be a suitable way to design the research process, hence
acting as a pillar for quality. Moreover, when conducting
qualitative research, the traditional criteria of research qual-
ity, objectivity, reliability, and validity (Flick 2018), are less
useful (Halldérsson and Aastrup 2003). Instead, trustworthi-
ness is suggested as a suitable criterion (Lincoln and Guba
1985), where confirmability, credibility, dependability, and
transferability (Halldérsson and Aastrup 2003) should be
achieved.

Confirmability, which addresses to promoting neutrality
and reducing biases in the study (Lincoln and Guba 1985), is
achieved through the involvement of multiple perspectives
and triangulation of data, time, people, and space. The itera-
tive matching process where theoretical and empirical cod-
ing were combined assured credibility. Furthermore,
credibility was also supported by the validation of the find-
ings from initial interviews. The longitudinal nature of the
data collection process ensured continuous validation of the
findings as well as supported the confirmability. The multiple
iterations of data collection sessions enabled us to collect
data on the latest developments and policy changes. The
data was also triangulated with industry reports, policy docu-
ments such as the EU Battery Directive and web-based sour-
ces such as the professional discussion pieces on online
media channels. The rich descriptions from multiple actor
perspectives enables the transferability of the findings to
other contexts (Halldorsson, Altuntas Vural, and Wehner
2019; Halldérsson and Aastrup 2003) such as other EV bat-
tery CSCs or CSCs in general. Finally, dependability was
achieved by complementing the field notes and summarised
data with recordings, reconstruction of the data with the
help of coding.

4, Findings
4.1. Value proposition of second-life applications

According to the initial findings from the interviews in 2017,
the lifespan and performance of the batteries during their
full lifecycle were very uncertain during the early days of the
EV battery. The returned volume was low, and the returned
batteries had warranty issues. OEMs and recyclers started to



1234 (&) C. ALTUNTAS VURAL ET AL.

Table 1. Interviews conducted within the study.

Interviewee Company size Location of Duration
# code Interviewee's role Actor type Industry (# employees) headquarter Date (min)
1 OEM1 Mid-Level Management OEM Automotive industry 40,000-50,000  Sweden 2017-11-30 120
2 OEM2 Mid-Level Management OEM Automotive industry 40,000-50,000  Sweden 2017-11-30 120
3 OEM3 Technical expert OEM Automotive industry 40,000-50,000  Sweden 2017-11-30 120
4 l Mid-Level Management Customer Energy provider 10,000-20,000  Sweden 2017-11-30 120
5 (@) Technical expert Customer Energy provider 10,000-20,000  Sweden 2017-11-30 120
6 BSP1 Technical expert Battery service Recycler 1,000-5,000 Sweden 2017-11-30 120
provider
7 OEM4 Mid-Level Management OEM Automotive industry 40,000-50,000  Sweden 2017-12-20 52
8 OEM5 Mid-Level Management OEM Automotive industry 40,000-50,000  Sweden 2017-12-21 59
9 BSP2 Top-Level Management Battery service Technology provider 20-50 Australia 2017-12-21 59
provider
10 OEMé6 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-02-17 68
1 OEM7 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-02-17 68
12 OEM8 Technical Expert OEM Automotive Industry 40,000-50,000  Sweden 2020-02-19 59
13  OEM9 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-02-19 72
14 OEM10 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-02-20 59
15 OEM11 Technical Expert OEM Automotive Industry 40,000-50,000  Sweden 2020-02-20 61
16  OEM12 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-02-25 95
17  EE1 Researcher External Expert University 1,000-5,000 Sweden 2020-02-25 63
18  OEM13 Mid-Level Management OEM Automotive Industry 40,000-50,000  Sweden 2020-03-02 58
19 EE2 Researcher External Expert University 1,000-5,000 Sweden 2020-03-17 85
20  EE3 Researcher External Expert University 1,000-5,000 Sweden 2020-03-17 85
21 @3 Top-Level Management Customer Energy Technology 20-50 Sweden 2020-03-18 63
Provider
22 4 Mid-Level Management Customer Energy Provider 1,000-2,000 Sweden 2020-03-24 64
23 G5 Mid-Level Management Customer Energy Provider 20-50 Norway / 2020-03-26 74
Sweden
24 (6 Top-Level Management Customer Energy Technology 10,000-20,000  Sweden 2020-03-26 57
Provider
25 @ Top-Level Management Customer Energy Technology 50-100 Sweden 2020-04-08 58
Provider
26 (8 Top-Level Management Customer Energy Provider 1,000-2,000 Sweden 2020-04-16 63
27 BSP3/Q9 Top-Level Management Battery Service Energy Provider 5,000-10,000 Finland 2020-11-19 77
Provider /
Customer
28  BSP4 Top-Level Management Battery Service Technology Provider 10-20 Sweden 2020-11-24 60
Provider
29  BSP5 Top-Level Management Battery Service Systems Integrator 10-20 Norway 2020-11-24 60
Provider
30 BSP6 Top-Level Management Battery Service Technology Provider 50-100 Great Britain 2020-11-25 55
Provider
31 BSP7 Technical expert Battery Service Recycler 10,000-20,000  Belgium 2021-10-20 120
Provider
32 BSP8 Mid-Level Management Battery Service Recycler 10,000-20,000 Belgium 2021-10-20 120
Provider
33 0 Mid-Level Management Customer Energy Provider 1,000-2,000 Sweden 2021-10-20 120
34 C10 Mid-Level Management Customer Energy Provider 1,000-2,000 Sweden 2021-11-5 35
35 BSP9 Mid-Level Management Battery Service Recycler 1,000-5,000 Sweden 2021-11-30 90
Provider
36 OEM14 Mid-Level Management OEM Automotive industry 1,000-5,000 Sweden 2021-11-30 920
37  OEM15 Mid-Level Management OEM Automotive industry 40,000-50,000  Sweden 2021-12-1 25

explore a sorting strategy where high performing batteries
(around 95% of the original capacity) were to be reused in
automotive applications, batteries with 70-80% of their cap-
acity to be used in second-life applications, and low-quality
batteries to be recycled. However, second-life applications,
mainly energy storage systems at homes or industrial buildings,
consisted mostly of pilot tests and demonstration applications
by then. Along with technological developments, the findings
from 2020, showed more potential application areas for retired
EV batteries which can be grouped under six headings.

