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ARTICLE INFO ABSTRACT

Keywords: With the growth of electric mobility, automotive manufacturers are nowadays facing the challenge of imple-

Remaﬂufﬁ}ﬁuriﬂg menting a Circular Economy (CE) for electric vehicle (EV) batteries. Meanwhile, no consensus exists on how to

Eepurl;?osmg assess material circularity and assign responsibilities across different business processes of the organization. To
ecycling

address this gap, the present study uses an illustrative case study of an automotive manufacturer seeking to
improve the material circularity of its’ electric vehicle battery portfolio. Following a 3-step framework inspired
by the British Standard BS 8001:2017, we investigate how business processes in relation to product development,
supply chain, production, end-of-life and business models can contribute to the material circularity of EV bat-
teries in different scenarios. Among the key contributions, the study firstly provides guidance for companies on
how to model material circularity for batteries at company-level based on EV market projections. Secondly, our
findings show that by combining a closed-loop production with different end-of-life strategies such as remanu-
facturing, repurposing and recycling, automotive manufacturers can increase material circularity for critical
battery materials from 5% today to 23% by 2030. Thirdly, we specify how different business processes can
contribute to increasing material circularity, including a) which business processes collaborate, b) the affected
material streams (i.e. inflow or outflow), c¢) through which activities and d) to what extent, i.e. the impact on the
quantitative results for material circularity. Based on the findings, we discuss limitations of the study and derive
pathways for future research on how to assist companies in an accelerated transition towards a CE.

Circular transition indicators
Material circularity indicator
Decision-making

1. Introduction frameworks for implementing, monitoring and further developing CE

strategies in the practical context of organizations are scattered (Hal-

In order to achieve sustainable consumption of resources in industry,
scholars refer to the concept of a Circular Economy (CE), which aims at
keeping products and materials at their highest utility at all times
(Murray et al.,, 2015). A CE combines different principles, such as
“closing, slowing and narrowing material loops” (Bocken et al., 2016),
which together ensure the minimization of resource input and waste,
emission, and energy leakage (Geissdoerfer et al., 2017).

Generally, research emphasizes that ensuring a widespread adoption
of a CE in industry is a multi-disciplinary task in both research and
practice and requires both inter- and intra-organizational collaboration
(Geissdoerfer et al., 2017; Korhonen et al., 2018; Rizos et al., 2016). For
companies, this suggests that different stakeholders need to work
together in a coordinated and structured manner in order to implement
circularity of material flows in an organization. Nevertheless,

onen et al., 2019; Kovacic et al., 2019; Morseletto, 2020). While at-
tempts to develop standards for guiding companies are made on a
conceptual level (BSI, 2017), these are found to lack integration with
assessment methods and therefore do not support organizations in
setting quantifiable targets for material circularity (Pauliuk, 2018). As a
consequence, until today only few companies have adopted systematic
approaches for measuring progress on CE implementation at organisa-
tional level (Opferkuch et al., 2021).

In this context, the automotive sector is particularly under pressure
to adopt frameworks for assessing material circularity, given that the
transition to electric mobility, pushed by both industry and legislation, is
expected to cause tremendous shifts in vehicle supply chains today and
through 2035 (European Parliament, 2022; World Economic Forum,
2019). Therefore, batteries and vehicles are identified as a key sector for
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implementing CE principles within the EU’s circular economy action
plan (European Commission, 2020a). For that, numerous strategies for
improving the material circularity of EV batteries are outlined in liter-
ature, reaching from design strategies, e.g. design for manufacturing,
reparability and longevity (Picatoste et al., 2022) to end-of-Life (EoL)
options such as remanufacturing, repurposing and recycling (Blomeke
et al., 2022; Olsson et al., 2018).

Hence, Automotive manufacturers face the challenge of aligning a
number of different CE strategies for EV batteries towards an overall
target. The underlying challenge is twofold: On the one hand, it requires
methods for assessing material circularity at an organizational level in
order to accommodate the variety of measures that can be taken. On the
other hand, the next question is who in that company can — or should - do
what in order to contribute to achieving that target, or in other words, it
is currently not clear, which action by which business process is
responsible for which lever on the material circularity of a company.
While some studies in scientific literature provide methods for assessing
battery material flows (Bobba et al., 2019; Neidhardt et al., 2022; Richa
et al., 2017) to our knowledge there are no studies which assist com-
panies in linking material circularity performances for batteries to the
responsible decision-makers within the organization. Based on this
rationale, this paper aims at addressing the following research question:

How can different business processes of an automotive manufacturer
contribute to improving the material circularity for critical battery
materials at company-level?

By addressing this research question, we aim at shedding light on the
implications for automotive manufacturers when implementing mate-
rial circularity for EV batteries by involving all relevant business pro-
cesses within the organization. For that, this study uses recent EV market
projections to develop an illustrative case of an automotive manufac-
turer seeking to assess the CE performance of its’ EV battery portfolio. By
applying a method for assessing material circularity at company-level
and testing different scenarios of EoL strategies implementation, the
study illustrates how different business processes within an organiza-
tion, such as supply chain, production or business model, can jointly
work towards a CE for batteries in the future.

The study is structured as follows: section 2 presents existing liter-
ature and outlines the research gap in detail. Section 3 outlines the
overall research approach, the development of the case study and in-
troduces key assumptions for modelling material flows of the company.
In section 4, we present results for the material circularity at company-
level in different scenarios and analyze the contribution of the various
business processes. Finally, we discuss key contributions, limitations and
directions for future research in section 5.

2. Literature review
2.1. Implementing material circularity in industry

In the pursuit of implementing a CE, different actors are seeking for
“integrative decision support tools to identify and tap potentials of CE
transition scenarios on company and inter-company level” (Lieder and
Rashid, 2016, p.48). While this has led to the adoption of frameworks
such as the EU monitoring framework at policy-level (European Com-
mission, 2018), research does not find them suitable for companies due
to the missing link to business performance and the need for translating
results into strategic action (Pacurariu et al., 2021).

