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Abstract

In response to climate change, the transport sector is transitioning to electric vehicles pow-
ered by lithium-ion batteries. The sustainable management of end-of-life electric vehicle
batteries is an important task typically achieved by recycling. However, there are higher-
level circular strategies that result in greater environmental benefits. One of these strate-
gies is repurposing, in which a product is adapted for a different purpose. Repurposed bat-
teries have a lower carbon footprint and can help supply the growing demand for energy
storage systems. These aspects make repurposing an interesting research topic.

This thesis aims to define the operational environment for repurposing electric vehicle lith-
ium-ion batteries for energy storage systems in the EU. The main objective is to discover
challenges and barriers for repurposing operations. In addition, possible solutions to the
identified challenges are explored. To achieve these objectives, semi-structured key stake-
holder interviews were conducted with 22 participants from the EU.

Eight challenges affecting repurposing were discovered from the interviews. These include
the uncertain economic viability of second-life batteries, low availability of electric vehicle
batteries, lack of battery information, safety concerns, regulatory shortcomings, and con-
sumer preferences. The interview findings were supported by an extensive literature re-
view. These challenges were further explored, and five common drivers were found point-
ing to the essential factors for repurposing. These include the financial aspects, actions of
car manufacturers, various factors steering electric vehicle batteries towards recycling,
reputational harm to second-life batteries, and role of consumers.

The research findings suggest that there is a diverse variety of complex challenges affecting
repurposing. In addition, the low availability of electric vehicle batteries and new electric
vehicle battery designs are potential barriers for repurposing operations. It can also be
concluded that the actions of car manufacturers strongly influence repurposing operations,
and economic aspects have a pivotal role in the feasibility of the second-life business.

Keywords electric vehicles, lithium-ion batteries, second-life batteries, repurposed bat-
teries, circular strategies, circular economy
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Tiivistelma

Vastauksena ilmastonmuutokseen liikenneala on siirtyméssa litiumioniakuilla toimiviin
sihkoajoneuvoihin. Sihkoajoneuvojen kaytettyjen akkujen kestava kasittely on tarkea teh-
tava, joka tyypillisesti saavutetaan kierratyksella. On kuitenkin olemassa korkeamman ta-
son kiertotalousstrategioita, jotka johtavat suurempiin ymparistohyotyihin. Yksi néista
strategioista on uudelleenkaytto, jossa tuote mukautetaan eri tarkoitukseen. Uudelleen-
kaytettyjen akkujen hiilijalanjalki on pienempi, ja ne voivat auttaa vastaamaan energian
varastointijarjestelmien kasvavaan kysyntddn. Nama nakokulmat tekevat uudelleenkay-
tosta mielenkiintoisen tutkimusaiheen.

Taman diplomityon tavoitteena on maaritella toimintaymparisto sihkoéajoneuvojen li-
tiumioniakkujen uudelleenkaytt6on energian varastointijarjestelmiin EU:ssa. Paitavoit-
teena on 10ytaa haasteita ja esteitd uudelleenkaytolle. Lisaksi kartoitetaan mahdollisia rat-
kaisuja tunnistettuihin haasteisiin. Ndiden tavoitteiden saavuttamiseksi suoritettiin puo-
listrukturoidut keskeisten sidosryhmien haastattelut 22 osallistujan kanssa EU:sta.

Haastatteluista 16ytyi kahdeksan haastetta uudelleenkaytolle. Niita ovat toisen kayttoian
akkujen epavarma taloudellinen kannattavuus, sihkoajoneuvojen akkujen alhainen saata-
vuus, akkutietojen puute, turvallisuushuolet, siantelyn puutteet ja kuluttajien mieltymyk-
set. Haastattelutuloksia tuki laaja kirjallisuuskatsaus. Haasteista tunnistettiin viisi yhteista
liset tekijat, autonvalmistajien toimet, erilaiset sthkdajoneuvojen akkuja kierratykseen oh-
jaavat tekijat, toisen kayttoian akkujen mainehaitat, seka kuluttajien rooli.

Tutkimustulokset viittaavat siihen, ettd uudelleenkiyttoon vaikuttaa monenlaisia moni-
mutkaisia haasteita. Lisaksi sihkoajoneuvojen akkujen alhainen saatavuus ja uudet sih-
koajoneuvojen akkumallit ovat mahdollisia esteita uudelleenkaytolle. Voidaan myos to-
deta, etta autonvalmistajien toimet vaikuttavat merkittavasti uudelleenkayttoon ja talou-
dellisilla tekijoilla on keskeinen rooli toisen kayttoian akkujen kannattavuuteen.

Avainsanat sihkoajoneuvot, litiumioniakut, toisen kayttoian akut, uudelleenkaytetyt
akut, kiertostrategiat, kiertotalous
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This thesis is conducted for TREASoURCE, a four-year project (2022-2026)
receiving funding from the European Union under No. 101059491, the Hori-
zon Europe research and innovation program. TREASoURCE aims to initiate
systemic change by developing systemic circular economy solutions in cities
and regions for currently underutilized or unused plastic waste, end-of-life
electric vehicle batteries, and bio-based waste and side streams. Implement-
ing these solutions together with companies, societies (including citizens,
consumers, communities, and regional actors), and experts in the field is ex-
pected to significantly increase product and material circulation in the Nor-
dic and Baltic Sea Regions.

Regarding the battery value chain, TREASoURCE has two objectives. The
first is to evaluate the possibilities and potential of using end-of-life electric
vehicle batteries as energy storage systems. The second is to demonstrate the
functionality and sustainability of second-life energy storage systems con-
nected to photovoltaics in three demo cases. This thesis supports the TREA-
SoURCE project by assessing the operational environment for repurposing
operations, focusing on identifying the challenges and barriers as well as pos-
sible solutions for the issues found. Thus, this thesis contributes to achieving
the objectives of work packages one and four of the project.
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1 Introduction

In response to climate change, many sectors are undergoing prodigious
transformations to reduce anthropogenic emissions. While the energy sector
is phasing out fossil fuel-based production with renewable energy, the
transport sector is replacing internal combustion engine vehicles with elec-
tric vehicles (EVs). In 2021, around 16.5 million electric passenger light-duty
vehicles were in use worldwide, three times more than in 2018. In Q1 2022,
two million EVs were sold globally, 75% more than the previous year. The
International Energy Agency (IEA) has estimated the global EV stock in 2030
for three different scenarios ranging from 200 to 350 million. Compared to
the current global EV stock of 16.5 million, it is evident that there will be con-
siderable growth ahead, albeit the degree of growth remains uncertain. [1]

As a result of an extensive set of policy incentives, Norway has become the
global leader in EV adoption [2]. In 2021, the share of EVs in Norway was
22.2%, of which battery electric vehicles (BEVs) contributed 16% [3], while
in Finland, the share of BEVs had yet to reach the first percentage [4]. At the
end of Q3 2022, almost 80% of newly sold passenger cars in Norway were
BEVs [5], while the corresponding share in Finland was only about 16% [6].
Despite the different growth rates, the transport sector is becoming electri-
fied worldwide. Although this transition contributes to the decarbonization
of the transport sector, with it comes environmental responsibilities. For in-
stance, EVs are powered by lithium-ion batteries (LIBs), which must be man-
aged sustainably once reaching their end-of-life (EOL). Large volumes of
EOL EV LIBs are already expected to enter the market by 2025. [7]

LIBs consist of many metals, such as cobalt, copper, lithium, and nickel, of
which cobalt and lithium are considered critical raw materials (CRMs) [8].
Recovering these valuable metals is crucial for conserving natural resources
and securing future material needs. Recycling is currently regarded as the
main strategy for managing EOL electric vehicle batteries (EVBs). However,
there are still significant materials losses in the recycling processes, which is
not sustainable [7]. For instance, despite being considered a CRM, lithium is
hardly recycled in the European Union (EU) due to its high cost compared to
primary supplies [9]. Repurposing, which means adapting a product for a
different purpose, is a higher-level circular strategy than recycling. Generally,
a higher-level circular strategy results in greater environmental benefits [10].
Thus, repurposing EOL EVBs before recycling would reduce the carbon foot-
print [11] and eliminate the need to manufacture new batteries [12].

EVBs have strict performance criteria as consumers require safe and reliable
EVs. Due to battery degradation, an inevitable phenomenon in electrochem-
ical batteries, an EVB is typically replaced once it has 70-80% of its original



energy storage capacity left [12]. Despite reaching its EOL for demanding EV
applications, the battery’s remaining capacity is sufficient for applications
with less strict performance criteria, such as stationary energy storage sys-
tems (SESS) [7]. From this arises an opportunity to enhance circularity in the
EV battery value chain (BVC) and help supply the growing demand for energy
storage systems while creating new sustainable business models. These as-
pects make repurposing an interesting and important topic for research.

This thesis aims to define the operational environment for repurposing EV
LIBs for energy storage applications in the EU. More specifically, the objec-
tive is to identify challenges and barriers affecting repurposing operations
and discover possible solutions to overcome the identified issues. Based on
these objectives, three research questions are formed:

e What kind of regulatory environment do EU legislation and standards
create for repurposing operations?

e What are the key challenges and barriers for repurposing operations?

e What actions and measures could support repurposing operations?

The thesis consists of a literature part, including a regulatory and state-of-
the-art review and an experimental part of key stakeholder interviews. The
regulatory review assesses the EU regulatory environment affecting repur-
posing operations. The national battery strategies and legislation are also re-
viewed for Finland and Norway. The regulatory review aims to discover pos-
sible regulatory obstacles and enablers for repurposing operations. The state-
of-the-art review assesses the current state and challenges of the repurposing
process. Also, the various energy storage applications and examples of sec-
ond-life energy storage projects are presented. Other challenges affecting re-
purposing operations are also introduced. The key stakeholder interviews
aim to discover challenges and barriers affecting repurposing operations and
find possible solutions to overcome them. Various stakeholders, such as re-
searchers, repurpose operators, and end-users, participated in the research.

The geographical scope of this thesis is the EU. However, the national regu-
latory framework of Finland and Norway is also reviewed because the sec-
ond-life battery demos in the TREASoURcE-project will be conducted in
these countries. Furthermore, as Norway is the global forerunner in EV adop-
tion, it is a reference point for investigating possible advances in the regula-
tory framework. Other battery technologies, such as nickel-metal hybrid and
lead-acid batteries, are excluded from the scope of this thesis, as LIBs have
gained a dominant position in automotive applications due to their higher
specific energy (Wh/kg and Wh/L), cycle life, and efficiency compared to the
other technologies [13].



2 Circular economy

According to a report by Michaux (2021) [14], there are not enough metals,
including lithium, cobalt, and nickel, for LIBs to replace the entire internal
combustion engine vehicle fleet with EVs and to supply the global demand
for power storage, see Figure 1. These numbers include the metals for only
one generation of EVBs. The same number of metals is needed to produce
new EVBs every ten years. Additionally, by 2050, the global vehicle fleet con-
sidered in Michaux’s scenario will have increased by 60% [15]. Beyond EVs
and battery power storage, these same metals are also used for consumer
electronics and other applications like metal alloy and ammunition produc-
tion [14]. These aspects further increase the demand for finite battery metals.

Global need for battery metals to phase out fossil fuels

900
800
700

S

& 600
c
500

(million to
N w S
o o o
o o o

100

O . — —

Copper Nickel Cobalt Lithium Graphite

Mass in 2,772.6 million tons of lithium-ion batteries B Global reserves (2018)

Figure 1. Metals needed for EVs and power storage. Redrawn from [14].

The global demand for batteries is estimated to increase 14 times by 2030,
and the EU alone could account for 17% of this demand [16]. By 2035, renew-
ables are projected to make up 50% of electricity production, and due to their
intermittent production, the balancing needs of power systems are increasing
accordingly [17]. However, the power production technologies are not the
only thing changing, but also the amount of energy needed. By 2050, the
world population is estimated to be 9.7 billion [18], and global energy use has
increased by 50% [15]. As a result of this growth, by 2050, three planets’
worth of resources could be needed to maintain the current lifestyle [19]. This
seems like an impossible equation, and it is if humanity continues its current
way of living.



Ever since the industrial revolution, economic growth has been closely linked
to increasing production, consumption, and resource use [20]. Today we live
in a linear economy in which finite resources are extracted to make products
that are used and then thrown away — “take-make-waste” [21]. According to
the Ellen MacArthur Foundation (EMF), a foundation aiming to accelerate
the transition to circular economy (CE) and a global thought leader on the
topic, waste is a concept that humans have introduced. There is no waste in
nature, instead, it is a result of design choices. [22] This unsustainable way
of living comes with a high cost, it is detrimental to the environment, cannot
supply the growing population with essential services, and leads to strained
profitability [23]. Therefore, economic growth must be decoupled from the
consumption of finite resources, which is aimed to be achieved with CE.

According to the EMF, CE is a systems solution framework, driven by design
based on three principles: 1. eliminate waste and production, 2. circulate
products and materials, and 3. regenerate nature [21]. The first principle is
about designing products so that no waste is generated: materials must re-
enter the economy after the end of their use [22]. The second principle aims
to circulate products and materials at their highest value, to prioritize pro-
longing, reusing, and refurbishing, and considering recycling only as the last
option [24]. The third principle focuses on regenerating nature by employing
farming practices and returning biological matter to the earth [25].

There are several circular strategies to reduce the consumption of natural re-
sources and minimize waste generation. These strategies can be ordered by
priority based on their level of circularity. In general, the higher level of cir-
cularity results in greater environmental benefits. Potting et al. (2017) [10]
have introduced a 9R framework in which ten circular strategies are placed
in a hierarchy where they are arranged from high circularity (low R-number)
to low circularity (high R-number), see Figure 2. Regarding circularity, strat-
egies for smarter manufacture and product use (Ro-R2) are ranked highest.
Next, come various strategies (R3-R7) to extend product lifetime. Lastly, with
the lowest level of circularity, there are two strategies, recycling (R8) and re-
covery (R9), to manage EOL products. Despite ranking the lowest, most cir-
cular policies and targets currently focus on R8-Rg strategies [26].
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Figure 2. 9R strategies prioritized by level of circularity. Adapted from [10].

The current EU regulatory framework requires only 50% of the average
weight of an EVB to be recycled, after which the remains can be disposed of
in landfills or by incineration [27]. For example, in Finland, at least 50% of
an EVB is recycled, after which the remains, such as plastics, are incinerated
to recover energy. The ashes and other unburnable residues are disposed of
in landfills. [28] In addition, lithium, which is a CRM, is hardly recovered in
the EU as it is not cost-efficient [9]. Based on this, the current EV BVC is still
very linear and has untapped circular potential, see Figure 3.

Raw Battery Integration \ Application \Collection of Recovery

materials / manufacture in vehicle use used battery

Figure 3. The current linear EV BVC. Adapted from [29].

As stated by Hua et al. (2020), to capture the maximum value of an EOL EVB,
it should first be remanufactured for automotive applications, then repur-
posed for less demanding applications such as SESS, and only finally recycled
[30]. However, it should be noted that remanufacturing is not within the
scope of this thesis and the focus is only on the repurposing strategy. Accord-
ing to a study by Tao et al. (2021), if an EVB is first repurposed and then



recycled instead of directly recycled, its carbon footprint and energy use can
be reduced by 8-17% and 2-6%, respectively [11]. Another study by Richa et
al. (2017) states that repurposing EVB for SESS could reduce energy demand
and global warming potential by 15% to as much as 70% under ideal condi-
tions [31]. However, the most significant environmental benefit of repurpos-
ing is eliminating the need to manufacture new batteries. The battery manu-
facturing process is energy-intensive and requires the extraction of virgin and
CRMs. Especially lithium extraction consumes large amounts of water. [12]
In conclusion, repurposing extends the battery lifespan, which leads to envi-
ronmental benefits and increases the circularity in the EV BVC. These circu-
larity-enhancing steps are highlighted in light blue, see Figure 4.

