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H I G H L I G H T S

• The environmental impacts of electricity
changes and battery end-of-life are
assessed.

• Changes in charging electricity reduced
the climate change impact by 9.4%.

• Vehicle production is the main driver of
climate impacts in the dynamic scenario.

• The impacts of refurbished batteries de-
pend on reusable cells and the second
use lifespan.

G R A P H I C A L A B S T R A C T

Legend: EoL = End-of-Life, LIB = Li-ion battery.
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The environmental performance of battery electric vehicles (BEVs) is influenced by their battery size and charging
electricity source. Therefore, assessing their environmental performance should consider changes in the electricity sec-
tor and refurbishment of their batteries. This study conducts a scenario-based Life Cycle Assessment (LCA) of three dif-
ferent scenarios combining four key parameters: future changes in the charging electricitymix, battery efficiency fade,
battery refurbishment, and recycling for their collective importance on the life-cycle environmental performance of a
BEV. The system boundary covers all the life-cycle stages of the BEV and includes battery refurbishment, except for its
second use stage. The refurbished battery was modelled considering refurbished components and a 50% cell conver-
sation rate for the second life of 5 years. The results found a 9.4% reduction in climate impacts when future changes
(i.e., increase in the share of renewable energy) in the charging electricity are considered. Recycling reduced the
BEV climate impacts by approximately 8.3%, and a reduction smaller than 1%was observed for battery refurbishment.
However, the battery efficiency fade increases the BEV energy consumption, which results in a 7.4 to 8.1% rise in use-
stage climate impacts. Therefore, it is vital to include battery efficiency fade and changes to the electricity sector when
estimating the use-stage impacts of BEVs; without this, LCA results could be unreliable. The sensitivity analysis showed
the possibility of a higher reduction in the BEV climate impacts for longer second lifespans (>5 years) and higher cell
conversation rates (>50%). BEV and battery production are the most critical stages for all the other impact categories
assessed, specifically contributing more than 90% to mineral resource scarcity. However, recycling and battery refur-
bishment can reduce the burden of the different impact categories considered. Therefore, manufacturers should design
BEV battery packs while considering recycling and refurbishment.
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1. Introduction

The transport sector significantly contributes to the global environmen-
tal problems, including climate change (CC), air pollution and toxicity
(Colvile et al., 2001; Hooftman et al., 2016; IPCC, 2018). Transport remains
one of the most significant sources of greenhouse gas (GHG) emissions. In
2018, direct GHG emissions from transport accounted for approximately
24% of direct energy-related carbon dioxide (CO2) global emissions (IEA,
2020), with passenger road vehicles being the largest contributors account-
ing for 45% of global transport CO2 emissions (IEA, 2020). In contrast to all
other sectors, the GHG emissions from the transport sector in the European
Union (EU) increased by 0.9% and 0.8% in 2018 and 2019, respectively
(EEA, 2020). Projections on existing mitigation measures estimate a 32%
increase in transport emissions by 2030 compared to 1990 levels in the
EU (EEA, 2020). Aggressive mitigation measures in the transportation sec-
tor are essential to reduce emissions in order to achieve the goals of the
European Green Deal of reducing GHG emissions by 55% in 2030 and be-
coming climate-neutral by 2050 (European Commission, 2019).

Deploying battery electric vehicles (BEVs) is one of the main initiatives
to decarbonise and reduce emissions from the transport sector, as they have
no tailpipe emissions and can significantly reduce impacts on CC when
charged with electricity from renewable energy sources (RESs) (Cox
et al., 2018; Koroma et al., 2020). However, the environmental impact of
their manufacturing is higher than that of internal combustion engine vehi-
cles (Cox et al., 2018; Koroma et al., 2020) due to battery production,
shifting the environmental burden from the use stage to production
(Peters et al., 2017). The demand for larger battery sizes to tolerate longer
driving ranges has exacerbated the problem. As a result, extending the life
of used BEV lithium-ion batteries (LIB) for secondary application (hereafter
referred to as ‘refurbished EV batteries’) has been proposed to reduce the
environmental impact of battery manufacturing on the BEV life cycle
(Casals et al., 2019; Hossain et al., 2019). Additionally, refurbishing EV bat-
teries aligns with the EU's Circular Economy Action Plan to reduce or elim-
inate waste and pollution and transform products and materials to remain
in supply chains for as long as possible (European Commission, 2020).

1.1. Environmental impacts of battery electric vehicles

Life cycle assessment (LCA) is a methodology standardised by ISO
(2006a, 2006b) to analyse the environmental impacts of products or sys-
tems. LCA has beenwidely applied to electric vehicles in the scientific liter-
ature (Hawkins et al., 2012; Marmiroli et al., 2018; Nordelöf et al., 2014;
Peters et al., 2017). However, the existing studies found significantly differ-
ent results due to their divergence in assumptions. However, most studies
conclude that electricity production is the main driver of electric vehicles'
climate impact, followed by battery production (Marmiroli et al., 2018;
Peters et al., 2017). Furthermore, the importance of battery efficiency and
refurbishment has been highlighted (Hossain et al., 2019; Peters et al.,
2017). To that end, the following paragraphs examine how these aspects
(electricity mix, battery efficiency and refurbishment) have been consid-
ered in LCA studies.

The CC impact of a BEV use phase depends on the carbon footprint of
the electricity mix used to charge the vehicle (Marmiroli et al., 2018;
Nordelöf et al., 2014). However, few studies have considered future
changes in the charging electricity mix of BEVs (Cox et al., 2018, 2020;
Koroma et al., 2020). Most LCA studies on BEVs have only used an average
emission profile of the charging electricity mix for the first year of use
throughout the vehicle's lifetime (Marmiroli et al., 2018). As the emission
profile of the charging electricitymix will vary throughout the vehicle's life-
time due to expanding RESs (European Commission, 2019), there is a need
for LCA studies of BEVs to include these changes throughout the vehicle's
lifetime.

