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In order to reach sustainable consumption and production patterns at scale, the implementation of a circular
economy (CE) and the corresponding circular business models (CBM) increasingly need to become competitive
with linear alternatives. This is inhibited by a lack of customer focus when implementing circular projects today.
To address this challenge, this study presents an in-depth study of a real-world project on repurposing electric
vehicle batteries in stationary battery energy storage systems in Germany, which serves to investigate the role
of market- and customer requirements in implementing CBM. By combining quantitative analysis based on sec-
ondary sources with primary qualitative data collected at different stages of the project, the study offers unique
insights into the practical key tasks for ensuring economic viability of circular projects from a multi-stakeholder
perspective. These are identified as: i) Develop the product platform, ii) assess multiple value streams, iii) lever-
age on resource value, iv) provide risk assurances on product quality, v) observe trends in targeted downstream
markets, vi) acquire access to suitable financial capital and vii) carry out pilot projects under market conditions.
By addressing these tasks, the value captured in terms of the contribution of repurposing to the reduction of bat-
tery life cycle cost is found to be 109€/kWh in the case investigated. Based on the findings, the study concludes
that implementing circular projects requires companies to provide resource, time and technical expertise for co-
ordinating the identified key tasks and achieve competitiveness with linear alternatives. For future research, we
hence suggest further investigation of the use of customer-oriented methods for assessing and developing CBM,
as well as required policy-action to ensure commercial viability of CE strategies in industry.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In order to achieve sustainable production and consumption of re-
sources in accordance with sustainable development goals (SDG) de-
fined in the Paris Agreement (United Nations, 2015), the introduction
of a Circular Economy (CE) is seen as a way forward (Geissdoerfer
et al., 2017; Ghisellini et al., 2016). Besides policy-action towards a CE
adoption, one way for businesses is to engage in so-called circular busi-
nessmodels (CBM), which are identified as one specific category of sus-
tainable business models in research (de Angelis, 2018; Ferasso et al.,
2020; Geissdoerfer et al., 2020). Hence, the key challenge for businesses
is to establish CBM as a competitive alternative to linear ones, taking
into account environmental and economic profitability for both cus-
tomers and manufacturers. However, such transition towards a
ment of Planning, A. C. Meyers

ninghoff).

on behalf of Institution of Chemical
widespread adoption of CBM is currently lacking behind (Calisto
Friant et al., 2021).

One possible explanation is provided in literature on implementing
CBM, stating that “currently, the characteristics of customers and users
targeted by specific [CBMs] are onlyweakly defined,when these are de-
fined at all […]” (Lüdeke-Freund et al., 2019). The authors further state
that this issue of a manufacturer-centric view on CBM “translates into
revenue models that barely account for, or completely disregard, user
heterogeneity” (Lüdeke-Freund et al., 2019), thereby indicating that
economic success of CBM relies on thorough consideration of customer
requirements.

In the mobility sector, this challenge is particularly relevant for the
case of electric vehicle (EV) batteries, which are responsible for a large
share of the future resource consumption of personal mobility
(European Commission, 2020a). As the vehicle market is still quantity-
driven and the number of vehicles still increases globally (European En-
vironment Agency, 2010), implementing sustainable management of
resources used for mobility and batteries in particular is seen as a key
Engineers. This is an open access article under the CC BY license (http://creativecommons.
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challenge (Bonsu, 2020). Among the available options for CBM for bat-
teries, Battery SecondUse (B2U) describes thepossibility of repurposing
EV batteries after their use in the EV in stationary battery energy storage
systems (BESS) (Martinez-Laserna et al., 2018a). From a sustainability
perspective, B2U on the one hand addresses SDG 12.5, i.e. “reduce sub-
stantially waste generation through prevention, reduction, recycling
and reuse by 2030” (United Nations, 2015), through increasingmaterial
circularity of battery resources. At the same time, B2U contributes to
SDG target 7.2, i.e. to “increase substantially the share of renewable en-
ergy (RE) in the global energy mix by 2030” (United Nations, 2015), by
supporting the deployment of BESS as key component in future electric-
ity grids (Reinhardt et al., 2020; United Nations, 2015).

The rational for repurposing EV batteries is that it creates value in
energy systems, which can be captured by manufacturers (Bowler,
2014). However anddespite someanalysis of the economic implications
of B2U (Madlener and Kirmas, 2017;World Economic Forum, 2019), the
mechanisms and success factors for capturing economic value fromB2U
projects are still notwell understood. This resonateswith thefindings of
(Reinhardt et al., 2019) who investigate the role of different stake-
holders in implementing B2U. The authors state how „it appears that
multi-stakeholder business models are preferred over integrated busi-
ness models”, and suggest that “further practical rich case studies that
take a multi-stakeholder perspective must be carried out to evaluate
how [original equipmentmanufacturers] are forming such collaborative
agreements to capture the full value of [B2U]” (Reinhardt et al., 2019).

Based on thesefindings,we identify a research gap on howmanufac-
turers can focus on customer value and ensure economic viability of
CBM. Hence, we investigate this gap based on the case of B2U and
focus on the practical tasks required to ensure value creation for the
targeted customers, i.e. the users of stationary battery energy storage
systems from repurposed batteries in the context of an energy systems.
For that, the research question is formulated as follows:

Research question:What are the key tasks for ensuring economic vi-
ability when implementing battery storage projects based on
repurposed electric vehicle batteries?

To address this question, this paper presents an in-depth case study
of a real-world project on implementing B2U in Germany, which has
been followed over a time span of more than 2 years. The study docu-
ments the process of defining customer requirements based on qualita-
tive data collected from project stakeholders, thereby offering unique
insights into the challenges and required tasks when implementing
business models based on repurposed products. Furthermore, it pro-
vides a detailed representation of the resulting business case for using
repurposed batteries from the perspective of the storage customer in
the case study. By linking customer-related findings to economic bene-
fits of battery repurposing for manufacturers, this study presents, to our
knowledge, one of the first comprehensive case studies on the CBM im-
plementation process, which takes a multi-stakeholder approach.

For that, the study is structured as follows: firstly, we review recent
literature to lay the foundation on how to analyze B2U as a CBM in
Section 2. Afterwards, we present the research approach and the con-
ceptual framework applied to the case study in Section 3. The results
on identified customer requirements, the economic feasibility study of
the B2U project and the resulting contribution to the reduction of bat-
tery Life Cycle Cost (LCC) are presented in Section 4. We then discuss
the results in terms of the relationship to existing theory, the practical
lessons learned for CBM implementation in general and the implications
for policy-making in Section 5. Lastly, we summarize the findings and
conclude directions for future research in Section 6.

2. Literature review

This section introduces relevant literature to the research question.
In Section 2.1, the concept of CBM is described in relation to existing
business model literature. Section 2.2 afterwards summarizes existing
research on the challenges for implementing CBM. These are then
560
further detailed for the case of EV batteries in Section 2.3, including a re-
view of the value creation mechanisms of B2U and alternative CBM op-
tions.

2.1. Conceptualizing circular business models

The most common framework for conceptualizing business models
is the business model canvas, which evolves around how a company
creates, delivers and captures value (Osterwalder et al., 2010). As
such, the original understanding of a business model evolves around
value capture as describing customer value and economic returns
(Richardson, 2008). Furthermore, the business model perspective adds
considerations of the means through which value is created and cap-
tured (Demil et al., 2015). This view is extended by the concept of so-
called sustainable business models, in which economic value captured
is combined value and environmental and social benefits in a stake-
holder network (Geissdoerfer et al., 2018).

In this context, CBM can be viewed as one case of sustainable busi-
ness models (Bocken et al., 2014; Geissdoerfer et al., 2018), which are
characterized by a creating competitive advantage through superior
customer value and contributing to a sustainable development of the
company and society (Lüdeke-Freund, 2010). Generally, CBM are pre-
sented as the concept in literature, which links a CE to different theoret-
ical lenses of strategic management for companies and thus facilitates
the adoption of CE in current business practices (De Angelis, 2018;
Urbinati et al., 2017). The concept of CBM thus holds the potential to
help companies analyzing and further developing current business
models towards integrating CE strategies of narrowing, slowing and
closing (Bocken et al., 2016). In this regard, different patterns of how
companies can achieve CBM innovation are identified in literature,
which include CBM diversification, CBM acquisition, CBM transforma-
tion and through Circular Start-ups (Geissdoerfer et al., 2020).

In term of characteristics of CBM, six major CBM patterns have been
identified in the literature, each connected to specific businessmodel el-
ements (Lüdeke-Freund et al., 2019). Notably, the authors emphasize
the importance of stakeholder involvement in CBM development and
state how “most CEBMs obviously rely on partnerships and cooperation
with other companies, but also with customers and civil society organiza-
tions. Nevertheless, details about the roles and importance of partners are
often absent, including the roles of manufacturers and complementary ser-
vice providers in [CEBM]...” (Lüdeke-Freund et al., 2019). This statement
is supported by others, stating that CBM archetypes, meaning specific
business model configurations in a CE, usually pay limited attention to
the downstream value logic, i.e. the customer value proposition and in-
terface (Pieroni et al., 2020). This confirms that CBMare, from a concep-
tual perspective, mostly interpreted as commercial or revenue model
configurations, but usually lack considerations of value creation in an
ecosystem or collaborative view (Antikainen et al., 2016; Galvão et al.,
2020; M. P. P. Pieroni et al., 2019). Other authors here refer to a so-
called value network perspective (Nußholz et al., 2020). This notion of
a manufacturer-centric conceptualization of CBM is supported by the
findings in (Geissdoerfer et al., 2020), stating that CBMs are often seen
as an extension of existing value chains rather than from a value-
network perspective.