Raw Battery Integration \ Application \Collection of

materials [ manufacture / in vehicle use used battery Recovery

Figure 4. A more circular EV BVC. Adapted from [29].

The IEA has stated that global battery and mineral supply chains must ex-
pand tenfold to meet projected demand. The additional number of mines
needed by 2030 is estimated to be up to 50 lithium, 60 nickel, and 17 cobalt
mines. [32] This exemplifies the vast demand pressure faced by the mining
industry. Building new mines can take up to ten years [31], so a sufficient
supply of battery metals might be a future challenge. For instance, in May
2022, lithium prices were seven times more than in 2021 due to unprece-
dented demand for batteries and a lack of sufficient investment in new supply
capacity [32]. BloombergNEF (2020) has estimated that the global battery
storage capacity will be more than 500 GWh in 2030, and by 2050 it will have
increased ninefold to 4,500 GWh [33]. While IDTechEx has assessed that by
2030 the second-life battery capacity will hit over 275 GWh per year [34].
Thus, repurposing EVBs could help supply the demand for battery storage.

In conclusion, the prioritization of higher-level circular strategies has many
advantages. Repurposing EVBs before recycling results in reduced carbon
footprint and energy use. In addition, repurposed EVBs can help supply the
growing demand for battery storage while alleviating the demand pressure
for new metals, giving the mining industry more time to set up new mines.
Repurposing also provides additional time to develop more cost-efficient re-
cycling processes, e.g., to recover lithium from EVBs. All these aspects high-
light the benefits of enhanced circularity in the EV BVC and transition to CE.



3 Lithium-ion batteries

A lithium-ion cell consists of a cathode, an anode, a separator, an electrolyte,
and two current collectors, see Figure 5. During discharging, the stored
chemical energy is converted to electrical energy: lithium ions (Li*) move
from the anode to the cathode through the electrolyte, resulting in a flow of
electrons from the anode to the cathode in an external circuit. Since this pro-
cess is reversible, the opposite occurs during charging. [35] The depth of dis-
charge (DOD) measures how much of a battery’s capacity will be used for the
application, and the state of charge (SOC) measures how much effective en-
ergy is left in the battery at a given moment. The C-rate is the rate at which a
battery is charged or discharged. [36] When charging a battery at 1 C, the
current rate is such that it takes one hour to charge it from zero to 100%.

«— € | € =
Charge I Discharge
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{ !
Non-aqueous Separator
electrolyte

Figure 5. A lithium-ion battery cell, used with the permission of [37].

The three main cell configurations for LIBs are cylindrical, prismatic, and
pouch, see Figure 6. These configurations differ in size, geometry, and indi-
vidual cell parameters such as capacity and supplied power. The dimensions
of these cell types vary between manufacturers, especially for the prismatic
and pouch configurations. However, there are standards that define the di-
mensions of cell designs. [38] All three cell types are used in EVs [39].

Cylindrical cell Prismatic cell Pouch cell

Figure 6. The three cell types for LIBs. Redrawn from [38].



A single lithium-ion cell is not enough to power an EV. Therefore, several
cells are combined in series and/or in parallel to form modules, which are
assembled into a battery pack, as illustrated in Figure 7 [40]. A battery man-
agement system (BMS) is also incorporated into the battery pack. The pri-
mary function of the BMS is to ensure safe and reliable operation, but it also
enables more efficient performance and a longer battery lifetime. The BMS
also provides essential information on different parameters, such as the state
of health (SOH), which determines the remaining capacity of the battery
compared to its initial value. [41]

Contact tab
Battery cells Battery modules

Battery management
Battery cell Battery module Battery pack
Figure 7. The assembly from battery cells to a battery pack [40].

A key defining feature of LIBs is their cathode chemistry, determining battery
performance and material requirements. The three most essential cathode
chemistries for automotive applications are lithium nickel manganese cobalt
oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), and lithium iron
phosphate (LFP), see Figure 8. Both NMC and NCA are nickel-based chem-
istries that offer high specific energy density, resulting in longer driving
ranges. Hence, nickel-based chemistries have become increasingly domi-
nant, for instance, in 2021, they accounted for 85% of EVB demand. The re-
maining 15% of the demand was covered by LFP chemistries that have re-
surged during the last years. Compared to nickel-based chemistries, LFP has
alower cost, longer cycle life, and is more stable, reducing the risk of catching
fire. However, its specific energy density is typically only 65-75% compared
to an NMC811 battery (nickel: 80%, manganese: 10%, and cobalt: 10%). [1]
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Figure 8. Features of NMC, NCA, and LFP cathodes. Adapted from [42].
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There are a few reasons for the resurgence of LFP batteries. First, they con-
tain no cobalt or nickel, leading to cost advantages in a high commodity price
market. Second, a recent innovation in cell-to-pack technology results in
lower dead weight and higher energy density on a pack level, which is about
85% of an NMC811 battery. Third, LFP production has traditionally occurred
in China due to patents that charge license fees if LFPs are used outside
China. These patents expired in 2022, making manufacturing and sales
abroad more appealing. For these reasons, LFP batteries are expected to
grow globally. For example, in Q1 2022, half of the EVs produced by Tesla
used LFP. [1] Also, LFP chemistries are expected to account for 42% of EVB
demand by 2023, including variants such as lithium manganese iron phos-
phate, with added manganese further improving specific energy density [43].

Cathode chemistries constantly evolve to reduce material dependency and
achieve longer driving ranges and lighter batteries. For instance, many cath-
ode chemistries, such as NMC and NCA, contain cobalt. This is problematic
because two-thirds of the global cobalt production is mined in the Demo-
cratic Republic of Congo under dire working conditions, including child labor
[9]. In recent years, automakers have substituted cobalt with nickel, as seen
in the change from NMC622 to NMC811, while others have started using LFP
batteries. Likewise, it is predicted that by the end of the decade, new chemis-
tries like lithium nickel manganese cobalt aluminum oxide (NMCA), using
more manganese, will become common to reduce the pressure on nickel. [43]
Also, lithium manganese oxide (LMO) and lithium nickel manganese oxide
(LNMO) are being developed, which have higher voltages and eliminate the
need for cobalt.

Automotive original equipment manufacturers (OEMs) design various EVB
packs, typically specific to each EV model, with different physical configura-
tions, module structures, battery shapes, and internal chemistries [30]. Fig-
ure 9 shows three EVB packs of car manufacturers Tesla, BWM, and Nissan
from 2014. As can be seen, there are significant differences between the EVB
packs, such as cathode chemistry, cell configuration, number of cells per
module, module size, number of modules per pack, pack size and weight,
voltage, and capacity. In addition to the evolving cathode chemistries, the
EVB capacity has grown significantly in recent years. According to the IEA,
between 2015 and 2021, the average battery capacity increased by 60%, and
if the trend continues, battery capacities are expected to increase further by
up to 30% in 2030. [1] Therefore, EVBs possibly facing repurposing will con-
sist of many different variations as the different properties of LIBs are con-
stantly developing, and the EVB designs vary between OEMs.
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Figure 9. Various battery packs for EVs. Reprinted by permission from [44].

As the EVB undergoes discharge and charging cycles, it slowly degrades and
loses its capacity, i.e., the ability to store energy [7]. The complex battery deg-
radation mechanisms include both chemical side reactions (solid electrolyte
interphase (SEI) formation, lithium plating, dendrite formation, etc.) and
physical structural changes (particle cracking, fragmentation, delamination,
etc.). These mechanisms result in three degradation modes: 1. the loss of lith-
ium inventory, 2. the loss of active material, and 3. the increase of impedance,
all of which ultimately lead to capacity and power loss of the EVB [45]. For
instance, the loss of lithium inventory can occur due to lithium being trapped
in the SEI layer, in the anode or cathode structure, or lithium plating, etc.
Whereas the increase of impedance can occur due to growing SEI or cracking
of particles causing detachment from the current collector, etc. The battery
degradation mechanism and modes are presented in Figure 10.
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Figure 10. Degradation mechanisms and modes in LIBs [46].

The EVB should be replaced once its SOH reaches 70-80%, which is insuffi-
cient to ensure proper performance [47]. Also, when the EVB degrades be-
yond 70-80%, its behavior becomes more unpredictable and unsafe to be
used in EVs. For these reasons, the EVB has reached its EOL. EVBs are ex-
pected to last 8-10 years [30]. However, EVBs can also reach their EOL due
to traffic or other accidents [7].

LIBs are generally considered safe due to their low failure rate of one in ten
million. However, fire or even explosion situations can follow during a LIB
failure. This is caused by thermal runaway, which can occur due to an inter-
nal or external short circuit of the battery or an external heat source like fire.
In addition, battery degradation, physical damages, high currents and volt-
ages, recharging in freezing temperatures, inadequate storage temperatures,
and complete discharging of the EVB increase the risk of thermal runaway.
[7] Therefore, safety is increasingly important for EVBs that will be repur-
posed as they have experienced harsh conditions during their first life.
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4 Regulatory review

This chapter examines the current and upcoming regulatory environment af-
fecting repurposing operations in the EU, Norway, and Finland. The focus is
on identifying potential obstacles and enablers affecting repurposing opera-
tions. First, relevant EU legislation is introduced, after which national legis-
lation and strategies are reviewed for Norway and Finland.

4.1 European Union

Before diving into the EU regulatory framework in more detail, it is essential
to distinguish the differences between the various types of legislation. First,
a regulation is a binding legislative act that must be applied throughout the
EU. Second, a directive is a legislative act that sets out goals that all EU coun-
tries must achieve. However, it is still up to the individual countries to draft
legislation to achieve these goals. [48] In addition, standards are technical
documents designed to be used as a rule, guideline, or definition to increase
product safety and quality [49].

4.1.1 Current regulatory environment

The Waste Framework Directive 2008/98/EC is relevant because it defines
the general definition of waste, introduces the waste hierarchy, and estab-
lishes a common framework for the extended producer responsibility (EPR).
Article 3 defines waste as “any substance or object which the holder discards
or intends or is required to discard” [27]. Article 4 sets the foundation for
waste management with a five-step waste hierarchy of prevention, preparing
for reuse, recycling, other recovery, and disposal. However, reuse is defined
as “any operation by which products or components that are not waste are
used again for the same purpose for which they were conceived” [27]. This
would imply that EOL EVBs should be reused for the same purpose, i.e., as
the power source for EVs. Although the waste hierarchy does not explicitly
mention repurposing, it strives for the best environmental outcome, so re-
purposing should take place before recycling. This reasoning is supported by
an example of the waste hierarchy concept for EOL EVBs, where the reuse
segment also includes repurpose applications, see Figure 11 [45]. However,
the waste hierarchy could be complemented with other circular strategies,
which are currently not mentioned. Moreover, EVBs are under EPR, which
means that the producer of the EVB (manufacturer or importer of the car)
must take care of waste management of EOL EVBs at their own expense; the
common practice is to pay for EVB recycling. [7]
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Figure 11. Waste hierarchy and retirement options for EVBs [45].

The Batteries Directive 2006/66/EC is the primary EU legislation concern-
ing batteries. It aims to protect and preserve the environment by minimizing
the adverse effects of batteries and waste batteries. Thus, it prohibits certain
hazardous substances in batteries and sets requirements for waste manage-
ment and recycling targets for EOL batteries. It also classifies batteries into
three categories: portable (electronic devices), automotive (starting, lighting,
and ignition power), and industrial (EVs and other industrial applications).
It enforces the EPR, which aims to steer EOL batteries to appropriate waste
management. It also includes requirements for labeling batteries and their
removability from equipment. To achieve a high level of material recovery, it
includes recycling efficiency targets of 65% for lead-acid batteries, 75% for
nickel-cadmium batteries, and 50% for other waste batteries, including
EVBs. However, the collection rates for EOL batteries only apply to portable
batteries, excluding EVBs. The Batteries Directive has no requirements or
targets regarding repurposing EVBs for other applications. Instead, the focus
is on recycling. [7] [50, 51]

The following safety legislations are also relevant for repurposing EVBs. The
General Product Safety Directive 2001/95/EC aims to ensure that only safe
products are sold on the market. The Low Voltage Directive 2014/35/EU sets
safety requirements for electrical equipment. Registration, Evaluation, Au-
thorization, and Restriction of Chemicals (REACH) Regulation (EC) No
1907/2006 is relevant due to the chemical substances present in batteries.
There are also many standards related to battery safety, which can be found
on the EU’s batterystandards.info website. [7]
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There are also various legislations related to the transportation of EOL EV
LIBs. Directive on the inland transport of dangerous goods 2008/68/EC and
the European Agreement concerning the International Carriage of Danger-
ous Goods by Road have packing and storage requirements related to logis-
tics. The requirements vary depending on whether the battery is transported
inside a product or is it an EOL battery. In addition, before LIBs can be trans-
ported, they must pass the UN 38.3 test, in which they are tested against,
among others, shock, external short circuit, impact, crush, and forced dis-
charge. An important thing to note is that if the BMS of the EVB is replaced
during the repurposing process, the UN 38.3 test must be redone, which is
expensive and results in additional costs. The safety standard IEC EN 62281:
Safety of Primary and Secondary Lithium Cells and Batteries During
Transport is also relevant for repurposing operations. [7]

There are currently no standards in the EU that cover repurposed battery
systems. However, in the US and Canadian markets, there is the UL 1974:
Standard for Evaluation for Repurposing Batteries, which deals with aspects
such as safety, disassembly, examination, analysis of BMS data, and testing
related to the repurposing of EVBs for energy storage systems (ESS). How-
ever, the development of similar standards for the EU is underway. Legisla-
tion about ESS is also relevant, as EVBs are repurposed for different energy
storage applications. However, there are no existing legislations focusing on
the safety of ESS. Thus, other existing safety standards related to, e.g., the
fire safety of buildings, are applied for ESS. Furthermore, there is currently
no legislation concerning the long-term storage of EOL EVBs. [7]

In conclusion, the current regulatory environment for repurposing is poorly
regulated. There are no standards stipulating which measures and proce-
dures must be done for EVBs to be repurposed. Similarly, there are no testing
or safety standards for ensuring the safety of repurposed EVBs, which have a
greater risk of thermal runaway. Thus, repurposing operators are currently
operating under a free market.

4.1.2 Upcoming regulatory environment

In 2019, the European Commission (EC) completed an evaluation of the Bat-
teries Directive. Overall, it was found to be out of date due to new socioeco-
nomic conditions, technological developments, markets, and uses of batter-
ies. For instance, the Directive does not address the second life of advanced
batteries, making the development of repurposing approaches more difficult.
In addition, the recycling targets only apply to certain battery metals such as
lead and cadmium, with the exception of lithium and cobalt, both of which
are CRMs and present in LIBs. [52] As a result of the evaluation and the
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establishment of the Strategic Action Plan for Batteries, it was deemed nec-
essary to modernize the legislative framework.

In December 2020, the EC proposed a comprehensive new Battery Regula-
tion to repeal Directive 2006/66/EC and amend Regulation (EU)
2019/1020. The proposal is part of the European Green Deal and other re-
lated initiatives, including the Circular Economy Action Plan and the Indus-
trial Strategy. The legislation process has been progressing well. In March
2022, the European Parliament (EP) adopted the amendments, and the Eu-
ropean Council (EUCO) agreed on a general approach to the new Regulation.
In December 2022, the EUCO and EP reached a provisional political agree-
ment on the content of the Battery Regulation. In January 2023, the official
draft negotiation text was published [53]. Next, the EUCO and EP must for-
mally approve the agreement so it can enter into force, which is expected to
take effect by Q2 2023 [54]. [9, 55-57] Below, the contents of the Battery Reg-
ulation proposal have been reviewed. The official draft negotiation text was
not reviewed due to the limited time frame of the thesis.