Peters et al. (2017) found that the efficiency of traction batteries is crit-
ical and can significantly impact the environmental performance of EV bat-
teries and BEVs. Since the traction battery capacity and energy efficiency
degrades over time and cycling (Birkl et al., 2017), Eftekhari (2017) and

Redondo-Iglesias et al. (2019) found that the decrease in battery energy
efficiency can directly influence the lifetime energy consumption of BEVs.
Faria et al. (2014) also found that the capacity loss over time for the
different BEV driving profiles (represented in terms of C-Rate) directly in-
fluenced the BEV energy consumption and the battery ageing mechanism.
However, most LCA studies on BEVs have overlooked this aspect, as
shown in review studies (Hawkins et al., 2012; Marmiroli et al., 2018;
Nordelöf et al., 2014; Peters et al., 2017). In that context, there is a need
to assess the environmental performance of a BEV considering the fade in
battery capacity and energy efficiency.

From a life cycle perspective, extending the life of used BEV batteries in
stationary applications is an initiative to improve the BEV and battery envi-
ronmental performance (Hossain et al., 2019). After their first use in BEVs,
traction batteries still have approximately 60% to 80%of their initial capac-
ity, making them suitable for refurbishment and use in less-demanding
applications (Casals et al., 2019). Several LCA studies have suggested
environmental benefits when BEV batteries are refurbished (Ahmadi
et al., 2017; Bobba et al., 2018; Faria et al., 2014; Richa et al., 2015;
Schulz-Mönninghoff et al., 2021). However, different system boundaries
are used in the scientific literature – Table 1. Most studies in Table 1, except
for Ahmadi et al. (2014b), Casals et al. (2017), and Hill et al. (2020),
delimited their system boundaries to the battery life cycle (covering its
use in BEVs and secondary applications), excluding the vehicle equipment.
The limitation of the system boundary to the battery life cycle does not sup-
port the understanding of the environmental performance of a BEV from a
life cycle perspective (Schulz et al., 2020). This study aims to broaden the
perspective on this issue in context.

1.2. Research motivation and novelty

As described, the environmental performance of BEV and refurbished
EV batteries are widely studied but often separately, demonstrating a gap
in the scientific literature. In addition, the combination of changes in the
charging electricitymixes over time, battery efficiency fades, and refurbish-
ment of EV batteries and recycling in the LCA of BEVs have not been inves-
tigated for their joint relevance on BEV environmental performance. This
study presents an LCA study that integrates these aspects for the first time
to assess the environmental performance of a present-day BEV. The follow-
ing research questions are investigated:

1. What are the environmental impacts of a BEV charged with an average
EU electricity mix in 2020?

2. How might these impacts change when the expected yearly increase in
RES in the EU electricity mix is considered?

3. To what extent can refurbished EV batteries improve the net environ-
mental performance of BEVs?

2. Materials and methods

A scenario-based LCA was performed based on the ISO 14040 and
14044 standards to assess the LC environmental impacts of a BEV (ISO,
2006a, 2006b). A complete vehicle LCA typically consists of two cycles:
the equipment life cycle and the well-to-wheels (WTW) life cycle
(Nordelöf et al., 2014). The equipment cycle covers all the processes in-
volved in vehiclemanufacturing, includingmaterial extraction and process-
ing, component manufacturing, vehicle assembly, and end-of-life (EoL).
The WTW cycle covers the energy carrier for vehicle propulsion, which is
further divided into the well-to-tank (WTT) and tank-to-wheel (TTW)
stages. TheWTT stage includes all processes from the extraction of primary
energy materials to energy conversion, distribution, and storage, while the
TTW covers the vehicle operation stage.

The LCAwas performedby considering changes in the charging electric-
ity mix over time, battery efficiency fade, vehicle and LIB recycling, and LIB
refurbishing. Fig. 1 shows the considered system boundaries and scenarios.
The reference scenario included BEV production, the use stage (assuming
an average EU electricity mix), and the EoL (vehicle and LIB recycling). In
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the dynamic scenario, the BEV use stage was assessed considering the
projected changes in the EUelectricity sector. The refurbished scenario con-
sidered the same projected changes in the EU electricity sector existing in
the dynamic scenario and BEV refurbishment for a second use in a residen-
tial battery storage system.

The refurbished scenario assessed the BEV from its cradle to the grave,
including its battery's refurbishment and EoL management. The second
(stationary) use stage was excluded from the assessment for consistency
with the functional unit and the aim of this study. Including the stationary

use stage in the refurbished scenariowill not reflect the BEV impact but that
of the BEV plus stationary usage, which can add discrepancy to the results
from the viewpoint of a BEV function. However, extending the life of the
used BEV battery implies that the environmental burden of the LIB produc-
tion and EoL stage could be shared between the BEV and the residential ap-
plication. Therefore, the product substitution (avoided burden) approach
was adopted to address the allocation issue (Majeau-Bettez et al., 2018).
This approach extends the system boundary of the assessment to consider
an equivalent new LIB (hereafter referred to as “avoided LIB”) in a

Table 1
System boundaries of LCA studies on refurbished EV batteries. Legend: EoL – end-of-life, M – manufacturing, R – refurbishment, X – included, X* – only energy loss due to
battery efficiency and the extra energy needed to carry the battery, X~ – only energy loss due to battery efficiency.