Based on this issue, the research field of CE indicators has evolved
continuously over the last years (Saidani et al., 2019) aiming at the
investigation of available quantitative metrics, which can assist com-
panies in assessing material circularity as part of their CE
decision-making (Corona et al., 2019; OECD, 2020). While reviews
present, compare and classify CE indicators, which have been developed
in both scientific and grey literature, no method has prevailed as an
industry standard so far (De Oliveira et al., 2021; Moraga et al., 2019;
Parchomenko et al., 2019; Roos Lindgreen et al., 2020; Saidani et al.,
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2019; Sassanelli et al., 2019; Verstraeten-Jochemsen et al., 2020).

As a consequence, reporting on the implementation of material
circularity in industry and in policy-making today is mostly based on
qualitative measures or focuses on waste treatment and recycling alone,
thus only representing a fraction of the strategies and measures in scope
of a CE (Calisto Friant et al., 2021; Niero and Kalbar, 2019; Opferkuch
et al., 2021). Hence, there is lack of frameworks which allow companies
to describe the various activities for stirring material circularity and
establish a clear link to business decisions. In this regard, some studies
find that CE indicators do not cover all dimensions of sustainability
(Corona et al., 2019; Kristensen and Mosgaard, 2020), whereas others
show that results for material circularity do not always rhyme with re-
sults of environmental impact assessments (Lonca et al., 2018; Niero and
Kalbar, 2019; Roos Lindgreen et al., 2021; Walker et al., 2018). This
suggests that quantitative assessment methods for material circularity
can offer novel insights for decision-makers on whether and how the
implementation of a CE supports other sustainability goals.

Moreover, despite the relevance of testing the role of CE indicators in
decision-making, only few studies have addressed the process of trans-
lating material circularity results into action at an organizational level.
When studying CE indicators, some authors focus on qualifying methods
at product level based on their methodological characteristics (Linder
et al., 2017), while others aim at supporting the selection of CE in-
dicators based on the specific context of application (Elia et al., 2017;
Kravchenko et al., 2020; Nika et al., 2021). However, we identify a
knowledge gap on the description of which activity of a company con-
tributes in which way to the improvement of its material circularity, or
in other words, who in an organization is responsible for which lever on
implementing material circularity. For this purpose, company-level CE
indicators are of particular interest, since they aim at summarizing all
activities associated with the material circularity of a company and
potentially aggregating them in a quantitative score (Roos Lindgreen
et al., 2020; Verstraeten-Jochemsen et al., 2020).

2.2. Material circularity for EV batteries

Establishing a CE for EV battery materials is a focus area in scientific
research for numerous reasons. Firstly, the battery comprises a signifi-
cant share of the cost of an EV, mostly due to the volatility of market
prices for specific materials such as Lithium and Cobalt (European
Commission, 2020b). Secondly, despite the overall benefits of EVs over
internal combustion vehicles in terms of greenhouse gas emissions
(Hoekstra and Steinbuch, 2020), batteries are responsible for additional
environmental and social impacts in the supply chain of the vehicle, e.g.
due to energy use in cell production and unregulated working conditions
at the material extraction stage (Lebedeva et al., 2016). Lastly, several
materials are considered critical in terms of security of supply for Eu-
ropean manufacturers due to geopolitical dependency of supply chains
and slow ramp-up of global mining capacities (European Commission,
2020b). All together, these issues provide incentives for manufacturers
to establish closed battery material loops and thereby reduce the envi-
ronmental, economic and social risks associated with primary battery
material supply in the future.

In order to implement a CE for EV batteries, different actions can be
taken to reduce the overall material demand of a company, e.g. by
establishing alternative supply chains for secondary material, increasing
the share of recycled content and reused components, as well as mini-
mizing the amount of waste in production (Schulz et al., 2021; World
Economic Forum, 2020). Moreover, specific focus is dedicated to the
available strategies at the battery end-of-life (EoL), which mainly
include the following options (Kurdve et al., 2019; Olsson et al., 2018;
Richa et al., 2017):

e Remanufacturing and reuse of batteries in EVs,
e Repurposing and further use in stationary battery energy storage
systems,
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e Recycling and closed-loop production in collaboration with battery
cell manufacturers.

To ensure a successful transition to electric mobility, manufacturers
require frameworks for systemically assessing and stirring material
circularity for batteries across a number of different business processes
of the organization. Given the lack of studies addressing this issue, we
find that there is a need for case studies on EV batteries, which inves-
tigate the contribution of various activities at an automotive manufac-
turer to an overall material circularity target. The underlying rationale is
to encourage manufacturers to adopt more structured and effective ap-
proaches for managing and communicating progress on CE
implementation.

3. Material and methods
3.1. Research approach

In order to study how different business processes can contribute to
improving the material circularity of battery materials, a case study
offers the possibility to collect insights on real-world phenomena in
order to derive implications for theory in a specific field (Ridder, 2020).
As such, the present case study aims to provide detailed guidance on
modelling battery material flows while at the same time linking results
to the corresponding business processes for CE in an organization.
Furthermore, a case study enables the collection of specific insights for
applying the study framework in practice, including the required as-
sumptions, data sources and interpretation of results.

To achieve this, we develop the study framework presented in Fig. 1
by following a 3-step approach inspired by the British Standard
BS:8001:2017, which provides a flexible framework for implementing
the principles of a CE in an organization (BSI, 2017). In the scoping
phase, the framework suggests to start from the definition of system
boundaries, followed by four steps: i) mapping of material flows, ii) the
identification of value networks and stakeholder relationships, iii) the
definition of CE leverage points and iv) the clarification of objectives for
taking action (BSI, 2017). For the framework used in this study, the first
step therefore is the analysis of material flows (step 1). In order to match
material circularity results with stakeholder needs (Kravchenko et al.,
2020), define key questions at business process level, which need to be
addressed by a suitable CE indicator. This combines the second and third
step of the BS:8001 as it links considerations at business process level
with actions towards a CE. We thus adopt this approach and define key
questions, which reflect the different stakeholders’ needs within an or-
ganization and their context-specific challenge in relation to CE (step 2).

Steps of the analysis:

Journal of Cleaner Production 382 (2023) 135232

Lastly, we calculate the implications on the material circularity in the
corresponding scenario and formulate answers to the defined key
questions based on the results (step 3) (see Fig. 1).