2.2. Circular business model implementation

When studying the state of CBM implementation, a common ap-
proach in existing literature is to carry out multi-stakeholder inter-
views, mostly with small and medium sized enterprises (SME), and
document existing practices (Ghisellini and Ulgiati, 2020; Kirchherr
et al., 2018; Rizos et al., 2016). As a common element, findings conclude
that recycling is still the most commonly used CE strategy, whereas
high-value strategies such as re-use and remanufacturing, which re-
quire more focus on customer requirements (Lüdeke-Freund et al.,
2019; Nußholz et al., 2020), are adopted much slower in industry.
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In terms of the underlying reasons, literature points towards the ex-
istence of certain challenges for implementing the concept CE in indus-
try. Recurring themes include inter-organizational collaboration, e.g.
with third party providers dealing with product market recovery and
rebound logistics, as well as establishing market dominance and com-
petitive advantage of CBM over existing, linear approaches (Korhonen
et al., 2018; Lieder and Rashid, 2016). Here, a recent survey study
finds that the adoption of a CBM at scale is often seen as a business
threat by managers, as it implies the replacement of the existing, linear
business model (Schultz and Reinhardt, 2022). The authors conclude
that CE innovation therefore requires a solid business case, which is eco-
nomically sustainable for companies when implemented at scale
(Schultz and Reinhardt, 2022).

Meanwhile, standardized frameworks for CBM implementation are
scarce. In this regard, the framework provided by (British Standard
Institution, 2017) is one of the few comprehensive guidelines for imple-
menting CE thinking in organizations. This states that a business-model
approach is required for a full CE adoption but provides little reference
to specific tasks for CBM implementation or methods to assess the busi-
ness case for a given CBM. Elsewhere, authors specifically differentiate
between internal (organizational) and external (market) barriers for
CE adoption (Hina et al., 2022; Vermunt et al., 2019), which require
companies to build organizational capabilities for CE and clearly address
customer segments in CBM implementation (Lewandowski, 2016). One
way to better address customers is outlined by studies focusing on
service-based offerings,which can increase the use intensity of products
and incentivize manufacturers in efficiently managing product life cy-
cles (Kjaer et al., 2019; Sigüenza et al., 2021; Simone and Remmen,
2019).

Based on thesefindings in literature, it can be stated that CBM imple-
mentation, especially for high-value CE strategies, seems to be inhibited
by issues in manifesting a solid business case. Such business case needs
to recognize the implications of sustainable value creation through CBM
in a larger stakeholder network, and at the same time – or thereby - sus-
tain in comparison to the linear system.

2.3. Circular business models for EV batteries

Implementing a CE is a particularly relevant for the case of EV batte-
ries, as these accumulate a large share of the cost and environmental im-
pacts of the EV at the production stage (World Economic Forum, 2019).
In light of the limited exploitation of extraction potentials for certain key
battery materials such as lithium and nickel, as well as social issues in
the mining of others such as cobalt, implementing a CE for batteries is
one way for companies to reduce impacts and risks in their supply
chains (European Commission, 2020b; Lebedeva et al., 2016). Further-
more, and towards the use stage, evidence shows that the lifetime and
available number of charging cycles of EV batteries is often
underestimated (Hoekstra and Steinbuch, 2020). This underlines their
ability to reduce life cycle benefits at the use stage of EVs while at the
same time enabling diverse strategies for maximizing the benefits
Table 1
Circular business model options for batteries. Patterns based on (Lüdeke-Freund et al., 2019).

Circular business
model pattern

Description for the case
of EV batteries

Types of value capture Key sta

Refurbishment
and
remanufacturing

Reuse in the vehicle Cost reduction in provision of
new batteries for electric
vehicles;

Automo
battery

Cascading and
repurposing

Further use in
stationary battery
energy storage systems

Additional revenues from sales;
Cost reduction in battery disposal
due to postponement of
recycling;

BESS su
operato
energy
operato

Recycling Mechanical and
hydrometallurgical
processing to recover
key materials

Reduced cost compared to new
materials (closed loop)
Additional revenues (open loop)

Disman
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across the useful battery life. Meanwhile, the implementation of CE
strategies for EV batteries do require additional transport networks for
market recovery, repair and testing facilities- and infrastructures, as
well as energy, water and material resources for further treatment or
recycling processes, which need to be considered when assessing the
improvements in battery life cycle impacts through CE strategies
(Circular Economy Initiative Deutschland, 2020; Slattery et al., 2021).

Among the archetypes of CBM identified in literature (Lüdeke-
Freund et al., 2019), threemain options are applicable to the case of bat-
teries at their EoL stage: “refurbishment and remanufacturing”,
“repurposing & cascading”, and “recycling” (Drabik and Rizos, 2018;
Kurdve et al., 2019). Each option is characterized by specific mecha-
nisms of value creation (see Table 1).

Firstly, remanufacturing describes the refurbishment and reuse of
EoL batteries in EVs. The value of remanufacturing is often stated to be
additional revenues, e.g. through sales of refurbished products (Franco
et al., 2021; Lüdeke-Freund et al., 2019). However and for the case of
EV batteries, an open market for remanufactured batteries does not
exist today. Instead, the benefit of battery remanufacturing lies at man-
ufacturers, who use remanufactured batteries for providing field re-
placements during the battery warranty period or during the early
phase of battery technology adoption, hence avoiding the production
of new batteries and thereby reducing cost of service and maintenance
(Kampker et al., 2016; Richa et al., 2017). At the same time,
remanufacturing can be considered a risk for firms due to effects of can-
nibalization, which describes the fact that remanufacturing products
and increasing their useful lifetime can reduce new product sales vol-
umes and thereby represents a threat to existing manufacturing activi-
ties for companies (Okorie et al., 2021).

Secondly, B2U describes the process of further using EV batteries in
stationary BESS (Hossain et al., 2019; E. Martinez-Laserna et al.,
2018a). The concept exists in the scientific literature since 2003
(Cready et al., 2003). It is based on the assumption that batteries can
be retrieved from the EV and enter B2U at around 70 % of their original
capacity, which allows them to be used for another 10-15 years in a so-
called “second life” depending on the BESS application (Casals et al.,
2019; Egoitz Martinez-Laserna et al., 2018b; Müller and Birke, 2019).
Several studies have demonstrated environmental benefits (Bobba
et al., 2018; Richa et al., 2015; Schulz-Mönninghoff et al., 2021) as
well as potential economic benefits of B2U (Kamath et al., 2020a;
Madlener and Kirmas, 2017; Rallo et al., 2020). However and despite
numerous projects implemented worldwide, a large uptake of B2U at
scale is still lacking (Reinhardt et al., 2020). The value created from
repurposing EV batteries is twofold: on the one hand, B2U generates ad-
ditional revenues from sales of batteries for further use in BESS. This is
stated to require new business relationships and partners such as re-
tailers and collectors in order to address a new value streams (Franco
et al., 2021; Jiao and Evans, 2017; Lüdeke-Freund et al., 2019;
Reinhardt et al., 2019). On the other hand, it postpones costly recycling
today and thereby reduces the cost of battery disposal for automotive
manufacturers in their obligation to dispose batteries in accordance
keholders References

tive manufacturers; Third-party
refurbishers

(Albertsen et al., 2021; Kampker et al.,
2016; Richa et al., 2017)

pplier, BESS system integrator and
r; BESS customers (energy consumers,
producers, transmission system
rs)

(Albertsen et al., 2021; Jiao and Evans,
2017; Olsson et al., 2018; Reinhardt et al.,
2019; Richa et al., 2017;
Schulz-Mönninghoff et al., 2021)

tlers, recyclers, battery cell producers (Albertsen et al., 2021; Dunn et al., 2021;
Neidhardt et al., 2022; Velázquez-Martínez
et al., 2019)
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with legal requirements (Olsson et al., 2018; Richa et al., 2017; Schulz-
Mönninghoff et al., 2021). The latter aspect is, however, not included
in existing studies in scientific literature today.

Lastly, recycling as a CBM for batteries offers a source of battery raw
materials such as Lithium,Nickel,Manganese and Cobalt at reduced cost
compared to primarymaterials when kept in a closed loop bymanufac-
turers (Neidhardt et al., 2022; Velázquez-Martínez et al., 2019). Alterna-
tively, recycling provides additional revenues when batteries are sold
and secondary materials are used in an open loop (Lander et al., 2021).

