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Abstract

Purpose The purpose of this study is to advance and illustrate how life cycle assessment (LCA) can assess circular economy
business models for lithium-ion batteries to verify potential environmental benefits compared to linear business models.
Scenarios for battery repurpose are assessed to support future decision-makers regarding the choice of new versus second
life batteries for stationary energy storage. A procedure to determine the substitution coefficient for repurpose and reuse of
batteries is proposed.

Methods Two different circular economy business models are assessed by applying primary data from two Norwegian
companies for the development of a new life cycle inventory. With this new data, the authors compare second life battery
(from first life in electric vehicle) scenarios and avoided production potential by performing a complete consequential LCA.
Building on earlier work, a procedure to identify the substitution coefficient (i.e., potential for avoided production) for bat-
tery life cycle assessments is proposed. Interviews during factory visits were performed to identify a technical and a market
factor affecting the substitution coefficient.

Results and discussion This study illustrates how life cycle assessment methodology can detect and thus enhance the potential
environmental benefits and trade-offs of circular economy business models. Results show that the CBMs which use second
life batteries correspond to 16% (for global warming potential) of manufacturing a new battery. This means that a second
life battery must avoid > 16% production of a new battery to become the preferred alternative. Hence, circular economy
business models with second life batteries can generate net environmental benefits while the remaining battery capacity
and market price are identified factors that can alter the potential environmental benefits. The findings suggest that assump-
tions concerning the avoided production emissions are crucial for understanding the overall impacts of battery value chains.
Conclusions Circular economy business models which enable second life batteries show lower environmental impacts com-
pared to a new battery when it can partly avoid production of a new battery. Based on the identified technical and market
factor affecting this potential, a key message to industry and other organizations is that second life batteries should be chosen
over new batteries. This depends on the remaining capacity being satisfactory for the new application, and the investment
is not performed because of a low price compared to a new battery. Consequential LCA practitioners adopting a market
approach while evaluating battery reuse and repurpose should model and account for the avoided production potential.

Keywords Circular economy - Life cycle assessment - Batteries - Substitution - Circular economy business models -
Remanufacture
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2022) while used LIBs are increasingly seen as a future
waste problem (Pehlken et al. 2017). These trends require
intelligent management of used batteries and battery mate-
rials to ensure that EVs (and their LIBs) are sustainable in
a life cycle perspective. Circular economy business mod-
els (CBMs) can contribute to tackle the upcoming wave of
used batteries (Jiao and Evans 2016; Olsson et al. 2018).
A CBM is a plan for how a business can operate profitably
while ensuring decreased environmental impacts through
closed-loop supply chains and reduced resource consump-
tion (e.g., sharing models, energy efficiency, and applying
recyclable materials in primary production) (Bocken et al.
2019; Geissdoerfer et al. 2020; Liideke-Freund et al. 2019).
CBMs can be used to implement sustainable strategies to
manage a product after its first life, such as repurposing in
a second life application prior to recycling of the materials.
However, current research questions the real advantages of
such circular economy (CE) efforts and recognize trade-offs
where further assessment is needed to understand how these
CBMs affect the life cycle environmental impacts of prod-
uct systems (Manninen et al. 2018; Rigamonti et al. 2017;
Saidani et al. 2019; Zink and Geyer 2017). Life cycle assess-
ment (LCA) is a useful methodology to assess CE efforts,
where consequential LCA methods can be used to determine
if CBMs should be implemented (Haupt and Hellweg 2019;
Ncube et al. 2022; Pefia et al. 2021; Rigamonti and Mancini
2021; Stucki et al. 2021; van Loon et al. 2021). Consequential
LCA aims to detect environmental consequences of future
decisions (Frischknecht et al. 2017; Schulz-Monninghoff
et al. 2021), such as a choice between new business models
(Lgkke et al. 2020). LCA can thus be a valuable tool to sup-
port sustainable, circular business opportunities (Murakami
et al. 2019).