It should be noted that our study framework is not specific to the case
of batteries, but can be used to assess the contribution of business pro-
cesses to the material circularity in different cases. In the present study,
the framework is applied to a case of an automotive manufacturer,
which is introduced in the following section.

3.2. Development of the case study

In order to analyze the contribution of different business processes to
the material circularity of a company, all relevant battery material flows
of an automotive manufacturer need to be included. However, such
information is considered strategically relevant and hence sensitive
data, which causes a lack of availability of primary data published by
industrial players. Therefore, an illustrative case based on secondary
data was developed, considering actual market projections for EVs in
Europe by 2030 from different sources as discussed in (Neidhardt et al.,
2022) and (Dunn et al., 2021). Specific assumptions are made based on
previous studies, which are selected based on the experience of the
authors. An illustration of the relevant parameters is presented in Fig. 3,
meanwhile detailed information on all relevant material flows are pre-
sented in section S1 in the supplementary material (SM).

Within the case study, the focus lies on the cathode materials of the
battery. These include Cobalt (Co) and Lithium (Li), which are consid-
ered critical materials due to their limited availability on global resource
markets (European Commission, 2020c), as well as Nickel (Ni) and
Manganese (Mn) because of an expected competition for high-grade
materials and base metals across multiple sectors (European Commis-
sion, 2020b; Lebedeva et al., 2016).

In terms of the material demand, we define a specific battery tech-
nology mix for product portfolio, which includes three types of products:
two battery electric vehicles (BEV) (with 20 kWh and 67 kWh battery
capacity, respectively) and a plug-in hybrid electric vehicle (PHEV) with
15 kWh battery capacity. The cell chemistry is based on lithium-nickel-
manganese-cobalt-oxide (NMC). Due to innovation in battery cell
chemistry, different technologies are available within the scope of the
study (see Table 1).

The growth of sales volumes for the time between 2010 and 2030
shows that due to innovation in battery cell technology, NMC811 is the
main technology used for market entries after 2025 whereas market
returns are still dominated by NMC622 until 2030 (see Fig. 2). For the
company in the case study, we assume a market share of 6% for all three
product types. This is based on the actual, average market share of main

Data and methods used in the case study:

1
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Fig. 1. Study framework for analysing the contribution of business processes of an organization to material circularity at company-level.
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“in, sales” are out of scale due to high volumes. The flows “in, closed loop” and “in, remanufacturing” are only included in the calculations for scenarios 2—4.

manufacturers in Europe such as BMW and Mercedes-Benz (Statista,
2022). Further details on the market share are provided in section S1 in
the SM1. Plotting the development of battery material flows by 2030
shows that due to innovation in battery cell technology, NMC811 is the
main technology used for market entries after 2025 whereas market
returns are still dominated by NMC622 until 2030 (see Fig. 2).

3.3. Step 1 — mapping of material flows

In the first step, the material flows resulting from the battery port-
folio of the case company are described in detail. The following section
introduces the relevant parameters. The resulting material flows in the
year 2020 are illustrated in Fig. 3.
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Table 1

Material composition per lithium-ion battery type in tons for the materials
Nickel (Ni), Manganese (Mn), Cobalt (Co) and Lithium (Li) in battery electric
vehicles (BEV) and plug-in hybrid electric vehicles (PHEV); based on Neidhardt
et al. (2022).

Battery type Ni Mn Co Li

BEV, small, 20 kWh

NMC111 0,008 0,007 0,008 0,003
NMC622 0,012 0,004 0,004 0,003
NMC811 0,015 0,002 0,002 0,002

BEV, large, 67 kWh

NMC111 0,027 0,025 0,027 0,01
NMC622 0,041 0,013 0,013 0,009
NMC811 0,05 0,006 0,006 0,007
PHEV, 15 kWh

NMC111 0,006 0,006 0,006 0,002
NMC622 0,009 0,003 0,003 0,002
NMC811 0,011 0,001 0,001 0,002

3.3.1. Battery production

The produced battery quantities (in, production) and sold quantities
(in, sales) per vehicle type and material are modelled based on market
forecasts. For each material type, we consider the expected recycled
content of the cell materials, which is based on the availability of
recycled post-consumer EoL batteries. Post-industry waste occurring at
battery cell manufacturing level is not included in the scope of the study.
The expected reduction of primary material demand through recycled
materials by 2030 reaches from below 5% (IEA, 2021) to a maximum of
10% for Li, Co and Ni in 2030 (Buchert et al., 2019). Other authors state
an average range for the years 2020-2029 between 2 and 6% depending
on the material (Xu et al., 2020). Based on these data sources, we assume
arecycled content of 2% (Ni), 5% (Mn), 3% (Co) and 3% (Li) in the year
2020 based on (Xu et al., 2020), followed by a linear increase to 10% for
all materials by 2030 based on (Buchert et al., 2019) (see Fig. S2 in the
SM1).

The battery waste flows consist of two main streams: waste from
battery- or vehicle production processes (out, production) and batteries,
which reach their EoL in the market (out, EoL). The amount of produc-
tion waste is determined as a percentage of the production volumes,
which is assumed to be constant at 2% based on (Li et al., 2017). To
model the annual waste streams for batteries reaching their EoL in the
market, a statistical distribution of the lifetime of an EV with an ex-
pected value of 15 years is used based on (Hoekstra and Steinbuch,
2020) (see Table S7 and Fig. S3 for detailed information).

Regarding the EoL flows, it is assumed that a certain share of the EoL
batteries are lost in the markets and are thus not available for further use
for manufacturers. Whereas this value is neglected in (Neidhardt et al.,
2022), others refer to studies on vehicles of unknown whereabouts
(Oeko Institute, 2016) and assume market losses of 10-20% between
2020 and 2030 (Bobba et al., 2019). Based on these sources and given
the uncertainty, we build an average between an optimistic scenario of
no losses and a mean of 15% over the time frame of the study and thus
assume a constant share of 7% losses. Out of those, 2% are considered
inaccessible and thus not entering any recycling process at all (out, los-
ses). Additionally, a constant share of 5% of EoL batteries is assumed to
be ineligible for transportation due to functional damage (out, transport)
and cannot enter a detailed inspection by manufacturers. Instead, these
batteries are recycled directly under local market conditions and in
accordance with minimum regulatory requirements (EU 2006).