Author Vehicle – M Vehicle use Vehicle EoL Battery – M Battery – R Battery second use Battery EoL

Cicconi et al. (2012) X* X X X
Ahmadi et al. (2014b) X X X X X
Faria et al. (2014) X
Sathre et al. (2015) X
Ahmadi et al. (2017) X X X X X
Casals et al. (2017) X X X X X X
Richa et al. (2015) X* X X X X
Bobba et al. (2018) X X X X
Cusenza et al. (2019b) X X X X
Hill et al. (2020) X X X X X X
Koh et al. (2021) X X X X
Schulz-Mönninghoff et al. (2021) X~ X X X X

Fig. 1. System boundaries and assessed scenarios. Legend: EoL = End-of-Life, LIB = Li-ion battery.
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stationary application by assuming that the refurbished LIB would displace
the avoided LIB in practice. As a result, the environmental impacts avoided
due to the production and EoL stages of the avoided LIB were then credited
as avoided impacts to the BEV total environmental impacts.

The functional unit was defined as driving a European B-segment BEV
equipped with a 54.6 kWh LIB for 160,000 km over a lifetime of 12 years
(ACEA, 2019a). This functional unit was defined to match the characteris-
tics and performance of Renault Zoe, an exemplary car of this segment
(Renault, 2019). This vehicle segment is chosen as the small (A + B) cars
representing 40% of total EU car sales from 2009 to 2020 (ACEA, 2021).
Vehicle equipment production, battery pack assembly, use phase, and EoL
were assumed to occur in Europe. The production of LIB cells was supposed
to occur in South Korea. This assumption relies on the fact that a Korean
company manufactures the LIB cells of Renault Zoe. In addition, over
88% of the current LIB cell manufacturing capacity is located in Asia
(Lebedeva et al., 2016). The production of vehicle equipment and battery
packs was assumed to occur in 2019. The BEV use stage was supposed to
start in 2020 until its EoL in 2031, with no battery replacement considered.
In the refurbished scenario, the LIB cells were refurbished at the EoL of the
BEV for residential energy storage, extending its useful life for 5 years. This
assumption stems from Casals et al. (2019) findings of 5.9 years for using
refurbished EV batteries in buildings for self-consumption services at 60%
EoL. However, Casals et al. found that the lifespan of refurbished EV batte-
ries can range from approximately 4.7 to 30 years, depending on the second
use. Therefore, a sensitivity analysis was performed on this parameter.

2.1. Life cycle inventory (LCI)

The LCI foreground datawere compiled based on secondary sources, in-
cluding the scientific literature, technical datasheets, reports, and bro-
chures. Ecoinvent database v3.6 (Ecoinvent, 2019; Wernet et al., 2016)
was used for the background data. The BEV modelled in this study was de-
fined to characterise a medium-sized car similar to the Renault Zoe,
equipped with a 54.6 kWh LIB (Renault, 2019). Further details on each
life cycle stage are described in Subsections 2.1.1 to 2.1.5.

2.1.1. LIB and vehicle production
BEV production was considered for three main units: the vehicle glider,

the electric axle drive (e-drive), and the battery system. The key character-
istics of the considered BEV are shown in Table S1 of the Supplementary
Material (SM) and its mass composition in Table 2. The LCI for glider pro-
duction was adapted from the Ecoinvent dataset based on the “Golf A4”
life cycle inventory from the 2000s (Schweimer and Levin, 2000; Wernet
et al., 2016). Thus, the following changes were made to the original dataset
from the Ecoinvent database tomake the vehicle glidermore representative
of current passenger cars: the energy for glider assembly was modified to
reflect the EU energy mix for the production year (2019), and the produc-
tion of a 9.3-inch touchscreen tablet for in-vehicle infotainment system
was added based on data from Teehan and Kandlikar (2013). The LCI for
this change is reported in Table S2 of the SM.

The electricmotor and inverter weremodelled based on the scalable life
cycle inventorymodel proposed inNordelöf et al. (2017) andNordelöf et al.
(2018). The nominal power (100 kW) and the voltage (400 V) of the

electric motor and inverter were used as input to the life cycle inventory
model to estimate their respective mass and manufacturing data (see
Table S3 and Table S4 for inventory data). The converter, power distribu-
tion unit, and onboard charger were based on BRUSA (2019), while LCI
data and processes for these components were derived from the Ecoinvent
database.

Table 3 shows the characteristics of the LIB cells in this study. The LIB
cells contained a cathode based on nickel manganese cobalt (NMC) 111
and an anode with graphite as the active material. The NMC battery chem-
istry was chosen to match the battery pack of Renault Zoe better. In addi-
tion, in 2016, the NMC held approximately 26% market share in the
overall LIB market (Pillot, 2017), with a projection to reach 63% by 2027
(Fitchsolutions, 2021). Overall, the modelled LIB cells make up 63% of
the total mass of the battery pack (Renault, 2019). The production of the
LIB cells was modelled based on Dai et al. (2018) and Winjobi et al.
(2020). Themanufacturing of battery pack components (battery packaging,
cooling system, and battery management system) was based on Ellingsen
et al. (2014). Finally, the battery pack components were rescaled based
on their mass characteristics to represent the LIB capacity of the BEV. De-
tailed inventory data are provided in Table S5 of the SM.

2.1.2. Vehicle use
The WTT stage of the BEV was modelled from 2020 to 2031 using the

average annual mileage electricity consumption and the average electricity
profile of each year. For the reference scenario, the average electricity mix
for 2020 was used based on the “Stated Policies Scenario” for the EU (IEA,
2019),which assumes the continuity of the current policymeasures. Projec-
tions for changes in EU electricity generation over time (Table S6 in SM)
were used in the dynamic and refurbished scenarios.