Earlier LCA studies (Ahmadi et al. 2017, 2014; Bobba
et al. 2018; Commission et al. 2018; Cusenza et al. 2019;
Toakimidis et al. 2019; Kamath et al. 2020a, b; Philippot
et al. 2022; Richa et al. 2017; Wang et al. 2022; Wilson et al.
2021; Xiong et al. 2020) found that second life batteries have
lower environmental impacts compared to new batteries.
However, these studies did not include primary, new inven-
tory data for the remanufacturing processes required to form
a second life battery from an EV battery pack to a larger
battery for a stationary energy storage applications as most
LCA studies of LIBs rely on secondary data (Aichberger
and Jungmeier 2020). Schulz-Mo6nninghoff and colleagues
(2021) assessed repurposing of a battery pack, however, only
included testing, calibration, software updates, and shipment
to assembly site for the reassembly life stage in Germany.
The study included new inventory data for the installation,
however, not from battery module level (i.e., not dismantling
the battery pack and reassembly the module parts for a sec-
ond life battery pack). Current research on LCA of second

life batteries does not currently have focus on the disassem-
bly and remanufacturing processes.

In consequential LCA (cLCA), determining a precise sub-
stitution coefficient (i.e., the amount of avoided production
due to use of a second life product or material) is crucial for
life cycle impact assessment results (Chalmers et al. 2015).
Despite this, several consequential LCA studies on waste
management assume one hundred percent avoided produc-
tion (causing negative emissions) for second life products
and recycled materials, which is seldom the case (Heijungs
and Guinée 2007; Rigamonti et al. 2020; Zink et al. 2016;
Zink and Geyer 2017). There is an ongoing discussion on
how to determine the substitution coefficient in LCA stud-
ies (Vadenbo et al. 2017). Rigamonti and colleagues (2020)
suggest a guideline to develop the technical substitution
coefficient, representing degree of technical replacement
potential. The researchers encourage LCA practitioners to
develop coefficients for other secondary materials or prod-
ucts to advance and harmonize their work. Market-related
factors also affect the substitution coefficient, such as price
mechanisms (Zink et al. 2016). Increased emphasis is needed
on considering market characteristics such as substitution,
rebound, and price effects in cLCA (Yang and Heijungs
2018). The authors are not familiar with other LCA studies
that propose a technique to combine a technical and market
factor to identify the substitution coefficient for batteries.

This study assesses the consequential environmental
impacts between two different circular economy business
model alternatives for second life LIBs based on two com-
panies in Norway. These two CBMs utilizing used EV bat-
teries for energy storage are compared to the existing linear
business model using new LIBs. The first CBM enables
repurposing of used EV battery packs for a second life in
stationary energy storage systems to obtain increased self-
sufficiency (i.e., reduced grid dependence by local renew-
able energy generation). The second CBM enables repur-
posing by dismantling the pack into modules and thereafter
reassembly of the modules to a second life battery pack.
The origin of the batteries and the second life application
for both CBMs are identical but differ in how these used
batteries are dismantled and reassembled. A new life cycle
inventory is introduced for the two CBM cases including
the remanufacturing and installation processes required.
Applying consequential LCA, this research investigates
real environmental effects of CBMs where batteries are
repurposed in a stationary energy system as identified in
earlier work (Wralsen et al. 2021). As part of the complete
assessment, a procedure for practitioners to identify the sub-
stitution coefficient in battery reuse and repurpose cases is
proposed, implementing both a market and a technical factor.
The methodological advancements are illustrated within the
two cases described in Sect. 3.
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2 Li-ion battery repurpose

Previous research shows that remanufacturing and repur-
posing is identified as the CBM with the highest potential
for LIBs (Wrélsen et al. 2021). Battery repurpose is when
a used battery is applied in a different application than it
was originally designed and manufactured for, for example,
if a battery has a first life in an EV and a second life in a
stationary energy storage system. LIBs have high energy
density compared to other batteries and are recognized as
interesting for repurpose when there is remaining capacity
left after first life (Melin et al. 2021; Neubauer et al. 2015;
Wind et al. 2021). If there is remaining capacity left depends
on the case-specific use and application. Thus, the lifetime
of second life batteries will vary (Wrélsen and Faessler
2022). A study testing the cycle lifetime of a used EV bat-
tery with unknown user history found that the battery could
be charged and discharged 2033 cycles (Braco et al. 2020).
In cases where repurposing is considered, the used batteries
can be tested through characterization to assess remaining
capacity and suitability for repurpose (Harper et al. 2019).

Current CBMs which enable a second life remanufacture
EV batteries at different levels, primarily (1) remanufactur-
ing of the complete battery pack or (2) remanufacturing by
first dismantling the pack to several modules and then reas-
sembling a new pack based on these modules. This is possi-
ble as an EV battery pack consists of several connected bat-
tery modules. These modules consist of several battery cells.
Since the commercialization of LIBs in 1991, researchers
have worked to increase the energy density of the battery
cells by testing different materials and compositions (Zhao
et al. 2021). Several LIB chemistries are now in use in EVs.
The longest (real) driving range in a commercialized EV is
currently (in 2023) almost 700 km, according to EVDB (EV
database 2023).