Based on these descriptions, capturing the value from B2U for man-
ufacturers depends on the ability to address customer requirements in
energy systems. Key stakeholders hence include the second life BESS
supplier, who is responsible for the repurposing process, as well as po-
tential second life BESS customers, e.g. energy consumers such as
households and industrial facilities, transmission and distribution sys-
tem operators (TSO), or energy producers and utilities (Fischhaber
et al., 2015). Depending on the use case, services provided by a BESS
can include so-called behind-the-meter applications such as support
of RE integration, time-of-use bill management and peak power man-
agement, aswell as front-of-the-meter applications such as power qual-
ity services or frequency response (Fischhaber et al., 2015; Fitzgerald
et al., 2015; Tepe et al., 2021). At the same time, more studies point to-
wards the possibility of providing so-called “multi-use-cases”, which
refer to the combination of different services provided simultaneously
or at different points of time towards different BESS customers in
order to maximize economic value (Fitzgerald et al., 2015; Lombardi
and Schwabe, 2017; Müller, 2018; Schulz-Mönninghoff et al., 2021).

For the business model of B2U, this implies that second life BESS can
address a number of different customers, whose characteristics both af-
fect the economic value created (Balducci et al., 2018). From the per-
spective of the second life BESS customers, implementing B2U follows
the logic of planning and implementing BESS in the context of the en-
ergy system, e.g. as described in (EPRI, 2017). The role of automotive
manufacturers in this process can take place in different B2U business
model configurations (Jiao and Evans, 2017). Besides the BESS supplier,
this involves electronic component and hardware suppliers and system
integrators, as well as an energy system operator who purchases the
BESS and provides system services to end customers mentioned above
(Bowler, 2014; Jiao, 2017; Olsson et al., 2018). In terms of the customer
value, some authors point out how repurposed batteries need to be
assessed in relation to new batteries or other technologies available
for the provision of grid services (Jiao and Evans, 2016; Reinhardt
et al., 2016). Others state the quality- or value perception of specific cus-
tomers in relation to repurposed batteries as a relevant aspect (Olsson
et al., 2018), which can potentially be addressed by service-centered
business models for B2U (Bräuer, 2016).

In summary, the business case for B2U as a CBM firstly results from a
combination of case-specific revenues, aswell as cost reductions or rev-
enues from postponed recycling. Secondly, the characteristics of the
targeted energy customer determine the corresponding BESS applica-
tion and thus the B2U business model. For quantifying the value crea-
tion of B2U, this implies that a focus on customer characteristics is
necessary.

3. Material and methods

The following sections describe the material and methods used in
the study. Firstly, Section 3.1 describes the chosen research approach
for addressing the research question. Secondly, Section 3.2. introduces
the conceptual framework, which is derived from the literature review.
Lastly, Section 3.3. outlines the process of data collection and analysis.

3.1. Research approach

Regarding a suitable approach for addressing the research question
at hand, the literature review reveals how previous studies have
562
investigated CBM implementation both in general and for the case of
B2U. As a common element, these studies use multi-stakeholder sur-
veys and interviews across different cases and industries in order to
identify general drivers and barriers of companies to engage in CBM,
with a particular focus on SMEs. Meanwhile, such approaches do not
offer deeper insights into the required tasks for companies to overcome
the identified barriers and capture economic value. Instead, the implica-
tions for practitioners are often limited to a list of unanswered questions
(Olsson et al., 2018).

Based on these observations, we choose to use a single-case study
method to carry out an in-depth assessment of a real-world project of
implementing a second life battery BESS project in Germany. By com-
bining qualitative data from stakeholder interviews at different stages
of the project with quantitative analysis of economic value captured,
such a research approach allows this study to provide richer analysis
of the specific actions, which originate from the known drivers and bar-
riers in a CE and together comprise what is considered an economically
successful CBM implementation (Ridder, 2020).

In this sense, the present study uses an inductive research approach
rooted in grounded theory (Saunders et al., 2019; Strauss and Corbin,
2008a). Based on the principles of grounded theory as explained in
(Glaser and Strauss, 1967), such a research approach implies the collec-
tion of qualitative and quantitative data such as calculations, statements
of stakeholders and observations, which together describe the real-
world phenomena. In our case, the object of the study is the so-called
“circular project”, which in this context of the adoption of a CE in indus-
try is seen as one concrete instance of the implementation of a CBM. For
the present study, this is given by the implementation of a project for
repurposing EV batteries in a second life BESS, which is seen as one ex-
ample of implementing B2U as a CBM. As such, the researchers were in-
volved in the project in an observing role throughout the main part of
the project implementation phase, with both access to the different cus-
tomers of the BESS in the energy system, i.e. the CBMcustomers, and the
automotive manufacturer. From this unique position, it was possible to
gain an understanding on the different stakeholder's roles, views and
activities in implementing the circular project.

As a common element for case study research, these observations
are used to develop general knowledge for a certain research field by
applying techniques of sensemaking and analytical processes. The de-
tails on the specific processes of data analysis applied in this study are
described in Section 3.3. In order to generalize from a single case
study, the presentation of findings should acknowledge the unique
character of the case and discuss implications for application to other
cases (Saunders et al., 2019). Hence, the case-specific findings are pre-
sented in Section 4 before discussing general implications for CBM im-
plementation in Section 5.
3.2. Conceptual framework

As described in the previous section, the goal of the study is to ana-
lyze the CBM implementation process by investigating the specific key
tasks to ensure financial viability of the circular project in the case
study. Based on the literature review, the business model canvas is the
most common framework for studying business models and has also
been used to study CBM in previous studies (Nußholz et al., 2020). Con-
sequently, we structure the conceptual framework based on the three
dimensions of the business model: value proposition, value creation &
delivery and value capture. Furthermore, we define a key question for
each dimension to structure the process of data analysis (see Fig. 1).

Firstly, and in terms of the value proposition, we investigate which
customer requirements for BESS need to be addressed when using
repurposed batteries. The scope of the study here focuses specifically
on the BESS in general, i.e. the characteristics of BESS that determine
the value for the customer. We hence imply that the customer does
not drawspecific value from theuse of repurposed batteries, but instead



Fig. 1. Conceptual framework used to investigate the research question in the study.
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applies the same performance criteria, which then need to be addressed
when using re-used or repurposed materials or components.

Secondly, we revise the specific activities as part of the implementa-
tion process, which are necessary when using repurposed batteries.
Here, the focus lies on the process of implementing the second life
BESS from the perspective of the stakeholders, who are engaged in the
value creation and delivery and enable the circular project to deliver
the proposed values to customers. Based on the literature review, the
EPRI standard for implementing BESS is chosen as the framework for
documenting the activities. More specifically, the planning process en-
tails the following four steps: 1) the selection and characterization of
BESS applications, 2) the definition of minimum requirements, 3) the
specification of technical requirements and 4) the economic feasibility
assessment. As an action-oriented framework, the EPRI process sup-
ports the study in formulating the findings in the form of key tasks
(EPRI, 2017). The implications of structuring the data analysis around
a process are further explained in Section 3.3.

Lastly, and in terms of value capture, we assume that a circular pro-
ject for B2U is economically viable when it a) provides positive eco-
nomic value for the targeted customers and b) offers benefits in terms
of the reduction of LCC for automotive manufacturers, as stated in e.g.
(World Economic Forum, 2019). Hence, we ask for the value that can
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be captured from battery repurposing by automotive manufacturers,
taking into account both the revenue from repurposed batteries and
the changes in the cost of battery recycling due to the time delay. As
the potential revenue relies on the business case at the customer, we
firstly calculate the net present value of the project at the customer in
order to derive the LCC contribution of repurposing.

Finally, each key task is specified in terms of how it supports value
proposition towards a specific stakeholder group (see Section 2.1),
value creation and delivery through certain network partners and orga-
nizational capabilities (see Section 2.2) and value capture in terms of
revenue of cost reduction (see Section 2.3).

The following chapters describe in detail the process of data collec-
tion on the circular project in each step and the correspondingmethods
used for data analysis.

3.3. Data collection and analysis

This section introduces the process of data collection and the
methods for data analysis used in the study. This includes both qualita-
tive data analysis based on interview data, as well the quantitative data
analysis of the case study based on secondary sources. An overview of
the methods used is provided in Table 2.



Table 2
Description of the data analysis.

Business
model dimension

Data type Data collection Key stakeholders Analysis method

Value proposition Qualitative Interviews with project
stakeholders at early
project stage

Energy consumer (INT-1A, INT-1B), Energy
supplier (INT-1C), Transmission system operators
(INT-1D, INT-1E), BESS provider (INT-1F)

Coding of interview results based on recurring themes on
the value of stationary battery energy storages (Ridder,
2020)

Value creation &
delivery

Qualitative Interviews with project
stakeholders at
implementation stage

Energy consumer (INT-2A, INT-2B), Energy
consumer/ battery storage system integrator/
operator (INT-2C), Energy planner (INT-2D)

Coding of interview results based on key statements which
link the use of repurposed batteries to the implementation
process for battery storages; (Langley, 1999)

Value capture Quantitative Analysis of customer
value in different
business model
configurations

Battery second use customer Analysis of the net present value of the project

Qualitative Analysis of meeting
protocols at automotive
manufacturer

Automotive manufacturer Analysis of meeting protocols via triangulation with life
cycle cost data
Focus on identification of critical factors for capturing value
from battery repurposing for the company (Ridder, 2020).