The BEV energy consumption was calculated using the driving cycle de-
fined by the Worldwide Harmonised Light Vehicle Test Procedure (WLTP)
(ACEA, 2019b). The BEV mass, rolling resistance, and aerodynamic drag
were used to calculate the mechanical energy at the wheels required to fol-
low the WLTP cycle. For each time step set of the WLTP driving cycle, the
motive force (Fm) and the power at the wheels (Pwheel) were estimated
using Eqs. (1) and (2), respectively. Additionally, the slope was set to zero
through the driving cycle to simplify the calculation. The power supplied
by the battery (EPsupply) was calculated using Eq. (3) considering the energy
demand for auxiliaries (1740 W based on Miri et al. (2020) – see Table S7
for details) and the efficiency of all the drivetrain components. Addition-
ally, the power from regenerative braking (EPrecover) was recovered using
Eq. (4). The average energy supplied by the battery (Eavg) at the tank-to-
wheel (TTW) stage was calculated with Eq. (5). Finally, the average energy
consumption of the BEV (BEVenergy. cons) was calculated using Eq. (6) as
21.6 kWh/100 km, which considered the estimated yearly average fade
in the BEV battery roundtrip efficiency.

Fm ¼ Fg þ Froll þ Facc þ Fad (1)

where:

Gravitational force (Fg) =m ∗ g ∗ sin (α.)
Rolling resistance force(Froll) = m ∗ g ∗ Cr ∗ cos (α)

Table 2
Mass composition of the battery electric vehicle components.

Unit Components Amount Reference

Glider Glider (kg) 1150.1 Authors' estimatea; Ecoinvent (2019)
Electric axle drive Gearbox (kg) 23.8 BRUSA (2019)

Electric motor (kg) 45.5 Nordelöf et al. (2017); Nordelöf and Tillman (2017)
Inverter (kg) 10.9 Nordelöf et al. (2018); Nordelöf (2018)
Converter (kg) 4.8 BRUSA (2019); Ecoinvent (2019)
Charger (kg) 12.0 BRUSA (2019); Ecoinvent (2019)
PDU (kg) 3.9 BRUSA (2019); Ecoinvent (2019)

Li-ion battery system Battery pack (kg) 326.0 NMC 111 cells based on Dai et al. (2018); Winjobi et al. (2020); battery pack components based on Ellingsen et al. (2014)

a Derived from the unladen KLB mass of Renault Zoe (Renault, 2019) by deducting the mass of the battery pack and e-drive.
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Acceleration force (Facc) ¼ m∗ dv
dt

Aerodynamic drag force(Fad) = 0.5 ∗ ρ ∗ Cd ∗ AF ∗ v2

Ahmadi et al. (2014a) and Redondo-Iglesias et al. (2019) have shown a
strong correlation between the capacity fade and energy efficiency of LIBs.
Therefore, the effect of battery degradation was examined by considering
the fading of capacity and energy efficiency during the battery first life in a
BEV and the second life in a residential as a similar approach has been
used in previous studies (Ahmadi et al., 2014a; Richa et al., 2015). It was sug-
gested that the battery pack reaches its first and second EoL at 80% and 65%
of its initial capacity, respectively (Ahmadi et al., 2014a; Richa et al., 2015).
Following Ahmadi et al. (2014a), a linear degradation in battery efficiency
with cycling is considered. The battery was assumed to be cycled on average
once every three days. This assumption is based on the average charging fre-
quency of private BEV owners (Koptyug, 2020; Wang et al., 2019) over a
160,000 km lifetime mileage. The roundtrip efficiency of the battery at the
start and EoL in a BEV was 90% and 75%, respectively (Gerssen-Gondelach
and Faaij, 2012). As a result, the battery efficiency was estimated to degrade
linearly with a constant decline of 1.045−4. Thus, the expected increase in
the BEV energy consumption (due to battery degradation) was accounted
for by considering the battery efficiency fade in the LCA model.

For α ¼ 0,Pwheel ¼ Fm ∗ v (2)

EPsupply ¼ Paux þ Pwheel

ηm ∗ ηt ∗ ηe

� �
(3)

EPrecover ¼ Pwheel ∗ ηm ∗ ηt ∗ ηeð Þ − Paux (4)

Eavg ¼

R
EPsupply ∗ dt

Dtotal
for Pwheels > 0ð Þ

R
EPrecover ∗ dt

Dtotal
for Pwheels < 0ð Þ

8>><
>>:

(5)

BEVenergy:cons ¼ Eavg

ηbatt
(6)

where m= vehicle mass (kg), g= gravity (m/s2), Cr=coefficient of rolling
resistance, ρ = air density (kg/m3), Cd = aerodynamic drag coefficient,
AF = vehicle frontal area (m2), v = vehicle velocity (m/s), α = slope
angle, t = time (s), ηm = motor efficiency, ηt = transmission efficiency,
ηe = power electronics efficiency, and ηbatt = battery roundtrip efficiency.

The obtained average energy consumption of the BEV (21.6 kWh/
100 km) is similar to the real-life consumption data reported for BEVs of
a similar weight class (Qi et al., 2018) and Renault Zoe in the Ecoscore da-
tabase (Ecoscore, 2019). Finally, the use phase assessed impacts due to
maintenance, road construction, and nonexhaust emissions (road, brake,
and tire wear). These were modelled based on equivalent processes in the
Ecoinvent database (Table S8), and their contributions to the environmen-
tal life cycle impacts are referred to as “others (use)” in the results section.

2.1.3. End of life
Following the EU directives on the EoL of vehicles and waste batteries

(EU, 2000, 2006), vehicles and batteries must be collected and recycled
once they reach their EoL. The EoL model developed in this study consists
of four different models to match the different scenarios – shown as EoL1,
EoL2, EoL3, and EoL4 in Fig. 1. EoL1 and EoL2 are suggested to occur in
2031 when the BEV reaches its EoL. Similarly, EoL3 and EoL4 are proposed
to occur in 2036 (when the refurbished LIB reaches its EoL after five years
of second life) and 2041 (when the avoided LIB reaches its EoL after ten
years), respectively. Table 4 shows the critical aspects of each EoL scenario.