All remaining batteries are assumed to be inspected for further
treatment. In terms of the available EoL options, this study follows the
approach by (Richa et al.,, 2017) and initially assume a uniform
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distribution, i.e. an equal split of EoL battery quantities, on three main
routes: i) remanufacturing, ii) repurposing and iii) recycling. The spe-
cific assumptions for modelling each strategy are detailed in the
following sections.

3.3.2. Remanufacturing

Remanufacturing describes the process of reusing a product with a
performance that is the same of a new product (Ardente et al., 2018;
Cooper and Gutowski, 2017). For the case of batteries from EVs, a
85-90% recovery rate in terms of mass is currently possible for rema-
nufacturing in case of single cells with non-linear aging (Kampker et al.,
2016). For the case study, we assume that 34% of the batteries recovered
from the market enter a remanufacturing process (out, remanufacturing)
with a cell replacement rate of 10%, i.e. a recovery rate of 90% at cell
level (Richa et al.,, 2017). The replacement cells are included as an
additional material demand to the required material for the production
of new batteries (in, replacement). Remanufacturing of battery produc-
tion waste is not considered.

3.3.3. Repurposing

Repurposing is defined as “utilizing a product or its components in a
role that it was not originally designed to perform” (BSI, 2009). In the
context of battery life cycles, repurposing describes the possibility to
further use batteries in stationary battery energy storage systems at the
end of their useful life in a BEV (Jiao and Evans, 2017; Martinez-Laserna
et al., 2018). In this way, batteries can provide services to electricity
grids for another 10-20 years before entering a recycling process (Bobba
et al., 2019; Kamath et al., 2020). For the case study, we assume that
33% of the EoL batteries, which return from the market and enter the
inspection process, are being repurposed at 100% recovery rate at cell
level (out, repurposing). Repurposing of EoL batteries from production
waste is not considered. After 10 years of use in stationary battery
storages, repurposed batteries enter the recycling process available at
that time (out, defect second life).

3.3.4. Recycling

The recycling of batteries is subject to European legislation (EU,
2006), which is currently under revision to better support a CE in the
future (European Commission, 2020). For battery recycling, different
processes are presented in literature (Briickner et al., 2020; Velaz-
quez-Martinez et al., 2019). Currently a pyro-metallurgical treatment
followed by hydro-metallurgical refining is the most common process
applied in industry. In the future, a combination of mechanical
pre-treatment and hydrometallurgical recycling can be expected to gain
importance, given the higher efficiency of this process (Dunn et al.,
2021). For the modelling in the case study, we therefore assume a mix of
the two processes, in which the share of mechanical treatment and hy-
drometallurgical recycling gradually increases from 5% in 2020 to 50%
by 2030 (Velazquez-Martinez et al., 2019) (see Fig. S3 in the SM).
Furthermore, it is assumed that 33% of EoL batteries from the market are
classified as defect and thus directly enter a recycling processes (out,
defect) (Richa et al., 2017). Additionally, EoL batteries from production
failures, as well as replaced cells from the remanufacturing process fully
enter recycling. Lastly, batteries which have been repurposed also enter
the recycling process after 10 years.

In terms of the effects of secondary material production for the
recycled content of batteries, establishing a so-called “closed-loop pro-
duction” implies that a company uses the material recovered from
recycling its own products (Liideke-Freund et al., 2019). A company can
thereby exclusively increase the availability of recycled content for
battery production. In the case study, it is assumed in scenario 2-4 that
the respective secondary material is available in the year in which the
battery waste occurs (in, closed loop). The same applies to remanufac-
tured batteries, which are used as service replacements (in, remanu-
facturing). This is a simplified assumption, which does not take into
account physical material flows between recycling company and battery
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cell producer or other industries.

3.4. Step 2 - Definition of key questions

The analysis of the stakeholder network and the CE-related decision-
contexts for batteries is based on (Schulz et al., 2021). The study uses 22
stakeholder interviews from different functions to describe the key
challenges in relation to a CE for batteries. These are assigned to specific
business processes involved in CE initiatives as presented by (Krav-
chenko et al., 2019). Besides modelling a business-as-usual (BaU) sce-
nario to calculate the projected development of the material circularity
without taking specific action, we use the results of (Schulz et al., 2021)
to define four key questions and scenarios, which each represent a
decision-context for CE within the company (see Table 2). Detailed in-
formation on the development of the key questions is provided in section
$2.1 in the SM.

Firstly, the BaU scenario accounts for the projected sales and return
quantities, the availability of recycled content and the evolution in
recycling technologies as described in the previous section. The key
question in scenario 1 then relates to product development and supply
chain management and aims to assess the implications of the used bat-
tery cell technology on the company’s material circularity. Secondly, the
key question in scenario 2 relates to the link between supply chain and
EoL processes and seeks to analyze how recycling and re-use of own
products in a closed-loop production can increase the material circu-
larity of the company. Thirdly, the key question in scenario 3 addresses
the goal to optimize the product design for manufacturing, production
and EoL processes, e.g. through design for disassembly or reparability.
Lastly, the key question in scenario 4 relates to decision-makers on
business models and EoL processes, who jointly need to assess the
configuration of EoL strategies, i.e. the allocation of EoL batteries on
remanufacturing, repurposing an recycling, in order to achieve the
highest benefits for the company as a whole.

3.5. Step 3 — Calculating material circularity

In terms of the selection of the method for calculating the material
circularity in step 3, a report by (Verstraeten-Jochemsen et al., 2020)
indicates two methods, which serve as performance indicators enabling
the identification and tracking of opportunities. The first one is the
Circular Transition Indicators (CTI) framework developed by the World
Business Council for Sustainable development (WBCSD, 2021). The
framework is based on inflows and outflows of materials in a company,

Table 2
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which are described through a set of different indicators. The second one
is the “Circulytics” framework developed by the EllenMcArthur Foun-
dation (EMF) as a scorecard-based tool which goes beyond the assess-
ment of material flows and analyses the degree to which a company has
implemented CE principles in its entire operations (EMF, 2020). In this
regards, the complementary, quantitative metric is the material circu-
larity indicator (MCI), which is a product-level CE indicator that can be
extended to a company-level view on material circularity (EMF and
Granta Design, 2019).