Quantitative Analysis of resulting
contribution to reduction
of battery life cycle cost

Automotive manufacturer Life cycle cost analysis
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3.3.1. Qualitative data
The collection and analysis of qualitative data consists of three parts:

two sets of interviews at different stages of the project, and the revision
of interview protocols at an automotive manufacturer. Examples of the
interview guidelines used for the interviews is provided in the supple-
mentary materials.

The first set of interviews was conducted in the early project phase
between January and February 2020 and involved different depart-
ments of the energy consumer, BESS supplier, energy producer and
transmission grid operators. At this stage, the goal was to understand
the market conditions for EV battery repurposing in a larger context of
stationary BESS deployment. The analysis is based on content analysis,
using transcripts of interview protocols to identify recurring themes re-
garding the value proposition of stationary battery energy storage sys-
tems. Statements on the use of repurposed batteries by the
interviewees were also included in the analysis of the value creation &
delivery process. As such, one characteristics of such method in
grounded theory is that the expertise of the authors has shaped the
identification of which aspects were deemed relevant (Strauss and
Corbin, 2008).

The second set of interviews was conducted at a later stage of BESS
implementation in January 2022 with specific stakeholders involved
in the integration of the BESS at the final customer. Here, the process
of BESS implementation was used as a guideline for the interviews in
order to map key aspects for the storage project under investigation
(see supplementary information for a detailed description). As such,
the framework and the underlying process has shaped the interviews,
which affects the way of interpreting and theorizing from the data, i.e.
in terms of the underlying eventswhich constitute the investigated pro-
cess and other, overlapping processes taking place in the background
(Langley, 1999). To address these aspect, the analysis firstly focused
on the technical documentation of the planning process, i.e. the norma-
tive instructions for the BES project. Afterwards, we revisit interview
data in terms of key statements, which link the technical properties of
the project to the characteristics of the circular project, i.e. the use of
repurposed batteries. Hence, the exploratory aspect was based on an
existing, normative process, which already took into account temporal
aspects such as changing market conditions in energy markets (see
also Section 3.3.2) and the specific events which together shape the
BESS planning process (Langley, 1999).

Lastly, primary data obtained includes documentation of quarterly
strategymeetings on a CE for batteries held at the automotivemanufac-
turer. When using documents, it is important to reflect on the purpose
and context under which these documents are created (Ridder, 2020).
In this case, the meeting setup was informal, included various and
changing participants and aimed at the exchange of information across
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stakeholder groups involved in implementing a CE for batteries at the
manufacturer. The dataset includes meeting minutes of 6 meetings
held between November 2020 and April 2022. The analysis is again
based on a content analysis, i.e. the identification of specific statements
and recurring themes, which relate to benefits and issues for capturing
value from battery repurposing for the automotivemanufacturer. Given
the explanations in Section 2.3, this also includes the inter-dependency
between recycling and repurposing, i.e. the delay in recycling caused by
B2U and the implications for recycling value and closingmaterial loops.
In this way, the qualitative data frommeeting protocols was used to tri-
angulate between the economic results and the findings on value crea-
tion and delivery in the previous step (Strauss and Corbin, 2008).

3.3.2. Quantitative data
To complement the qualitative data and study the economic feasibil-

ity of the project, this study firstly includes a comprehensive analysis of
different BESS use cases, as well as an analysis of the contribution to the
reduction of LCC through repurposing. For the former, primary data on
the energy consumption profile was used to simulate the benefits of im-
plementing the BESS for the energy consumer in the case study. In this
case, this is given by the energy management within the production fa-
cility of the automotive manufacturer. Regarding the cost- and price
data for the simulation, secondary sources are used due to restrictions
for disclosure of economic battery data by the project partners. While
the experience of the researchers has shaped the selection of these
sources and hence the quantitative assessment in the study, it is still
considered relevant to describe the case-study as described in (Ridder,
2020), given that prices and cost are chosen to reflect the actual cost
of the project in Germany at the time of the study.

For the scenario analysis of the net present value for the BESS cus-
tomer, a simulation of energy flows was carried out in the software
tool TOP Energy (GFAI, 2017). All the technical parameters and assump-
tions for the energy flowmodel are derived from (Schulz-Mönninghoff
et al., 2021) and are detailed in the supplementarymaterials. In order to
investigate the business model in the case study, we include different
variables in the analysis. Firstly, we assess and simulate different BESS
applications, taking into account the possibility of multi-use cases for
BESS as described in Section 2.3. In the case study, this includes different
combinations of integrating locally producedRE supply (PV), peak shav-
ing (PS), uninterrupted power supply (UPS) and primary control re-
serve (PCR). These are either provided by a 1.4 MWh BESS
(configuration A) or by a 2.8 MWh BESS (configuration B).

Secondly,we take into account changingmarket conditions for using
BESS in Germany. These partly result from changes in the energy mar-
kets, which have occurred at the time of the case study. Specific details
on the technical assumptions for the model and the specific
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assumptions in each scenario are presented in the supplementary infor-
mation. The scenarios are derived from public data sources and include:

• Base case: Current energy prices (2020)
• Market scenario 1: Gradual increases in energy prices to projected
price for 2030

• Market scenario 2: Gradual increases in PCR revenues
• Market scenario 3: Reduction of the interest rate for battery storage
projects

• Market scenario 4: A combination of all changes (best case)

Based on modelling the energy flows of that production facility
when using the BESS, we calculate the net present value (NPV) of the
BESS from repurposed EV batteries, i.e. the circular project under inves-
tigation.

In addition to the data obtained for the BESS customer, the study in-
cludes an analysis of the contribution of B2U to the reduction of the LCC
of the battery. LCC analysis is stated as a keymethod to analyze product
life cycles within the discipline of life cycle management in general and
aims at “the assessment of all costs associated with the life cycle of a
product that are directly covered by one or more actors in the product
life cycle” (Sonnemann and Manuele, 2015). Similarly to life cycle as-
sessment, the LCC follows the ISO 14040 framework and requires the
definition of scope, system boundaries and functional unit (UNEP and
SETAC Life Cycle Initiative, 2011). Therefore, we use the same system
boundaries as the life cycle assessment of B2U provided in (Schulz-
Mönninghoff et al., 2021), which includes battery production, battery
repurposing process and provision of BESS system components, as
well as the energy-related benefits determined in the NPV analysis.
Lastly, it includes the changes in the cost of battery recycling through
B2U. The cost associated with the use of the battery in the EV are ex-
cluded from the scope of the LCC analysis.

4. Results and discussion

The results are presented according to the conceptual framework,
starting from the customer-focused interviews on the value proposition
of BESS at an early project stage in Section 4.1. Afterwards, the findings
on value creation and delivery based on the second part of the inter-
views conducted at the time of the BESS implementation are presented
in Section 4.2. Lastly, we present the economic feasibility study and the
LCC contribution analysis in Section 4.3 before summarizing the results
in the form of the identified key tasks in Section 4.4.

4.1. Value proposition

The results of the interviews conducted in the early project phase
(INT-1A-1F) aimed at the characterization of the value proposition of
BESS in the case study, which need to be addressed when using
repurposed EV batteries.

Firstly, and regarding the opportunities for using BESS, the inter-
viewees mentioned that several target applications are identified for
the BESS in the case study, which can be provided towards different
customers of the energy system under investigation (1). In this
regards, one interviewee suggests that two different BESS system
configurations should be analyzed, namely 1.4 MWh and 2.8 MWh,
since this can enable different sets of applications with different
cost-benefit ratios.

Moreover, two interviewees state that multi-use cases are a pre-
condition for achieving economic profitability of industrial BESS, i.e. to
providemultiple BESS applications simultaneously (2). Here, two inter-
viewees point out the need for supporting smart RE integration for en-
ergy producers, as well as reduction of power peaks towards the
energy consumer, particularly in light of new peak-consumers such as
EV charging stations. Furthermore, two interviewees point towards op-
portunities emerging fromnew regulation on offering grid services such
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as PCRwith BESS, e.g. the provision in smaller time slots, as a chance for
achieving additional revenues.

When discussing the technical requirements of the BESS, one aspect
mentioned was the reduction of the battery life cycle cost (3). These
represent the capacity-related cost of the BESS, i.e. the cost of purchas-
ing battery modules and their disposal. Moreover, the specific battery
technology and their characteristic lifetime and qualitywerementioned
as key aspects for the value of the BESS (4). Here, multiple interviewees
state that reliability of the BESS service and is a key customer require-
ment, e.g. when ensuring supply security and power quality for the en-
ergy system. Here, one interviewee outlines the need for engagingwith
specialized BESS operators, who canmanage different BESS applications
and can use digital tools to assess the benefits in relation to the effects
on the battery state-of-health and lifetime of batteries.