Energy storage systems (ESS): With increasing shares of
renewable energy sources such as wind and solar
energy in the electricity mix, the demand for solutions
that can store energy for later consumption increases.
Used EV batteries can bridge the gap between the

3.

production and consumption of energy. Two of the
most promising application areas for grid investment
deferral are fast charging, as this can be an enabler for
economic viability and also ESS systems for private
home charging applications... here, private customers
combine solar panels, ESS, and EV charging as a system’.
Frequency regulation: Used batteries can provide quick
power to mitigate spikes and fluctuations within the fre-
quency of a grid. With an increasing number of intermit-
tent energy sources there will be higher need for this
ahead.

Grid investment deferral: An example of this use is with
EV fast chargers, which will require large power outtakes
in kilowatts at certain time slots, and in many cases, this
will require grid upgrades which often are very expen-
sive. Instead of reinforcing the grid, the current grid can



be used to charge a decentralised storage of second-life
EV batteries which then can deliver the high power
needed at the fast-charging station, hence reducing the
need for grid upgrades. A customer emphasises the sus-
tainability advantage here: ‘if second-life EV batteries
can provide the same specifications as new batteries,
they could potentially be attractive as they provide a
sustainable advantage as the demand for new produc-
tions is eliminated'.

4. Peak shaving: Used EV batteries can be used to reduce
the grid load during peak consumption. Hence, instead
of sourcing the power directly from the grid during
peak hours, the capacity in the battery is used instead,
which later is recharged when there is more capacity
within the grid.

5. Back-up power storage: Used batteries can be used in
factories and commercial buildings, typically substituting
diesel generators.

6. Portable charging stations: These can be used to charge
e.g. EVs during events or at locations which has a
demand that varies according to season. An example
given by an energy provider is ‘Portable charging sta-
tions have been used at a ferry port in Sweden that has
a strong seasonal character in their demand. This was
done with new batteries, but it could probably be done
with second-life EV batteries instead, and thereby
achieve better profitability’.

Value proposition with respect to EV batteries varies
depending on the potential application areas. Derived from
the data, Table 2 lists the application areas and relates these
to potential customer segment categories.

The chemistry or technology of the EV battery is important
in determining the suitable application area. Currently, there
are typically two types of EV batteries Plug-In Electric Vehicle
Batteries (PHEV), and Battery Electric Vehicle Batteries (BEV). PHEV
batteries are usually designed to provide high power during a
shorter period of time, hence suitable for applications requiring
high power over shorter periods. BEV batteries on the other
hand are often designed to provide electricity over a longer
period of time, hence more suitable for applications with a
focus on capacity in kWh rather than in high kW output.

4.2. Supply chain implications

The supply chain activities for second-life EV batteries differ
from a traditional, linear supply chain. The main assumption
inherent to the data is that the batteries are collected from
their first use, i.e. from the use in the vehicles. Theoretically,
this could be at various points; after accidents, after issues dur-
ing or outside the warranty period, or at the vehicles end-of-
life. In reality, not all batteries are retrieved by the OEM after
first-life. EV batteries are, in the current system, owned by the
vehicle owner and it is the vehicle owner who makes end-of-
life decisions, including when, where, and whom to involve.
Batteries that fail during the warranty period are usually taken
back to the OEM, who sends it further to the battery manufac-
turer for analysis. If there is an accident, the vehicle is
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Table 2. Identified customer segments with respective identified potential
application areas in 2020.

Customer segment Application area

Commercial properties Energy Storage System (ESS)
Grid Investment Deferral
Peak Shaving

ESS

Grid Investment Deferral
Peak Shaving

Portable Charging Stations
ESS

Grid Investment Deferral
Peak Shaving

Frequency Regulation

Grid Investment Deferral
Frequency Regulation
Backup Power Storage
ESS

EV charging infrastructure providers

Private grid owners

Public grid owners

Residential properties

thereafter usually owned by the insurance company which
means that it might be outside the control as well as visibility
of the OEM if the insurance company does not collaborate
with the OEM. Issues with batteries outside warranty period
are often replaced at independent repair shops, ending up at
the so-called ‘free market'. Hence, even for batteries flowing
from first to second-life, various actors can be involved.

The general supply chain for second-life EV batteries,
regardless of which actor is performing the various activities,
starts from collecting the batteries after first life and ends
with recycling. For batteries in usable shape, multiple itera-
tions of repurposing, refurbishing, distribution and mainten-
ance activities can take place. The EV battery CSC, where the
waste hierarchy is applied, is depicted in Figure 2.

After the batteries have been retrieved from their first-
life through a take back activity, a testing and sorting activ-
ity might be necessary. The quality of the battery, through
a State-of-Health (SoH) assessment, can be determined in
two ways depending on access: i) Test activity post first-life,
or ii) Continuous measurement throughout its life via a
soft- and hardware solution. When the SoH has been deter-
mined, a sorting activity is done where the battery packs or
modules are sent to either repurposing, refurbishing, or
recycling depending on the condition. The goal of refur-
bishment is to achieve a battery that has an overall SoH
among the modules that is aligned with the specifications
needed for the desired second-life application. Then,
depending on the value proposition chosen, a repurposing
activity may be necessary where the used battery packs or
modules are integrated into a second-life product or sys-
tem. An integrated system may consist of battery packs or
modules and an associated Battery Management System
(BMS), i.e. control and safety system. The remarketing activ-
ity includes handling e.g. sales and customer requests of
the second-life activities. Moreover, the warranty may also
be needed to be take care of. Distribution involves logistics
and transport activities where the second-life batteries or
the repurposed product systems are transported to its
second-life application where it will be necessary to install
the second-life batteries at customers application.
Installation will also encompass ensuring that the second-
life application is operable and that the safety requirements
have been met. However, there were contradictory opinions
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Figure 2. EV battery second-life supply chain.

on the design for second life. Some customers thought that
‘it may be necessary to customise the batteries for the use
in customer applications’, whereas some thought ‘For the
business case, it is better to customise the original second-
life EV battery systems as little as possible and use the
internal control system, as this is just an extra cost’. During
its second-life, maintenance of the second-life systems will
be required to ensure that the safety and performance
requirements are met. The maintenance activity may also
be used to identify potentially degraded battery packs and
modules that need to be replaced.