The Battery Regulation has three main objectives: 1. strengthen battery sus-
tainability, 2. increase resilience and close material loops, and 3. reduce en-
vironmental and social impacts. To achieve these objectives, the proposal in-
troduces new innovations: another battery classification category for only
EVBs, a requirement for recycled content in new batteries with mandatory
minimum levels, safety requirements for stationary battery energy storage
systems, increased recycling efficiencies, and specific material recovery tar-
gets for cobalt, copper, lead, nickel and lithium, requirements for repurpos-
ing industrial and EVBs for a second life, requirements for labeling and in-
formation, a BMS and a battery passport. [9] The overall goal is that all bat-
teries on the EU market are sustainable, circular, high-performing, and safe
throughout their entire life cycle and that they are collected, repurposed, and
recycled, thus becoming a real source of valuable raw material [16].

Article 12 considers the safety aspects of stationary battery energy storage
systems, typical applications for repurposed EVBs. Stationary battery energy
storage systems shall be accompanied by technical documentation demon-
strating that they are safe during their normal operation and use, including
evidence that they have been successfully tested for the safety parameters
laid down in Annex V, for which state-of-the-art testing methodologies
should be used. The safety parameters include thermal shock and cycling,
external short circuit protection, overcharge protection, over-discharge pro-
tection, over-temperature protection, thermal propagation, mechanical
damage by external forces, internal short circuits, and thermal abuse. [58]
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Article 13 requires that as of 1 January 2027, batteries should be labeled with
a QR code to provide information such as battery type, model, chemistry, and
contained CRMs. Article 14 requires that EVBs shall include a BMS storing
parameters relevant for assessing the SOH and remaining useful life (RUL)
of EVBs and that repurposing operators can also access the BMS. The param-
eters for determining SOH include remaining capacity, overall capacity fade,
remaining power capability, and power fade, remaining round trip efficiency,
actual cooling demand, the evolution of self-discharging rates, and ohmic re-
sistance and/or electrochemical impedance. Similarly, for determining the
RUL, the parameters include the dates of manufacturing of the EVB and put-
ting it into service, energy throughput, and capacity throughput. [58]

Article 59 has requirements for repurposing EVBs. First, repurposing opera-
tors shall be given access to the BMS to assess the SOH and RUL of the EVB.
Second, information relevant to the handling and testing of EVBs, including
safety aspects, shall be provided to the repurposing operators. Third, repur-
posing operators shall ensure that the examination, performance testing,
packing, and shipment of EVBs and their components are performed with
adequate quality control and safety instructions. Fourth, the repurposing op-
erators shall ensure that the repurposed EVBs comply with the Battery Reg-
ulation and other relevant legislation and technical requirements for their
specific purpose of use when placed on the market. However, if demonstrated
that an EVB subject to repurposing was placed on the market before specific
requirements about carbon footprint, recycled content, performance, dura-
bility, and supply chain due diligence, the obligations under those provisions
shall not apply to that EVB when repurposed. Fifth, to document that a waste
EVB, subject to repurposing, is no longer waste, the EVB holder shall demon-
strate the following upon a request: 1. evidence of SOH evaluation or testing,
2. certainty of further use with an invoice or sale contract, and 3. appropriate
protection against damage during transport, loading, and unloading. [58]

Article 64 concerns the electronic exchange system that contains information
about the battery manufacturer, type, model, composition, technical perfor-
mance, and carbon footprint of EVBs. The information and data shall be sort-
able and searchable for third-party use. Article 65 discusses the battery pass-
port, an electronic record for EVBs that provides information about the SOH
and RUL. The battery passport should enable second-life operators to make
business decisions based on data. By 1 January 2026, the electronic exchange
system and battery passport should be used for EVBs. [58]

No quantitative requirements are set for repurposing, e.g., X% of EVBs
deemed suitable for repurposing should be repurposed before recycling. In-
stead, the Battery Regulation has introduced several targets for recycling. For
instance, Article 8 requires that as of 2030, industrial batteries, EVBs, and
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automotive batteries that contain cobalt, lead, lithium, or nickel in active ma-
terials shall be accompanied by technical documentation demonstrating that
those batteries contain the mandatory minimum shares of recovered content,
as shown in Table 1. Article 57 sets minimum recycling efficiency targets, for
LIBs, the target is 65% by 2025, and it will be further increased to 70% by
2030. Article 57 also sets material recovery targets for waste batteries, as pre-
sented in Table 1. [58] Some of the proposal’s recycling targets were updated
in the official draft negotiation text, shown by red numbers in Table 1 [53].

Table 1. Recycling targets of the proposal and official draft (in red) [53, 58].

Year Cobalt Copper | Lead Lithium Nickel
Minimum recov- |2030| 12% = 16% - 85% 4% = 6% 4% =2 6%
ered content in

. ! 2035 | 20% =2 26% - 85% 10% 2 12% | 12% =2 15%
new batteries
Material recovery | 2027 90% 90% 90% 35% =2 50% 90%
targets for waste
b . 2031 95% 95% 95% 70% = 80% 95%
atteries

The proposal for a Regulation on Ecodesign for Sustainable products sets
new requirements to make products more durable, reliable, reusable, up-
gradable, reparable, easier to maintain, refurbish and recycle, and energy and
resource efficient [59]. Thus, introducing several circular strategies for im-
proving the circularity, energy performance, and other environmental sus-
tainability aspects of products. Based on the objectives of the new proposal,
repurposing EVBs is desirable as the battery extends its life cycle.

There are also new standards under development. For instance, CLC/TC 21X
is involved in the standardization of second-life LIBs. This includes prEN IEC
63330:2022 related to the requirements for the reuse of secondary batteries,
which is under approval, and its forecasted voting day is in September 2023.
In addition, prEN IEC 63338 concerns the general guidelines on the reuse
and repurposing of secondary cells and batteries, which is under drafting,
and its forecasted voting day is in February 2024. [60]

In conclusion, the new Battery Regulation aims to support the practical ap-
plication of the waste hierarchy, where repurposing takes place before recy-
cling. For instance, the requirements to provide relevant information can fa-
cilitate repurposing operations. In addition, according to the Ecodesign Reg-
ulation, sustainable products with minimal environmental impact should be
the norm in the EU. Therefore, both Regulations encourage repurposing op-
erations. However, the demanding recycling targets could be a threat because
EOL EVBs might be steered directly toward recycling instead of repurposing.
Thus, the new Battery Regulation will create a regulatory environment that
supports recycling EOL EVBs more than repurposing them. Nevertheless, the
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new requirements will create a small legal framework for repurposing oper-
ations compared to the current regulatory environment. Finally, the content
of the Battery Regulation proposal should be treated with caution, as changes
have already been made to it, which can be seen in the official draft negotia-
tion text. Thus, once the Battery Regulation enters into force, it is advised to
review the contents of the final official text.

4.2 Norway

The new Battery Regulation will be enforced in all 27 EU Member States.
However, countries such as Norway, Iceland, Liechtenstein, and Switzerland
are not members of the EU. Instead, they are the four members of the Euro-
pean Free Trade Association (EFTA), an intergovernmental organization es-
tablished to promote free trade and economic integration between its Mem-
ber States within Europe and globally. Furthermore, the European Economic
Area (EEA) Agreement unites the EU Member States and three EFTA coun-
tries — Norway, Iceland, and Liechtenstein — in the Internal Market. The EEA
Agreement requires incorporating EU legislation regarding the four free-
doms, state aid, competitions, and horizontal policies. [61] Thus, Norway
must implement EU laws concerning competition, investments, labor, pro-
curement and sale of services, banking and insurance, and trade in goods
[62]. The proposal of the Battery Regulation is marked with “Text with EEA
relevance,” which implies that the new Regulation will be incorporated into
the EEA Agreement [63]. Therefore, once the Battery Regulation enters into
force, its contents will be updated in the legislation of Norway. For instance,
currently, Norway’s waste recycling and treatment regulation, Forskrift om
gjenvinning og behandling av avfall (avfallsforskriften), follows the re-
quirements of the EU Batteries Directive [64].

An unregulated market for EOL EVBs is growing in Norway due to the ab-
sence of a regulatory framework. Car wreck companies and private people
sell EOL EVBs online, and the highest bidder gets the battery. As a result,
many do-it-yourself (DIY) projects are taking place, such as reusing EVBs for
EVs or repurposing them for residential energy storage applications [65].
This is problematic because EVBs unsuitable for reuse or repurpose applica-
tions may be used due to the absence of safety protocols and standardized
procedures. Thus, the safety aspects of both reuse and repurpose are crucial
to be included in the legislative framework to avoid accidents when working
with EVBs and to ensure adequate safety of second-life applications. [7]

In June 2022, Norway launched its first national battery strategy, part of
Norway’s green industrial initiative [66], to develop a complete, profitable,
and sustainable BVC, from mineral extraction to recycling. The contents of
the battery strategy include the Norwegian Government’s vision for a
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sustainable BVC, a description of the BVC and Norwegian actors, technology
development, market conditions, trends, European mobilization, and Nordic
cooperation, and ten actions for sustainable industrialization. However, the
main goal of the strategy is to make Norway an attractive host country for
private capital and significant investments throughout the entire BVC, which
would create thousands of new jobs and lead to an estimated turnover of 9o
billion NOK in 2030. [67]

The strategy highlights the strengths of Norway in becoming a leading host
country within the BVC. These include renewable electricity at competitive
prices, expertise in the relevant industry, the world leader in the transport
sector’s electrification, a skilled workforce, and stable political governance.
Furthermore, the ten actions to attract investments to the battery industry
include 1. leadership in sustainability, 2. attractive hosting, 3. industrial part-
nership with other countries, 4. capital, loans, and guarantees, 5. competen-
cies, 6. abundant renewable power supply, 7. industrial sites and infrastruc-
ture, 8. coordinated public processes, 9. pilot municipalities in growth, and
10. tomorrow’s battery solutions in a strengthened ecosystem. [67]

The strategy also presents the entire BVC, as shown in Figure 12. Once the
EOL battery is collected, there are two alternative options. The battery can
either be repurposed for a second-life battery system or recycled into mate-
rials that can be reused for battery manufacturing or used for other purposes.
However, the second-life battery systems will eventually face recycling. The
strategy also discusses the different Norwegian repurposing actors. For sec-
ond-life battery systems, it mentions ECO STOR, Evyon, Alternative Energi,
and Marna Energi, which provide battery energy storage systems for house-
holds, often in combination with solar and wind power production, and Ha-
gal, which offers single-cell monitoring to maximize the utilization of used
and new batteries. It also identifies that the repurposing of batteries could be
an attractive opportunity for value creation in Norway, as they are at the fore-
front of EV adoption. [67]
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Figure 12. BVC in Norway’s battery strategy. Reprinted by permission of [67].

The main recycling actors Hydrovolt, Nikkelverk, and Resitec are also intro-
duced. The strategy emphasizes that Norway has an excellent starting point
for recycling due to its specialized competence and industrial facilities al-
ready in operation. The new recycling requirements of the Battery Regulation
are also acknowledged. Many of the ten actions introduce supporting
measures for large-scale establishments such as recycling facilities. For in-
stance, action four discusses the financial challenges of establishing large fa-
cilities, which is why the Government is considering granting guarantees,
loans, and equity to support major investment projects. In addition, action
seven aims to provide access to industrial areas with adapted infrastructure,
especially for new large-scale establishments. Also, action nine emphasizes
supporting pilot municipalities hosting major industrial establishments. [67]

In conclusion, the battery strategy recognizes that repurposing is an oppor-
tunity to manage EOL batteries. It also acknowledges that various actors are
already in the field and that repurposing is a potential new area in which Nor-
way could thrive. However, the ten actions do not introduce support intended
explicitly for repurposing. Instead, the support is aimed at large establish-
ments like recycling. Still, it is essential to note that even though the ten ac-
tions do not specifically focus on repurposing, this does not mean that the
supportive measures cannot be applied to repurposing operations. The Nor-
wegian battery strategy does not introduce targets or requirements for repur-
posing EVBs. Therefore, the current and upcoming regulatory environment
created by EU legislation also applies in Norway.
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4.3 Finland

As Finland is part of the EU, it currently follows the Batteries Directive. The
Finnish Government Act on batteries, Valtioneuvoston asetus paristoista ja
akuista (2014/520), has incorporated requirements of the Batteries Directive
[68]. The Finnish Waste Act, Jdtelaki (646/2011), states that operators other
than the producer may offer services related to the reuse of products or their
preparation, so it is not limited to the manufacturer’s right. [69] Therefore,
operators other than battery manufacturers should have the opportunity to
establish reuse or repurpose services for EOL batteries.

In January 2021, the Ministry of Economic Affairs and Employment pub-
lished Finland’s national battery strategy, which aims to strengthen the com-
petitiveness and sustainability of Finland’s battery sector. The vision is that,
by 2025, the Finnish battery cluster will be a forerunner that provides skills,
innovation, sustainable economic growth, well-being, and jobs in Finland. To
achieve this, the strategy has identified seven objectives, 1. growth and re-
newal of the battery and electrification sector, 2. increase investments in the
battery and electrification sector, 3. actors of the battery and electrification
sector cooperate to promote competitiveness, 4. increase the global recogni-
tion of the Finnish battery and electrification sector, 5. responsibility as part
of the growth, renewal, and brand of the Finnish battery sector, 6. Finnish
actors play a key role in new value chains, and 7. digital solutions will expand
the knowledge and business base and speed up the development of the bat-
tery sector. Several measures are proposed to achieve these objectives, in-
cluding creating a national cooperation body for the battery industry, devel-
oping competitiveness with graduate and engineering programs, assigning
battery ambassadors to promote Finland, and developing legislation to sup-
port the responsibility and recycling business. [70]

The strategy identifies that Finland has many strengths to succeed in the bat-
tery sector. Among others, these include the reserves of battery metals such
as nickel, cobalt, and lithium, expertise in producing and recycling battery
metals, cooperation between the public and private sectors, and socially and
ecologically sustainable production. In addition, the strategy presents the
main Finnish operators in the BVC, as illustrated in Figure 13. The repurpose
operators include Merus Power, Wartsild, Fortum, and Helen. [70] However,
unlike the Norwegian battery strategy, these are not start-ups solely focused
on providing second-life battery solutions. Instead, Wartsila is collaborating
with Hyundai Motor Group to repurpose their EVBs for second-life ESS [71].
Fortum has worked with Volvo Cars and Comsys to pilot second-life solutions
for batteries [72]. No information about Merus Power, which offers various
ESS, and the energy company Helen, could be found about their involvement
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in repurposing projects. In addition to those mentioned, there is Cactos, a
company founded in 2021 that repurposes EVBs for ESS.

[9)
Tetrafame | ,rrrupe um icoreu Metso:Outotec

COBALT

FINNISH FINNISH

Metso:Outotec Batte O:BASF o
MINERAL .
ROUP v Raw Materials ry R . Tetsafame
- & B, Materials &) KELIBER

BEOWULF
@ MINING @) KELIBER @fortum NORNICKEL

AKKURATE"
(‘ litech
Cells and brad
GEYSER 1.it
Batteries BATTERIES
VALHET AUTDHDTIVF

AV A== H SENSN. AKKURATE

Research

@fortum & Society
m -
J Rutokerritys g > BUSINESS %
€ Koy @ vTT T FINLAND K
PR University
ol #rsismseys oo v Recycling qjﬂ A Energy

i il Vaasa

¢Centria _=FINNVERA

T) Tampere University

Metso:Outotec

“cursor tukes
SGTK

& - O ENSTO Caruna NOKIA
MERUS POWER WARTSILA @ waﬂlce :;J C.:e-é'r:;ﬂd.\
. 20 Life Applications | S'EMENS [GKALMAR (3 " ANKTVO
@KEMPOWER fmtum PoweremN

I I— z|za- EEEDER 0
: Z!ﬂ"é I I i V2
ALMET AUTOMOTIVE

Figure 13. Main operators in the Finnish BVC [73].