Among the challenges mentioned, the uncertainties in terms of rev-
enues and costs on energy markets were mentioned most frequently,
together with legal barriers for applying storage, e.g. for participation
in PCR markets and energy arbitrage (5). Particularly when combining
different BESS applications in multi-use cases, two interviewees men-
tioned the bureaucratic barriers to comply with regulations and at the
same timeminimize consider levies and taxes. As a consequence, differ-
ent interviewees state that new collaborations between grid operators
and other market participants is seen as a chance to develop new busi-
ness models for BESS, e.g. for redispatch, as well as shared- and distrib-
uted storage solutions. A key aspect in this regard is to ensure suitable
financial capital for investments in BESS as part of a new energy infra-
structure (6).

Lastly, two interviewees mentioned that the deployment of BESS
should be integrated with the achievement of other targets such as en-
ergy efficiency, e.g. through the deployment of direct current (DC)
micro grids, as well as increasing digitalization and automation, which
impose new challenges on power quality at industrial production
sites. Such aspects require technical expertise at the implementation
and operation stage in order to maximize the value from BESS (7).
This links to statements of other interviewees, who also point towards
the need for technical tools, e.g. for enabling forecasts on energy con-
sumer behavior with BESS deployment at scale in order to predict the
impacts on transmission grid operation.

The findings on the key characteristics of the value proposition of
BESS are summarized in Fig. 2. These are used to structure the analysis
of the mechanisms of value creation and delivery in the following sec-
tion, i.e. the specific tasks for addressing the value proposition when
using repurposed EV batteries.

4.2. Value creation and delivery

The analysis of the value creation and delivery is based on the EPRI
process for planning BESS. For that, the second set of interviews aimed
at understanding the requirements for the BESS to address the value
proposition outlined in Section 4.1, i.e. the realization of system charac-
teristics in each of the four steps of the process. The resulting technical
documentation of the findings is presented in the supplementary infor-
mation. In the analysis, we have then focused on the specific tasks and
challenges, which result from the use of repurposed batteries, and
their impact on the economic feasibility for the BESS customer. The re-
sulting findings are presented in Fig. 3.

Firstly, enabling the ability to address different customer types with
repurposed batteries requires a scalable BESS system architecture,
which can technically accommodate the variety of different batteries re-
covered from the EVmarket (1). In the case study, this is represented by
the possibility of doubling the system size to capture additional PCR rev-
enues and thereby optimize the cost-benefit ratio of the project.

At the same time, the ability to address multi-use cases and to ad-
dress multiple benefiters simultaneously requires an assessment of
the degree to which repurposed batteries are suitable for such applica-
tions, e.g. for providing PCR services, UPS and RE integration jointly (2).



Fig. 2. Key characteristics of the value proposition for the stationary battery storage in the case study based on interviews at the early project stage.
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In the case study, this was carried out via the simulation of such use-
cases under the assumption of the batteries state-of-health, the maxi-
mum depth-of-discharge and the resulting number of charging cycles
available. This influences the potential revenues from the BESS project.
According to one of the interviewees, planned investments in additional
RE production capacity now present a strong case for scaling up the im-
plementation of stationary BESS in the production facilities.

Furthermore, the battery technology and the material value of
repurposed EV batteries determine the cost of procurement of EoL bat-
teries and the cost of disposal at the end of the use in the BESS (3). Both
determine the feasibility of the BESS for the customer. In the case study,
the batteries are NMC-based, which implies a highmaterial value. In the
case study, the direct agreement between automotive manufacturer and
BESS supplier leads to a minimum of procurement cost. Additionally, it
is mentioned that based on the high material value, the cost of disposal
can potentially be reduced through efficient recycling in the future.

Another aspect which was mentioned by several interviewees is the
cost of maintenance associated with the use of repurposed batteries.
These are directly linked to the remaining lifetime of the batteries. Be-
sides the state-of-health of the batteries, the characteristics of the use
profile of the BESS determinewhether or not the batteries need to be re-
placed during the 10years period under investigation. For that, software
solutions for BESS operation and optimization of battery lifetime are
found as specific requirements (4).

Additionally, one aspectwhichwasmentioned in the interviewswas
the development in both energy prices and possible PCR revenues.
While is aspect affects the BESS project in general, the specific challenge
in the circular project regarding the use of repurposed batteries is for
automotive manufacturers to anticipate the growing demand and reve-
nue potential of BESS and allocate sufficient batteries to the business
model (5). In the case study, this aspect came up in the pilot project
and triggered the revision of market projections and the strategic eval-
uation of the business model in the future. Moreover, and regarding the
financial aspects of the business model, another aspect mentioned in
the interviews was the development of the interest rate and the result-
ing cost of capital of the BESS project. Depending on the location and the
risk profile of the project, interviewees mentioned that such conditions
can vary and affect the NPV of the project. Consequently, the question
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whether the use of repurposed batteries increases the risk profile of
the circular project was brought up in the interviews, and have stirred
questions on the sysem safety architecture and the collaboration with
suitable investors (6).

Lastly, several interviewees mentioned the technical expertise re-
quired for the integration of repurposed batteries as a potential cost
driver. Examples include additional efforts for the software integration
for BESS operation- and battery safety control. While these aspects
were addressed together with the integration of other technologies
such as bi-directional EV charging stations, a DC micro-grid, as well as
digital- and automation technologies at the energy consumer in the
case study, the interviewees highlighted the importance of a proof-of-
concept under market conditions to reduce unforeseen cost of BESS in-
tegration (7).

A summary of the findings is presented in Fig. 3. Here, the findings
are linked to the value position and positioned in relation to the corre-
sponding stage of the BESS implementation process, including the effect
on the economic feasibility at the customer in terms of the NPV.

From the findings, the following analysis of the NPV at the BESS cus-
tomer needs to include several parameters relevant to the use of
repurposed batteries in terms of the cost-price, revenue potentials, as
well as BESS life cycle cost such as integration, maintenance and dis-
posal. The following section investigates these aspects, starting from
the perspective of the customer. The results are then further interpreted
in the context of the battery LCC.

4.3. Value capture

The presentation of results on the value captured from EV battery
repurposing is divided in two steps. Firstly, the analysis of the economic
feasibility at the storage customer, and secondly, the analysis of the con-
tribution to the reduction of the battery LCC for the automotive manu-
facturer. In each step, we include a comparison of the results with the
value obtained by previous studies.

4.3.1. Economic feasibility at the customer
The results of the economic feasibility study of the BESS in the case

study is presented in Fig. 4. Besides the base case, it includes different



Fig. 3. Specific challenges for value creation and delivery for repurposed batteries based on the process of implementing battery storages as defined in EPRI (2017); Acronyms: NMC =
nickel‑manganese‑cobalt.
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the scenarios of economic boundary conditions in terms of energy
prices, PCR revenues and interest rates, i.e. market scenario 1-3, and a
combined best-case market scenario 4. All scenarios are calculated for
two overall BESS configurations with either 1.4 MWh or 2.8 MWh ca-
pacity, which enables different types of use cases.

Based on the results, the operation of the BESS at 1.4 MWh in the
scenario “base case” is only profitable in multi-use case 1, which com-
bines RE integration, peak shaving and UPS provision and thereby
achieves an NPV of 110 k€ after 10 years (or 90 k€/kWh). Meanwhile,
the operation of the BESS at 2.8 MWh is only barely profitable in
multi-use case 3, which combines RE integration, peak shaving, UPS
and the provision of PCR. However, the absolute NPV is lower than in
multi-use case 1. This means that increasing BESS size to capture addi-
tional revenues from PCR is not economically viable in the base case.

When taking into account market changes, increasing profitability
can be observed especially for multi-use case 1, 2 and 3. Besides
multi-use case 1, multi-use case 3 gains in relevance with the highest
absolute NPV of 505 k€ (or 205 €/kWh) in the best casemarket scenario
4. Inmulti-use case 2, the negative NPV in the base case turns into a pos-
itive NPVwhen assuming favorable interest rates in scenario 3. This im-
proves further to almost 200 k€ when assuming increasing PCR
revenues in market scenario 2 and to around 400 k€ after 10 years
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when additionally taking into account increasing energy prices in mar-
ket scenario 4.

Based on the analysis, it can be stated that BESS the system configu-
ration, the combination of use-cases and the development of the
targeted energy system affect the profitability of B2U as a business
model. Hence, addressing these aspects in the development of B2U as
a CBM through a suitable product architecture, customer engagement
and operation concepts can be identified as drivers for ensuring eco-
nomic viability.

4.3.2. Contribution to reduction of battery life cycle cost
Based on the economic value generated at the energy customer in

different scenarios, we now calculate the possible contribution of B2U
to the LCC of a battery. The results are presented in Fig. 5. In addition
to the quantitative results, the protocols of several meetings held at
the automotive manufacturer regarding the implementation of B2U
were analyzed and included in the analysis to triangulate the findings.

