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A B S T R A C T

After their first use in electric vehicles (EVs), the residual capacity of traction batteries can make them valuable
in other applications. Although reusing EV batteries remains an undeveloped market, second-use applications of
EV batteries are in line with circular economy principles and the waste management hierarchy. Although sub-
stantial environmental benefits are expected from reusing traction batteries, further efforts are needed in data
collection, modelling the life-cycle stages and calculating impact indicators to propose a harmonized and
adapted life-cycle assessment (LCA) method.

To properly assess the environmental benefits and drawbacks of using repurposed EV batteries in second-use
applications, in this article an adapted LCA is proposed based on the comparison of different scenarios from a
life-cycle perspective. The key issues for the selected life-cycle stages and the aspects and parameters to be
assessed in the analysis are identified and discussed for each stage, including manufacturing, repurposing, re-
using and recycling.

The proposed method is applied to a specific case study concerning the use of repurposed batteries to increase
photovoltaic (PV) self-consumption in a given dwelling. Primary data on the dwelling’s energy requirements and
PV production were used to properly assess the energy flows in this specific repurposed scenario: both the
literature search performed and the results obtained highlighted the relevance of modelling the system energy
using real data, combining the characteristics of both the battery and its application. The LCA results confirmed
that the environmental benefits of adopting repurposed batteries to increase PV self-consumption in a house
occur under specific conditions and that the benefits are more or less considerable depending on the impact
category assessed. Higher environmental benefits refer to impact categories dominated by the manufacturing
and repurposing stages. Some of the most relevant parameters (e.g. residual capacity and allocation factor) were
tested in a sensitivity analysis. The method can be used in other repurposing application cases if parameters for
these cases can be determined by experimental tests, modelling or extracting data from the literature.

1. Introduction

A rapid increase in the worldwide stock of electric vehicles (EVs) is
expected in the near future [1–3]. Lithium-ion (Li-ion) chemistry is
recognized as the dominant battery technology available for EVs [4].
Therefore, an increased demand is expected for high-energy density
traction Li-ion batteries. Due to the lifetime of batteries, this trend will
inevitably lead to an increase of flows of waste batteries that need to be
collected and treated [4,5] and to a substantial modification of the

battery value chain (e.g. collection schemes and end-of-life treatment).
Although current experience is still very limited, once such used

batteries are collected, recycling is presently the most common end-of-
life (EoL) treatment for used EV batteries. However, a new EoL option
concerning the reuse of such batteries is emerging worldwide. This is
because the remaining capacity of the batteries after their use in EVs
ranges from 60% to 80% of their initial capacity and it can be poten-
tially exploited in sectors other than the automotive sector [6–8]. Re-
cent studies and pilot projects state that extending the lifetime of EV
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batteries by using them in other types of application can lead to various
benefits, including economic, environmental and social. However, be-
cause of the novelty of the topic and the limited availability of data,
more investigations are needed to confirm and quantify such benefits
[6,9].

In Europe, the relevance of reuse as a waste management strategy to
prevent wastage and contribute to the EU's jobs and social agenda has
been acknowledged by both the waste management hierarchy, defined
in 2008 by the Waste Framework Directive [10] and in 2015 by the
European Commission's Circular Economy Action Plan [11]. The End-
of-life vehicles (ELV) and the Batteries Directives [12,13] support the
recycling of batteries after they have been used in EVs. However, sev-
eral stakeholders currently support the inclusion of a “reuse” option in
the EU Batteries Directive (e.g. the European Association for Advanced
Rechargeable Batteries, the European Portable Battery Association, the
Association of European Automotive and Industrial Battery Manu-
facturers), as shown, for instance, during a panel discussion at the 22nd
International Congress for Battery Recycling (ICBR 2017). Moreover, in
the framework of the Circular Economy Action Plan [11], the Innova-
tion Deal concerning the reuse of EV batteries, recently launched by the
European Commission1 [14], demonstrates that legislators and in-
novators have increasing interest in this field.

A wide-ranging analysis of the scientific and technical literature
suggests that the absence of a clear framework for the second use of EV
batteries can result in imprecise or interchangeable terminology, such
as “reuse”, “repurpose” or “refurbish” [15–17]. However, some termi-
nology proposals exist: for example, according to Ardente et al. [18],
“reuse” implies that a product is being utilized for the purpose for
which it was conceived, and “repurposing” refers to utilizing products
in other, different applications (often referred to as “second-use” ap-
plications). Therefore, consistent with the aim of the study, in this
paper “repurposed EV batteries” refer to EV batteries that, after their
use in EVs, are tested and prepared for use for energy storage in a
second-use application.