After the batteries have been deemed as no longer viable
for use within its second-life application, it will be necessary
to disassemble the batteries. Disassembly can be done either
on an individual pack or module level where a faulty or
degraded unit is replaced in a modularised manner or by dis-
assembling the whole system including peripherals. After the
disassembly, the logistics flow reversing the batteries post
second-life will occur. Depending on the strategy, they may
either be sent to a product disposition or recycling activity. If
the battery modules or packs are deemed for potential reuse
after its second-life application, they may be sent to a prod-
uct disposition activity, to determine if they can be reused
again before recycling. When the battery or the parts are
deemed no longer useful, the last step is to recycle the
material of the batteries.

According to the findings from 2021, there are worries at
the OEM side that the new EU battery regulation incentivizes
the companies to source recycled materials, which discour-
ages second-life. Materials needed for battery production are
scarce and prices will increase due to increased demand.
Companies will experience shortage of material as well as
components. There are large investments in battery recycling
capacity and multiple actors are entering the recycling mar-
ket. Thus, market concerns might lead to a situation where
reuse is skipped, and batteries are recycled directly. From a
circularity and waste hierarchy perspective, batteries should
be reused first before being recycled, however, legislation
that states the amount of recycled content to be used in
new batteries puts pressure on having quick recycling (and
not being delayed by extending product life through
second-life) which indicates a conflict in regulations (EU
waste hierarchy vs. battery legislation).

reacquisition

4.3. Actor roles and collaboration

Several actors are involved in the CSC for EV batteries. The
findings demonstrate their roles as well as the required col-
laboration between them depending on the preferred BM for
second-life batteries.

On the supply side, EV OEMs have the producer’s respon-
sibility and they set the strategy for collected batteries.
During the early days of EVs, these actors built expertise and
developed resources to diagnose returned batteries and set
up locations where they test and sort EV batteries. However,
our results showed that in most of the cases, the second-life
business model is outside the OEM’s core business area so it
is unlikely that the activities can be performed fully in-house,
or fully vertically integrated by the OEM. They will need to
partner with other actors to build CSCs for used batteries.

In order for us to perform the activities in-house there will be a
huge need for developing and/or acquiring multiple new
resources such as sales activities, installation and customization
activities, maintenance activities, logistics and warehousing
activities, and finally administration activities (OEM 13).

On the demand side of the market, five potential cus-
tomer segments are listed i) Commercial properties, ii) EV
charging infrastructure providers, iii) Private grid owners, iv)
Public grid owners, and v) Residential properties, as illustrated
in Table 2 above, in addition to OEMs who can be potential
users of second-life batteries for their own internal opera-
tions. There are several intermediaries that are required in
circular battery supply chains. The BSP is an external actor
who performs activities within the CSC for second-life EV bat-
teries. A wide range of BSPs have been identified: i) Second-
life battery repurposers, ii) Battery technology providers, iii)
Battery refurbishers iv) Battery recyclers, and v) Installation
and maintenance providers. The first category refers to BSPs
that aim to develop, produce, and sell complete second-life
products and systems, hence integrating batteries and neces-
sary services. The second category encompasses actors that
provide technology solutions for second-life EV batteries,
such as traceability or technology that can track the SoH of
EV batteries throughout life. The third category refers to the
actors that specialise in refurbishing or repairing EV batteries
for reuse. The fourth BSP category, the recyclers, has two
connections to CSCs of EV batteries. Firstly, they have a role



at the post first or second-life when batteries need to be
recycled and recovered materials will be the inputs to other
cycles. Secondly, recyclers have already established connec-
tions to EoL vehicles, hence it was found that it may be nat-
ural for recyclers to extend the scope of their business by
potentially providing second-life solutions. Initial initiatives
included the collection of post first use batteries, assessment
of SoH at central locations, and building upon their network
of existing partners. Recyclers could also take the role as
asset owners throughout the whole life of the EV battery,
e.g. by providing the battery to the OEMs during its first life
and to e.g. second-life battery repurposers post first-life, and
then retrieving it for recycling post second-life. The fifth cat-
egory of BSPs refers to the providers of installation and
maintenance activities. The advantage of having an inter-
mediary like this was emphasised by OEMs as well ‘As this
(second-life EV battery application activities) is outside our
core, it is better to let another actor perform it. | also believe
that it could probably be done more efficiently by an exter-
nal party’ (OEM 10).

The last actor group is the logistics service providers
(LSPs). The transportation and storage of EoL EV batteries
might be subject to special rules and regulations because
the battery packs or modules are categorised as dangerous
goods. LSPs engaged in these activities need to have the
right knowledge and equipment to transport or store these
products. These LSPs might specialise only in this area or can
offer logistics services together with other services.