Firstly, we assess the LCC in detail for the use stage in the BESS (see
Fig. 5, top). For that, we assume a selling price of repurposed batteries of
100€/kWh. This assumption is in keeping with previous studies
(Kamath et al., 2020b; Neubauer et al., 2015; Rallo et al., 2020) and is
competitive with new batteries (for details see supplementary



Fig. 4.Net present value of the second use storage project in the case study in different product configurations, use cases andmarket scenarios over a time frame of 10 years in Germany;
Modelling based on parameters presented in (Schulz-Mönninghoff et al., 2021). Acronyms: PV= Photovoltaic; PS = Peak shaving; UPS = Uninterrupted power supply; PCR= Primary
control reserve;
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materials). In this regard, during one of the meetings at the automotive
manufacturer held during the project implementation, it was men-
tioned that these cost need to cover the cost of implementation, i.e. test-
ing, transport and installation of the repurposed batteries. Therefore, it
was concluded that a validation of these cost in pilot projects is neces-
sary (7).

Furthermore, the cost of power electronics for the BESS of 150€/kW
and the balance of plant cost of 90€/kW are assumed to be fixed. The
cost of operation & maintenance of 46€/kWh are linked to the quality
and remaining lifetime of the batteries provided (4). By using (digital)
tools for optimizing battery lifetime in BESS operation, the cost of main-
tenance can be reduced. Furthermore, IT systems and advanced BESS
safety architecture can ensure a continuous operation of the BESS and
reduce technical and financial risks. In this regard, the cost of capital at
an interest rate of 8 % result in 170€/kWh, is related to the risk profile
of the project and the corresponding source of financial capital (6). Dur-
ing a meeting at the automotive manufacturer, it was discussed which
measures can be taken to reduce project risks and the cost of capital of
B2U projects. On the one hand, it was seen as necessary to collaborate
with suitable investors, who are specialized in long-term energy infra-
structure projects and can adjust the cost of capital based on a technical
risk valuation for circular projects. On the other hand, service-based of-
ferings of BESSwere suggested as away to provide assurance of product
quality of repurposed batteries to customers and investors. This was
however not implemented within the case study, resulting in a lack of
evidence regarding that strategy.

Furthermore, the cash flow benefits from using the BESS is calcu-
lated over 10 years is based on the base case of multi-use case 1. As de-
scribed in Section 4.3.1, the BESS here provides the highest NPV, with
cash flow benefits of 646€/kWh, which lead to an NPV of 90€/kWh for
the energy customer. When considering the highest net profits in the
best case scenario, multi-use case 3 can provide net benefits of 672€/
568
kWh by offering PCR to energy grids, which results in an NPV of 205€/
kWh. The results thereby suggest how the project can provide different
value streams towards multiple benefiters in the energy system (2).
This cost-benefit ratio can be optimized due to the scalable BESS archi-
tecture and the system configuration in the case study (1), as well as by
monitoring future market conditions of the energy sector in Germany
(5).

For the analysis of the impact of battery repurposing on the reduc-
tion of the LCC, we assume an estimated new battery price of appr.
150€ for an NMC battery at project start in 2020 based on (Neubauer
et al., 2015). Even in the regular battery life cycle (see Fig. 5, center),
EV batteries must be recovered from the markets after the use in the
EV for disposal according to legal minimum requirements. The corre-
sponding cost of transport are estimated to be 5€/kWh based on a cost
of 0.71$/kg in Germany stated in (Slattery et al., 2021). The cost of dis-
posal were assumed to be at around 10-15€/kWh, depending on the
material composition (Lander et al., 2021). The resulting LCC in total
amount to appr. 167€/kWh.

When repurposing batteries (see Fig. 5, bottom), the cost of
repurposing are estimated at around 36€/kWh, which includes the
transport cost as well as equipment and labor cost at the testing- and
repurposing facility (Neubauer et al., 2015). At a selling price of
repurposed batteries of 100€/kWh, repurposing provides a sales profit
of 64€/kWh for the manufacturer (see Fig. 5). Additionally, the cost of
of disposal are avoided in 2020, which is linked to finding (3) on the
cost of disposal and the resource value.

Lastly, the recycling of NMC batteries is expected to yield additional
profits at the end of the BESS lifetime in 2030, i.e. after B2U, resulting in
another 25€/kWh revenue (Lander et al., 2021). Together with the
saved cost of disposal of 12€/kWh and the revenues of 64€/kWh, the
total LCC contribution of B2U amounts to 109€/kWh of repurposed bat-
tery capacity. The additional recycling profits were addressed in a



Fig. 5. Life Cycle Cost (LCC) analysis of electric vehicle repurposing. Top: Analysis of use stage in battery energy storage system (BESS); Center: Regular electric vehicle battery life cycle;
Bottom: Analysis of impacts of battery repurposing on the reduction of LCC.
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meeting held at the manufacturer, stating that in order to capture the
material value of repurposed batteries, an agreement with BESS cus-
tomers is necessary to allow access to EoL batteries at the end of B2U.
Besides contracting, another strategy was seen in providing storage ca-
pacity as a service-based offering and maintain ownership of the batte-
ries during B2U. In this way, an obligation of disposal remains with the
manufacturer, which enables value capture from battery material re-
covery. However, this strategy was not implemented within the case
study.

4.4. Synthesis: key tasks for implementing the circular project

Based on the findings presented in the previous sections, Table 3
presents the synthesis in the form of seven key tasks, which were ad-
dressed for implementing the circular project in the case study and to
ensure economic viability.

In the case study, the assessment of the BESS planning process and
the economic study together reveal how the scalability of the BESS
based on repurposed batteries allows the variation in system configura-
tions in order to address different customer types and optimize reve-
nues at the lowest system cost (cf. Fig. 4). In the case study, this
required the development of a flexible BESS product architecture,
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which can accommodate different battery types at different sizes
which can be repurposed from the EV market. Hence, we refer to this
key task as “develop the product platform”.

Furthermore, the case study reveals how offering of multi-use cases
determines the profitability of the BESS. For that, an assessment of the
suitability of using repurposed batteries was varied out via simulation
of different scenarios, taking into account the characteristics of the bat-
teries and the corresponding use cases. The analysis revealed that the
repurposed batteries can indeed address and capture multiple value
streams, including revenues from offering grid services as well as cost
reductions in energy use and infrastructure upgrades. Hence, we refer
to this key task as “assess multiple value streams”.

Thirdly, and as presented in Fig. 4, the contribution of B2U to the re-
duction of LCC is twofold: on the one hand, it generates revenues
through the sale of repurposed batteries. On the other hand, we show
how B2U postpones battery recycling while at the same time allows
generating additional revenues from improvements in future recycling.
This showshowautomotivemanufacturers can leverage on thematerial
value of EoL batteries to support the competitiveness of repurposed bat-
teries compared to new ones.We thus refer to this key task as “leverage
on battery resource value”. In relation to this task, the findings also indi-
cate that capturing this full value requires access to batteries after B2U,



Table 3
Identified key tasks for ensuring economic viability when implementing battery second use as a circular business model.

Key task Value proposition Value creation & delivery Value capture

1. Develop the product
platform

Address different
customer types

Develop scalable battery storage architecture based on
different (repurposed) battery types

Maximize storage revenues at lowest system cost

2. Assess different value
streams

Provide different storage
use-cases

Assess suitability of repurposed batteries for different storage
applications (e.g. via simulation)

Maximize economic benefits (energy cost savings,
energy infrastructure cost savings, revenues)

3. Leverage on resource
value

Minimize
battery-related cost

Minimize cost of procurement and disposal of NMC-based
Li-Ion batteries; (Optional: Maintain ownership of batteries)

Assure market access; Capture avoided cost today and
future revenues of battery recycling

4. Provide risk assurances
on product quality

Ensure battery lifetime &
quality

Ensure minimum lifetime of repurposed batteries in
operation (Optional: Introduce battery-as-a-service)

Reduce cost of maintenance/battery replacement;
(Optional: Capture revenues from service-based
offerings)

5. Observe trends in
targeted downstream
markets

Respond to changing
energy markets

Observe energy prices and grid service revenues in targeted
energy markets;
Allocate sufficient batteries to repurposing;

Unlock additional revenues from profitable battery
storage applications

6. Acquire suitable
financial capital

Acquire financial capital
for storage investments

Reduce technical risks profile of the project when using
repurposed batteries (in collaboration with suitable
investors)

Reduce cost of capital to optimize net-present value for
customers

7. Carry out pilot projects
under market
conditions

Technical expertise for
implementation

Ensure compatibility with complementary technologies in
pilot projects

Minimize cost of integration (power electronics,
equipment, software etc.)
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i.e. through contracting or by maintaining ownership of the BESS in
service-based business models, whichwas however not further investi-
gated.

For key task number four, the risk perception of customers regarding
the lifetime of repurposed batteries represents a barrier for adoption.
We find that this can be addressed through specialized actors and soft-
ware tools, which ensure theminimum lifetime of repurposed batteries.
This affects the cost of maintenance and operation for the customer and
hence ensures the economic viability of the project. We hence refer to
this key task as “provide risk assurances on product quality”. As an addi-
tion, the interview results suggest that service-based offerings might
support this aspect towards customerswhile at the same timeproviding
additional revenues for BESS suppliers. This effectiveness of this aspect
has however not been verified in the case study and requires further in-
vestigation.