The battery strategy also emphasizes that Finland intends to promote the CE
of batteries. It states that CE is necessary for the sustainable success of the
battery industry. Moreover, it is highlighted that Finland has the know-how,
technologies, industrial activities, and research projects in several areas of
CE. As an example, the Finland-based circular ecosystem of battery metals
consortium (BATCircle) aims to increase the recycling of LIBs. However, it
also notes that CE is much more than just recycling, and that one key goal is
to extend the battery life cycle through repair, reuse [repurpose], or reman-
ufacturing. It is mentioned that the reuse [repurpose] of batteries provides
new opportunities and that Finland has reliable legislation supporting both
reuse [repurpose] and recycling. [70]

To conclude, the Finnish battery strategy recognizes the importance of CE.
However, despite aiming to promote the CE of batteries, no specific measures
or targets are introduced to support the higher-level circular strategies such
as repurposing. Instead, the battery strategy focuses on improving Finland’s
role as a competent, competitive, and sustainable operator in the interna-
tional battery industry. Therefore, the current and upcoming regulatory en-
vironment created by the EU legislation also applies in Finland.
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5 State-of-the-art

This chapter reviews the state-of-the-art of repurposing EVBs for energy
storage applications. First, the repurposing process and its technical chal-
lenges are discussed, and possible solutions are introduced. Then, various
second-life energy storage applications and example projects are presented.
Finally, other challenges related to repurposing operations are discussed.

5.1 Repurposing process

The repurposing of EVBs is still an emerging technology. Defining a single
unified process is challenging due to the various EVB pack designs. There is
only one standard, UL 1974, which defines general safety operations and per-
formance tests of EOL batteries but lacks detailed steps and specifics. Fur-
thermore, thorough technical procedure information is typically unavailable
in the open literature, despite a few exceptions. Based on the accessible liter-
ature, Zhu et al. (2021) have established a general overview of the repurpos-
ing procedure, which, among other sources, is the basis for reviewing the sta-
tus and technical challenges in the repurposing process. The procedure con-
sists of five main steps, 1. incoming assessment, 2. disassembly, 3. evaluation
of mechanical, electrochemical, and safety performance, 4. sorting and re-
grouping, and 5. developing control strategies for second-life applications,
see Figure 14. [45] Next, each step is described in more detail.
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Figure 14. A general overview of the repurposing process and its steps [45].
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To understand the condition and remaining potential of EOL EVBs, they
must undergo an incoming assessment (step 1), for which historical battery
information is essential. Among others, these include manufacturer, model,
batch, date of manufacture, battery type, operation history, and reasons for
reaching EOL. For EV and battery manufacturers, this information is readily
available. However, the lack of battery information is a challenge for third-
party operators, as information is typically not provided when EOL batteries
are procured. Therefore, costly physical testing must be performed to assess
the remaining value. [45] The uptake of data-driven approaches, such as the
battery passport, electronic exchange system, and QR code labeling intro-
duced by the Battery Regulation, could help streamline the initial assess-
ment. Furthermore, blockchain technologies also have the potential for trac-
ing battery components through their life cycle and other relevant infor-
mation like origin, health, and past application [74].

Once it has been determined at which level the EVB is to be repurposed —
pack, module, or cell — the disassembly process (step 2) can begin. The pro-
cedure includes opening the battery pack casing, removing electrical and me-
chanical connections between the cells, and removing the auxiliary parts
[44]. Currently, the disassembly process is done manually and, thus, relies
heavily on human labor, which is expensive and time-consuming compared
to an automated process [12]. Therefore, the maximum level of disassembly,
i.e., cell-level, typically results in greater costs and takes more time. This was,
for example, the result of a study where a Smart ForFour battery was manu-
ally disassembled in 2019 at the Polytechnic University of Catalonia [775], see
Table 2. This stems from battery modules, which are not designed to be de-
tachable. For example, their joints are glued or welded, which requires force-
ful opening. Thus, it is preferable to repurpose either the EVB packs or mod-
ules to minimize costs. [45] Sometimes EVB packs can be directly repur-
posed, avoiding the expensive and lengthy disassembly. Still, dismantling is
typically required due to the inconsistency of the battery cells [74].

Table 2. The cost and time of disassembly of pack, module, and cell [75].
Pack Module Cell
Time 500 min 800 min 965 min
Cost 32 €/kWh 60 €/kWh 76 €/kWh

The greatest challenge for disassembly stems from the various EVB pack de-
signs [44]. This complicates the current manual and the possibility of an au-
tomated disassembly process, as there are no general steps for different bat-
tery packs, and each pack requires specific procedures. For instance, cylin-
drical cells are the most difficult to dismantle in cell-level disassembly, fol-
lowed by the pouch and then prismatic cells [12]. Thus, standardization of
the EVB pack design plays a vital role in facilitating the disassembly process.
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After cell-level disassembly comes the mechanical, electrochemical, and
safety performance evaluations (step 3). The aim is to screen out cells that do
not meet specific criteria and are unsuitable for second-life applications. In
the first screening (step 3.1), the mechanical integrity of cells is evaluated by
visual inspection. Cells with mechanical deformation are a safety risk for in-
ternal short circuits, thermal runaway, and fire. Thus, cells that show leakage
or damage are disposed of. Currently, visual inspection is done by human
workers, which makes it expensive, unreliable, and unsafe. Digital image-
based approaches, X-ray-based techniques, and acoustic tools are promising
alternatives for overcoming the shortcomings of manual labor. [45]

In the second screening (step 3.2), battery cells are assessed by their electro-
chemical performance based on direct measurements such as open circuit
voltage, internal resistance, capacity, and temperature. The screening is done
according to predefined criteria by the inspector. After that comes the accu-
rate assessment of battery degradation, which is essential for estimating the
SOH and predicting the RUL of the EVB. This step is especially challenging
due to the complexity of battery degradation and the need for non-destruc-
tive assessment techniques to enable commercial repurposing operations.

According to Zhu et al. (2021), there are three methods for evaluating battery
degradation 1. post-mortem examination-based, 2. charge-discharge curve-
based, and 3. electrochemical impedance spectroscopy (EIS) and equivalent
circuit model (ECM) based. However, post-mortem examination is typically
related to destructive testing, which includes opening the battery and, thus,
is not suitable for commercial operations. Instead, non-destructive X-ray
computed tomography (XCT) is more appropriate but not a very established
technique. The second category comprises differential voltage and incremen-
tal capacity (DV-IC) analysis, and the last method depends on the EIS test
results. The key in the latter two methods is to correlate the measured elec-
trical response with internal chemical and physical changes. XCT, DV-IC,
and EIS-based techniques are currently only used for research or in the la-
boratory and are not yet suited for commercial use. [45] Thus, the develop-
ment of non-destructive assessment methods is important for repurposing.

The SOH assessment differs for the various battery types and chemistries, an
additional complication resulting in higher costs [74]. Standardization rises
again as a solution for easing the SOH assessment. In addition, currently,
there are no standards or reliable guidelines for assessing the SOH and RUL,
which creates unreliability that could be an issue for potential customers. [12]
Another problem with inaccurate SOH and RUL assessments is that EOL bat-
teries might not find the optimal second-life application. RUL assessments
also face the challenge of the non-linear aging process of LIBs, as second-life
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batteries (SLBs) are more likely to face the knee point, after which the capac-
ity will undergo accelerated degradation [76]. Historical operation data could
ease the SOH and RUL assessments, but this information is not easily avail-
able. However, the new Battery Regulation will require that repurposing op-
erators can access the BMS of the EVB, which stores relevant parameters for
assessing the SOH and RUL. This could facilitate the assessment processes.

Finally, batteries undergo a safety evaluation in the last screening (step 3.3).
Currently, conventional safety tests such as thermal, electrical, and mechan-
ical abuse tests for new batteries are also being used for testing EOL batteries.
However, after their long operation period of hundreds or even thousands of
cycles, the internal and external characteristics of EVBs have changed dra-
matically, leading to more significant safety risks [76]. Harsh operation con-
ditions can result in minor abuses such as local internal short circuits, gas
generation, or lithium plating. The changes in a battery’s safety depend
highly on the degradation history and mechanism. As batteries undergo com-
plex and varying degradation processes, accurately estimating safety is chal-
lenging. Therefore, more advanced tests should be developed to detect minor
defects in EOL batteries. In addition, due to the inconsistencies in EOL bat-
teries, sampling algorithms are needed as safety tests should be performed
on batteries with the lowest stabilities. [45]

After the screening processes, the eligible cells are sorted and regrouped with
similar qualities to ensure pack homogeneity (step 4). During their first life,
EVBs experience harsh operating conditions leading to inconsistencies in
battery cells and modules. Cell-to-cell and module-to-module variations
harm battery life and performance, so sorting is crucial for second-life appli-
cations. The first challenge is selecting appropriate indicators, which depend
highly on cell type, battery chemistry, and demands of the second-life appli-
cation. Some typical indicators include SOH, SOC, the voltage of pulse dis-
charge, ECM fitting parameters, and thermal behavior. The other challenge
is finding an effective and efficient sorting algorithm. There are two types:
pursuing simplicity and high efficiency or solving high-dimensional prob-
lems with powerful but expensive statistical tools. [45] Moreover, the repur-
posed EVBs need to meet the physical dimensions of the energy storage ap-
plications, which may be challenging due to the various EVB designs [77].

Second-life applications require control and management strategies (step 5).
First, as repurposed batteries have low energy and power capabilities, opti-
mal battery sizing and appropriate control are necessary for smoothing
power output, avoiding overcharge or over-discharge, and extending life cy-
cle. Second, once second-life ESS is in operation, the emerging inconsisten-
cies in cell-to-cell or module-to-module require active equalization strategies
to ensure adequate and safe performance. Third, in addition to voltage,
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current, and temperature controlled by the BMS, repurposed battery systems
also need advanced fault-diagnosis algorithms to rapidly detect internal
short circuits, lithium plating, and gas generation. Multi-sensor-based algo-
rithms combining data from voltage, current, temperature, and gas sensors
are promising solutions. [45]

In conclusion, the main challenges of the overall repurposing process are
costly human labor-based operations, lack of automation, absence of stand-
ardized indicators and models, and lack of high-efficiency algorithms. Solu-
tions to improve the repurposing process include automation of battery dis-
assembly and inspection, using advanced statistical algorithms for fast
screening and sorting, assessing SOH with nondestructive acoustic waves,
standardization of EVB pack designs, utilization of EIS-based and IC-DV
techniques for modeling battery degradation, and incorporating of data-
driven prognostics for determining RUL. However, further technological ad-
vancements are required until these solutions can be implemented. [45]

5.2 Second-life energy storage applications

Repurposed energy storage applications can be categorized by different cri-
teria such as application area (residential, commercial, and industrial) and
usage (grid stationary, off-grid stationary, and mobile), or mobility (station-
ary, quasi-stationary, and mobile) and user (grid operators and utilities or
behind-the-meter customers) [12, 74, 76]. For this review, the categorization
by usage is chosen for introducing various energy storage applications.

Grid stationary applications are typically large, in the MWh range. With the
penetration of intermittent renewable energy sources (RES) like solar and
wind energy, grid stability and integrity are at risk. Therefore, SLBs can be
used for renewable energy farming, i.e., reducing the adverse effects of RES
by storing excess energy when renewable generation ramps up and vice versa,
providing energy when renewable generation ramps down. Another applica-
tion for SLBs is generation-side asset management, in which the battery pro-
vides energy when the main power generation is momentarily suspended due
to maintenance or other reasons. Third, SLBs can be utilized for energy arbi-
trage, i.e., storing electricity during off-peak hours and consuming stored
electricity during peak hours. This includes peak shaving and load leveling
applications, which reduce the need for peaking units and postpone invest-
ments in additional generation capacity [78]. Finally, SLBs are suitable for
frequency regulation, which is about maintaining the nominal grid frequency
in an acceptable range, and for real and reactive power injection that both
help ensure grid stability. However, these applications are deemed potential,
assuming SLBs cost less than new batteries. [77]
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Off-grid stationary refers to isolated grids like microgrids that are small-scale
electricity networks of consumers and local electric supply. Microgrids can
be connected to the national electric grid and/or operate in standalone mode.
When microgrids operate independently, the system stability and integrity
face a challenge, especially with intermittent renewable production. Thus,
SLBs can improve power quality and reliability with accurate and rapid re-
sponses by which short-duration disturbances can be prevented. In addition,
repurposed batteries can be used for load following, where they are dis-
charged and charged to alleviate demand fluctuations, and as spinning re-
serves, which in the case of a generation outage, can supply power to main-
tain grid stability. Again, the lower cost of SLBs is essential for the feasibility
of these applications. Finally, regarding mobile applications, SLBs can be
used as EV charging stations and for short-range vehicles such as delivery
vehicles, forklifts, and e-scooters. [77, 78]

5.3 Examples of second-life energy storage projects

The first large-scale industrial projects for SLBs started only in the early
2010s. Since then, the number of projects has increased rapidly. For instance,
all major automotive OEMs have initiated or are planning to launch SLB pro-
jects with their battery supplier or a third-party operator. [45] However, most
activities are still relatively small-scale, including piloting, demonstration,
and research and development. The volumes of EOL EVBs are still low, so
large-scale activities are not yet feasible. [7] Below, a few real-life SLB pro-
jects are introduced.

Since 2018, the Johan Cruyff Arena in Amsterdam has been utilizing a 3
MW/2.8 MWh ESS consisting of new and repurposed batteries. Specifically,
there are 590 battery packs, of which 250 are SLBs. The ESS provides addi-
tional backup power, peak shaving, and grid stabilization services. The ESS
stores energy from the 4,200 solar panels or the grid during low-demand pe-
riods. During an outage, the ESS supplies sustainable power, reducing the
use of diesel generators. In addition, the ESS is discharged during high peak
consumption, such as concerts and football matches, which reduces the load
on the electric grid. This project is a collaboration between The Mobility
House, Eaton, Nissan, and BAM. [79]

Connected Energy collaborated with Groupe Renault to establish a 1.2
MW/720 kWh battery ESS, the E-STOR, for Umicore’s industrial site in Bel-
gium, see Figure 15. The ESS unit started its operations at the beginning of
2020. The ESS utilizes batteries that were used to power Renault Kangaroo
Z.E. vehicles. The SLBs are expected to last another seven years. The E-STOR
unit provides a firm frequency response that leads to revenue generation and
maintains the power quality for Umicore’s operations. [80]
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Figure 15 The E-STOR battery ESS by Connected Energy. Reprinted with
permission by [81].