4.4. Ownership models

The ownership model of the EV battery was discussed exten-
sively at the OEM, including the possibility to separate the
battery from the vehicle and sell the vehicle while leasing
the batteries. However, there is a concern that this model
will be difficult to understand for the customer which might
be a barrier for adopting this model. All batteries are there-
fore sold together with the vehicle during first-life. The trad-
itional model of sales, i.e. transferred ownership through an
upfront payment, is the model that OEMs are traditionally
familiar with. Furthermore, it is considered as a preferred
model for some customer segments such as some commer-
cial property owners, as they traditionally base their business
models on ownership of assets. However, even though own-
ership is transferred in this model, complementary services
would still be required: ‘I believe that Energy Providers are
most interested in acquiring the ownership of the batteries,
but it would probably be interesting to get the possibility to
purchase services such as installation and maintenance from
a supplier (C6). Another energy provider actor that is
involved in pilots around using retired EV batteries in ESSs
sees their role mainly in the function and utility of the ESS.
As energy providers, they do not have sufficient technical
knowledge about the batteries to ensure quality and per-
formance of battery during second-life, they do not have the
right capabilities to assess the battery status and health dur-
ing procurement. This model can reduce the risk for the sell-
ing actor, e.g. the OEM or the recycler, but the risk is higher
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for the buying party. As the specifications of EoL EV batteries
are currently volatile, the customer might perceive the risk of
taking ownership too high. Another risk with this model is
the lack of clarity around producer responsibility legislations
whereas if these regulations become stricter, this model
would not be viable. When ownership is transferred, it
becomes more cumbersome to legally control the battery
and activities regarding product reacquisition post second-
life might be required. Finally, the upfront investment that is
required to purchase the batteries exhibits another disadvan-
tage and eliminates some customer segments or actors that
do not have the required capital or do not want to make
large investments. C3 stated ‘Private companies or consum-
ers that do not have ownership of power infrastructure as a
core would probably appreciate to avoid making investments
in batteries’.

In the servitization-based model the ownership is retained
by the OEM or a BSP and the utility of the second-life EV
batteries is offered as a service instead of a product. In this
model, customers can be charged according to kWh they
use from the batteries. An alternative way is to offer a sub-
scription model where the customer pays for a specific level
of performance, e.g. peak shaving a certain amount per day
or month. An advantage of this model for the OEM is the
retained ownership, as OEM10 states: ‘An advantage of
retaining the ownership of the batteries is that it could make
it easier for us to guarantee a producer responsibility as we
then still have the legal ownership of the batteries’. Hence,
the retained ownership increases control and access to the
return flow of the used batteries post second-life. Keeping
ownership of batteries is a key step in establishing a busi-
ness model around second-life batteries, providing room for
e.g. evaluating performance and safety, collecting data for
further product and technology development, or finetuning
value propositions for the second-life EV batteries.

On the other hand, the more recent data collected in the
light of new battery legislation indicates that the producer
responsibility for the battery is transferred to the vehicle
owner after EV sales. The new legislation, while being very
confusing, could incentivize OEMs to not want to maintain
the ownership of batteries that are out of the scope of their
main business model.

In addition to asset sales and servitized BMs, the findings
show that some actors prefer participating in revenue sharing
models, where the ownership of the EV batteries is held by
one specific actor throughout both first and second lives. One
respondent observed that it might be attractive for battery
recyclers or private grid owners to collaborate with OEMs
where they hold the ownership of EV batteries and lease the
batteries to first-life customers, i.e. within vehicles, and then
retrieve the batteries and repurpose them, either alone or in
collaboration with another BSP, for reuse within a second-life.
Potentially, this type of model can decrease the barriers to
adoption both in first and second lives as the costs are shared
as well as the revenues throughout different cycles. These
costs are listed as i) Cost for EV batteries, ii) Recycling costs,
i) Installation and maintenance costs, iv) Refurbishing costs,
v) Product disposition costs, and vi) Repurposing costs.
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4.5. Barriers, challenges, and opportunities

Earlier in 2017, the OEMs had EV batteries on the market, but
it was a relatively new business, and all batteries were still
within their warranty period. The lifespan of the batteries was
unknown, but it was expected to be longer than the warranty
period. OEMs were adding that the lifespan of the battery was
dependent on user behaviour and temperature, and that it is
in the end the vehicle owner that owns the battery and there-
fore can make end-of-life decisions around the battery (includ-
ing when to take out the battery and to which actor it to
bring). There was lack of clarity around information needs and
lack of communication between the recyclers and OEMs.

Several actors along the extended EV battery supply chain
indicated that they were interested in exploring feasible busi-
ness models for reuse and recycling of EV batteries and the
necessary collaborations to move forward. More knowledge
was needed to understand possible business models, the
users, and requirements they put on second-life EV batteries.
Recyclers pointed to the difficulty of knowing the chemical
composition of the EV batteries and not having the knowledge
to assess the quality of the batteries, while energy providers
potentially interested in second-life of batteries mentioned the
problem of knowing SoH when batteries are transferred from
first to second-life, the chemistry and packaging impact on the
reuse possibility, and the sustainability aspect of reusing and
recycling batteries. Other barriers brought up were intellectual
property problems and the general unclarity about who owns
the IP, the OEM or the battery manufacturer. Batteries were
designed with the focus on the first use application. Different
competences for managing second-life applications were not
considered in the product design phase such as monitoring
the SoH and similar diagnostics.

In 2020, the empirical evidence pointed out some prereg-
uisites, barriers, and enablers for effective circulation of EoL
EV batteries. A summary is provided in Table 3 as supporting
evidence to answer the third research question.

Findings indicate that the cost component is an important
aspect of the value proposition for second-life EV batteries.
They must be offered at a cost that is low enough compared
to the new counterpart to stay attractive. Emphasising the
total cost to be born, C5 stated that ‘it is not necessary to
only take the upfront cost into account of the pure battery,
rather the total cost of the installation must be cheaper than
a new one’. Second-life EV batteries must be offered at a

Table 3. Prerequisites, barriers, and enablers for effective circulation of EoL EV
batteries.