Remanufacturing enabling repurpose will extend the bat-
tery lifetime before the materials are recycled at the final
end-of-life. Recycling technologies for LIBs are underdevel-
oped and repurpose will enable more time for LIB recycling
technologies to improve (Kotak et al. 2021). These technolo-
gies must be improved as battery packs consist of several
valuable materials, for example, aluminum, steel, copper,
nickel, cobalt, and lithium. The two latter are the most criti-
cal in terms of reserves and supply risks (to some extent also
nickel) (Xu et al. 2020). High-nickel batteries such as the
lithium nickel manganese cobalt oxide (NMC)811 chemistry
is a growing trend, reducing market share of lower nickel
content chemistries such as NMC 111. Chemistries without
cobalt is also a growing trend (Wind et al. 2021).

Recognized battery repurpose applications can be grouped
into (1) in-front-of-the-meter applications (i.e., the power
passes through the meter before reaching the end-user), (2)
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behind-the-meter (i.e., the power can be used on-site), and (3)
off-grid (i.e., battery systems not connected to the electricity
grid). A second life battery can for example be used for energy
arbitrage where the battery stores electrical energy when the
electricity from the grid is cheap to purchase and uses this
when the electricity price is high. This is an example of a
repurpose application in-front-of-the-meter. The used battery
with remaining capacity can alternatively be used for peak
shaving to reduce the demand peaks which often cost more.
This is an example of a repurpose application behind-the-
meter (Faessler 2021). A disadvantage of second life batteries,
and a potential challenge with repurpose practice, is that the
batteries are designed for their first use application (e.g., an
EV) and are therefore not technically optimal for the second
life application (Rallo et al. 2020; Reinhardt et al. 2019).

3 Case studies

The life cycle inventory list in this study is based on two
existing projects from two Norwegian companies working
with different circular economy business models. Both pro-
jects apply used EV batteries for stationary energy storage
systems for storing solar energy to increase self-sufficiency
of electricity and decrease grid dependence.

3.1 Circular economy business model 1: Eco Stor

Eco Stor AS was established in 2018 in Norway to com-
mercialize stationary energy storage solutions based on
second life batteries from electric vehicles (Eco Stor AS 2022).
The company offers solutions for applications such as solar
energy storage (increased self-consumption), peak shaving,
grid infrastructure support, and demand side grid trading.
Their subsidiary company in Germany uses new batteries
in large-scale systems for grid support applications (linear
business model), and in Norway, second life battery packs
from electric vehicles are used (circular economy business
model). The used battery packs are sent from central Europe
to Eco Stor in Norway by their vehicle manufacture business
partners. This car manufacturer characterizes and sorts the
used batteries to ensure only quality battery packs with suf-
ficient remaining battery capacity are repurposed. Repurpos-
ing used battery packs from EVs can be challenging due to
the lack of data sharing from the battery management system
(BMS). The BMS programming code and historic consumer
data is currently protected by the owner to hinder hacking
and to secure business value. This hinders third-party firms
like Eco Stor from having a history of battery cycling and
battery state of health, which is critical to understanding how
the used batteries can be repurposed (Faessler 2021). There-
fore, cooperation with an electric vehicle manufacturer and
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BMS owner is key to success for this CBM. The life cycle
inventory list built for CBM 1 (repurposing battery packs)
in this study reflects the required resources to build generic
racks with battery packs applied for stationary energy stor-
age projects. For this case, the energy storage system con-
sisted of a 280 kWh battery system.

3.2 Circular economy business model 2: Batteriretur

Batteriretur is a Norwegian company approved to collect all
types of used batteries in Norway, including high-capacity
batteries such as lithium-ion batteries from EVs (Batteriretur
2022). The company is owned by several vehicle manufac-
turers and is responsible to treat the used batteries sustain-
ably according to the European Union’s Battery Directive
from 2006 (European Union 2006). This directive states that
the actors distributing the battery on the market are respon-
sible for providing a collection (take-back) system and to
recycle it to the full extent possible. The end-of-life col-
lection, discharge of pack, characterization, dismantling of
pack, and further distribution are Batteriretur’s responsibil-
ity, and they do this on behalf of the battery market distribu-
tors. There are two options for the final distribution stage,
as the batteries can either be sold to second life distributors
or battery recyclers. Currently, most used batteries are sent
for treatment and recycling in Europe. To analyze potential
economic and environmental gains, Batteriretur developed
a pilot project using second life battery modules (the main
pack components) from EVs to store solar energy at their
plant to reduce their dependency on the grid. The inventory
built for CBM 2 (battery modules) in this study reflects the
required resources for this pilot project. The case energy
storage consisted of a 500 kWh battery system.