In March 2022, a 4 MW/1.7 MWh backup ESS began operating in Melilla, a
Spanish enclave in North Africa. As Melilla is isolated from the national grid
of mainland Spain, the electricity needs of the 90,000 habitants are covered
by a local microgrid. If a power plant is disconnected from the microgrid, the
ESS can supply electricity for 15 minutes, allowing the plant to reset and re-
start power production. Thus, the second-life ESS helps to avoid situations
of load shedding and improves the reliability and security of Melilla’s grid.
The backup ESS consists of 48 repurposed Nissan LEAF and 30 new ones.
The EVB packs are used directly in the storage system, and no disassembly
was required. The second-life project is a result of the partnership between
Enel and Nissan. [82]

Jaguar and Pramac have collaborated to develop an off-grid battery ESS pow-
ered by Jaguar Land Rover’s EOL I-PACE batteries. However, the current
units utilize I-PACE batteries from test and prototype vehicles. Each ESS unit
consists of 50 modules coming from the I-PACE batteries. The mobile and
self-sufficient ESS, charged by solar panels, delivers zero-emission electricity
in places without access to the grid. The flagship ESS system has a capacity
of 125 kWh, see Figure 16. The unit proved successful in testing in the UK and
Spain in the 2022 ABB FIA Formula E World Championship, where it was
used to power the Jaguar team’s diagnostic equipment to analyze the race
car’s performance and supply auxiliary electricity to the pit garage. [83]
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Figure 16. - ?PACE batteries power the batte ESS. Reprinted with
permission by [83].

In the previous examples, only LIBs were used in the second-life applica-
tions. However, in October 2022, Toyota and JERA introduced a 485
kW/1,260 kWh second-life battery ESS utilizing different battery types (lith-
ium-ion, nickel-metal hydride, and lead acid), which is novel to the sector of
repurposing. The so-called Sweep Energy Storage System is located at Yok-
kaichi Thermal Power Station in Nagoya, Japan, and is used for recharging
and discharging operations. In addition, the ESS is equipped with a function
called sweep, which enables the existence of differences in battery perfor-
mance and capacity. The sweep function also allows series-connected batter-
ies to be bypassed in microseconds. [84] This technological advance could
solve the challenges arising from the high variability of EVB packs while also
enabling the use of different battery technologies, which typically is not the
focus of repurposing operators.

5.4 Challenges

In addition to the challenges of the repurposing process, there are other chal-
lenges to consider. The main recurring challenge relates to the uncertainty
about the economic viability of SLBs [12, 30, 74, 76]. Economic feasibility is
regarded as the most challenging issue for the widespread adoption of SLBs.
The industry and individuals are still determining whether SLBs are cost-ef-
fective solutions [12]. Some suggest that without government subsidies, the
economic viability of many SLB projects is unlikely [76]. However, before
discussing the economic uncertainty in more detail, the cost breakdown of an
SLB is introduced. The most significant factor affecting the cost of an SLB is
the procurement of EOL batteries accounting for 56% of the total cost, as il-
lustrated in Figure 17. The cost of labor and general administration share sec-
ond place, accounting for 13% of the overall costs. Fourth is the cost of
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packaging materials for reassembling repurposed EV modules into a battery
pack for the second-life application, accounting for 7% of the entire cost. [85]

Cost breakdown of a second-life battery
o 2% 1% 1%

2% = Procurement of batteries
2% _\_\
39 \ = Labor
O_\ .. .
7% General & Administrative
~
Packaging materials
= Warranty

13% Insurance

\_56 % m Testing equipment
(1]
m Capital Recovery, Earnings & Taxes

All others

13 %/

= Rent

Figure 17. Cost factors of a second-life battery. Adapted from [85].

The sale price of an SLB is based on the purchase price of the EOL battery,
the cost of repurposing, and a profit margin [74]. Thus, the expenses related
to the repurposing process should be minimized to ensure the competitive-
ness of SLBs. The main cost factors of repurposing relate to the logistics of
collecting EOL batteries, manual human labor, and the degree of disassembly
[45]. Therefore, the aim is to procure EOL batteries as near as possible to
either reduce the time technicians spend on each battery or transition to a
more automated process and minimize the degree of disassembly. Neverthe-
less, the current estimations of SLB selling prices range widely between opti-
mistic, reasonable, and high [12]. This suggests that there is still much un-
certainty related to the cost factors of SLBs. Below, other issues affecting the
cost competitiveness of SLBs are introduced.

First, repurposed EVBs compete with the cost of new LIBs [12, 30, 74]. Due
to technological advancements and economies of scale in the battery manu-
facturing process, the cost of new LIBs is expected to decline further in the
upcoming years. It is estimated that the cost of new LIBs will go below
$100/kWh by 2026 [86]. This a challenge for SLBs as their sales price com-
petes with the constantly evolving cost of new batteries. However, the highly
fluctuating price of raw materials significantly impacts the cost development
of new LIBs. For instance, according to BloombergNEF (2022), after a dec-
ade of decline, the price of new LIBs increased by 7% from 2021 to 2022 due
to rising raw material and battery component prices [86]. Second, new tech-
nologies such as flow batteries are continuously being developed, which
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could eventually become more cost-efficient or provide better technical per-
formance, resulting in a declined demand for SLBs [45]. Third, the shorter
lifespan of repurposed batteries compared to new batteries also affects the
economics of SLBs [12, 74]. Recent studies have shown that SLBs with a re-
maining capacity of 70-80% could have an extended lifetime of more than
ten years. However, issues related to minor degradation inconsistencies,
their impact on battery performance, and potential issues affecting module
or pack performance due to sudden individual cell failure remain unsolved.
[45] In addition, the shorter lifetime of SLBs results in system replacement,
installation, logistics, and system downtime costs. Therefore, product certi-
fication and warranty must be comparable with new batteries to build con-
sumer confidence in SLBs. [87]

The ownership of the EVB could affect the cost competitiveness of SLBs.
There are two ownership models. First, the EVB is sold with the EV, so the
car owner owns the EVB. Second, the EVB is leased so that the car manufac-
turer or importer retains the ownership of the EVB. In general, the ownership
of EVBs is challenging because it is not always clear who owns a particular
EVB, and ownership can even change during the car’s lifetime, for example,
after the warranty period. [7]

Battery availability is also a challenge for repurposing operations. It is com-
monly suggested that once an EVB has a remaining capacity of 70-80%, it
reaches its EOL. However, this might be more applicable for first-generation
EVs with shorter driving ranges, typically 100-200 km. Modern EVs have
longer ranges, so a SOH of 70-80% could still be sufficient to supply the less
demanding needs of other users. Thus, second-life operators will likely face
competition with the used car market. [87] In addition, the repurposing in-
dustry aims to create homogenous batteries, as it improves the performance
and lifetime of SLBs. Therefore, the availability of similar battery types might
be a challenge. [12, 74] However, innovations such as the sweep function of
Toyota could overcome the requirements for similar battery types.

Another challenge is the mismatch between the requirements of EVBs and
specific energy storage applications. EVBs are designed for high energy den-
sity and fast charging rather than cyclic lifetime. The requirements for energy
storage applications such as load leveling or home storage systems are the
opposite: low C-rates, optimized for one full cycle per day, and high cyclic
life. Similarly, according to another source, the C-rate is large for EVBs, while
energy storage applications usually operate with a small C-rate [88]. Instead,
electric long- and medium-haul trucks operate in conditions closer to these
two applications. However, other storage applications with a typically low
number of cycles, such as grid-level operating reserves and emergency power
supplies, are deemed more suitable for EVBs. [87]
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Repurposing also competes with recycling, a common practice for managing
EOL EVBs. However, the market will likely decide whether the EOL EVB is
repurposed or recycled: the highest bidding party gets the EVB. Repurposing
operators should be able to pay a higher price because EOL EVBs have a
greater value as SLBs compared to recovered metals. Also, the financial prof-
itability of repurposing seems to be better than recycling. The cost of recy-
cling an EVB is €450-1,300, while repurposing an EVB can generate at least
€45/kWh in return. [7]

Safety is also a risk and challenge for SLBs [76]. Ensuring the safety of even
new battery storage systems can be challenging. Battery accidents can have
severe consequences and, in the worst case, lead to casualties. A single cata-
strophic accident could ruin consumer confidence in SLBs. This is particu-
larly challenging for repurposing operators who are often new start-ups. A
severe accident can make it difficult for a new business to regain consumer
confidence. [87]

The final challenge is the lack of awareness. In general, recycling is a better-
known circular strategy than repurposing. Even within the industry, repur-
posing is sometimes overlooked in BVC illustrations [88]. Another example
is the European Battery Alliance’s BVC, where recycling and second-life ap-
plications are placed in the same segment, despite the clear hierarchy be-
tween the two strategies [89]. Thus, more awareness about the environmen-
tal benefits of repurposing EVBs is needed to guide consumers and industry
toward sustainable products and ensure enough demand for SLBs [74].
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6 Methodology

The experimental part of the thesis aims to find answers to the research ques-
tions. The focus is on discovering challenges and barriers for repurposing op-
erations and possible solutions to overcome them. The research methodol-
ogy, key stakeholder interviews, was predefined by the TREASoURcE EU
project. Interviews typically seek an in-depth understanding of perceptions
about a focused topic. Since non-numerical data is collected in the interviews,
the research is qualitative. Qualitative research methods are generally most
suitable when little is known about a phenomenon or when attempts are
made to generate new theories [89].

There are different interview types: structured, unstructured, and semi-
structured. Of these three, semi-structured interviews blend the former two,
combining the advantages of both: comparable, reliable data and flexibility
in follow-up questions. [90] Semi-structured interviews usually consist of a
limited number of predetermined closed-ended questions and many open-
ended questions to elicit discussion on a topic [91]. Regarding the research
objectives, the characteristics of semi-structured interviews are considered
more suitable compared to the other two interview options. However, despite
its strengths, a semi-structured interview also has its weaknesses. There is a
risk of the Hawthorne effect, i.e., some participants tend to change behavior
due to their awareness of being observed, observer bias, recall bias, and social
desirability, which can be challenging to avoid entirely. In addition, there is
a risk of interviewer effect in all interview types. [92]

6.1 Data collection

The interview participants were selected with purposeful sampling, which is
widely used in qualitative research to select information-rich candidates re-
lated to the phenomenon of interest. Specifically, a purposeful sampling
strategy called criterion sampling was utilized to ensure that the invited can-
didates met the predefined criteria. [93] Since the geographical scope of the
thesis is the EU, participants must operate within Europe, which excludes
participants from other geographical areas. Moreover, participants must
meet at least one of the following criteria:

Participant represents a repurposing operator or a company
Participant has participated in a repurposing EVB project

Participant has knowledge of repurposing EVBs

Participant is or is considering being an end-user of repurposed EVBs

el ol
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Based on these criteria, 51 candidates were invited to participate in the inter-
view by email request, which described the research’s purpose and the the-
sis’s objective. Participation in the study was voluntary and could have been
interrupted at any time. The interview questions were sent out a week before
the interview to ensure participants had enough time to familiarize them-
selves with the topics. Despite the interviews being in both Finnish and Eng-
lish, the questions were only in English to avoid terminological misunder-
standings due to translation.

The interview questions were worded neutrally to avoid the interviewer effect
that could have resulted from unintentionally leading questions [92]. The
questions were open-ended and close-ended, grouped into different themes:
background, technology, economy, regulatory, environmental, consumers,
and final considerations, see Appendix A. However, as an exception, the
questions for end-users were slightly modified to be more suitable for explor-
ing the same themes from their perspective, see Appendix B. Similarly, the
technology theme questions were not included for end-users due to their lack
of knowledge on the topic. Moreover, the questions were not numbered, but
they were in a precise order under the themes, so all participants were asked
the questions in the same order. The interview setting was also relaxed to
stimulate open discussion of other related topics and to enable additional fol-
low-up questions, both of which were successfully achieved.

A total of 18 interviews were conducted, of which 14 were one-on-one, while
the other four sessions had two interviewees participating simultaneously.
The 22 participants were from four countries, 12 from Finland, seven from
Norway, two from Germany, and one from Sweden. All interviews were con-
ducted via online video calls via Microsoft Teams and were recorded and
transcribed for data analysis. During the interview, the interviewer shared
their screen to ensure clear communication and understanding between the
interviewer and interviewee. Therefore, in addition to listening to the ques-
tions, the interviewees could also read them themselves. The interviewees
also had the opportunity to correct misinterpretations when the interviewer
wrote down the answers. In addition, all interview answers were collected so
that no aspect was overlooked due to the risk of observer bias.

Various stakeholder groups participated in the interviews, see Figure 18. The
largest group was researchers, who represented 33% of participants. The re-
search areas of these participants included LIB recycling, energy efficiency
and process modeling, battery and thermal energy storage, battery cell man-
ufacturing, and EV charging. Second were repurposing operators, who rep-
resented 28% of participants. The repurposing operators included compa-
nies that repurpose EVBs and sell them and other entities that have partici-
pated in repurposing projects. Third were end-users representing 17% of
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participants. The end-users included consumer groups participating in demo
projects and considering procuring SLBs. Last were other stakeholder
groups, including cluster management, supply chain service, government,
and battery assembly for machines, each representing 5.5% of participants.

The stakeholder groups of the research sample
® End-user

17 %

Repurpose operator
28 % _\

—_—

Cluster management

Other Supply chain service
22% Government
- ® Battery assembly for machines
y

® Researcher——
33%

Figure 18. The different stakeholder groups in the research sample.

6.2 Data analysis

Thematic analysis is a suitable and effective method to understand experi-
ences, thoughts, or behaviors across qualitative research data, such as inter-
views and survey responses. Thematic analysis is designed to search for com-
mon and shared meanings, and it has been suggested as a good first analytic
method for novice qualitative researchers. [94] Based on the research objec-
tives, thematic analysis was deemed suitable for analyzing the interview data.

In practice, thematic analysis is a method for identifying, analyzing, and re-
porting themes: topics, ideas, and patterns that come up repeatedly in the
data [95]. Themes can be identified either with an inductive or deductive ap-
proach. Deductive can be described as a “top-down” approach, where the
data is approached with preconceived themes expected to be present [95].
Whereas inductive is a “bottom-up” approach in which data determines the
themes [95]. A deductive approach was deemed more suitable for this re-
search, as challenges and solutions were expected to be found from the data.
In addition, themes can be identified at a semantic or latent level. With a se-
mantic approach, the themes are analyzed with the explicit meaning of the
data, and nothing other than what the interviewee has said is sought. While
a latent approach involves reading into the underlying ideas and assumptions
of the data. [96] In this research, a semantic approach was deemed adequate.

The six-step thematic analysis method by Braun and Clarke (2006) was cho-

sen because it is the most widely accepted framework for conducting the-
matic analysis [94]. Next, the different steps are introduced, focusing on how
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each step was conducted in this research. Step one is about the familiariza-
tion of the interview data [96]. Because the interviewer listened to and wrote
down the interviewee’s answers simultaneously, possible misunderstandings
and points missed by the interviewer probably occurred. Therefore, the rec-
orded interview sessions were relistened to complement and clarify the in-
terview transcriptions. After this, the Finnish interview transcriptions were
translated into English, and then all the English transcriptions were trans-
ferred to an Excel file to facilitate the next step.

Step two regards generating initial codes from the data. Coding refers to tag-
ging or naming sections of interview transcriptions that appear relevant to
the research objectives. As a deductive approach was chosen for this analysis,
the data is approached with specific questions in mind. [96] In this case, the
focus is on the challenges and solutions for repurposing operations. There-
fore, everything in the data that could be a challenge, or a solution was coded.
New codes were created whenever an aspect occurred for the first time, and
reoccurring aspects were included in already-made codes. The codes were
placed under two categories: the codes relating to challenges were placed un-
der the challenges category, and the codes relating to solutions were placed
under the solutions category. This facilitated the next step, in which the codes
were grouped into themes. The qualitative data analysis software NVivo was
utilized for coding the interview data.