Type
Prerequisites

Factors

Lower price than new counterpart

Need to ensure safety of batteries
Determine SoH and lifespan of batteries
Establish steady supply of batteries

Rapid innovation rate of new EV batteries
Process innovation in battery recycling
Public opinion about associated risks

A future decrease in electricity price
Traceability of EV batteries

Design for second-life

Standardisation of repurposing operations
Knowledge and communication sharing
Battery hardware and software technology

Barriers

Enablers

lower price than new batteries, taking the total system cost
into account, i.e. batteries, service, and maintenance. Safety of
the second-life batteries must be assured for enabling use in
different application areas. One way of doing this is avoiding
the dismantling of battery packs and using them as-is with
the protective casing intact. The advantages of using whole
battery packs is that the protective casing is designed to pro-
tect against impacts and damages, both externally and intern-
ally, hence offering secure storage for second-life use.
Moreover, by utilising the whole battery pack, the protective
systems and interfaces can be reused, hence reducing the
need for developing and producing this again for the second-
life systems. An advantage highlighted for the use of breaking
the battery packs into modules and disassembling the pro-
tective casing is that it can give more flexibility in designing
the second-life solutions to align with e.g. space constraints.
However, this option would require further processing. In any
case, the inventory of second-life batteries should be stored in
special casing and preferably at an external warehouse to pro-
tect facilities and humans in the case of an accident.

Another important issue is monitoring SoH for EoL EV bat-
teries both during pre and second-life, as this will be
required to meet the specifications for second-life applica-
tions: ‘An important aspect is to be able to know how long
the battery will last and how fast the degradation of the per-
formance will occur’ (C5). Moreover, a steady flow of used EV
batteries is needed to develop a viable CBM for these prod-
ucts. C6 emphasises this prerequisite by also referring to the
heterogeneity in battery types: ‘In order for us to achieve
economies of scale within the operations, the available quan-
tity of a certain battery must also be big enough, since
otherwise the unique configuration costs for each battery
type will be too high compared to the cost-saving gain of
using second-life EV batteries’.

Among the barriers for these CBMs, the rapid innovation
rate is mentioned widely. The alternation in design of battery
cells, modules and packs could be cumbersome when devel-
oping a repurposing facility for second-life batteries, as this
leads to a high degree of variation in the supply of used bat-
teries. Another issue is the competition between alternative
CBMs. For example, if the process innovations for recycling of
used EV batteries improves the efficiency of material recycling
or if recycling costs drop significantly, recycling models might
become more attractive than second-life models. This is also
associated with the innovation rate of new EV batteries. If the
relative performance-cost ratio of new batteries accelerates,
the incentives to purchase used batteries could be hampered.

The public opinion regarding the risks of reused batteries
also acts as a barrier for wide adoption across different cus-
tomer segments. ‘It is common to hear people say that they
are afraid of batteries as they think that they may start to
burn and explode. One of my customers once said to me,
should we have a bomb in the garage? (C7). Lastly, a decreas-
ing electricity price causes a decrease in the demand for stor-
ing energy. A surplus of available electricity in the grid at a
cheaper price is expected to act as a barrier to facilitate
second-life BMs for EV batteries. However, with the late sub-
stantial increase in electricity prices and the increasing share



of renewable energy with an intermittent nature, the demand
for energy storage will most likely only increase in the future.

Findings pointed out some enablers to meet these pre-
requisites or mitigate the barriers. Effective traceability is
expected to ensure compliance with producer responsibility
and relief part of perceived safety risks. Moreover, standard-
isation of EV batteries during initial production stage would
ease the disassembly of EV batteries, both from EVs but also
within the battery pack itself when changing parts during
refurbishing and repurposing for a second life. A way to
achieve this could be modularised design of EV batteries and
even associated products. A battery service provider (BSP3/
C9) explains how a modularised charging rack for first-life
batteries becomes a re-marketable component as long as it
can be disassembled and transported as-is to a customer
application of second-life EV batteries.

Currently, battery repurposing operations are highly man-
ual where efficiency needs to be improved. BSP5 points out
the standardisation of battery repurposing processes to
achieve economies of scale and lower costs. Such efforts
require knowledge and communication sharing between pro-
ducers on battery specifications and interfaces. BSP4 sug-
gests this role for a third-party actor that runs an
information sharing platform or database and that can facili-
tate trust by being independent. As battery hardware and
software technology improves, different types of battery
types or packs with different SoH can be used in the same
second-life application. This requires extensive information
sharing and dissemination between CSC actors.

There are safety issues with secondary markets, especially
if traded on the open market. For example, used batteries
are sold on platforms such as eBay to support holiday
homes, or boats, etc. According to one of the interviewees,
there are many accidents associated with those second-hand
purchases where some countries started to ban all second-
life EV applications. Dismantlers have no control over the
batteries and their history if they have no collaboration with
the OEM. Such a system would hinder responsible handling
of batteries, especially at their end-of-life.

From 2017 till 2021 legislation has also changed, giving
OEMs the responsibility but not necessarily the control over
the full life-cycle of EV batteries. OEMs are working to build
closed-loop supply chains for EV batteries. Several have
established their own facility, and others have initiated part-
nerships. According to one interviewee, ‘closed-loop would
be the optimum circularity’ (OEM15). A closed-loop supply
chain provides tracking benefits, but it requires large vol-
umes. OEMs are exploring how to set up a battery collection
network arguing that there is value in used batteries but
also high safety risks. Many collection methods including
deposit system and leasing have been considered, but leas-
ing is deemed not economically viable. According to one of
the interviewees, OEMs are the natural owner of batteries
and they know them better. Battery-as-a-service type of busi-
ness model would allow the OEM to keep control over the
battery, perform predictive maintenance, be more resource-
efficient during service, gives a stronger incentive to collect
the battery pack, set up a reverse supply chain, and make
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the battery as good as new. The dealer network already has
a very efficient take back system today and they are working
with their partners to have the same from dismantlers and
so on. ‘The biggest challenge is how to get batteries back
into control’ (OEM15). There is a need to optimise the collec-
tion flows and work with different areas such as logistics.