The main steps involved in a vehicles' EoL are dismantling, shredding,
sorting, treatment of wastes, and recycling of precious materials (Chen
et al., 2019). For recycling, the following metals were considered: nickel,
cobalt, manganese, aluminium, copper, and steel. All other materials
were assumed to be disposed of in a sanitary landfill. The primary material
of the BEV glider by mass was steel, while nickel, cobalt, and manganese
were in the LIB pack. The dismantling and EoL treatments of both the LIB
and the vehicle equipment were modelled based on representative pro-
cesses in the Ecoinvent database. Likewise, recycling valuable metals
from the LIB pack and vehicle equipment (glider and e-drive) was based
on Cusenza et al. (2019a) and the Ecoinvent database, respectively. The in-
ventory data per kg of treated component used for the glider, e-drive, bat-
tery cells, BMS, packaging, and cooling system are reported in Table S9 of
the SM. The recycling rates of the different metals are based on Chancerel
and Marwede (2016). The recycling rates were used to account for the
avoided impact (by considering primary production processes following
the avoided burden approach) due to the recovery of valuable metals.

2.1.4. Li-ion battery refurbishment
LIBs are considered to reach their EoL in automobile applications when

a state of health (SoH) of 70%–80% is achieved (Hossain et al., 2019; Podias
et al., 2018). Therefore, in this study, 80% for E1was assumed. Accordingly,
the LIB cells were sent to a refurbishment facility and tested to ensure their

Table 3
Characteristics of the LIB cells in this study (Winjobi et al., 2020).

Characteristics NMC 111

Cell nominal voltage (V) 3.7
Nominal capacity (Ah) 43
Battery cell efficiency (%) 95
Cell energy density (Wh/kg) 264.2
Battery pack energy (kWh) 54.6

Table 4
End of Life models adopted in this study. Legend: BMS = battery management systems, BEV = battery electric vehicle, EoL = end of life, LIB = lithium-ion battery.

Assumptions Scenario

Reference and Dynamic Refurbished

EoL model EoL1 EoL2 EoL3 EoL4

EoL year 2031 2031 2036 2041
Life cycle stage Vehicle & the entire BEV

battery
Vehicle & rejected cells and components of the
BEV battery

Refurbished LIB Avoided LIB

Glider ✓ ✓ n/a n/a
e-drive ✓ ✓ n/a n/a
LIB
pack

LIB cells ✓ 50% of BEV LIB cells were recycled & 50% were
sent for LIB refurbishment

The remaining 50% of BEV LIB cells that were
refurbished were recycled at this stage

100% of avoided LIB cells
were recycled

BMS ✓ ✓ ✓ ✓

Cooling
system

✓ ✓ ✓ ✓

Packaging ✓ 50% of packaging was recycled & 50% was
reused

The 50% packaging that was refurbished was recycled
at this stage

✓

✓ implies included; n/a implies not applicable
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SoH was sufficient for the second use in stationary applications. In practice,
some of the LIB cells used from a BEV battery are unsuitable for reuse
(Hossain et al., 2019; Liao et al., 2017; Warner, 2015); thus, 50% of the
BEV LIB cells were assumed to be reusable in this study, based on the similar
assumption in Richa et al. (2015). However, LCA studies have considered
different cell conversion rates (CCRs), i.e., the percentage of LIB cells viable
for the second use, ranging from 10 to 100% (Ahmadi et al., 2014b, 2017;
Bobba et al., 2018; Richa et al., 2015). As a result, a sensitivity analysis on
CCR was performed using the same range to account for its variability.

Damagedmodules and broken LIB pack components were also removed
and taken to recycling facilities. The broken parts were then replaced dur-
ing the LIB refurbishment stage. This stage involves battery collection, bat-
tery dismantling up to the module/cell level, battery SoH testing, and LIB
refurbishment (EcarACCU, 2017). Table 5 shows the data used to model
the LIB refurbishment stage. The model for this stage was adapted from
Richa et al. (2015), considering transportation and SoH testing impacts. In-
ventory data for replacing broken components in the refurbished LIB were
based on Ellingsen et al. (2014). The reuse of the battery packaging was as-
sumed to be 50%, while 100% of the cooling system and BMS were re-
placed (Richa et al., 2015).

2.1.5. Manufacture of avoided LIBs
Although Asian and American countries dominate battery production,

Europe is making efforts to become a leader in battery technology
(Lebedeva et al., 2016). Therefore, it was assumed that by 2031, when
the BEV reached its EoL, Europe would have enough LIBmanufacturing ca-
pacity to meet the local demand. Thus, the equivalent avoided LIB was
manufactured and assembled in Europe when the BEV reached its EoL. As
a result, the 2031 average electricitymix for the EUwas used in the avoided
LIB manufacture. The LCI data were based on Winjobi et al. (2020) and
Ellingsen et al. (2014) for the LIB cell and battery pack components, respec-
tively. A 10% reduction in energy use to manufacture the avoided LIB was
assumed (VanMierlo et al., 2021). All other aspects of LIB production were
assumed unchanged in the future; see Table S11 for inventory data.

2.2. Life cycle impact assessment and sensitivity analysis

The percentage of LIB cells considered viable for refurbishment (CCR)
and the refurbished LIB lifespan were examined in a sensitivity analysis
(Table 6) to determine the robustness of the results. The LCA calculations
were computed using SimaPro software version 9.1 (Pre-sustainability,
2022) and the ecoinvent database version 3.6. The life cycle impact assess-
ment method ReCiPe 2016 (H) v1.04 (Huijbregts et al., 2017) was used.
The midpoint environmental impact categories global warming potential
(GWP); mineral resource scarcity (MRS); fine particulate matter formation
(FPMF); human noncarcinogenic toxicity (HnCT); and human carcinogenic
toxicity (HCT) are discussed in detail in Section 3. In addition, the results

for other environmental impact categories are reported in the SM (see
Tables S12–S14), namely, stratospheric ozone depletion, ionising radiation,
ozone formation, acidification, eutrophication, ecotoxicity, land use, fossil
resource scarcity, and water consumption.