4 Material and methods
4.1 Goal and scope

The goal of this LCA study is to assess the environmental con-
sequences of two CBMs which utilize used EV battery packs
(CBM 1) and modules (CBM 2) for battery energy storage
systems. A secondary goal of this study is to compare these
two CBMs with a new NMC 811 battery pack used for the
same purpose. The two CBMs are assessed as part of three
different scenarios where avoided production (potential for a
second life battery to replace new production) is included. The
scope includes the resources required to remanufacture a used
EV LIB for a new life in a stationary energy storage system
and installation in this new application. The functional unit of
this study is 1 kWh capacity (second life) NMC 811 battery
pack. The inventory is modelled in mass, where 1 kWh capac-
ity NMC 811 battery pack weights 6.7 kg (Crenna et al. 2021).

This study uses a consequential modeling approach that
aims to achieve relevant information about environmental
consequences to support prospective decisions and consid-
ers the consequences of decisions within the market (Ekvall
and Weidema 2004; Yang and Heijungs 2018). The decision
considered in this study is choosing a traditional, linear busi-
ness model with a new LIB for stationary energy storage
versus second life batteries based on two different CBMs.
To account for the potential avoided production, substitution
is included in the modelling. This method is preferred by
the ISO 14044:2006 (ISO 2006) standard for LCA, where
“negative” impacts from avoided production can be included
(ISO 2006). CBM 1, CBM 2, and the new battery have the
same function: 1 kWh of battery capacity ready for use in
a stationary energy storage system application. It is crucial
that these product systems are comparable to examine effects
of substitution (Weidema 2000). Figure 1 shows the required
processes for the two CBMs. Recycling of the materials is
outside the scope of this study.

The complete, unmodified battery pack is used in CBM
1, and thus, dismantling, characterization, sorting, and reas-
sembly are not part of the scope for CBM 1. Dismantling and
reassembly are not necessary because the complete battery
pack from the EV is used in the second life battery pack.
Characterization and sorting, checking the state-of-health
of the battery packs, and sorting them are done before the
battery packs are received by the case company. CBM 2
requires characterization and sorting which are assessed
within the scope. As this CBM builds second life battery
packs based on battery modules from EVs, the dismantling
of the battery packs and reassembly of the modules are
required processes. The manufacturing of the machinery and
tools at the remanufacturing plant are not included within
the scope of either CBMs.

4.2 Life cycle inventory data

The inventory data for each CBM was collected from the two
case companies. Both companies were visited following a
digital interview. The company visits and the digital inter-
views followed the same semi-structured interview guide to
secure the most crucial information for the inventory while
being open to additional relevant information. Before and
after the interview, the authors had e-mail correspondences
with the case companies discussing relevant processes and
developed a basic data collection procedure for collecting
the inventory data at each company. Background data is
from the consequential Ecoinvent database v.3.8 (Wernet
et al. 2016) where a global approach on material production
was adapted, except for production of new LIBs, which was
assumed to come from China. The major upstream supply
for new batteries comes from China; although Europe and
the USA are expected to increase their market share (IEA
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Fig. 1 Bold border and gray area represent system boundaries: the scope includes circular economy business model (CBM) 1 and 2 for lithium-

ion batteries (LIBs). Stippled lines represent substitution potential

2022; Melin et al. 2021), it is assumed in this study that most
new batteries will continue to be produced in the near future
in China. When a new NMC 811 battery is displaced, it is
therefore expected that the change in production (avoided)
will occur in China as they are considered the main marginal
supplier of batteries. All data sources for the inventory are
listed in Table 1.