The design of the battery pack which impacts the disas-
sembly and recycling operations is still an important concern.
A modular battery would give the advantage of replaceable
modules but would also mean an increase in the total
weight. In addition, a lot of glue is used in the assembly pro-
cess which creates problems in recycling. There is a need for
knowledge development and standardisation in circular bat-
tery design to allow automation in dismantling and recycling.
One of the recyclers stated that they would like to work with
the OEMs to improve the battery design for better recyclabil-
ity starting with disassembly. They state that not knowing
the chemical composition of batteries in the recycling pro-
cess leads to lower quality of the recycled material. Clear
labels would help the recycling process. However, not all
OEMs are interested in recycling and most OEMs do not
want to share the data that flows through BMS.

5. Discussion

The purpose of this paper was to investigate key characteris-
tics of CSCs required to effectively accommodate CBMs for
the second-life of EV batteries. The findings provide empirical
evidence for the three dimensions of CBMs in this specific
context which are structured around characteristics of the
CSC. In this section, we build our discussion on Tukker's
(2015, 2004) product-oriented, use-oriented, and result-ori-
ented models to illustrate three CBM scenarios where CSC
actors and activities vary in relation to BM dimensions, how
CSCs for the second-life of EV batteries could be structured
and how these CSCs would manifest in CBM dimensions
(Table 4). This allows achieving our purpose by mapping a
dynamic range of CSC characteristics that are performed by
different actors depending on the desired BM configuration.

5.1. CBM 1 - second-life EV battery as a product

The first BM is built on a product-based sales logic, where
the fundamental idea is that the OEM sells the second-life EV
batteries to a customer, hence transferring the ownership of
the batteries to a new actor. The value proposition in this
case is simply the used battery itself because there are no
associated services around the physical product. Hence, to
offer an attractive proposition, the OEM needs to assign a
price that is either equal or lower compared to a new bat-
tery, when measured in relative performance. A selling point
would be the environmental aspect of a used battery, but an
ambiguous issue with the value proposition is the technical
uncertainty. As Olsson et al. (2018) also underlines, there will
be a risk that the value of the product will diminish faster
than expected due to performance degradation. Although
this problem can be solved with a seller's warranty, the
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Table 4. Summary of proposed CBMs for OEMs to adopt for second-life EV batteries.

Key dimensions

CBM1: Second-life EV battery as a
product

CBM2: Second-life EV battery as a
product with complementary
service

CBM3: Second-life EV battery as a
service

Value proposition

Value creation &
delivery

Value capture

Other

Application areas

Customer segments

Risk of ownership

Distribution of SC
activities

Price model

Traceability and control
of EV battery

Initial investment
for OEM

Energy Storage System (ESS)
Peak Shaving

Grid Investment Deferral
Frequency Stabilisation
Private grid owners

Public grid owners
Commercial properties

Risk of ownership allocated to
customer

OEM

e Provide EV batteries

e Product disposition
e Refurbishing

e Remarketing

e Product reacquisition
Customer

e |Installation

e Maintenance
e Disassembly
e Recycling
LSP

e Distribution
e Return flow

e Transactional model, ‘pay per
battery’

e Low degree of traceability and
control for OEM due to lack of
communication between OEM
and customer after point of
sale

e OEM needs to develop all
activities and resources
internally

Energy Storage System (ESS)
Grid Investment Deferral
Peak Shaving

Frequency Regulation
Private grid owners

Public grid owners
Commercial properties
Residential properties

Risk of ownership allocated to
customer

OEM

Provide EV batteries

Product reacquisition

L]

L]

BSP

e Product disposition

e Refurbishing

e Remarketing

e Installation

e Maintenance

e Disassembly

e Recycling

Customer

e Installation

e Maintenance

e Disassembly

e Recycling

LSP

Distribution

Return flow

Transactional model, ‘pay per

battery’

Complementary services

e Traceability and control for
OEM promoted due to
increased frequency and length
of customer contact through
BSPs service

e However, no legal obligation
for customer to handover EV
battery to OEM

e OEM needs to establish
collaboration with BSP(s)

e Development of some activities
internally

e Energy Storage System (ESS)
e Grid Investment Deferral
e Peak Shaving

e Commercial properties

e Residential properties

e EV Charging Infrastructure
Providers

e Risk of ownership allocated to
OEM and/or BSP

OEM

e Provide EV batteries

BSP

Product disposition

Refurbishing

Remarketing

Installation

Maintenance

Disassembly

Recycling

LSP
e Distribution
e Return flow

e As-a-service for specific result

e As-a-service per delivered
functional unit

e OEM has total control over
battery due to maintained
ownership of EV batteries

e Establish close partnership with
BSPs

transfer of risk in this model will continue to be a challenge
for the value proposition.

Our findings indicate that there are two important issues
to consider in identifying the potential customer segments
for such a market offer: customer size and customer’s BM.
Transfer of ownership will require a higher investment by
the customer at the transaction stage. Secondly, the BM of
these customers will determine what kind of value propos-
ition they are interested in. An example here is the private
grid owners whose BM is based on ownership of infrastruc-
ture and properties over a long-time horizon and charging
customers over time. Public grid owners and large commer-
cial property owners are similar customer groups. However,
it is important to acknowledge that these customers who are
keen on buying EoL batteries as products must have know-
ledge on battery technology and maintenance or acquire
such resources from external providers because the OEM will
not provide this in this model.

Value creation and delivery in this BM will be performed or
at least controlled solely by the OEM. The first activities in such

a CSC are product disposition of collected batteries and refur-
bishing or repairing them where necessary. These activities
resemble manufacturing activities in linear supply chains; how-
ever, OEMs do not yet have the experience or capabilities for
performing them in CSCs, they need to develop them in-house.
For the sales, after-sales and logistics activities, the existing
expertise for the EVs can be used by the OEMs but a new sales
and logistics organisation that has battery-specific knowledge
will be required. Such activities in a vertically integrated organ-
isation will require knowledge on protective packaging, safe
deliveries or warranty issues which are outside the core compe-
tence of OEMs. Therefore, some activities can be outsourced to
new, specialised logistics actors.