In our case we chose to apply the CTI framework, as it is specifically
designed as a company-level CE indicator. This selection is confirmed by
a recent review, stating that the CTI is the most complete and trans-
parent option of methods for assessing the level of circularity at orga-
nizational level (Valls-Val et al., 2022). A thorough description of the
calculation process and the detailed formulas for the CTI framework is
provided in (WBCSD, 2021). To validate the selection, we will compare
the results to the company-level MCI as part of a sensitivity analysis (see
section 3.6). A summary of the used parameters for both methods is
presented in the SM (see Tables S2-6 and Tables S10-12). For the case
study, the required input data was calculated manually in Microsoft
Excel and later implemented in the CTI online tool, which is a web-based
tool that assists users in aggregating the material flow data in scope and
carries out the computation of the overall material circularity (see
example in the SM1) (Circular 1Q, 2020). The main parameters are the
circular inflow, i.e. the percentage of the total inflow in mass (Mjy),
which qualifies as circular, e.g. recycled- or renewable materials, as well
as the circular outflow, i.e. the share of total mass of the outflows (Myyy),
which qualifies as circular, e.g. reused or recycled materials. The
calculation of the total material circularity (Cy) of the company is then
carried out as follows:

(M, * circular inflow [%]) 4+ (M, * circular outflow [%])

Cy=
" Min + Mout

Eq. 1

The resulting material circularity at company-level in each scenario
is then used to formulate a response to the identified key questions.
Table 2 provides an overview of the modelling approaches for each
scenario and the parameters, which are adapted in comparison to the
BaU scenario. Detailed information is provided in section S2.2 in the SM.

3.6. Sensitivity analysis

The results obtained for the CTI are evaluated in a two-fold sensi-
tivity analysis (see SM section S3). Firstly, it follows from Eq. (1) that if

Summary of scenarios, key questions, and modelling approaches for calculating material circularity for lithium-ion batteries in electric vehicles based on the business

processes involved and the corresponding material flow parameters.

Scenario Business processes

involved

Key question

Modelling approach Adapted parameters

(compared to BaU)

Business-as- - -
usual (BaU)

Scenario 1 Product development, How can innovation in battery cell Assume that all NMC622 cells can be produced In, production
supply chain technology improve the material circularity of =~ with NMC811 technology;
the company?

Scenario 2 Supply chain, End-of-life How can the company use closed-loop- Add recycled materials and remanufactured In, closed loop
production to improve the material batteries as additional circular inflow in the year In, remanufacturing
circularity? they occur;

Scenario 3 Product development, How can design for reparability improve the Increase potential recovery for remanufacturing to  In, closed loop

production, End-of-life material circularity of the company? 95%; Reduce production waste from 2% to 1%; In, remanufacturing
Recovery potential
(remanufacturing),
Out, production
Scenario 4 Business models, End-of- How can the configuration of EoL strategies Change configuration of EoL strategies; In, closed loop
life improve the material circularity of the Switch to 100% mech. + hydro recycling by 2030;  In, remanufacturing
company? Actual recovery (recycling)

Out, defect
Out, remanufacturing
Out, repurposing
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the inflows of a company are higher in mass than the outflows in a
certain year, the inflows have a higher effect on the total material
circularity. Indeed, as it can be observed in Fig. 2, the sold batteries
quantities are significantly higher than the market returns for the years
2020-2030 within the case study, which can be explained by the
ongoing ramp-up of EV markets. This is a particular case since such
imbalance of inflows and outflows would not occur for established
technologies. Furthermore, it can be expected that this effect will decline
with growing EoL battery quantities for the time beyond 2030. There-
fore, the sensitivity analysis includes a computation of the material
circularity assuming a 50-50 equilibrium of inflows and outflows in
order to reflect on the effects of the early stage of EV markets on the
company-level CE indicator results for batteries.

Secondly, we test the implication of the selection of the CE indicator
by applying the MCI framework to the system under investigation and
comparing it to the CTI results. For that, we firstly obtain the product-
level MCI for each battery type and year. Afterwards, we aggregate
the results at company-level by computing a weighted average based on
the amounts of batteries sold per type in the respective year. For the
interpretation of results, it must be noted that the MCI accounts for
lifetime extension. In the case study, we assume that only repurposing
extends the lifetime of batteries above the market average, whereas
remanufacturing is accounted for under the parameter “fraction of the
product collected for reuse” as described in the MCI methodology (EMF
and Granta Design, 2019). As this aspect is not included in the scope of
the CTI method, the corresponding effect of lifetime extension is
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reported for each MCI result (see section S3.2 in the SM for details).
4. Results

The results for the material circularity calculations in the BaU sce-
nario are presented in Fig. 4. Firstly, it shows the inflow- and outflow
modelling results in the CTI online tool for the year 2020 (top). The
circular inflow for cathode materials of battery cells is still low with
approximately 3% in 2020, which is due to low availability of recycled
content. At the same time, the circular outflow is characterized by a high
potential recovery of 95%, which is due to the theoretical availability of
high-value EoL strategies. The actual recovery lies at 75%, which can be
explained by the high share of EoL batteries from production waste
entering pyro-metallurgical recycling processes in 2020. The EoL bat-
teries from market returns split equally on remanufacturing, repurpos-
ing and recycling, but are still low in volume. Due to the higher mass in
the inflow, the total material circularity of the battery cell portfolio of
the case company in 2020 results to 5%. Additionally, the detailed re-
sults for the circular inflow and circular outflow for the years 2020, 2025
and 2030 are presented in Fig. 4 (bottom). The comparison shows how
the circular inflow increases to 10% by 2030 whereas the circular
outflow increases to 85,5%. While the former is linked to the increased
availability of recycled content on regular material markets, the latter
results from higher recycling efficiencies as well as higher shares of EoL
batteries entering efficient remanufacturing and repurposing processes.
Note that over the timeframe of 10 years, the net inflow increases from