3. Results and discussion

This section presents comparative results across the three scenarios –
Reference, Dynamic, and Refurbished. To estimate the impact of changes
in the charging electricity mixes over time, recycling, and LIB refurbish-
ment, the total impact excluding these aspects is shownas the reference sce-
nario without recycling. Thus, the environmental impacts are discussed
relative to the reference scenario without recycling.

3.1. Climate change

Fig. 2 shows the climate impacts of the BEV with a refurbished battery
life cycle. The total lifetime CC impact of the BEV excluding the improve-
ment strategies (reference scenario without recycling in Fig. 2) corresponds
to 26.5 tons CO2-eq/vehicle. Recycling the used BEV (including the LIB)
contributed to an 8.3% reduction in the BEV climate impact – Reference
scenario. When the yearly changes in the charging electricity were consid-
ered in the dynamic scenario, the BEV climate impactwas reduced by 9.1%.
LIB refurbishment contributed to less than a 1% reduction in total climate
impacts in the refurbished scenario. Overall, the collective reduction of im-
pacts on CC corresponds to approximately 18.1%, shown as the net impact
in Fig. 2.

Vehicle production is the primary driver of impacts to CC, considering
its relative increase in the share of the BEV climate impact in the dynamic
scenario. The production stage contributed approximately 43% of the
BEV climate impacts in the reference scenario without recycling, of which
LIB and vehicle production contributed 14% and 28%, respectively. How-
ever, its contribution to the BEV net climate impact increases relatively in
the dynamic scenario due to the high share of RES in the use stage electric-
ity.

The battery cell was the largest contributor to CC (64.9%) of the LIB
pack production stage (Fig. 3 - A). The production of the active cathodema-
terial, metals such as aluminium and copper, and the energy demand for
producing the battery cell were responsible formost of the LIB pack impacts
on CC. In glider manufacturing, conventional and high alloy steels contrib-
uted the largest share of glider material by mass and for CC impact (Fig. 3 -
B). However, this trend did not occur for all materials used in glider produc-
tion. For instance, electronic components represented only 0.3% of the
glider mass but contributed approximately 17.7% of its climate impact.
This is due to the demand for electronic components for in-vehicle infotain-
ment systems, which requires precious metal mining and energy-intensive
production.

Similarly, the textile share was 3.6% of the glider mass but contributed
7.1% of the glider climate impacts due to its energy-intensive production.
These results suggest that CC impact is not always directly proportional to
the share of materials by mass. Additionally, the results underline the im-
portance of BEV manufacturing and the role of the embodied GHG emis-
sions of materials used in vehicle production. Therefore, measures to
further reduce the environmental impacts of BEV production include
using renewable energy at production sites combined with energy-
efficient manufacturing processes for materials and improvements along
the entire automotive supply chain.

In Table 7, the climate impact on BEV production in this study is com-
pared to the findings of previous LCA studies, considering the relevant as-
sumptions of each study. The comparison found that the CC impact for
the BEV production stage in this study is within the range of those reported
for BEVs of similar weight and battery capacity. The differences in CC im-
pact reported in the literature are linked to the different assumptions for
battery size, energy demand, and the electricity carbon footprint for cell
and battery production. The battery chemistry type and the inventory

Table 5
Inventory of LIB refurbishment at a 50% cell conversion rate.

Parameter Amount Reference

Battery packaging (kg) 21 Adapted from Ellingsen et al. (2014)
Battery management system (kg) 3 Adapted from Ellingsen et al. (2014)
Transport (tkm) 0.1 Adapted from Richa et al. (2015)
Cooling system (kg) 3 Adapted from Ellingsen et al. (2014)
Electricity, medium voltage (kWh) 77.6 2 charge/discharge cycle Bobba et al.

(2018)
Refurbished LIB energy capacity at
80% SoH (kWh)

21.8 See Table S10 in the SM

Table 6
Parameters for sensitivity analysis.

Sensitivity parameter Baseline Sensitivity scenario

Cell conversation rate (%) 50 10 to100
Refurbished LIB lifetime (years) 5 1 and 10
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data for battery cell production are also important for explaining the
differences.

The BEV use stage contributed approximately 45% of the BEV climate
impacts in the reference scenario without recycling. However, its

contribution was reduced to 36% in the dynamic scenario (see “Reference
WTT” and “Dynamic WTT” in Fig. 2). This reduction is attributable to the
increasing share of renewable electricity in the dynamic scenario. The dy-
namic scenario results have shown that including changes in electricity
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Fig. 3.Breakdownofmass and climate changes impacts of the Lithium-ion battery (LIB) production (a) and glider production (b). Legend: BMS – batterymanagement system.

Table 7
Comparison of the climate change impacts of BEV production.

Reference Climate change (tonne CO2-eq) Battery size (kWh) Reference year Climate change (g CO2-eq/kWh)

Bauer et al. (2015) 10.8 50 2012 n/a
Cox et al. (2018) 13.8 37.5 2017 ~430
Cox et al. (2020) 14.8 55 2017 ~430
Hill et al. (2020) 13.9 58 2020 Not available
Koroma et al. (2020) 9.7 30 2016 426
This study 11.3 54.6 2019 359
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production over time; Others (use) = emissions of road, maintenance, and non-exhaust emissions; vehicle (production) represents the production of the glider and e-
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production can reduce CC impacts. Additionally, the use stage can last from
8 to 16 years for passenger cars in the EU (ACEA, 2019a), further demon-
strating the need for such modelling efforts, as changes in electricity pro-
duction will occur during a BEV lifespan. Available LCA studies of
present-day BEV have overlooked the effects of changes in electricity pro-
duction through the BEV lifetime, consequently minimising the environ-
mental advantages of current BEV.