Another key task can be derived from the sensitivity of the model to
the changes in energy prices in energymarkets. Here, the ability of BESS
suppliers to respond to changingmarket conditions is found as a key as-
pect of the value proposition. As a consequence, themonitoring of mar-
ket trends in the case study has stirred discussions on the amounts of
EoL batteries allocated to B2U. This implies an increased focus on down-
stream activities for manufacturers in addition to upstream manage-
ment of battery supply chains. Hence, we refer to this key task as
“observe market trends in targeted downstream markets”.

Key task number six refers to the financing of BESS and the corre-
sponding cost of capital, which drive the economic viability of the pro-
ject in the case study. As illustrated in Fig. 3, the risk profile of the
project affects the profitability of the BESS. Hence, the collaboration
with suitable investment partners and the reduction of technical risks
can be seen as a key task for optimizing the NPV in the case study.
Therefore, we refer to this key task as “acquire suitable financial capital”.

Lastly, the study shows how the pilot project in the case study is
used to acquire the technical expertise for the technical integration of
the BESS and thereby ensure customer value in the project. Relevant
aspecst include e.g. testing, logistics and installation and the required
software integration. As shown in the LCC analysis, this affects the cost
of integration via the cost of repurposing, as well as the cost of the
power electronics and balance of plant. The pilot project here serves
to identify unforeseen cost. Thus, we refer to this key task as “carry out
pilot projects under market conditions”.

5. Discussion

In this section, we discuss the findings in terms of theoretical contri-
butions in relation to existing literature (Section 5.1), as well as the re-
sulting managerial contributions for EV batteries and for CBM
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implementation in general (Section 5.2). An overview of the they argu-
ments is provided in Table 4. Finally, we discuss implications of the re-
sults for CE policy-making (Section 5.3).

5.1. Theoretical contributions

In terms of the theoretical contributions, the framework applied in
this study takes a multi-stakeholder approach to economic viability of
circular projects, focusing on the value proposition of repurposed batte-
ries towards the targeted BESS customers. The assumption is that circu-
lated products, components and materials need to satisfy the same
requirements as their linear counterparts in order to achieve sustainable
production and consumption patterns at scale. For that, the framework
in the study provides a structured process for ensuring economic viabil-
ity of circular projects by investigating value proposition, value creation
& delivery and value capture based on dedicated methods (see Fig. 6).

Meanwhile, this process has case-specific implications. The investi-
gation of the value proposition was based on individual interviews
with potential BESS customers. Here, other data collection methods
such as customer workshops might be required for less established
products. Moreover, in terms of the analysis of characteristic challenges
for ensuring value creation & delivery, the analysis in the case studywas
based on the battery storage implementation process defined in (EPRI,
2017). In this regard, it must be noted that for other products, services
or circular strategies, such processes might not exist. In such cases, a
similar customer-oriented process would need to be developed in
order to apply the framework presented in this study. This should take
into account the considerations when describing and analyzing pro-
cesses in organizations in terms of the series of events, the unit of anal-
ysis and other trends and underlying changes taking place in the
background of the process investigated (Langley, 1999). Additionally,
the analysis of economic feasibility at the customer in the case study
was carried out via the NPV, which is one of the relevant metrics for
assessing BESS projects. For other products, different economic evalua-
tion methods might be applicable. While the present study argues for
applying the same standards as for assessing economic implications of
CBM as for existing, linear products, more work is needed to integrate
such assessments with the CBM implementation process, e.g. as de-
scribed in (British Standard Institution, 2017). Despite the fact that
LCC is an established method in scientific literature (Sonnemann and
Manuele, 2015), only fewmethods exist in scientific literaturewhich es-
tablish a link betweenmaterial circularity and economic results at prod-
uct level (Corona et al., 2019). Future studies should thus further
develop such approaches and e.g. integrate LCC considerationswithma-
terial circularity indicator methods. By drawing from accounting
methods such as NPV or return-on-invest calculations, the mostly



Table 4
Implications of case-specific findings for circular business model literature and management of circular projects in general and for the case of electric vehicle batteries.

Key task References in existing
literature

Managerial implications

1. Develop the product
platform

Circular economy maturity level (British Standard Institution, 2017) Design for product
integrity (den Hollander et al., 2017)

- Allocation of resources for implementing circular
business models (time, budget, competences)

2. Assess different value
streams

Downstream value logic (M. de P. Pieroni et al., 2019; Urbinati et al., 2017); Network
value (Antikainen et al., 2016; Nußholz et al., 2019); Organizational capabilities
(Lewandowski, 2016)

- Stakeholder/customer engagement for unlocking
different value streams
- Co-designing CBM for customer value

3. Leverage on resource
value

Maintain product ownership (Sigüenza et al., 2021); Cascading across multiple circular
strategies (Richa et al., 2017).

- Integrate cascading across CBM options in a battery
eco-system;
- Combine considerations on material circularity (SDG
12) with other sustainable development goals

4. Provide risk assurances
on product quality

Service-based business models (Kjaer et al., 2019; Simone and Remmen, 2019; Tukker,
2015; Urbinati et al., 2017)
Implement a pay-per-use principle (Sigüenza et al., 2021)

- Collect statistical evidence on product lifetime
- Explore customer risk perception in circular projects
- Test mitigation potential of service-based business
models

5. Observe trends in
targeted downstream
markets

Organizational capabilities (Lewandowski, 2016); Internal and external barriers for
circular adoption (Hina et al., 2022; Vermunt et al., 2019)

- Ensure competitiveness of products
- Engage with technology partners
- Monitor market trends

6. Acquire suitable
financial capital

CBM innovation approach (Geissdoerfer et al., 2020)
Investments in eco-innovation (Rizos et al., 2016; Schultz and Reinhardt, 2022)

- Organizational setup for the CBM implementation
- Align financing strategy with risk profile of the
circular project

7. Carry out pilot projects
under market conditions

Circular economy maturity level (British Standard Institution, 2017) - Include considerations for scalability of the CBM
- Validate the cost-price offered to customers
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project-based character of CE implementation efforts today can be ad-
dressed to support decision-makers in gaining a full picture of benefits
of investments in circular solutions.

Regarding the theoretical implications of the identified key tasks,
different links to existing studies can be found in scientific literature.
The development of the product platform (task 1) in the context of a
CE can be linked to thematurity level of CE adoption in an organization,
in which the alignment of the value proposition with CE principles at
process- and product level is a pre-requisite for business model innova-
tion for CE (British Standard Institution, 2017). Furthermore, the design
of products for upgradability, i.e. to be compatible with future versions
of battery types is one example of “product integrity” (den Hollander
et al., 2017). The results here show how such product design supports
the optimization of the cost-benefit ratio of the circular project. Further-
more, the finding on assessing different value streams (task 2) on the
one hand resonates with the focus on the downstream value logic of
CBM as described in (M. P. P. Pieroni et al., 2019). The aspect of multi-
use cases for BESS represents an example of addressing different bene-
fiters in a network value (Antikainen et al., 2016; Nußholz et al., 2019a).
Additionally, the need to build organizational capabilities to manage
these value networks is mentioned in (Lewandowski, 2016).
Fig. 6. Process for ensuring economic viability of circular projects de
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Despite the lack of evidence provided in the case study, the findings
for leveraging on resource value (task 3) and the provision of risk assur-
ance on product quality (task 4) point towards the benefits of adopting
of service-based business models in a CE. On the one hand, providing
services and maintaining ownership of a product during the use stage
enables sustainability benefits for manufacturers (Sigüenza et al.,
2021) and cascading across multiple circular strategies (Richa et al.,
2017). On the other hand, service-based business models enable reve-
nues based on a pay-per-use principle while addressing the risk percep-
tion of the customers regarding reused products, as stated in (Tukker,
2015; Urbinati et al., 2017). This is in keeping with findings stated in
previous studies, emphasizing the benefits of product-service systems
for adopting the concept of a CE in general and dematerialize consump-
tion (Kjaer et al., 2019; Simone and Remmen, 2019).

The observation of trends in targeted downstream markets (task
5) mostly requires companies to build organizational capabilities, e.g.
expert knowledge on energy markets and regulation, to identify trends
and opportunities for value capture (Lewandowski, 2016). At the same
time, this focus on (external) market barriers for CBM implementation
is mentioned in previous studies (Hina et al., 2022; Lieder and Rashid,
2016; Vermunt et al., 2019). In this regard, conducting pilot projects
rived from the conceptual framework applied in the case study.
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under market conditions is identified as a way to validate performance
and cost structures of implementing CBM (task 7). While there is little
scientific literature on experimentation for CBM, this finding does relate
to CBM innovation approaches and the level of maturity at which these
are implemented (British Standard Institution, 2017).

Lastly, the acquisition of “circular” financial capital (task 6) refers to
the alignment of the financing strategy for a CBM and the risk profile of
the circular project. This task is both linked to the CBM innovation ap-
proach and the organizational entity which acts as an investor for a cer-
tain project (Geissdoerfer et al., 2020), aswell as to the issue of access to
capital for investing in CE-related eco-innovation in the first place
(Rizos et al., 2016; Schultz and Reinhardt, 2022). Here, the findings
show how the interest rate and the resulting cost of capital can affect
the value captured from circular projects.