Existing international and European industrial activities, research
and development (R&D) projects, and demonstration projects indicate
that the second use of Li-ion batteries is of great interest to several
actors in the value chain [19]. Nevertheless, several barriers were
identified in different studies: 1) regulatory barriers, mainly relating to
the absence of a clear framework for definition of battery reuse
[20–25]; 2) technical barriers, related to the lack of data about battery
performance and degradation [9,20]; 3) economic barriers, such as
uncertainty with regard to economic returns and the market for EV
batteries, and the absence of economic incentives [20–22,25–27], and
4) safety barriers, such as hazards and fire risks associated with re-
moving and handling Li-ion batteries [9,25].

From a complementary economic perspective, several authors have
studied the benefits of reusing EV batteries, especially in relation to
decreases in EV costs as a result of longer battery service lives
[9,28,29]. From a legal perspective, more efforts are required to pro-
vide “an adequate legal framework for second-life applications”, for
example in the forthcoming review of the Batteries Directive [30].

To support the EV second-use regulatory framework, the sustain-
ability of extending the lifetime of EV batteries to second-use applica-
tions should be demonstrated. Thus, the three sustainable development
pillars – economic, social and environmental – should be assessed2, but
only a few studies in the literature integrate an economic assessment

with social and environmental aspects related to the second-use of
batteries [31]. In the scientific literature, an increasing number of
studies are available concerning environmental aspects; however, they
show major differences in the environmental analysis methodology
adopted (see Section 2).

In the context of the sustainability assessment, this paper con-
tributes to developing a method for assessing the environmental im-
pacts of adopting repurposed EV batteries for other applications. In
particular, the method develops an indicator based on the life-cycle
impacts of the system in which repurposed batteries are used, con-
sidering all of the value chain stages affecting second use.

In line with this goal, Section 2 summarizes some relevant results
from the literature, identifying the key aspects of repurposed EV bat-
teries and their use in the specific second-use applications that are
considered in the assessment. Section 3 describes the proposed method,
the specific scenarios used to develop it and the relevant analysis
parameters. The method is then used to assess the performance of a
repurposed EV battery in specific housing configurations (Section 4) for
which the energy and the environmental aspects are discussed in detail.

2. Literature review on environmental assessment of reuse

Although the second use of batteries has been studied less often than
recycling [32], environmental benefits are generally expected
[6,9,32,33].

Several studies in the literature have estimated the environmental
performances of the systems in which batteries have been used, based
on a life-cycle approach. However, comparisons of these studies are
difficult because of major differences in scope (e.g. different second-use
applications and different product systems analysed), system bound-
aries (e.g. different life-cycle stages and different geographical bound-
aries), life-cycle inventory data used for the life-cycle stages (e.g. en-
ergy flow of the use stage, battery degradation patterns and expected
battery lifetime), and impact assessment methods considered. Despite
the efforts dedicated to developing a life-cycle assessment (LCA) in this
area, guidelines or harmonized approaches do not yet exist [34]. This is
a major barrier to identifying when the repurposing of EV batteries
brings environmental benefits. The next paragraphs further analyse
each of these diverging practices in the literature.

Repurposed Li-ion batteries could be used in several applications
(e.g. utility operations, commercial and residential buildings) de-
pending on their characteristics [35]. An analysis of recent European
and international industrial activities, research and innovation projects
and research studies, using repurposed EV batteries, revealed that the
most frequently reviewed applications are those for integrating re-
newable energy into the grid. Examples are smoothing for renewable
energy systems [27,29,36,37]; energy storage of a single wind turbine/
photovoltaic (PV)/battery system [36]; off-grid PV vehicle charging
system [38]; and diurnal energy shifting, allowing intermittent re-
newable energy sources to be used more widely (e.g. wind and solar)
[39]. Other applications relate, for example, to transmission and dis-
tribution upgrade [6,40,41], regulation services [6,28,40] and supple-
mental reserves [26,33,36,39,42]. Depending on the type of second use
being analysed, repurposed EV batteries for storage applications could
substitute non-Li-ion batteries (e.g. lead-acid batteries) or other energy
sources (e.g. fossil fuels) and support a shift to renewable energy
[21,26,27,39].

The use phase of energy storage is generally recognized as ex-
tremely important [26,27], and consequently it is relevant to properly
defining both the application in which the storage is used and the as-
sociated system boundaries. The lifetime of a battery should take into
account battery degradation, which depends on both the battery’s in-
itial characteristics (e.g. first life, residual capacity, efficiency) and the
specific second-use conditions (e.g. load profile, temperature). The lack
of data in this field is reflected by the fact that, in other studies, the
estimated life of a battery during its second use is based on

1 “The Innovation Deal focuses on propulsion batteries and will assess whe-
ther existing EU legal provisions and the transposition to national or regional
law hamper the use of batteries in a second-life application or otherwise dis-
criminate any technology that might be necessary for second-life applications”
[14].
2 https://ec.europa.eu/environment/efe/content/long-term-vision-

sustainable-future_en.
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