The value captured in this model by the OEM is solely
based on the price which the customer pays for the
batteries, as no additional services are being offered
(Osterwalder and Pigneur 2010). However, a barrier for
adopting this pricing model might be that it is hard to deter-
mine an accurate price for a second-life EV battery (Olsson
et al. 2018). Firstly, the OEM will need to make investment



costs for setting up the supply chain activities needed to
provide the batteries. Secondly, transaction costs will arise
during the sales process. The main incentive is the monetary
compensation at the point of sale and the associated low-
tied up capital for the OEM.

5.2. CBM 2 - second-life EV battery as a product with
complementary service

The second CBM complements the product-based value
proposition with services directly related to the physical
product. This includes customisation, installation, mainten-
ance, disassembly, returns and recycling prior, during and
after the sales of used EV batteries. The customer still takes
the ownership of the batteries, but associated services are
provided by a BSP that acts as a single contact point and
takes over the internal capabilities and knowledge required
to be developed either within the OEM organisation or the
customer organisation. As the basic value proposition does
not change in this model, the potential customer groups still
include the ones in CBM 1 but reducing the perceived com-
plexity by the customers by offering additional services will
unlock other customer segments such as residential property
owners.

In this setup, the OEM collects the batteries from first life
users and then hands the responsibility of performing supply
chain activities to the BSP. These are new actors that provide
second-life EV battery services such as product disposition,
refurbishing, remarketing, distribution and warehousing,
installation and customisation, disassembly, and reverse flow.
These full-service providers can emerge from within trad-
itional LSPs, battery recyclers or from totally new actors.
Because these distribution channels are emerging, it is not
certain if they should be exclusive channels that provide
services for only one OEM or common service providers for
all OEMs. The decision on this structure will affect the rev-
enue sharing models.

The value capture in this model resides on the initial used
battery sales and the complementary services. The OEM can
enjoy additional revenue streams that come from these serv-
ices, but they will be shared with the BSP depending on con-
tract terms. On the other hand, having the BSP in the supply
chain will reduce the required investments by the OEM and
hence provide value savings.

5.3. CBM 3 - second-life EV battery as a service

The third CBM builds on a battery-as-a-service structure.
Here, the customer is offered the function and utility that
the second-life EV battery creates, namely battery storage
capacity, instead of battery ownership. The customer pur-
chases the service by outlining a required utility such as cer-
tain level of kWh in storage or a power capacity in kW it
wants to have. The seller retains the ownership of the bat-
teries and charges the customer according to the used num-
ber of services (Tukker 2015, 2004). Such a value proposition
is expected to unlock many customer segments that lack
financial power for high initial investments or hesitations
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due to technical uncertainty. Commercial property owners,
residential property owners, EV charging infrastructure pro-
viders are among customer groups that would favour this
model besides small firms and even private persons. The
OEM can even offer the utility from used batteries subse-
quently to different customers due to the retained ownership
and control over performance.

Although the OEM will be the legal owner of the second-
life EV batteries prior, during, and after its use in this model,
it can still collaborate with one or multiple BSPs to perform
many activities in these CSCs. Therefore, the different supply
chain activities listed in CBM 1 or 2 can be performed by the
OEM, BSP or both. The main difference here is that the cus-
tomer won’t be choosing a service from a portfolio; it will
demand a result instead. Alternatively, a possible constella-
tion is where a BSP, e.g. recycler, takes the role as owner of
the EV batteries, providing them as a battery-as-a-service for
both first and second-life.

This business model encompasses a more complex and
advanced setup of routines and activities needed to create
and deliver the value. This requires the OEM and the BSP to
have a closer collaboration with each other, e.g. by setting
up a strategic alliance, that allows for resource sharing and
both actors to maximise the value over a longer time. The
core determinant of the price paid in this business model is
the functional unit, e.g. kWh delivered and/or stored via the
battery. Hence, the strategic alliance between the OEM and
the BSP needs to determine a suitable price for this func-
tional unit. Next, the BSP charges the customer this price
multiplied with the volume of the unit consumed (Tukker
2015). Hence, the pricing mechanism will be more complex
and will require either manual or automated monitoring, to
determine what price the customer should be charged.
Another pricing strategy that could be viable is to charge
the customer a fixed price for the result provided, i.e. charge
for a functional result (Tukker 2004). In any case, the profit-
sharing model between the OEM and the BSP in this CBM
will be the key to value capture.

5.4. Comparing the CSCs across suggested models

The three CBMs illustrate how batteries and the associated
services can be configured in different ways to achieve viable
market offerings for the second-life of EV batteries. The asso-
ciated CSCs for second-life EV batteries differ when com-
pared with traditional supply chain activities. The CSC
configured for this study reflects only the second-life of EV
batteries but the return activities that are mapped address to
prolonged life cycle focus on CSCs (Batista et al. 2018b) and
the restorative cycle approach (Farooque et al. 2019).
However, they do not differ significantly across the three
CBMs. The main difference resides in the actors performing
these activities. In CBM 1 the OEM is vertically integrated in
these CSCs and performs the majority of the activities in-
house which brings its costs and risks together. In CBM 2
and 3 a BSP is involved to various extent and depending on
the contracts. Having a service model and a service provider
enables developing long-lasting relationships with customers.
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Nevertheless, an important issue is the BSP’'s role in an
emerging market like this as the end-customer’s contact
point will be this provider. In non-exclusive service agree-
ments, the BSP won’t be reliant on a single OEM and can
switch between different suppliers. If the competition
increases, then this would hamper the monetary compensa-
tion for the OEMs. In the opposite case, one OEM can work
with multiple BSPs which would help to mitigate the men-
tioned risks. Building new CSCs in different markets could be
necessary and having multiple BSPs would be natural in that
case. However, that will increase the requirement on resour-
ces to manage multiple relationships and used EV flows to
these intermediaries.