4.3 Impact assessment

SimaPro 9.3.0.2 (PRé Sustainability 2021) was used to build
the inventory model and perform the impact assessment.
ReCiPe 2016 Midpoint, Hierarchist (H) perspective, version
1.06 (Huijbregts et al. 2016) is the characterization method
used in this analysis. It includes 18 impact categories which
are assessed to avoid problem shifting between different
environmental areas of protection. Global warming, min-
eral resource scarcity, and water consumption are the main
impact categories highlighted in the “5.3” section as they

Table 1 Data and source

have been identified as being important in previous battery
assessments (Ahmadi et al. 2017).

4.4 Scenario analysis

In a market perspective, repurposing batteries can decrease
the demand for new batteries and potentially avoid produc-
tion of these (i.e., avoid impacts from the cradle-to-gate life
stage: extraction of raw materials required for new batteries,
the processing of the materials, and the battery cell manu-
facturing). To examine such consequences, three scenarios
are assessed based on different substitution coefficients (i.e.,
degree of decreasing demand of battery due to repurpose
of a used LIB). Rigamonti et al. (2020) proposed a proce-
dure based on technical properties for practitioners apply-
ing consequential LCA modelling, which is applied in this
study. According to the case companies in this study, the
remaining battery capacity appears as a crucial technical
factor for battery repurposing and is considered as the main

Data Source

Specification

Circular economy business model 1 inventory
Circular economy business model 2 inventory
Background processes

New battery inventory

Case company 1
Case company 2
Ecoinvent v3.8

Ecoinvent v3.8

Resources required for the (foreground) processes
Resources required for the (foreground) processes
Norwegian electricity mix for remanufacturing and testing
Lithium-ion battery with chemistry NMC811

Technical factor determining substitution coefficient
Market factor determining substitution coefficient

Factors affecting battery market price

Both case companies
Both case companies

Both case companies

Interview during visit, May 2022

Interview during visit, May 2022

Ilustrated in Fig. 2
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factor for determining the technical substitution coefficient
for second life LIBs. Battery charge—discharge cycles and
calendar aging lead to reduced capacity (measured in kWh)
while the second life LIB capacity can also be hindered if
the battery was optimized for another application in the first
life. Regardless, a battery should have > 60% of the original
capacity remaining after end-of-first-life to be used in sec-
ond life applications (Faessler 2021; Martinez-Laserna et al.
2018). Thus, if an EV battery has aged from 100 to 80% of
its original capacity, roughly 50% of the total lifetime is
used in its first life and 50% remains for second life. Equa-
tion 1 illustrates how to calculate the technical substitution
coefficient and exemplifies a 50% capacity remaining. The
procedure is based on Rigamonti et al. (2020).

TP(SecP)
TSC = ——wecr)

TP(SubP)

kWh(SecP)
TSC = ~oect)

KWh(SubP) M
TSC = 0.50(SecP) — 50%

1(SubP)

Equation 1 presents the proposed technical property for
lithium-ion batteries and example of how the technical sub-
stitution coefficient is calculated (TSC, technical substitu-
tion coefficient; TP, technical property; SecP, secondary
product; SubP, substituted product).

Market factors also affect the potential for avoided pro-
duction as the flow of products and materials are integrated
in market structures and mechanisms. A consequence of
remanufacturing LIBs and selling these as second life bat-
teries is increased supply of batteries. As a result, the price
can be affected through price elasticity of demand. This
price effect is present in the circular economy rebound con-
cept by Zink and Geyer (2017) and frames the main market
factor affecting the substitution coefficient for this study. If
the second life LIB price is lower than a new LIB (often
the case currently), the battery may be purchased because
of the low price. The three business model characteristics
affecting the LIB price illustrated in Fig. 2 were revealed
during case company dialogues. Through identifying these
characteristics, the assumed LIB price effect on the substitu-
tion coefficient becomes more robust.

Table 2 shows how the substitution coefficient is identi-
fied for the LCA based on the technical and market factors.

Equation 2 illustrates the final step to combine the tech-
nical and market factor to find the combined coefficient
applied in this LCA study.

Tc+MO _

2 2
0.5 +0.5) @
=220

Consumer
preference

Valuable materials Second life LIB

content price
Technological e
€ Substitution
development .
coefticient
Remaining
capacity

Fig.2 Key market and technical factor affecting avoided production
in battery reuse and repurpose cases. To the left, three business model
characteristics affect the dynamic market price

Equation 2 presents the final step to calculate the com-
bined coefficient to apply in the LCA (TC, technical coef-
ficient; MC, market coefficient; CC, combined coefficient).