The expected battery roundtrip efficiency degradation contributed to an
8.1% and 7.4% increase in the climate impacts of the BEV use stage for the
reference and dynamic scenarios, respectively (Fig. S1 in SM). These results
suggest the importance of considering battery efficiency fade in the LCA
model of electric vehicles, which is also lacking in existing LCA studies on
BEVs. Additionally, it implies that improvements along with key battery
performance parameters, such as capacity and efficiency fade, will directly
improve BEVs' life cycle climate impacts.

Overall, our results differ from earlier LCA studies showing the BEV use
stage as dominant (over 60%) for CC impacts, e.g., Bauer et al. (2015) and
Messagie et al. (2014). The difference is linked to the ongoing integration of
RES in the present EU electricity mix compared to their publication year -
2014. Additionally, the dynamic scenario accounted for the projected
yearly change in the share of RES in the charging electricity mix. These re-
sults imply that as the carbon content of the electricity sector is reduced by
integrating more RES over time, the CC impact of the BEV use stage will
also be reduced, and so its relative share of the BEV total CC impacts. As
a result, the CC impacts of the BEV production and EoL stages may become
more relevant in the future. Therefore, the automotive industry can con-
sider using renewable energy in their manufacturing sites and select mate-
rials with low embodied emissions to reduce the impacts of current BEV
production.

3.2. Other impact categories

The production stage contributed over 75% to particulatematter forma-
tion (FPMF) emissions (Fig. 4). LIB production accounted for over 45% of
the reference scenario without recycling, of which the production of the
NMC powder, graphite, and aluminium were the main contributors.
FPMF due to road construction and maintenance, vehicle maintenance,
and nonexhaust emissions accounted for 8% and that of which are due to
electricity production was 9% of the reference scenario without recycling.
Changes in the electricity sector showed a 2% reduction due to a reduction
in conventional fossil electricity. Additionally, recycling and LIB
repurposing showed 17% and 4% reductions in the BEV total FPMF,

respectively. These results indicate that recycling and LIB repurposing
could improve air quality since waste incineration and landfill are reduced.

As expected, the BEV production stage contributed the most to mineral
depletion, accounting for over 90% of the scarcity potential resulting from
the reference scenario without recycling (Fig. 5). Manufacturing the BEV
glider and electric drivetrain contributed approximately 54% of this
value. This is mainly driven by the increasing vehicle electrification and
electronics for in-vehicle infotainment, as shown in Fig. 3. In the dynamic
scenario, expected changes in the electricity sector showed less than a 1%
increase in this indicator; this is linked to the expected rise in demand for
metals in developing and deploying new renewable energy technologies.
However, the recycled and refurbished LIBs showed approximately 25%
and 3% reductions in MRS potential, respectively. This confirms that
recycling and refurbishment are relevant strategies to reduce or delay the
use of virginmaterials. This reduction in virginmaterials reduces the poten-
tial for resource depletion and scarcity.

The ReCiPe 2016 impact assessment method differentiates human tox-
icity into two impact categories, human noncarcinogenic toxicity (HnCT)
and human carcinogenic toxicity (HCT) (Figs. 6 and 7). The production
stage contributed the most to toxic substances in both HCT (82%) and
HnCT (82%) impact categories. The main contributor to HCT was vehicle
production, accounting for over 62%, while LIB production accounted for
18%. Similarly, vehicle production contributed over 50%, and LIB produc-
tion contributed 31% to HnCT. The human toxicity impact categories were
mainly driven bymetal production due to copper and aluminium in the bat-
tery pack and electronic wiring in vehicle production. These impacts were
generally linked to mining waste from metal extraction (production
stage). The BEV use stage contributed approximately 10% toxicity in HTC
and HnCT, driven by waste from digester sludge in bioenergy production.
Considering the changes in the electricity sector reduced both HCT and
HnCT by approximately 2%. The largest reduction is achieved when
recycling is considered. In this case, HCT and HnCT impacts were reduced
by 14% and 22%, respectively, while LIB refurbishment showed less than a
2% reduction in both toxicity indicators.

3.3. Influence of recycling, changes in charging electricity, and LIB refurbishment

Overall, recycling at EoL was beneficial across all impact categories and
contributed to improvements in the BEV environmental performance from
8% in climate impacts to approximately 25% for MRS impact categories
(Table 8). These results show that recycling is critical for those categories
where the impact is driven bymaterial and vehicle production. Considering
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the expected changes in the charging electricity mix through the BEV life-
time is most relevant to mitigate the effects on CC. Reductions in other im-
pact categories are minimal except for MRS, which increased by 0.4%
relative to its value in the reference scenario without recycling.

LIB refurbishment resulted in marginal benefits across all impact cate-
gories reported in Table 8 under the assumptions that 50% of the LIB
cells were viable for refurbishment for 5 years in second life. On the one
hand, these results suggest that extending the life of a used BEV battery
for second life may not result in effective environmental benefits. For exam-
ple, an equivalent new LIB (mainly produced from recycled materials) can
have better environmental performance, higher charge/discharge effi-
ciency, and a longer lifespan than a refurbished LIB. On the other hand,
since many used BEV batteries are expected in the near future and there
is uncertainty regarding their current recycling capacity, refurbished EV
batteries may provide several advantages in this context. For instance,
refurbished LIB can delay the recovery of valued resources from the high
quantity of battery waste expected until current recycling facilities are
upgraded and becomemore suitable tomanage and effectively recover bat-
tery waste.