After coding the data, themes were searched from the codes. This involved
sorting the codes into possible themes and including all relevant codes under
identified themes. Within each category (challenges and solutions), the codes
were combined to form overarching themes. In the following step, the iden-
tified themes were reviewed in two phases. First, the aim was to ensure that
the codes within the theme were relevant. Thus, codes were rearranged, and
themes were modified to illustrate the coded data better. Themes were also
added, combined, and discarded. In the second phase, the entire interview
data was reviewed again to validate the found themes and recode data that
fit under the modified themes. In the last step, the themes were defined and
named. A definition and narrative description of each theme was created, in-
cluding why it is important to the research. [96] The results of the thematic
analysis, i.e., identified themes, are presented in the findings chapter.

6.3 Reliability and validity

Reliability and validity are used to evaluate the quality of research. According
to Guba, the reliability and validity of qualitative research can be ensured by
four criteria: credibility, transferability, dependability, and confirmability
[97, 98]. Each of these criteria and the measures taken to ensure the trust-
worthiness of this research are briefly presented below.
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Credibility relates to the truth value of the research findings. Various actions
were taken to ensure the credibility of this research. First, well-established
research methods were used to e.g., collect the research sample and analyze
the interview data. Second, triangulation was implemented by having multi-
ple and diverse data sources, i.e., the various stakeholder groups. Third, the
honesty of the interviewees was ensured by having voluntary participation
that could have been interrupted anytime without any specific reason. In ad-
dition, participants were informed that the interview data is anonymized, so
answers cannot be traced back to the participants. Fourth, peer scrutiny was
implemented by a public online webinar in which the result findings were
presented to a broad audience, including some interview participants. The
attendees were encouraged to provide feedback on the findings. Fifth, mem-
bers check, i.e., ensuring the data’s accuracy, were conducted during the in-
terview by writing down the answers so that the participants could correct
misunderstandings. Similarly, some participants were asked to elaborate on
the meaning of certain answers after the interviews.

Transferability refers to how applicable the research findings are to other sit-
uations. In this research, the question relies on whether the research findings
can be applied to a broader scope. However, to ensure transferability, the
boundaries of the research have been clearly defined by the purposeful sam-
pling, and information that does not compromise confidentiality has been
provided about the interviewees, such as the number of participants, nation-
alities, stakeholder groups, and their share. In addition, the data collection
process and data analysis method have been described in detail. Further-
more, the interview questions are available in the Appendices.

Dependability refers to the consistency and stability of the research findings.
First, to address the dependability of this research, the research methodol-
ogy, design, and process have been described thoroughly. In addition, the re-
search process has been planned and discussed together with the thesis ad-
visor and two other master’s thesis workers who are conducting similar re-
search studies. Finally, confirmability refers to the neutrality of the data and
its interpretation. Before conducting the study, the researcher internalized
the importance of a neutral approach to the research and conducted the in-
terviews with an open mind to minimize confirmation bias. Triangulating
data was also helpful in reducing investigator bias.

6.4 Methodological limitations

The methodological approach for this research has some limitations. First,
due to the time constraint of the thesis, a limited number of candidates were
requested to participate in the research. Second, the defined sampling crite-
ria excluded other relevant stakeholder groups in the EV BVC, such as car
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manufacturers and LIB recyclers. Third, in a few instances, two or three ques-
tions were asked simultaneously from the participants. This was found to be
unfavorable as sometimes all the questions were not answered. Thus, some
perceptions of the interview topics were not obtained. Finally, confirmation
bias may have occurred in interpreting the interview data as only one person
conducted the research, and no peer review was performed. This kind of bias
could affect the research findings.

39



7 Findings

This chapter presents the findings of the key stakeholder interviews. These
are the found themes, i.e., challenges affecting repurposing operations and
solutions suggested to overcome these issues. However, potential solutions
were only found for some of the challenges.

7.1 Uncertain economic viability of second-life batteries

There was a strong consensus among the interviewees that the sales price is
the decisive factor when choosing a battery. If the sales price of SLBs is the
same as that of new batteries, new batteries are usually chosen. However,
there were two exceptions. Considering climate goals and if the price differ-
ence is small, SLBs can be chosen instead of new batteries. In addition, new
battery technologies were seen as a challenge if they become cheaper than
SLBs. Examples from the interviews (researchers, end-users, and cluster
management) elaborating on these topics:

No one wants to pay the same price for SLBs, which are not manufac-
tured and optimized for the storage application if you can get a new
battery that is optimized for the application for the same price.

I would not choose repurposed batteries if they were more expensive.
The repurposed batteries are supposed to have a lower remaining life-
time than new batteries.

If the costs are close to each other, then new batteries are certainly
more popular. The sales price is the deciding factor.

Based on climate goals and guidelines, repurposed batteries could be
chosen even if they were more expensive. But the decision also de-
pends on the price difference and the performance of the new battery
compared to the repurposed battery.

The cheapest battery would be chosen, financials are the main driver.
However, if you don’t lose too many margins, the more expensive op-

tion could also be okay.

Sodium-ion batteries [...] and flow batteries may be cheaper [...] than
SLBs, which can be an economic challenge for SLBs.

Some participants also considered that SLBs need to have a clear cost ad-
vantage over new batteries. This was because SLBs have already degraded
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and have a shorter life than new batteries. Examples from the interviews (re-
purposing operators and researcher) on this topic:

A significant “discount” e.g., 25% less than the first-life battery is
needed to have the competitiveness of SLBs.

Economic aspects are the fundamental driving force in all businesses.
It must be central when discussing these matters. Half the price of new
batteries could make SLBs feasible.

An SLB can be, for example, 50% cheaper than a new battery, and it
should be considerably cheaper than a first-life battery.

The economic competitiveness of SLBs with new batteries is still being deter-
mined based on the significant differences in the answers of the interview
participants, see Figure 19. This can partially be explained by the different
degrees of knowledge of the participants. Naturally, the repurposing opera-
tors have a better understanding of the costs of SLBs. However, as they only
represent 28% of the interview participants, other answers may be based on
assumptions or research studies. Nevertheless, even among the repurposing
operators, there were different responses, suggesting that the economic via-
bility of SLBs remains uncertain and case-dependent.

Are second-life batteries currently economically
competitive with new batteries?

Ve

Uncertain no; 8%

® No; 15%

= Uncertain yes; 46%

Ve

Yes; 31%/

m Uncertain yes Yes mNo Uncertain no

Figure 19. Answers to the cost competitiveness of SLBs.

In summary, the sales price of SLBs is currently competing with new batter-
ies, and some consumers expect a significant cost advantage for choosing
SLBs. In particular, the requirement to be cheaper than new batteries is a
challenge for repurposing operations because the economic competitiveness
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of SLBs is still uncertain and varies from case to case. The solutions proposed
by the participants to support the economic viability of SLBs included: tax
removal, tax rebates, incentives, and paying for the carbon footprint.

7.2 Low availability of electric vehicle batteries

According to many participants, the low availability of EVBs is currently the
biggest challenge for repurposing operations. However, participants ex-
pected the volumes to increase in the future. Another reason behind the low
availability is that car manufacturers want their EVBs back. The reluctance
of car manufacturers to provide EVBs is challenging because it could prevent
repurposing operations. Examples from the interviews (government, re-
searcher, and repurposing operators) on this topic:

The biggest challenge is that there are no batteries.

The scarcity of used EVBs now, but the amount will increase in the
future.

Supply and availability of EVBs but could change when the volume of
old EVBs increase.

Our biggest problem is having enough EVBs to complete our projects.

Car manufacturers are not excited that old batteries are in circulation.
If accidents happen it could negatively affect their brand image.

The biggest challenge is being able to agree with the manufacturer
about the EVBs.

To build a business, the availability of similar batteries is essential.

7.3 Lack of battery information

The lack of battery information exchange with car manufacturers was also
deemed a challenge for repurposing operations. Historical battery infor-
mation exists but is not easily available for repurposing operators. This is be-
cause car manufacturers are typically reluctant to provide historical battery
data. Examples from the interviews (repurposing operators) on this topic:

There is always an information gap that comes from the battery man-
ufacturer, all information is not generally available.
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Historical battery data is important information. However, automak-
ers don’t want to share this information.

We often do not know how the batteries were used in their first life.
Charging C-rates, DOD, and temperature data are often unknown and
have a huge impact on how the batteries operate and when they could
potentially fail. This information is not known to us.

Repurposing operators typically aim to access the BMS, which includes rele-
vant technical information about the EVB. However, accessing the BMS is
challenging as there is no common interface. There are different battery in-
terfaces, making it challenging to work with different EVBs. In addition, extra
testing is needed if there is no access to the BMS. Examples of interviews
(repurposing operator, supply chain service, and researcher) on this topic:

The main problem we face is the connection to the BMS. There is no
standard connection interface for batteries, so each battery module
needs a specifically designed plug.

There is no uniform interface for the BMS where you can read the bat-
tery’s condition. They are closed interfaces of car manufacturers that
cannot be accessed.

Repurposing an EVB without BMS access requires separate technical
assessments to acquire relevant information.

The more historical information available, the easier it is to repurpose EVBs.
Many procedures in the repurposing process, such as the SOH assessments,
are already challenging, even with historical battery data. Without historical
battery information, many of these procedures become more challenging.
Examples of interviews (researcher and repurposing operators) on this topic:

Performance evaluation is challenging because there is no way to
know how the battery will degrade if we don’t have historical data.

The more information you get from the OEM, the easier it is to repur-
pose the batteries.

The assessment of the batteries is not easy. [...] The reason for battery
capacity loss can differ, the same SOH could result from different deg-
radation mechanisms (different location and how has the EV been
driven and charged). [...] Fast charging also affects degradation. It is
not easy to find out this information.
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In summary, the lack of battery information complicates the repurposing
process from different aspects. A common practice is to access the BMS to
acquire historical battery data. However, accessing the BMS is not straight-
forward, and special plugs are needed for different interfaces. In addition,
the lack of battery data makes the performance evaluation of EVBs more dif-
ficult and may require additional testing. Thus, the lack of battery infor-
mation increases the workload, which directly affects the sales price of SLBs.

The battery passport and the requirement to provide BMS data, proposed by
the EU Battery Regulation, were seen as possible solutions to obtain relevant
information. Another solution suggested was a blockchain tracking tool with
different information access levels. In addition, paying the car manufacturers
for battery data was also seen as a possible way forward.

7.4 Electric vehicle battery designs

Many technical challenges in the repurposing process stem from EVBs not
being designed for a second life. For instance, the mechanical shape of EVBs
is horizontal, while energy storage applications are built vertically, which re-
quires altering the shape of the EVBs. In addition, there are also other tech-
nical mismatches between EVBs and energy storage applications, such as
battery chemistries, voltage, and C-rates. These technical mismatches arising
from the EVB designs are manageable. However, the challenge is more re-
lated to the additional costs of solving these technical mismatches, which di-
rectly affect the sales price of SLBs. Examples from the interviews (repurpos-
ing operators and government) on this topic:

Today’s EVBs are not built for reuse [repurpose] (or even recycling).
EV companies are 100% focused on EV costs and not considering the
value that might be useable in reuse [repurpose].

Repurpose is probably a nice dream, EVBs are not designed for a sec-
ond life.

The challenge is to disassemble the EVB, which hasn’t been designed
to be disassembled.

SLBs are probably not economically competitive with new batteries
due to the extra cost of cooling, special mechanical structures, special

cabling, and high C-rating compared to many demands in the market.

Certain chemistries are poorly suited to second life, such as NCA with
a short cyclic lifetime of 500 cycles, compared to LFP with 3000-5000
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cycles. NMC is in intermediate terrain. LTO has a long cycle life and is
very suitable for SLBs.

A few participants also pointed out that there are new types of EVB designs
that could prevent repurposing. Examples from the interviews (repurposing
operator and researcher) elaborating on this issue:

The new Tesla Model Y structural battery pack 4680 is part of the car’s
rear frame. The cells are glued to the car’s frame. Second life is not
considered in the design phase as the car likely needs to be recycled as
it is difficult to remove the battery. In the worst case, if this design
becomes popular, second-life applications can be prevented.

Blade cell technology, possibly used in a new Tesla Model, cannot be
dismantled.

Another challenge is the large and growing variability of EVB designs, which
makes it difficult to automate the repurposing process. Manual labor is a sig-
nificant cost factor that affects the sales price of SLBs. Thus, manually repur-
posed SLBs face price competition with new batteries manufactured by auto-
mated processes. Examples of interviews (repurposing operators, supply
chain service, researchers) on this topic:

The variability of EVBs is growing exponentially [...].

The variety of EVBs makes it difficult to automate the disassembly
process.

Automation would be nice, but there are too many variables to make
it work.

Automated disassembly is a challenge without standardization — high
variability even for one EV manufacturer.

Repurposing will be too expensive if it cannot be done in an auto-
mated process.

Disassembly takes a lot of time and money if EVB packs are not de-
signed to be repurposed. Testing methods must be fast and auto-
mated, especially in large volumes, if done manually, it will be expen-
sive, and can be more expensive than manufacturing new batteries.

Labor is a big part of the price of an SLB — a new battery made by
robots versus a manually repurposed battery.
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Solutions for the above challenges are as follows. Car manufacturers should
consider the second life of EVBs already in the design phase. Legislation
should encourage EVBs to be designed as repurposable. Active intervention
in the activities of car manufacturers is needed if the possibility of repurpos-
ing wants to be kept. The EU should promote the standardization of EVB de-
signs. Currently, the variability issue is overcome using EVBs from the same
car manufacturers. In this case, the availability of similar EVBs is essential.

7.5 Safety concerns

The safety aspects of EVBs were a recurring topic in the interviews. According
to the interviewees, the risk of safety-endangering phenomena increases with
degraded EVBs. It was deemed important to manage the increased safety
risks so that accidents do not harm the reputation of SLBs. However, two
participants considered that the safety of SLBs is on par with new batteries.
Safety aspects were considered one of the main focus areas for repurposing.
Examples from the interviews (repurposing operators and researchers) elab-
orating on this topic:

The battery is already old, safety problems might occur more likely,
e.g., thermal runaway.

The longer the battery is in use, the greater the risk of dendrites, which
can cause short circuits leading to thermal runaway.

When the repurposing is done correctly, the battery is as good as new.
SLBs are as safe as new batteries.

Safety issues are the biggest problems of all. Reputation [of SLBs]
could suffer, which would ruin the business opportunity and lead to
the direct recycling of EOL EVBs.

The safe operation of SLBs is important because there is a risk of ru-
ining the reputation [of SLBs] with an accident.

Various solutions were proposed to ensure the adequate safety of SLBs. These
included sensors to detect thermal runaway, control and management sys-
tems with automatic shutdown when limits are exceeded, temperature mon-
itoring, extinguishing systems integrated into SLBs, advanced fault detection
systems, local control for internet outages, self-healing methods, and cloud
service monitoring. In addition, proper assessment of EVBs and quality as-
surance of SLBs were considered factors that increase safety.
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According to nearly all participants, fire safety is the main concern of con-
sumers. The increased safety risks of SLBs and the safety concerns of con-
sumers are a challenge, as consumers may prefer to choose new batteries
with lower safety risks. Examples from the interviews (repurpose operators
and end-users) elaborating on this issue:

Accidents have occurred even with new batteries, how will the safety
of SLBs be ensured? How is safety monitored?

The safe operation of repurposed batteries is important for consumers
to be interested.

Customers are most concerned about fire safety.
The biggest safety concern is the risk of fire.

A possible solution to consumers’ concerns is to place the SLBs outside in a
separate or fireproofed room. In addition, discussing safety matters with con-
sumers and addressing that adequate security measures are in place was seen
as helpful. Furthermore, according to a few participants leasing an SLB could
be less of a concern than buying an SLB.