Percentage circularity refers to the weighted average of % circular inflow and % circular outflow of the business level

Close the Ioop % circularity ©  5.03% selected for this a sment
Inflow Breakdown of mass Outflow
Circular inflow Recovery potential Actual recovery Circular outflow
3% 95% 15% 15%
3164497 Kg 3385305Kg 2674541 Kg 2674541 Kg
Lost potential 200/0
7.107.64 Kg
97% 5% 25%
1,094063.03 Kg 1.787.95Kg 889559 Kg
Linear inflow Linear outflow Linear outflow
Assessment Time frame Mass Circular inflow Linear inflow
LIB material circularity 01/01/2020
1 708.00kg (2:81% 97.19%
Business-as-usual (2020) 31/12/2020 1.125,] S =
LIB material circularity 01/01/2025
. P 3,717,613.00kg  [6.:49% 93.51%
Business-as-usual (2025) 3111212025 " (
LIB material circularity 01/01/2030 10,00% 90.00%
) 4,361,408.00kg A &
Business-as-usual (2030) 31/12/2030 13614 e
Assessment Time frame Mass Circular outflow Linear outflow
LIB material circularity 01/01/2020 . 75.04% 24.96%
. 541.00kg . .
Business-as-usual (2020) 31/12/2020 b4 1.00Kg =
LIB material circularity 01/01/2025 1 1 K 81.76% 18.24%
. ' o 38,249.00kg - B
Business-as-usual (2025) 31/12/2025 S
LIB material circularity 01/01/2030 — 85.84% 14.16%
05,555.00kg 8 g
Business-as-usual (2030) 31/12/2030 y R 2

Fig. 4. Results of the circular transition indicators (CTI) for the close the loop module in the business as usual scenario. Illustration of mass flows for the year 2020,
rounded to whole numbers (top); detailed results for circular inflow and circular outflow for the years 2020, 2025 and 2030 (bottom); graphs retrieved from the CTI

online tool (Circular 1Q, 2020).
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1.126t to 4.361t per year, i.e. roughly by a factor 4, while at the same
time, the outflow increases from approximately 36t to 405t. For the total
material circularity, this means that the relative weight of the outflow
increases, resulting in a total material circularity of 9% in 2025 and
16,5% in 2030 (see Fig. 5).

The results for the other scenarios are reported in Fig. 5. The findings
for each scenario, including the resulting response to the defined key
question are presented in the following sections. Detailed results for
each scenario are reported in Figs. S7-10 in the SM.

4.1. Scenario 1 — Battery technology innovation

Based on the assumptions presented above, the material circularity
of the case company in scenario 1 is 4,9% in 2020, 9% in 2025 and
16,4% in 2030. In response to key question 1, the results suggest that
using an innovative and resource efficient NMC811 cell technology
instead of NMC622 does not yield significant improvements in terms of
the headline indicator for material circularity of the company compared
to the BaU scenario. This is because for the share of recycled content,
which represents the main lever of improving circular inflow, changing
to NMC811 does not provide additional benefits. At the same time,
changes and potential benefits in the required amounts of Co, Mn and Li
are indeed visible to product development and supply chain business
processes, but only when observing the net material consumption of the
company (see Fig. S10 in the SM). This implies that a material circularity
expressed in percent alone is not sufficient to address the key question in
product development and supply chain business processes. Instead,
targeting specific critical materials requires a monitoring of absolute
quantities per material stream rather than aggregated metrics.

4.2. Scenario 2 - Closed-loop production

In scenario 2, the total material circularity is 7% in 2020, repre-
senting an increase by 2% compared to the BaU scenario. Furthermore,
the results are 11,5% in 2025 (+2,5%) and 21,8% in 2030 (+5,3%). In
response to key question 2, this indicates increasing potential benefits
from establishing a closed-loop production from recycling and reuse of
own products for the case company by 2030. At business process level,
this means that EoL management of batteries can deliver a growing
additional share of secondary materials to the battery production in the
future. In this sense, the results enable the business processes to take
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relevant actions such as ensuring access to EoL batteries and supporting
the integration with the battery supply chain to close material loops.

4.3. Scenario 3 — Design for reparability

As an extension of scenario 2, improving the battery design towards
reparability in scenario 3 leads to a material circularity of 5,7% in 2020,
10% in 2025 and 20,6% in 2030. While this suggests improvements in
comparison to the BaU scenario, the results are lower compared to
scenario 2. This indicates that improving the reparability of the battery
reduces the material circularity of the company. The underlying cause of
the drawbacks can be found by observing the net material flows,
showing that less recycled material is available for a closed-loop pro-
duction in scenario 3 (see Tables S13-17). In relation to key question 3,
the results thus suggest that actions taken by business processes in
product development, production and EoL to improve the design for
reparability of batteries can delay the occurrence of waste streams in
production, which potentially leads to drawbacks in terms of material
circularity. This indicates an inter-dependency between production-
related business processes seeking to minimize EoL flows on the one
hand, and supply chain processes in need of recycled materials for a
closed-loop production on the other hand.