5.2. Managerial contributions

In terms of practical contributions to themanagement of product life
cycles in a CE, the study provides several insights for the case of EV bat-
teries. Here, the findings on the dependency of the profitability of B2U
on the BESS size are confirmed by previous studies (Rallo et al., 2020).
Moreover, the findings on the economic profitability suggest that the
value captured from B2U depends on themarket conditions and the re-
spective BESS application (Kamath et al., 2020b). Especially the addi-
tional benefits from multi-use cases stated in other studies can
thereby be confirmed (Lombardi and Schwabe, 2017; Tang et al.,
2019; Tepe et al., 2021). The NPV values obtained are in keeping with
the findings of previous studies (Balducci et al., 2018; Fitzgerald et al.,
2015). While finding that the results correspond with previous studies
for the case of B2U, a validation of the applicability to other cases is re-
quired. In this regard, especially the prediction of price developments in
the energy sector are subject to some uncertainties. It can be expected
that increases in energy cost and in the number of disruptions to energy
supply as part of the ongoing transition towards RE aremore likely than
continuous and stable low-cost energy. Meanwhile, we address uncer-
tainties by including a variety of potential future market scenarios in
the study. The underlying assumptions are based on anticipated
changes at the time of the study and should thus be carefully revised
when interpreting the results.

From amanagerial perspective, this suggests that B2U can indeed be
a profitable CBM option for EV batteries today, but requires thorough
development of the businessmodel in the context of the energy system.
This points to the need for closer collaborations between automotive
manufacturers and stakeholders from electricity grids in order to de-
velop integrated business models for the use of battery storages across
sectors.

Moreover, and from the perspective of themanufacturer, some case-
specific uncertainty is given by the cost of transportation, which can
vary depending on the region and presumed transport modes- and dis-
tances (Slattery et al., 2021). Under the assumptions made in the pres-
ent study, we show that the contribution of B2U to the LCC of the EV
battery entails both additional revenues from EV battery sales and
avoided cost of battery recycling. Practically, this implies that even
when reducing the sales price of repurposed batteries from 100€/kWh
to 36€/kWh, i.e. not capturing any profits from sales, manufacturers
can still potentially gain benefits from B2U through savings and reve-
nues from battery recycling. This shows how an integrated business
case of a CBM for batteries based on the LCC contributions can reveal
themargin formanufacturers to reduce product-related cost and ensure
a positive value for customers. Hence, an eco-system view on CBM im-
plementation for EV batteries could offer further insights into integrated
business models between energy markets and recycling industry and
provide economic leverage based cascading effects (Richa et al., 2017).

Towards more general implications for managing the economic via-
bility of circular projects, the identified key tasks altogether show how
the complexity of the CBM implementation process lies in coordinating
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numerous actors and competencies towards achieving competitiveness
with linear alternatives. As such, especially key task 1 and 7 emphasize
the need for companies to allocate sufficient resources, time and techni-
cal expertise to the development of CBM and the implementation of
pilot projects. Both should entail considerations of scalability in order
to achieve desired impacts for sustainable production and consumption
at large. In this regard, the findings on task 3 and 5 together show the
inter-connection between material circularity (SDG 12.3) and goals on
clean energy systems (SDG 7) for the case of batteries (United
Nations, 2015). In this sense, the present study thus shows how a
CBM can serve as a conceptual basis for firms to combine considerations
of sustainable management of resources across sectors and goals for
sustainable development.

Furthermore, it follows from task 2 and 4 that customer value is per-
ceived from the perspective of case-specific use cases and can entail as-
pects of minimizing risks. While the technical measures required to
mitigate those risks, both aspects call for additional research on
methods and format for co-designing CBMwith the corresponding cus-
tomers, focusing on value streams and de-risking circular projects. Here,
the role of service-based offerings could not be finally clarified in this
study and requires further investigation.

In summary, managerial tasks in relation to CBM need to gain in
scale and relevance. For that, future studies should build on the results
of the present study and analyze the characteristics of those business
cases for CBM innovation, which sustain in comparison to the existing,
linear models (Schultz and Reinhardt, 2022). In this regard, testing the
approaches for CBM innovation mentioned in previous studies in the
form of similar, long-term and in-depth case studies seems to be a
promising avenue for determining the relationship between organiza-
tional setups for CE deployment, e.g. through circular startups, and the
associated economic success (Geissdoerfer et al., 2020). Such studies
could also reflect on the extent towhichCBM for individual components
such as EV batteries qualify the overall business model of vehicle-based
personal mobility to become circular, e.g. by testing whether such ap-
proachesfinally lead to a decoupling of resource consumption fromeco-
nomic growth in the mobility sector, which is stated as the overall
objective in a CE (Geissdoerfer et al., 2017; Ghisellini et al., 2016).

5.3. Policy recommendations

In terms of implications of the results for policy-making, one aspect
specific to the case of batteries is the availability of data in order to ad-
dress several of the identified key tasks. As such, this affects the
repurposing process, in which batteries are recovered from EV markets
and qualified for further use (see Fig. 1). Here, knowledge of key battery
data and the available number of charging cycles is a crucial aspect for
integrating different battery types in the product platform (task 1),
assessing their suitability for different combinations of BESS use cases
(task 2) and for ensuring minimum lifetime requirements to reduce
product risks (task 4). Hence, regulatory action is needed to ensure ac-
cess to battery data, e.g. via product passports which enable third
parties to request data access from original equipment manufacturers
(Circular Economy Initiative Deutschland, 2020; Global Battery
Alliance, 2021). Similar requests are identified in the revision of the
EU battery directive and should be enforced in practice (European Com-
mission, 2020c).

Moreover, the identified aspect of financing CBM points to the ne-
cessity of mobilizing suitable financial capital for implementing and
scaling circular projects. Here, policy action should focus on creating fa-
vorable conditions for companies to gain access to investments, which
are willing to support the displacement of linear alternatives in favor
of CBM. One aspect here is the introduction of service-based offerings,
which for companies is linked to major risks and financial efforts
(Sigüenza et al., 2021; Tukker, 2015). While the role of service-based
business models for reducing product risk perceptions of customers re-
quires further investigation, policy support for companies to manage
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the shift from sales-based to subscription-based revenue models might
enhance endeavors of manufacturers to increase their engagement in
EoL management of products.

Lastly, several general issues exist for companies in relation to
implementing a CE, e.g. the cannibalization of sales revenues when
offering repurposed or remanufactured products compared to new
ones and the corresponding lock-in effects with existing technolo-
gies (Korhonen et al., 2018; Okorie et al., 2021). While the results
of the present study indicate positive shared value across different
stakeholder groups for the case of B2U, policy-making for CE should
focus on establishing mechanisms which prevent the discrimination
of reused products but instead incentivize their use compared to vir-
gin materials and components. In this sense, our findings suggest
that a focus on customer value should also be adopted in CE policy-
making, which today is found to be centered around obligations of
manufacturers in terms of waste management and does not address
the much needed customer benefits from a CE deployment at scale
(Calisto Friant et al., 2021).

6. Conclusions

As the adoption of CE strategies at scale is still limited in industry
today, the need to provide practical guidance on how to capture eco-
nomic value from implementing CBM is needed. Based on the rational
of an increasing need to focus on customers targeted by CBM, this
study presents an in-depth case study on a real-world project of B2U
in Germany with a particular focus on customer characteristics and
value creation. For that we provide a framework for assessing
customer-and market implications of CBM, which leads to the identifi-
cation of seven key tasks for capturing economic value from circular
projects.

In terms of the key contributions, this study provides a framework
for exploring the value proposition, creation & delivery and value cap-
ture of circular projects and establishes a link to existing studies. From
a managerial perspective, the findings reveal that the complexity of
the CBM implementation lies in coordinating a number of tasks, actors
and competencies towards competitiveness with linear alternatives,
which calls for increasing collaboration across sectors in a CE. Moreover,
wefind that policy-action is required to support the battery repurposing
process and enable a level playing field for actors in the battery eco-
system through access to full product functionality and the correspond-
ing value streams.

In this sense, the present study approach aims at going beyond
the identification of general drivers and barriers for CBM imple-
mentation. Rather than focusing on the original product life cycle
and the responsibilities of manufacturers when recovering products
from markets, we argue that an increasing focus on addressing cus-
tomer requirements through in-depth studies is needed in order to
move circular projects away from pilot-stage and towards a wide-
spread adoption. Based on the economic assessments offered in
this study, we aim to inspire the use of holistic assessments at man-
ufacturers on the profitability of engaging in CBM, both for the case
of EV batteries and for mobility in general. For future studies, we
hence identify the need for further investigating methods for co-
developing for CBM with targeted customers. Furthermore, we sug-
gest to investigate the de-risking potential of CBM through service-
based offerings in a CE, as well as organizational setups of CBM in-
novation and implications for access to downstream markets.
These together should focus on assuring the validity of CBM from
a customer perspective and hence drive sustainable production
and consumption at scale.
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