7.6 Regulatory shortcomings

Regarding the current regulatory environment, the participants assessed that
the regulatory framework is nearly non-existent due to a lack of standards
and regulations for repurposing. Thus, EVBs can currently be repurposed by
anyone, and DIY projects are already occurring, which could also harm the
reputation of SLBs. Examples of interviews (cluster management, repurpos-
ing operator, government, and researchers) on this topic:

The current regulation is almost non-existent for second-life applica-
tions. This [...] does not give our customers peace of mind regarding
safety and longevity of the used batteries. There are, e.g., no certifica-
tion standards for second-life systems, only validation standards.

No standards for the repurposing process. Currently, anyone could
start a repurposing business.

Lack of standards. The whole repurposing process needs clear and ad-
equate operating procedures.

Home battery systems, especially if DIY are not safe.
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The lack of standards and regulations is causing dangerous situations.
People are assembling batteries in their basements. There is no law
prohibiting this kind of activity.

The EPR of EVBs was also seen as a possible challenge for repurposing. There
was uncertainty about the practical implementation of the EPR. To enable
repurposing, the EPR should be transferred from the EVB manufacturer to
the repurposing operator, who will ensure the SLBs are recycled after reach-
ing their EOL. This was the case with one repurposing operator. However, if
the EVB manufacturer pays for recycling, they are entitled to the EVB before
recycling, which may affect the availability of EVBs. Examples of interviews
(repurposing operator and government) on this issue:

The original producer responsibility must end with repurposing.

Producer responsibility requires that batteries must be offered free re-
cycling, the producer is responsible (paying) for recycling. The repur-
posing operators must participate in the recycling and collection after
the second-life application.

The producer responsibility side, if the producers pay for the recy-
cling, they have the right to the battery when it reaches the end of its
life cycle. How to ensure [the repurposing] step before recycling?

We have a recycling agreement for our SLBs.

As for the upcoming regulatory environment, the recycling targets intro-
duced by the Battery Regulation were a controversial topic. Some considered
them negative for repurposing as they could steer EVBs toward recycling. Al-
ternatively, repurposing was seen as a possible way for the car manufacturers
to avoid the recycling targets and fees. Also, it was noted that the recovered
content in new batteries does not have to come from batteries, and the recy-
cled materials are typically not pure enough to be used in batteries. Examples
from the interviews (repurposing operators and researchers) on this issue:

The EU Battery Regulation’s recycling targets are the biggest threat
for the second-life industry. All batteries must/might undergo recy-
cling to meet these recycling targets.

The Battery Regulation’s recycling targets could hinder repurposing.

Recycling targets are not a very good thing.

Recycling targets could be an issue.
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If the manufacturers can avoid these [recycling] targets by sending the
batteries to companies like us for second-life applications, it could be
very helpful. We offer auto companies a solution to sell their batteries
to us, rather than pay for recycling.

The purity of recycled materials (nickel, cobalt) is difficult to achieve.
Therefore, recovered materials are typically downgraded and used
elsewhere. The purity of the recycling processes is not enough to re-
turn [materials] to battery applications. Instead, recovered materials
go to other applications like the production of steel. [...] The recycled
material in new batteries does not have to be from an old battery.

Regarding regulation, participants suggested additional measures, support,
and targets for repurposing. However, the practical implementation of repur-
posing targets was unclear because repurposing was considered to be at a
level that is challenging to describe at the regulatory level.

7.7 Competition with recycling

Nearly all participants considered that repurposing and recycling strategies
complement each other. The common reasoning behind this was that extend-
ing a battery’s life cycle does not prevent recycling. Repurposing was consid-
ered an additional step; eventually, all batteries would be recycled. Examples
from the interviews (researchers and repurposing operator) on this issue:

A repurposed battery’s life cycle is extended, which reduces [the bat-
tery’s] carbon footprint. Eventually, the battery will face recycling.

Waste hierarchy: always repurpose with as little energy as possible be-
fore recycling. As long as the battery can be used, it is worth more than
recycling, only finally recycling.

First, remanufacture, then repurpose, and finally, recycle.

Despite the complementary nature of repurposing and recycling, recycling
was seen as a competing strategy with repurposing for several reasons. First,
recycling frees valuable materials from EOL EVBs based on older battery
technology, and the recovered materials could be used to manufacture new,
more efficient batteries. Second, there is a lot of development in recycling,
and recycling was considered more easily scalable to mass production, po-
tentially making recycling cheaper than repurposing. Third, Tesla’s new EVB
designs were seen as a push toward recycling. Fourth, there are a lot of fu-
ture-oriented recycling facilities. Fifth, there is a strong lobby for recycling.
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Examples from the interviews (battery assembly for machines, researchers,
repurposing operators, supply chain service, and government) on this issue:

Battery technology is constantly developing. Would it make more
sense to take the materials from used batteries into new and better
batteries, on the long run, it can also become cheaper.

The technical properties of batteries change faster than the batteries
wear out in use. The technology of a ten-year-old EVB is very old
compared to new batteries, so recycling could make more sense.

Recycling is being developed a lot; it will probably become cheaper.
It is easier to scale recycling into mass production.

Recycling could be a challenge in the future if it is more cost-effec-
tive. Tesla’s actions [new EVB design that could prevent repurpos-
ing] push in the direction of recycling.

Direct recycling [of EVBs] without second life will be mainstream.
Alot of future-oriented recycling projects are being built.
The lobby for recycling is way bigger.

The EPR requires EVB manufacturers to pay for recycling EVBs, but the price
of metals can change the status quo. High metal prices encourage the recov-
ery of valuable metals. Specific battery chemistries, such as NMC, are so val-
uable that recyclers pay to receive them during times of high commodity
prices. However, other battery chemistries, such as LFP, do not contain as
valuable metals, and thus, the EVB manufacturers must pay for their recy-
cling. Still, there is a risk that recyclers are willing to pay more for EOL EVBs
than repurposing operators. Examples from the interviews (repurposing op-
erators and researcher) on this topic:

The increase in the price of metals encourages the recovery of materi-
als that were not recovered before.

The value of the metals in the battery is worth more than repurposing
for second-life applications. There is a huge demand for metals

(nickel, cobalt) on the market, and batteries contain them.

LFP is not that valuable for recycling, you may have to pay to get rid
of it. NMC has such a great value that it is paid for (the recycler pays).
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If recyclers would pay more for EOL EVB than repurposing operators,
it could affect business by making the price of SLBs very high.

7.8 Consumer preferences

The last challenge is related to consumer preferences. Even if SLBs have a
significant cost advantage, not all consumers would necessarily choose them.
This is because some consumers prefer new products over old ones. Consum-
ers may be concerned about the shorter lifetime or increased safety risks of
SLBs. These concerns can lead to reduced demand and, thus, challenge the
repurposing business. Examples from the interviews (end-user, repurposing
operator, and supply chain service) on this issue:

Some people don’t want to have a used thing that needs to be trusted.
People want the best and newest model [...] instead of the old one,
especially if it doesn’t cost much more.

The masses of consumers prefer new materials compared to old ones.

There is always a bias towards new products as they are bound to last
longer, have cheaper ongoing costs, and are less likely to fail.

There is a greater worry about used products than for new products.
In contrast, SLBs were found more appealing than new batteries due to their
environmental benefits, such as the lower carbon footprint. Therefore, some
consumers could choose SLBs over new batteries, increasing demand for
SLBs. Examples of the interviews (end-user, researchers, and repurposing

operator) on this topic:

Customers are indeed interested in repurposed batteries because they
are cheaper and have a lower environmental footprint.

Consumers could choose to repurposed batteries for ethical reasons.
SLBs do not require new raw materials.

Any company that has environmentally friendly goals would choose
second-life batteries.

Repurposed batteries are more attractive because they are in line with
climate plans and goals.

Repurposed batteries have a lower carbon footprint.
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8 Discussion

This chapter scrutinizes and compares the research findings to the reviewed
literature. The following eight challenges for repurposing were found in the
interviews: the uncertain economic viability of SLBs, low availability of EVBs,
lack of battery information, EVB designs, safety concerns, regulatory short-
comings, competition with recycling, and consumer preferences. These chal-
lenges are also further explored to identify their common drivers.

The uncertain economic feasibility of SLBs was a reoccurring topic in the in-
terviews and literature review. According to Shahjalal et al. (2022), consum-
ers would choose new LIBs over SLBs if they cost the same and the environ-
mental effect is neglected [74]. Similarly, Haram et al. (2021) stated that if
the price of new LIBs is the same as for SLBs, consumers would prefer the
new LIBs if the environmental benefit were overlooked [12]. Likewise, the
interview findings suggest that if the sales price of SLBs is the same as that of
new batteries, new batteries are usually chosen. This can be explained by the
great importance of price in the purchase decision. SLBs have a lower lifetime
and increased safety risks compared to new batteries, so it is understandable
why there should be a financial inducement.

Based on the interview findings, the economic viability of SLBs is still uncer-
tain and case-dependent. Similarly, Haram et al. (2021) concluded that the
cost aspects of SLBs require further investigation due to the significant vari-
ations of SLB selling prices in conducted studies [12]. The uncertain eco-
nomic viability can be explained by the different approaches for repurposing,
e.g., repurposing on a pack or a module level, and varying labor costs. Ac-
cording to the reviewed literature and the interview results, achieving a com-
petitive sales price for SLBs is crucial for the repurposing business. There-
fore, everything increasing the sales price of SLBs can be considered an issue,
such as the variability of EVB designs that prevents automation, additional
testing due to the lack of battery information, and measures to resolve tech-
nical mismatches. Without a financial inducement, the repurposing business
may struggle to thrive. Therefore, cost minimization is essential.

The low availability of EVBs was deemed the biggest challenge for repurpos-
ing in the interviews. This is partially explained by the novelty of EVs, which
have become common only in recent years, and by the long lifetime of EVBs.
Data suggests that larger volumes of EVBs will come to the market already in
the next few years [1, 7]. However, a more significant challenge was the re-
luctance of car manufacturers to provide EVBs. The different ownership
models of EVBs could be a potential solution. Some EVBs are owned by car
owners that could be open to selling the EOL EVBs for repurposing operators.
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However, more information about the different EVB ownership models and
their prevalence would be needed to be certain.

According to Borner et al. (2022), the used car market will also affect the
availability of EVBs. It was found that the lower technical capabilities of EVBs
could supply the needs of other consumers. Thus, instead of being repur-
posed, the EVB would continue its life cycle in the car with another consumer.
This way, the repurposing step may be missed for some EVBs. [87] In fact,
according to the 9R framework, this would be desirable because reuse is a
higher-level circular strategy than repurposing. This perspective did not
come up in the interviews, probably due to the used car market that has not
yet widely emerged for EVs.

The interviews also found that the availability of similar EVBs is important
for a repurposing business. Typically, repurposing operators tend to use sim-
ilar EVBs to facilitate the repurposing process. According to Haram et al.
(2021), the availability of similar EVBs is challenging due to the various
types, shapes, and chemistries. However, it was considered that matching
similar batteries is important for better performance and longer lifespan of
the SLBs. [12] Despite different perspectives, the availability of similar EVBs
is especially challenging due to the large and growing variability of EVBs.

In summary, several aspects affect the availability of EVBs. Nevertheless,
some EVBs are likely to become available for repurposing. However, this vol-
ume may not be sufficient for the second-life business, or without a sufficient
supply of similar EVBs, repurposing may become unviable. Since no solu-
tions to the EVB availability were found, this issue should be further investi-
gated if the repurposing opportunity wants to be preserved.

The lack of battery information is a cost factor and a safety risk. The interview
findings revealed that repurposing operators often do not have all relevant
data about the EVBs. This leads to the need for additional testing, which di-
rectly affects the economic viability of SLBs. Similarly, Zhu et al. (2021) dis-
cussed that the scarcity of battery data results in costly additional tests [45].
However, it should be noted that further tests and assessments do not replace
missing first-life battery data. Without appropriate historical information de-
termining the safety of EVBs can be difficult. According to Roschier et al.
(2020), various first-life experiences can increase the risk of thermal runa-
way. Thus, without relevant first-life data, ensuring safety can be challenging.
The battery passport and access to BMS data introduced by the EU Battery
Regulation were found as possible solutions in the interviews and the regu-
latory review. However, the practical implementation of these measures
could take some time, e.g., the battery passport should only be in use by 1
January 2026 [58]. This is problematic because the information is already
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needed today. Therefore, in the meanwhile, partnerships between car manu-
facturers and repurposing operators become increasingly important.

The interviews revealed that EVB designs are a cost factor as they prevent the
automation of the repurposing process and require additional measures to
resolve technical mismatches. Likewise, according to Harper et al. (2019), the
various EVB designs of car manufacturers make it challenging to automate
the disassembly process for repurposing [44]. However, a more alarming
finding in the interviews was the new EVB designs that could potentially pre-
vent repurposing, as the EVB cannot be removed from the car. Such actions
should be urgently addressed if the possibility of repurposing is to be pre-
served. It was also found that the second life of EVBs has not been considered
in their design phase. This is problematic because large volumes of EVs are
already entering the market. The proposed solutions, such as standardization
and design for repurposable, should have been considered already before the
commercialization of EVs. Implementing the proposed solutions will take
time; thus, it is unlikely that the challenges resulting from EVBs designs will
be avoidable in the near future. Still, EU legislation should support EVB de-
signs to be repurposable and encourage some level of standardization.

Safety concerns came up in the interviews and the literature review. Acci-
dents have occurred even with new batteries, so it is reasonable why consum-
ers are concerned about the fire safety of SLBs, which have increased safety
risks. In the past, various companies have had to recall even new batteries.
For instance, in 2021, Hyundai recalled 82,000 EVs to replace the EVBs after
15 fires [101], and around 7,200 LG solar energy storage batteries were re-
called after nine incidents [102]. Thus, concerns about harming the reputa-
tion of SLBs are not unfounded. Recurring or fatal accidents could damage
the reputation of SLBs and create fear or stigma that could suppress the de-
mand for SLBs. According to Borner et al. (2022), even a single accident can
weaken customer confidence in SLBs, and that new repurposing businesses
may not be able to rebuild customer trust [87]. Similarly, accidents that could
harm the reputation of SLBs were also noted in the interviews. Therefore,
safety aspects should never be compromised with SLBs because even one
mishap could hurt the second-life business opportunity.

The regulatory shortcomings in the interviews are similar to those found in
the regulatory review. For instance, the inadequacy of the current regulatory
environment was considered negative due to DIY projects that could harm
the reputation of SLBs. Fortunately, the upcoming Battery Regulation sets
requirements for repurposing, i.e., to ensure that examination, performance
testing, packing, and shipment are carried out following adequate quality
control and safety instructions. While these requirements do not directly
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prohibit DIY projects, they introduce obligations. In addition, the recycling
targets of the Battery Regulation were seen as a threat for repurposing.

New perspectives on regulatory matters also emerged from the interviews.
First, repurposing could be a way for car manufacturers to avoid the recycling
targets. Second, the recycled materials in new batteries do not need to come
from used batteries. Third, the EPR could affect the availability of EVBs. The
first two findings suggest that the recycling targets might not steer EVBs to-
ward recycling. Instead, they could encourage car manufacturers to sell their
EVBs for repurposing operators. Also, EVBs do not need to be recycled to
meet the recycled battery content targets in new batteries, as recycled mate-
rials can originate from other sources. Regarding this topic, a new perspec-
tive emerged: the purity of recycled battery materials is insufficient to man-
ufacture new batteries. This is interesting because it would challenge the
common ideology of using recycled battery materials for manufacturing new
batteries. However, this perspective would require more research, especially
as recycling processes constantly develop. Finally, the uncertain EPR matters
are somewhat clarified by the official draft negotiation text of the Battery
Regulation, which states that the EPR will apply to repurposing operators:

An economic operator making available on the market for the first
time within the territory of a Member State a battery that results from
preparing for reuse, preparing for repurpose, repurposing or reman-
ufacturing operations shall be considered as the producer of such bat-
tery [...] and shall have an extended producer responsibility [53].