4.4. Scenario 4 — EoL strategies

In scenario 4, the collaboration of business model and EoL processes
enables a new configuration of EoL strategies for batteries. By affecting
outflows through the optimization of remanufacturing, repurposing and
recycling, the new configuration of EoL strategies yields a total material
circularity of 7,1% in 2020, 11,8% in 2025 and 23,7% in 2030. This
represents an improvement to both the BaU scenario and in relation to
scenario 2, in which EoL batteries from market returns are equally
distributed among remanufacturing, repurposing, and recycling.
Consequently, it can be stated that favoring high-value EoL strategies
such as remanufacturing benefits the material circularity of the com-
pany on the short-term. Furthermore, when combined with highly effi-
cient recycling processes, a prioritization of recycling by 2030 can
support a closed-loop production and thereby further increase material
circularity. In relation to key question 4, the results indicate that a
strategic allocation of batteries to different EoL strategies can contribute
to an optimized material circularity of the company. Additionally, the

30%
25% 23,7%
21,8%
3 20,6%
20%
16,5% 16,4%
15%
11,5% 11,8%
0,
10% 9,0% 9,0% Nt
7,0% X 7.1%
5,0% 4,9% 5.7%
5%
0%
Business-as-usual Scenario 1 - Scenario 2 - Scenario 3 - Scenario 4 -
(BaU) Battery technology Closed-loop Design for EoL strategies
innovation production reparability

2020 =2025 w2030

Fig. 5. Modelling results for the total material circularity of the case company for the BaU and scenarios 1-4 in 2020, 2025 and 2030. Calculations based on the circular
transition indicators framework (WBCSD, 2021).
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results suggest that this aspect becomes particularly important with
growing numbers of market returns from 2030 onwards. In this regard,
the assessment enables business processes related to business models
and EoL operations to understand the effects of prioritizing remanu-
facturing, repurposing and recycling, taking into account the effects on
the availability of secondary materials.

4.5. Sensitivity analysis

The results of the sensitivity analysis are presented in Fig. 6. For the
CTI results with an adjusted weighting of inflows and outflows, the
material circularity takes higher values in the range of 39-54%
compared to approximately 5-24% for the mass-based weighting (see
Fig. 6, top). This can be explained by the higher relevance of the circular
outflow for the total material circularity. Additionally, the total increase
between 2020 and 2030, e.g. by 16,6% in scenario 4 in the mass-based
weighting, is lower in the adjusted weighting with appr. 13% for sce-
nario 4, which again is because increasing outflow quantities do not
cause changes in the weighting over time. Notably, scenario 3 does not
show drawbacks in comparison to scenario 2 as in the BaU scenario. This
indicates that a reduction of material availability for closed-loop pro-
duction has a lower effect for systems, in which inflows and outflows are
in equilibrium.

Additionally, the results for the company-level MCI are presented in
Fig. 6 (bottom). Similarly, to the results for the weighted CTI, values are
higher in the range between 53 and 63%, out of which 2-6% result from
lifetime extension through battery repurposing depending on the sce-
nario. Meanwhile, the trends follow the developments of the CTI in all
scenarios, with scenario 1 showing the lowest change compared to the
BaU scenario and with scenario 4 showing the highest. It is notable that
differences between the scenarios investigated are relatively low, indi-
cating that the aggregated company-level MCI is not well suited for
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prioritizing the various measures to improve material circularity in the
case study.

The sensitivity analysis reveals two main findings. Firstly, the higher
nominal values for the CTI with adjusted weighting suggest that an
interpretation of inflow- and outflow based CE indicator methods re-
quires taking into account the state of the market of a given technology.
Secondly, the comparison between the CTI and the company-level MCI
illustrates that CE indicator methods can show similar, nominal results
in terms of material circularity for a certain product system, but at the
same time differ in their applicability for scenario analysis at company-
level.

4.6. Response to the research question

In response to the research question, Fig. 7 describes the contribution
of the business processes of an organization to the material circularity of
the company. Based on the findings outlined in the previous section, the
specific contributions are described for each scenario based on the
following aspects: i) the necessary collaboration among business pro-
cesses, ii) the activities these can carry out to improve material circu-
larity, iii) the material flows addressed (i.e. inflow or outflow) and iv)
the quantification of the impact on material circularity in comparison to
the BaU scenario.

Firstly, the contribution of the business processes product develop-
ment and supply chain is the reduction of critical material requirements,
e.g. through the introduction of new battery technologies with low-
cobalt content or increased recycled content. As described in section
4.1, these activities affect the absolute material inflows of the company,
but do not yield benefits on the company-level material circularity
within the case study. Hence, product development and supply chain
processes should focus on monitoring and evaluating available battery
technologies and ensuring quick introduction in the existing portfolio.

Material circularity based on CTI (adjusted weighting)

100%
80%
60% 52% 54%
o 3% 44%18 41945%°2 0% 5% o 41%46% a1%47%
0
0%
Business-as-usual Scenario 1 - Scenario 2 - Scenario 3 - Scenario 4 -
(BaU) Battery technology Closed-loop Design for EoL strategies
innovation production reparability
2020 =2025 =2030
Material circularity based on company-level MCI
100%
80%
0
soo 3%57 %60% s 58%60% 4%5% s 58%52% 540,58%527
Il
40%
20%
0%
Business-as-usual Scenario 1 - Scenario 2 - Scenario 3 - Scenario 4 -
(BaU) Battery technology Closed-loop Design for EolL strategies
innovation production reparability

2020 =2025 w2030

Fig. 6. Results of the sensitivity analysis. Material circularity based on Circular transition indicators (CTI) method with adjusted weighting of inflow and outflows
(top). Material circularity based on company-level material circularity indicator (MCI). Error bars report the effect of lifetime extension through battery repur-

posing (bottom).
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Legend: Scenario 1 - Battery technology innovation Scenario 2 - Closed-loop production
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Fig. 7. Description of the contribution of different business processes to battery material circularity at company-level. Boxes marked with grey illustrate the
mechanism (i) business processes, ii) activities, iii) material flows affected and iv) impact on material circularity) for each scenario.

Secondly, the case study illustrates how supply chain and EoL pro-
cesses contribute to company-level material circularity for batteries
through their responsibility for implementing a closed-loop production,
i.e. establishing EoL battery flows as a source for reducing primary
material requirements. This affects both inflows and outflows of a
company and can increase material circularity of the future battery
portfolio by 5,3% by 2030 compared to the BaU scenario.

Thirdly, business processes in product development, production and
EoL contribute to company-level material circularity by jointly man-
aging outflows of a company, which originate from internal operations
such as production processes. In this regard, our results reveal how
reducing production waste, e.g. through improvements in process- and
product design, simultaneously reduces availability of EoL batteries for
closed loop-production. Consequently, the maximization of recycled
content partly depends on the activities on waste prevention in pro-
duction and thus requires alignment and planning of waste quantities
among business processes in EoL operations.