5 Results and discussion
5.1 Life cycle inventory

The inventory for CBM 1 represents the required resources
to remanufacture and install second life battery packs in a
280 kWh stationary energy storage system. The inventory
for CBM 2 represents the required resources to remanufac-
ture and install second life battery modules in a 500 kWh
stationary energy storage system. Porzio and Scown (2021)
suggest phasing out use of battery mass as functional units in
LCAs due to a large variation of chemistries and pack design.
Hence, the inventory list in Table 3 is normalized to 1 kWh.

5.2 Life cycle impact assessment
The two CBMs are in different substitution scenarios compared

with a new battery. The CBMs represent two different second
life batteries remanufactured for stationary energy storage.

Table 2 How the remaining capacity and the second life battery price
affect the substitution coefficient

Remaining capacity (%) LIB price Coefficient (%)
<60 Second life < new 0

80 Second life < new 0.5

100 Second life > new 1
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Table 3 The resources required
for circular economy business

Resource

CBM 1 (pack) CBM 2 (module) New (pack) Unit

model (CBM 1 (Eco Stor);
CBM 2 (Batteriretur); and a
new battery, ready for (second
life) stationary storage use per
functional unit (1 kWh battery
capacity))

Steel rack (reusable one time)
Battery interface unit
Cables

Electricity, Norwegian
Inverter

Inverter rack

Router

Electricity losses during startup test, Norwegian
Switch, power supply, e-stop, energy management

system, extra controller
New mini-BMS for modules
Copper rail
Electronics
Main BMS (laptop)

Production of NMC811 (Ecoinvent)

Circuit breakers and junction boxes

1.250 0.700 1.250 ke
0.005 - 0.005 kg
0.288 0.288 0.288 kg
0.050 - 0.050 kg
1.019 13.780 - kWh
0.058 0.058 0.058 p
0.357 - 0.714 ke
0.001 - 0.001 p
0.014 0.008 0.014 kWh
0.012 0.007 0.012 ke
- 0.003 - kg
- 0.083 - kg
- 0.050 - kg
- 0.02 - p
-67 -67 6.7 kg

Table 4 shows the complete life cycle impact assessment
(LCIA) results for all 18 categories. The two CBMs are in
different substitution scenarios compared with a new bat-
tery. The CBMs represent two different second life batteries
remanufactured for stationary energy storage.

The scenarios with 0% substitution show only impacts
from the remanufacturing and installation processes required
to transform a used EV battery to a functional second life
battery. The scenarios with 50% substitution include nega-
tive impacts caused by 50% of the impacts from production
of a new battery (—24.6 * 0.50). The scenarios with 100%
substitution include negative impacts caused by 100% of
the impacts from production of a new battery (—24.6 * 1).
Thus, the two latter scenario groups show negative impacts
in some of the categories. Mineral resource scarcity and ter-
restrial acidification show negative impacts, also for sce-
nario i. with 0% substitution. This is mainly due to two by-
products from copper processing for the inverter: firstly, the
rare-earth metal palladium from electronics scrap in anode
slime, and secondly, the rare-earth mineral molybdenite. As
impacts associated with by-products are subtracted from the
total in consequential LCA methodology, the net impacts can
become negative. Smelting of copper concentrate is respon-
sible for the majority of the terrestrial ecotoxicity impacts
(553.1 kg 1,4-DCB with 0% substitution). The contribution
analysis for the highlighted categories is shown in the sup-
plementary information document.

The results show that the difference between the two
CBMs is small (<0.1) for all categories. As the CBM 1
case consisted of a 280 kWh sized system and CBM 2 was a
500 kWh system, the impacts from CBM 1 can be margin-
ally lower as the resources required (Table 3) is divided by
the total size of the system to obtain the functional unit of 1
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kWh. Some, e.g., electronics are equal independent of this
size range. Figure 3 compares the CBMs with a new battery
for stationary energy storage and highlights three impact
categories. The results are illustrated with three substitution
scenarios (i. 0%, ii. 50%, and iii. 100%).

5.3 Discussion

The main results of this study show that the repurposing
of used EV batteries for energy storage systems at both the
pack and module level is environmentally advantageous
compared to using new batteries. This confirms the findings
in literature related to battery reuse and repurposing. The
three substitution coefficient scenarios in Fig. 3 illustrate the
significant effect assumptions on avoided production poten-
tial have on impact assessment results. Consequentially, if
using the second life battery cannot avoid any production of
new batteries, the resulting impacts are higher for choosing
one of the battery solutions from the CBMs compared to
a new battery. Thus, CBMs utilizing second life LIBs can
lower environmental impacts in all categories if some pro-
duction of a new battery is avoided.