3.4. Sensitivity analysis

Fig. 8 shows the CC impacts of the refurbished LIB lifespan and the
amount of LIB cells viable for refurbishment. These results are compared
to the climate impact of the dynamic scenario shown as the green
dashed line in Fig. 8. The refurbished scenario resulted in less than a
1% reduction in climate impacts, assuming 50% CCR and a five-year
second lifespan. The sensitivity results found further reductions in

climate impacts for higher CCR (greater than 50%) and longer second
lifespans (greater than five years). The maximum reduction potential
for refurbished LIB (approximately 6%) was achieved at 100% CCR for
ten years of use in second life. LIB refurbishment benefits are conclusive
for the second lifespan of ten years and a CCR greater than 20%. For a 5-
year second lifespan, the benefits depend on CCR values greater than
50%, while no benefit was observed for a 1-year second lifespan.
These results suggest that the potential for refurbished EV batteries to
mitigate the climate impacts of BEVs depends on their second lifespan
and the number of LIB cells viable for refurbishment.

3.5. Opportunities and limitations

This work presents the environmental life cycle impacts of a BEV, con-
sidering the implications of battery efficiency fade, refurbished battery
life cycle, and changes in RES in the charging electricity mix, which are
still lacking in the scientific literature. Furthermore, it presents relevant
conclusions to stakeholders, such as the importance of the second lifespan
and higher CCR values for refurbished EV batteries. These results can sup-
port manufacturers in designing future BEV batteries considering battery
refurbishment at the EoL. Likewise, the results can help stakeholders plan
and develop sustainable business models for refurbished EV batteries
based on their second lifespan and reusable cells for secondary use.

Given the study's prospective nature, the parameters for electricity sec-
tor improvements, LIB refurbishment, and avoided LIB were based on sec-
ondary data. Therefore, some limitations should be discussed to interpret
the results. Access to empirical data is challenging for a growing market
such as EVs and refurbished EV batteries. To date, several existing LCA

Table 8
Impact of recycling, changes in charging electricity mix, and lithium-ion battery (LIB) repurposing on the life
cycle impacts of a battery electric vehicle. Red cells show increases in the environmental impacts, green cells
show reductions greater than or equal to 20%, and yellow cells show reductions between 10% and 20%.

Indicators

Improvement strategies

Total reductions
Recycling

LIB 

repurposing

Electricity mix 

changes

Global warming −8.3% −0.8% −9.4% −18.4%

Fine particulate matter formation −17.2% −4.2% −2.1% −23.5%

Mineral resource scarcity −25.2% −2.9% 0.4% −27.6%

Human carcinogenic toxicity −14.3% −1.0% −2.3% −17.6%

Human noncarcinogenic toxicity −22.3% −2.3% −1.6% −26.2%
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studies on passenger cars have been based on the inventory for glider pro-
duction of “Golf A4” since the 2000s. Future efforts to provide reliable
data on vehicle production are essential, especially for the glider. In addi-
tion, changes in the electricity sector have only considered changes in the
share of RES in the electricity mix. However, other changes may occur
over time, such as changes in the emission factors from energy sources.

Similarly, BEV battery lifetime, battery performance during first and
second use, battery refurbishment (collection, testing, refurbishment),
and EoL management are essential to increase the robustness of vehicle
LCA results. A sensitivity analysis was performed to assess the variability
of the refurbished LIB parameters. However, the viability of LIB cells to
be considered reusable for refurbishment depends on several factors during
the BEV use stage, such as driving patterns, operating temperature, and
charging frequency, among other aspects (Martinez-Laserna et al., 2018).
Future works should find the opportunity to investigate aspects of
refurbished LIB that were out of the scope for this study – such as safety,
regulatory framework, and feasible business models.

4. Final remarks

This research is the first to improve the LCA of BEVs by integrating the
effects of changes in electricity production over time, battery efficiency
fade, refurbished EV batteries, and battery recycling. These improvement
strategies were assessed based on three scenarios - reference, dynamic,
and refurbished, considering the impact categories GWP, MRS, FPMF,
HnCT and HCT. Together, these parameters resulted in a reduction of
18% in the life cycle climate impacts of a present-day BEV.

The study demonstrated that neglecting the impacts of future changes in
the EU electricity mix can overstate BEV climate impacts, thus misleading
policy-makers. The changes in future electricity production have the most
influence, with a 9% reduction in CC in the dynamic scenario. The impacts
on CC of the production stage increase relatively as the BEV use stage de-
creases due to changes in the EU electricity production over time (from
43% in the reference scenario to 47% in the dynamic scenario when com-
pared against the reference scenario without recycling).

The battery efficiency fade increases the BEV energy consumption and
increases the use-stage climate impacts by 7.4 to 8.1%. Recycling accounted
for a nearly 8% reduction in BEV climate impacts, with reductions of approx-
imately 22% and 25% in the human toxicity and MRS categories, respec-
tively. However, current recycling processes present several challenges
and possible improvements, such as better sorting, collection, and recycling
mechanisms that could increase the recycling rates of BEV components.

Battery refurbishment generated less than a 1% reduction in BEV cli-
mate impacts. However, the lack of primary data adds uncertainty to this
result. The sensitivity analysis showed benefits (up to a 6% reduction in
the BEV climate impacts); it found that a higher reduction in the BEV cli-
mate impacts is possible for longer second lifespans (>5 years) and higher
cell conversation rates (>50%). Therefore, despite marginal benefits in
the main study, refurbished EV batteries should not be neglected.

This study has shown that BEV is a promising technology for reducing
the environmental impacts of the transport sector. However, the lack of ac-
cess to primary data remains a challenge for LCA practitioners. Therefore,
more detailed information and primary data on battery degradation and
refurbished EV batteries in specific stationary applications are required
for future research. It is equally relevant to further reduce upstream climate
impacts at the mining, material processing, and BEV production stages.
More importantly, their adoption should go hand in handwith RES integra-
tion and better recycling processes for vehicle and EV batteries. Further-
more, the sensitivity analysis results show their potential to support the
EU's circular economy transition, demonstrating that refurbished EV batte-
ries can potentially reduce BEV environmental impacts.
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