Lastly, the contribution of business processes involved in business
models and EoL operations is given by the alignment of EoL strategies
towards a common material circularity target. To achieve that, both
business processes jointly should optimize and scale up battery rema-
nufacturing, repurposing and recycling. In this regard, methods for
assessing material circularity should consider the specific mechanism of
each EoL strategy for increasing material circularity. This includes the
introduction of new process technologies for closing material loops such
as efficient recycling processes as presented in response to key question
4, as well as lifetime extension through battery repurposing as shown in
the sensitivity analysis.
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5. Discussion
5.1. Theoretical and practical contributions

Firstly, we provide a case-based example for how to calculate the
material circularity for batteries at company-level based on material
flows in Europe by 2030. It thereby complements existing studies (Richa
et al., 2017) and offers guidance for practitioners. Moreover, the study
shows how to link material circularity results to business processes in a
scenario-based approach, which is not specifically addressed in existing
descriptions of CE indicator methods (EMF and Granta Design, 2019;
WBCSD, 2021). While this requires bringing together qualitative data
and quantitative assessments, the 3-step procedure and the Excel-based
tool developed (cf. SM2) indeed enable future studies to carry out
similar assessments for the case of batteries in a structured way.

Secondly, we provide quantitative results on the expected material
circularity for critical battery materials by 2030. In this regard, we show
how companies can increase material circularity from appr. 16% in a
BaU scenario to appr. 24% by 2030 by establishing a closed-loop pro-
duction together with an optimized distribution of batteries on different
EoL strategies. Our results thereby add to existing studies on estimating
battery material flows (Neidhardt et al., 2022) and confirm previous
findings, e.g. that prioritizing battery remanufacturing and repurposing
over recycling has only minor effects on secondary material availability
before 2030 (Bobba et al., 2019). Additionally, the results provide a
point of reference for companies when monitoring market de-
velopments, which is recognized as a necessary step to adjust strategies
accordingly (Blomeke et al., 2022; Jiao and Evans, 2017). For that, the
quantitative results can serve as a benchmark across manufacturers or
can be interpreted in relation to future battery legislation (European
Commission, 2020). Hence, the study supports companies in prioritizing
CE strategies for gaining competitive advantage and to ensure
compliance.
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Thirdly, we specify how business processes can contribute to mate-
rial circularity, including a) the necessary collaboration, b) the affected
material flows and c) the expected impact in comparison to the BaU
scenario. While our study depicts the material circularity of a company
as a combination of numerous overlapping and interdependent effects,
the findings can guide companies in organizing collaboration among
actors by setting targets at company-level, thus adding to description in
existing frameworks (BSI, 2017; Morseletto, 2020). This is particularly
relevant for the alignment of EoL strategies for batteries, which has been
identified as a key aspect in both the results of the present study and in
previous work (Olsson et al., 2018; Richa et al., 2017; Schulz-Mon-
ninghoff et al., 2021). Lastly, our findings also outline the need for ex-
change of information across business processes due to
inter-dependencies among the targeted decision-makers. This reso-
nates with the findings of (Roos Lindgreen et al., 2020), stating that as
much as 27% of the CE indicator methods assessed in their study do not
mention the targeted end users, thus requiring more efforts in under-
standing the roles associated with actions for CE.

5.2. Limitations and directions for future research

The main limitations of the study method is that the findings are
based on an illustrative case derived from EV market projections. The
underlying reason is that many of the data points required for modelling
battery material flows at company-level are strategically sensitive data.
Despite the availability of secondary data sources to fill gaps resulting
from confidentiality issues, future research should investigate how to
ensure that manufacturers can publish such data without competitive
disadvantage. Establishing common data platforms could be an enabler
in this regard.

Furthermore, the limitations deriving by the selection of the method
to assess material circularity reveal the importance of testing CE in-
dicators extensively before implementation. On the one hand, the results
in scenario 1 indicate limitations of the CTI to allow conclusions on
critical material use based on an aggregated material circularity score,
hence requiring integration with absolute values. On the other hand, the
sensitivity analysis reveals how the company-level MCI provides little
descriptive power for prioritizing among the scenarios tested. Here,
future studies should define criteria of suitability for each method,
potentially taking into account other aspects than material flows (Elia
etal., 2017). Generally, more work is needed to further develop industry
standards for analyzing material flows in the context of a CE. To achieve
that, our findings underline the importance of providing further guid-
ance and rules for defining a BaU, modelling future material flows, ac-
counting for material flows in a closed-loop production and scenario
analysis.

Furthermore, previous studies identify inter- and intra-
organizational collaboration as a main barrier for CE adoption in in-
dustry (Korhonen et al., 2018), whereas the use of indicators can be
subjective and depends on the interpretation of users (Saidani et al.,
2019). In our study the interaction of actors with the suggested CE in-
dicators in practice has not been part of the investigation. Future
research should thus build on existing studies focusing on the actors in a
CE (Babri et al., 2018; Schulz et al., 2021). In this regard, dedicating
more efforts to investigating how CE indicators can be integrated in new
forms of collaboration and co-design among stakeholders in a CE seems
to be a promising avenue for future research.

5.3. Concluding remarks

This study investigates the contribution of different business pro-
cesses within an organization to material circularity for the case of EV
batteries. For that, it offers an illustrative case of analyzing battery
material flows at an automotive manufacturer in relation to typical CE-
related key questions, which together describe the playing field for the
much-needed transition towards resource-efficient mobility in the
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future. While thus underlining the need for a holistic assessment of a
company’s material circularity, the results also reveal the limits for
decreasing primary material requirements through remanufacturing,
repurposing, and recycling with a total potential of less than 25% by
2030. Consequently, the adoption of company-level material circularity
metrics suggest the necessity for the deployment of other CE strategies
such as de-materialization, servitization and narrowing of material loops
(Bocken et al., 2016; Rizos et al., 2016) in order to ensure a sustainable
management of resources as part of the electrification of the mobility
sector (World Economic Forum, 2020). In this sense, our results present
a pathway for integrating CE considerations in all business processes of a
company and thereby stir action towards unlocking the full potential of
the concept of a CE in the automotive industry.
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