This study developed a procedure for assessing the
impacts of battery reuse and repurposing and emphasizes
the importance of not neglecting substitution coefficients
in LCA studies. In scenario iii., the second life batteries
from the CBMs fully replace (substitute) a new battery and
avoid production and thus environmental impacts, while in
scenario i., where 0% substitution is assumed, the second
life battery is consumed in addition to a new battery due to
market expansion. The consumption of a second life battery
will in this scenario not reduce the use of new batteries but
increase the total number of batteries on the global market.
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Table 4 LCIA results for CBM 1 (second life battery packs) and CMB 2 (second life battery modules) for all impact categories in three substitu-
tion scenarios and a new battery. Values per kilowatt-hour battery capacity

Impact category Unit CBM1,0% CBM1,50% CBM1, CBM2,0% CBM2,50% CBM 2, New
substitution substitution 100% substitution substitution 100%
substitution substitution

Global warming kg CO2 eq 4.04E+00 —6.26E+00 —1.66E+01 397E+00 —6.33E4+00 —1.66E+01 2.46E+01

Stratospheric ozone kg CFC11 eq 2.76E-06 1.04E-07  —2.55E-06 3.03E-06 3.69E-07 —2.29E-06 8.07E-06
depletion

Tonizing radiation kBqCo-60eq 1.91E-01 —1.94E+00 —4.08E+00 1.91E-01 —-1.95E+00 —4.08E+00 4.46E +00

Ozone formation, kg NOx eq 2.11E-02 3.96E-02 5.81E-02 2.21E-02 4.07E-02 5.92E-02 —1.60E-02
human health

Fine particulate kgPM2.5eq —4.32E-02 -3.87E-02 —3.43E-02 —-4.16E-02 -3.71E-02  —3.27E-02 —5.20E-02
matter formation

Ozone formation, kg NOx eq 2.18E-02 4.01E-02 5.84E-02 2.29E-02 4.12E-02 5.95E-02 —1.48E-02
terrestrial ecosystems

Terrestrial acidification kg SO2 eq —1.60E-01 —8.86E-02 —1.76E-02 —1.53E-01 -8.21E-02 -1.11E-02 —3.02E-01

Freshwater kg Peq 5.22E-03 —4.25E-03 -1.37E-02 5.01E-03 —4.46E-03 —1.39E-02 2.41E-02
eutrophication

Marine eutrophication kg N eq 1.69E-04 —2.09E-03  —4.36E-03 1.46E-04 —2.12E-03  —4.38E-03 4.70E-03

Terrestrial ecotoxicity kg 1,4-DCB 553E+02 147E+03 2.38E+03 6.27E+02  1.54E+03 246E+03 —1.28E+03

Freshwater ecotoxicity kg 1,4-DCB 226E+00 —145E+00 -5.17E400 2.19E+00 —1.52E4+00 -5.24E+00 9.69E +00

Marine ecotoxicity kg 1,4-DCB 299E+00 —1.25E+00 -5.48E+00 293E+00 —1.30E+00 -5.54E+00 1.15E+01

Human carcinogenic kg 1,4-DCB 7.82E-01 9.42E-01 1.10E+00 8.27E-01 9.87E-01 1.15E+00 4.63E-01
toxicity

Human non- kg 1,4-DCB 5.69E+01 4.49E+01 3.28E+01 6.05SE+01 4.84E+01 3.63E+01 8.10E+01
carcinogenic toxicity

Land use m2a crop eq 5.11E-01 1.95E+00 3.38E+00 5.85E-01 2.02E+00 345E+00 —2.36E+00

Mineral resource kg Cueq —1.80E-01 —3.66E4+00 -7.15E4+00 —2.24E-01 -3.71E+00 -7.19E400 6.79E+00
scarcity

Fossil resource kg oil eq 1.07E4+00 —291E+00 —6.88E+00 1.0SE4+00 —293E+00 —6.91E+400 9.02E+00
scarcity

Water consumption m? 5.25E-02 —1.85E+00 —3.76E+00 7.29E-02 —1.83E+00 —3.74E+00 3.86E+00

A lower battery price leads to a higher number of consumers
willing to purchase a battery, which means more batteries
in total according to the circular economy rebound concept
(Zink and Geyer 2017).