6. Conclusions and implications

This paper explores the potential CBM configurations and the
associated CSCs for the second-life of EV batteries. By includ-
ing the perspectives of multiple actors that are potential
members of these CSCs, our findings contribute to the litera-
ture in three main ways. First, the suggested CBMs and their
comparisons provide insights into their application areas, the
different customer segments they appeal to, how different
dimensions are configured for different BMs, the advantages
and disadvantages associated by each model. Second, the
conceptualisation of CSCs within this context bridges the BM
discussions for EV batteries with supply chains. Our findings
illustrate how these supply chains will look like and what type
of activities will be performed by different supply chain actors
under given conditions. Prerequisites, barriers, and enablers
lead the discussion for these conditions. Last but not the least,
the longitudinal data collection approach enables the findings
to demonstrate the changes in the industry which is prone to
rapid technological development. Hence, we highlight the
dynamic nature of CSCs to be established for used batteries
and the interdependence of supply chain structures with the
rapidly changing external environment.

Our findings extend the theoretical discussion on the
CBMs of second-life EV batteries to the supply chain field.
Well-functioning CSCs are necessary to ensure the success of
CBMs. Companies are profit-driven and implementing CE in
the supply chain is expensive due to high investment costs
(Govindan and Hasanagic 2018; van Loon and Van
Wassenhove 2018; van Loon et al. 2020). How CSCs are struc-
tured, the involved actors and the performed activities define
both the economic feasibility and the environmental impact
of these business models. On the other hand, EV battery
markets have their contextual realities due to market condi-
tions, technological uncertainty and policy directives. Hence,
CSCs in these markets will be shaped by these external
forces in a dynamic manner.

Furthermore, the literature on CBMs of EV batteries stress
the importance of stakeholder involvement and collaboration
for the success of different BM configurations (Reinhardt
et al. 2020; Chirumalla, Reyes, and Toorajipour 2022,
Chirumalla et al. 2024). Our findings elaborate on the role of
supply chain actors and scrutinise the BSP as an essential
intermediary. The results indicate the range of activities these

intermediaries need to perform depending on the CBM con-
figuration that is applied in practice. In addition, by matching
customer segments with potential application areas, our
results provide customer perspective into CBM discussions
for second-life of EV batteries.

Our findings suggest important implications for practi-
tioners as well. The market for second-life EV batteries offers
a great potential for OEMs, which can be done by develop-
ing either of the three CBMs outlined in this paper. An
important insight gained within this study is that what cur-
rently halts the market from evolving is not the uncertainty
of the customers, many are already prepared and waiting for
the market to take off. There are different application areas
and there is a market need in all these areas. Rather, it is the
OEMs that are lagging; hence they need to accelerate their
engagements and collaborations to be ready when the sup-
ply of second-life EV batteries takes off. The different applica-
tion areas, together with respective customer segments can
help OEMs to decide on their CBM strategy, to develop
required CSCs and start targeting these markets.

Furthermore, the findings underline the significant role of
BSPs in these CSCs. Existing actors in traditional supply
chains such as LSPs or actors operating in reverse supply
chains such as recyclers or dismantlers can explore the
opportunities in such roles and start building up such com-
petence which will become critical when EV battery markets
take off. In addition, new actors will emerge at the same
time already existing actors are expanding their service offer.
Hence, there might be a battle for offering such services.

The different CBMs for used EV batteries indicate different
costs for the OEM, the BSP and the potential customers. The
party who bears these costs will also define the price of
these products in second markets. The viability of these
offerings is essential to promote the development of these
restorative cycles which in turn will reduce negative environ-
mental impacts. Therefore, careful consideration of risks and
rewards associated with the different CBMs in this study by
supply chain actors as well as policy makers who decide on
battery legislation is needed. The lack of clarity around pro-
ducer responsibility creates hesitation towards the adoption
of these CBMs and the development of CSCs for used EV
batteries.

Study is not without its limitations though. The single
case study design that departs from an OEM perspective
illustrates the CSC that is limited to the context. However, in
practice, EVs will be distributed globally, and the circular bat-
tery supply chains will have global and complex structures.
Future studies that compare and contrast contextual settings
that define different CSCs for used EV batteries are expected
to provide benchmarking opportunities across different
countries and policy settings. In addition, as the market cur-
rently does not exist, there is room for emerging actors with
yet unknown roles. Our findings suggest that future research
on how CSCs for used EV batteries in different cycles should
be structured and the different actors, roles and resources
needed to facilitate these CSCs or logistics services that are
required to facilitate the circulation of these products in their
respective cycles is highly needed.



In line with de Lima, Seuring, and Sauer (2022) we argue
that especially more research towards CSCs for reuse and
second-life, i.e. the tighter loops in CE, is needed as there is a
danger that without the understanding how this can be done
sustainably, companies will focus on recycling instead. In
addition, case studies that analyse the newly established
second-life markets for EV batteries, the different BMs used, the
different legislations that affect these BMs in different settings
would provide important insights into how these markets will
be shaped in the future. Like our study, we recommend more
studies that include the perspectives of multiple actors instead
of focusing on only OEMs, because the customer demands will
be highly influential in determining the viability of CBMs for
second-life EV batteries as well as an in-depth understanding of
potential markets. In addition, future studies could assess the
impact of the different supply chain set-ups on the economic
or environmental performance of the battery. A recent study,
for example, showed that a shared collection systems for EV
batteries in China lead to higher profitability and lower environ-
mental impact (Tang et al. 2023) and that remanufacturing has
the potential to reduce the demand for new batteries (Huster
et al. 2022). Studying the effective supply chain set-ups for
such configurations would generate insights to scale up CBMs
for second-life EV batteries.

We adopted an exploratory, qualitative research design
due to the emerging conditions of the studied phenomenon.
However, as the market matures, there will be opportunities
to quantitatively compare different CSC scenarios and assess
economic and environmental performances across these
scenarios. Furthermore, our study is limited to the second-life
of EV batteries. However, from a CE perspective there are
multiple cycles for both the battery and the materials or
components that it is composed of. Supply chain structures
that link the battery design phase with battery use and
second (or nth) use phases would expand our knowledge on
building a true CSC for EV batteries.
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