According to the 9R framework and the interview findings, repurposing and
recycling are complementary circular strategies. However, many factors cre-
ating competition between repurposing and recycling were found in the in-
terviews. Roschier et al. (2020) stated that the market will likely decide
whether the EVB is repurposed or recycled, as the highest bidding party gets
the EVB. They assumed that repurposing operators should be able to pay a
higher price because SLBs are more valuable than recovered metals. [7] How-
ever, in the interviews, it was noted that during high metal prices, recyclers
might also compete for EVBs, which could increase the sales price of SLBs.
Despite all the aspects inducing competition, repurposing will occur if it is
market-based. It should also be noted that the LIB recycling technology is not
very well developed, it is still costly to recycle, and the yield from large-scale
recycling is relatively low. So, recycling still has a way to go before it can meet
the recycling targets of the upcoming EU Battery Regulation.

While the sales price of SLBs is the main factor affecting purchase decisions,

consumer preferences also matter. It was found in the interviews that even if
a significant cost advantage was achieved, not all consumers choose SLBs.
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Some consumers simply prefer new products over old ones. Such a consump-
tion habit represents linear economy, “take-make-waste,” that is not sustain-
able. The transition to CE requires the implementation of higher-level circu-
lar strategies and a change in consumption habits. Thus, incentives and will-
ingness to buy used products should be supported. However, it was also
found that some consumers are willing to pay even a bit more to choose the
more environmentally friendly option. Many consumers consider SLBs more
appealing than new batteries due to their lower carbon footprint. Such con-
sumer preferences support the second-life business and contribute to transi-
tioning to CE. Despite some consumers preferring new batteries, there will
likely be sufficient demand for SLBs due to their environmental benefits, es-
pecially as environmental aspects have become increasingly important in re-
cent years. Consumer preferences were not assessed in the reviewed litera-
ture, which could indicate a possible knowledge gap.

Various common drivers can be found in the eight challenges that point to
essential factors for repurposing. The common drivers include the financial
aspects, actions of car manufacturers, factors steering EOL EVBs toward re-
cycling, reputational harm to SLBs, and role of consumers. The main driver
was the financial aspects, as four (7.1, 7.3, 7.4, and 7.7) of the eight challenges
somehow touched upon the sales price of SLBs. The actions of car manufac-
turers emerged in three challenges (7.2, 7.3, and 7.4). These actions relate to
car manufacturers’ unwillingness to provide EOL EVBs, battery information,
and designs of EVBs. Similarly, various factors steering EOL EVBs towards
recycling were noted in three challenges (7.4, 7.6, and 7.7). These factors in-
clude the new EVB designs preventing repurposing, EU Battery Regulation’s
recycling targets, and high metal prices. Accidents that could cause reputa-
tional harm to SLBs were discussed in three challenges (7.2, 7.5, and 7.6).
The last driver is the role of consumers which occurred in two challenges (7.5
and 7.8). Consumers can impact the uptake of SLBs positively or negatively.
For example, battery accidents could frighten consumers and, thus, reduce
demand. Alternatively, consumers could choose SLBs over new batteries
even if they were more expensive due to their environmental benefits.
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9 Conclusions

This thesis aimed to assess the operational environment for repurposing EV
LIBs for energy storage applications in the EU. For this purpose, an extensive
literature review and key stakeholder interviews were conducted. This chap-
ter concludes the thesis by answering the research questions and drawing the
research findings into more general perspectives. It also discusses the re-
search limitations and proposes recommendations for further research.

The first research question concerns assessing the EU regulatory environ-
ment for repurposing operations. The research findings indicate that the cur-
rent regulatory environment is practically non-existed due to a lack of stand-
ards and legislation for repurposing. This has resulted, e.g., in unsafe DIY
projects that could harm the reputation of SLBs. Thus, it can be concluded
that the current regulatory environment is poorly regulated for repurposing.
Whereas for the upcoming regulatory environment, which relates to the new
EU Battery Regulation repealing the Batteries Directive, the research find-
ings suggest that the recycling targets are negative for repurposing as they
could steer EVBs toward recycling. However, the findings also suggest that
the new requirements for repurposing provide a small legal framework. Thus,
it can be concluded that although the upcoming regulatory environment
should be more appropriate for repurposing, it may come with factors that
steer EVBs toward recycling. However, the practical implications of the Bat-
tery Regulation may become apparent only after it has entered into force.

The second research question regards the challenges and barriers for repur-
posing operations. A total of eight challenges were discovered from the key
stakeholder interviews, which suggests that there is a diverse variety of chal-
lenges affecting repurposing operations. These findings were supported by
the extensive literature review. In addition, the found challenges are quite
complex as various factors typically influence them. For instance, the reluc-
tance of car manufacturers to provide battery data, the difficulty to access the
BMS, and the additional testing procedures make the lack of battery infor-
mation a challenge. Thus, it can be stated that a diverse variety of complex
challenges affect repurposing operations.

The eight challenges were further explored, and five common drivers were
found pointing to the essential factors for repurposing. The main driver was
the financial aspects, which occurred in half of the challenges. This indicates
that the economic aspects have a pivotal role in the feasibility of the second-
life business. Another important driver was the actions of car manufacturers.
These include the EVB designs, and unwillingness to provide battery infor-
mation and EVBs that directly affect repurposing. Thus, it can be stated that
the actions of car manufacturers strongly influence repurposing operations.
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Apart from two issues, the research findings indicated that the challenges
should be manageable by different means. For example, the economic viabil-
ity of SLBs can be achieved with financial incentives, the lack of battery in-
formation can be solved with additional testing, safety can be ensured with
adequate measures, and regulations can be updated. However, no solution
was found for the sufficient supply of similar EVBs, which is essential for the
second-life business. Similarly, no solution was found for the new EVB de-
signs that prevent repurposing. The repurposing business opportunity can be
lost with very low or no availability of EVBs. Therefore, it can be concluded
that the low availability of EVBs and new EVB designs are potential barriers
for repurposing operations.

The last research question concerns actions and measures that could support
repurposing operations. Due to the diverse variety of complex challenges, no
single universal solution was discovered from the research findings. Instead,
for each challenge, various solutions were proposed. For instance, tax re-
moval, tax rebates, incentives, and paying for the carbon footprint were pro-
posed as possible solutions for achieving the economic viability of SLBs. Sim-
ilarly, sensors, extinguishing systems, and self-healing methods were sug-
gested as potential solutions to overcome safety concerns. Since the actions
and measures supporting repurposing vary depending on the challenge, it
can be stated that the solutions are case-specific.

9.1 Limitations of the research

Although one interview study gives an indication of the factors affecting re-
purposing operations, the findings cannot be considered a broadly re-
searched and accepted overview. In addition, the research mainly focused on
the national perspectives of Finland and Norway, despite the geographical
scope of the EU. Of the 22 interview participants, 19 were from Finland and
Norway, and only three of the 27 EU member states participated in the re-
search. Hence, the research findings represent perspectives from a relatively
limited geographical area. Therefore, the research findings are not transfer-
able to the entire EU or other geographies where the challenges could differ
due to varying legislation or other aspects.

Despite the various key stakeholder groups that participated in the research,
other relevant stakeholders, such as car manufacturers and EV LIB recyclers,
were not involved. Both have a significant role in the EV BVC, and thus their
input would be beneficial for answering the research questions. In addition,
only 38% of those invited participated in the research. Due to these reasons,
it is possible that some important aspect was overlooked, and thus the re-
search findings might represent the challenges from a limited point of view.
For example, it was found that the actions of car manufacturers strongly

58



influence repurposing. Since car manufacturers were not involved in the re-
search, exploring issues from their perspective was impossible.

Another limitation relates to the nature of research methodology. Interview
participants typically answer according to their understanding of the topic,
and therefore, achieving entirely objective answers is challenging. In addi-
tion, it can be difficult to eliminate and notice the Hawthorne effect and social
desirability bias, which can undermine the validity of the research. Further-
more, it is also possible that interviewees might pursue their interests with
certain answers. Also, some reservedness was observed as participants did
not want to disclose confidential business information. Thus, some relevant
information could have been lost.

9.2 Suggestions for further research

As these research findings provide limited insight into the challenges for re-
purposing, it is advised to study this topic with a greater geographical re-
search sample e.g., including a wider representation of the EU member
states. Since the research process is described in detail, this study is easily
replicated in other regions. In addition, the participation of other key stake-
holder groups, such as car manufacturers, is pivotal for defining a holistic
overview of the operational environment, challenges, and possible solutions.
Furthermore, as the EU participates in international trade, the challenges for
repurposing could be researched with a much broader geographical scope.
For instance, the effect of different regulations could be important to under-
stand when importing or exporting SLBs between trade areas.

Another further research area relates to the low availability of EVBs and new
EVB designs that were determined as potential barriers for repurposing. Ad-
equate volumes of EVBs are pivotal for the second-life business. Thus, more
research is needed to estimate the sufficiency of EVB volumes. In addition, if
the repurposing possibility is to be preserved, further research is required to
address the new EVBs designs preventing repurposing.
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Appendices

Appendix A. Interview questions for all participants expect end-users

Background questions

e Interviewee name and contact details

¢ Organization name and location of headquarter. What is your title/po-
sition in the organization?

e Which stakeholder group do you represent?
o Repurpose service provider
» Briefly specify the main steps of how you repurpose bat-
teries
o Energy company
» Briefly specify your connection to repurposed batteries
o Researcher
» Briefly specify your research area
o End-user
» Briefly specify how are/will you utilize repurposed bat-
teries
o Other, please specify

e What size of an organization are you?
o Microenterprise (1 to 9 employees)
o Small enterprise (10 to 49 employees)
o Medium size enterprise (50 to 249 employees)
o Large enterprise (250 employees or more)

Technology questions

e What are the main know-how gaps and/or technical barriers for re-
purposing electric vehicle batteries for energy storage systems? How
could they be resolved?

e Lithium-ion batteries used in electric vehicles vary by size, cell types,
and cathode chemistries. Regarding the repurposing process, what
kind of challenges arise from this?

o Service providers: Can your repurposing technology be applied
to different battery types?
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What are the main safety issues and/or concerns regarding the repur-
posing of electric vehicle batteries for energy storage systems? How
could they be solved?

Which energy storage applications do you consider the most suitable
for end-of-life electric vehicle batteries?

When considering the overall repurposing process (assessment — dis-
assembly — performance evaluation — sorting and regrouping — con-
trol and management), which of these steps are the most challenging?
What technologies are potential for streamlining current practices?

Economy questions

What are the main factors affecting the cost of second-life (repur-
posed) batteries? Can the cost factors be further reduced and if yes, by
which means?

Are second-life (repurposed) batteries currently economically com-
petitive with first-life (new) batteries? How about in the future if the
cost of new batteries continues to decrease?

How does the cost of recycling lithium-ion batteries compare to repur-
posing them? Is it an issue for repurposing operations if recycling is
more cost-efficient?

Regulatory related questions

How does the proposed new EU Battery Regulation support the repur-
posing of electric vehicle batteries for energy storage systems? Are
there any shortcomings and/or is there a need for additional
measures?

Do you think it is justified that the new Battery Regulation has set
quantitative targets for recycling but not for repurposing?

How do you view the current regulatory environment for repurposing
electric vehicle batteries? Are there any regulatory obstacles, lack of
policies and/or standards that are hindering operations?

Do you think it is justified that Finland’s/Norway’s battery strategy

aims at business growth and getting new investments? Should these
strategies provide more attention to repurposing?
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Environmental questions

In your opinion, is the repurposing of end-of-life batteries better for
the environment than recycling? Are recycling and repurposing strat-
egies that complement or exclude each other?

The sufficiency of battery metals to supply the growing demand for
electric vehicle batteries and other lithium-ion battery applications
will likely be a challenge in the future. In your opinion, which strategy
would be the best for tackling this issue, repurposing or recycling bat-
teries or a combination of both?

Consumer questions

Who are the main customers/consumers for repurposed battery sys-
tems? Do customers/ consumers have any perceived risks and/or con-
cerns about repurposed battery systems?

o Ifyes, how could they be overcome?

Are consumers aware about repurposed batteries? Would consumers
choose repurposed batteries over recycled batteries? Is there enough
market demand for second-life batteries?

Final considerations

From your perspective, what are the main enabling and inhibiting fac-
tors affecting the feasibility of repurposed electric vehicle batteries for
energy storage systems?

o Enabling factors

o Inhibiting factors

How has the current energy crisis affected repurposing operations?
In your opinion, how well did these questions cover the topic of repur-

posing electric vehicle batteries for energy storage systems? Was some
relevant aspect missing? If yes, what topic/issue?
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Appendix B. Interview questions for end-users

Background questions

e Interviewee name and contact details

¢ Organization name and location of headquarter. What is your title/po-
sition in the organization?

e Which stakeholder group do you represent?
o Repurpose service provider
» Briefly specify the main steps of how you repurpose bat-
teries
o Energy company
» Briefly specify your connection to repurposed batteries
o Researcher
» Briefly specify your research area
o End-user
» Briefly specify how are/will you utilize repurposed bat-
teries
o Other, please specify

e What size of an organization are you?
o Microenterprise (1 to 9 employees)
o Small enterprise (10 to 49 employees)
o Medium size enterprise (50 to 249 employees)
o Large enterprise (250 employees or more)

Consumer questions

e Do you have safety concerns about repurposed electric vehicle battery
energy storage systems?
o Ifyes, what are your biggest concerns and why?
o If no, why don’t you have concerns?

¢ Why did you decide to participate in second-life (repurposed) batter-
ies?

e What do you consider as more important the cost or the environmen-
tal impact of a battery system?

e How/when did you first become aware of second-life batteries? Are
second-life batteries well-known among consumers?
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Economy questions

e If second-life (repurposed) batteries were more expensive than first-
life (new) batteries, which would you choose and why?

e If recycled batteries were cheaper than second-life (repurposed) bat-
teries, which would you choose and why?

Regulatory questions

e Arethere any incentives that support the uptake of second-life (repur-
posed) batteries? If yes, what kind of incentives are they, how do they
support the uptake?

e Do you need special permissions for using second-life (repurposed)
battery systems?

e Are there regulatory restrictions affecting the installation or use of
second-life (repurposed) battery systems? If yes, what are the restrict-

ing regulations and how do they affect?

Environmental questions

e In your opinion, is the repurposing of end-of-life batteries better for
the environment than recycling?
o Ifyes, why do you consider repurposing better?
o If no, why do you consider recycling better?

e What do you consider as the main environmental benefits of repur-
posing end-of-life electric vehicle batteries? List the top three.

e The sufficiency of battery metals to supply the growing demand for
electric vehicle batteries and other lithium-ion battery applications
will likely be a challenge in the future. In your opinion, which strategy
would be the best for tackling this issue, repurposing or recycling bat-
teries or a combination of both?

Final considerations

e From your perspective, what are the main enabling and inhibiting fac-
tors affecting the attractiveness of repurposed electric vehicle batter-
ies for energy storage systems?

o Enabling factors
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o Inhibiting factors

How is the current energy crisis affecting the upcoming/current usage
of repurposing of electric vehicle batteries?

In your opinion, how well did these questions cover the topic of repur-

posing electric vehicle batteries for energy storage systems? Was some
relevant aspect missing? If yes, what topic/issue?
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