The remaining battery capacity (technical factor) and bat-
tery price (market factor) were identified as important for
the substitution coefficient for LCAs assessing reuse and
repurpose of batteries. Building on work by Rigamonti and
colleagues (2020) and Zink and colleagues (2016), the pro-
cedure for calculating the substitution coefficient proposes
to account for both factors by combining them in the calcula-
tion. Although battery price is recognized as important, it is
dynamic and regionally based and thus challenging to use
as a parameter in LCA models. To increase predictability,
three business model characteristics affecting the LIB price
are identified (illustrated in Fig. 2):

1. Demand for second life batteries based on consumer
preference (e.g., perception of quality and security).

2. Valuable materials affect economic value (e.g., older
batteries can contain more cobalt).

3. Technological development integrated in new batteries
can lower value of the older batteries (e.g., improved
battery energy density).

These business model characteristics affect the battery
price and thus the substitution potential of the second life
batteries. By understanding the CBMs assessed, more real-
istic assumptions were made during the LCA modelling.
Hence, CBM insights are valuable when calculating the sub-
stitution coefficient to understand the factors affecting the
potential for avoided production.

By assessing the CBM for batteries proposed in Wralsen
et al. (2021), this study found the potential environmen-
tal benefits from this CBM compared to a linear business
model. In percentage, the comparison shows that the reman-
ufacturing process of the used batteries corresponds to 16%
of the global warming impact of producing a new battery. A
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Global warming potential

mNew #CBM1 r1CBM2

L—
-16.6 -16.6
Substitution scenarios (i.-iii.)

Water consumption

mNew #CBM1 riCBM2

39 39 39 3.9

m3

Substitution scenarios (i.-iii.)

Mineral resource scarcity

mNew #CBM1 riCBM2

6.8 66 6.6 6.8

ii. iii.

Substitution scenarios (i.-iii.)

Fig.3 Impacts of a second life battery from two different CBMs with
no (scenario i.), 50% (ii. dotted line), and 100% (iii. stippled line)
avoided production of a new NMC811 battery

minimum of 16% production needs to be avoided for second
life batteries to contribute to climate change mitigation. For
water consumption, this is valid when a used battery can
replace 3% of a new battery. For mineral resource scarcity,
this is valid even with 0% substitution. CBMs (which aim
to gain environmental benefits) should be assessed for dif-
ferent environmental impact categories to quantify potential
benefits and avoid problem shifting between different envi-
ronmental areas of protection.

6 Conclusion
This study illustrates the possibilities and advantages of

applying life cycle assessment to assess circular economy
business models with the case of used lithium-ion batteries

@ Springer

from electric vehicles. When comparing the impact of
second life batteries facilitated by the circular economy
business models with new batteries, results show that the
latter has generally higher environmental impacts. Global
warming potential results show that the remanufacturing
of used batteries corresponded to 16% of emissions from
manufacturing. The water consumption corresponded to 3%
and mineral resource scarcity to 0%. Despite the relatively
low impacts from the battery remanufacturing process, the
results indicate that there is a relatively low threshold for
environmental benefits by utilizing second life batteries to
replace and avoid production of new batteries.

For organizations and individuals choosing between new
and second life batteries, an investment in the latter is pro-
posed if (1) the remaining technical capacity is sufficient for
the new application and (2) the second life battery invest-
ment is not performed because of a lower price compared
to a new battery but is acquired instead of a new battery.
Hence, it should be able to replace a new battery with second
life batteries to some extent. If these two technical and mar-
ket factors are considered, the environmental advantages of
the circular economy business models are validated through
the results of this study.

For LCA practitioners working with consequential mod-
elling, and particularly in circular economy contexts, the
substitution coefficient is essential for improving the preci-
sion of the life cycle impact assessment results. It is recom-
mended that the potential for avoided production should be
identified for each specific study, preferably based on both
technical and market factors. The proposed procedure can be
applied to other products or product components. Further-
more, business model characteristics affecting market prices
can be useful to understand the dynamics and thus improve
the substitution coefficient in the model.

This study shows that life cycle assessment is valuable to
examine if circular economy business models gain net envi-
ronmental gain as pledged and to evaluate problem shifting to
support decision-making. The substitution coefficient appears
crucial for impact results, and future research should advance
methodology for practitioners to calculate the avoided produc-
tion potential, also for other second life products.
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