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Fig. 1. (a) Global electric vehicle sales and stock from 2010 to 2020; (b) Total global sales of electric vehicles from 2010 to 2020; (c) Top six countries for electric vehicle sales
from 2010 to 2020; (d) Installed capacity and shipment of global power batteries from 2019 to 2030 (Unit: GWh).

lot of energy (Yuan et al., 2017). However, because retired EV batteries
still contain 70-80% of their residual capacity (Kamath et al., 2020),
the secondary use of retired batteries, such as smart buildings, photovol-
taic energy storage, and utility-level peak shaving, is environmentally
friendly (Cusenza et al., 2019b; Genikomsakis et al., 2013). Moreover,
recycling and remanufacturing valuable metal elements such as nickel
(Ni), cobalt (Co), and lithium (Li) in LIBs will also produce environmen-
tal benefits (Bai et al., 2020; Dunn et al., 2012; Hao et al., 2017b; Lander
et al., 2021; Xiong et al., 2020). In the whole life cycle, the contribution
of batteries to the environmental impact of EVs remains to be further
analysed.

Based on the above background, this review summarises the life cycle
impacts of ICEVs, EVs, and EV batteries. The visual comparison between
this review and other review studies is shown in Fig. S1. An outline of
this review is presented in Fig. 2. LCA, a method that quantifies the environ-
mental impact of a product or system over its lifetime, is described briefly in
Section 2. Due to the expansion of the EV market, the life cycle environmen-
tal impacts of EVs and ICEVs are reviewed to determine whether EVs will be
an environmentally friendly alternative to conventional ICEVs (Section 3).
As the core component of EVs, the battery has a significant impact on the
environmental performance of EVs. Therefore, we further summarise the
environmental impacts of batteries in the manufacturing and use phases
and secondary use, recycling, and remanufacturing phases to clarify the en-
vironmental contribution of EV batteries, thus providing directions for im-
proving their environmental performance (Section 4). Based on the above
analysis, we draw conclusions and recommendations (Section 5). Finally,
we provide an outlook on the future development of EVs and batteries
(Section 6).

2. Methodology
2.1. Selection of literature

To clarify whether EVs are more environmentally friendly than ICEVs
and the environmental performance of EV batteries, this study reviews

the LCA research of ICEVs, EVs, and EV batteries. The literature reviewed
in this study was selected through the following two steps.

(1) Criteria for selecting relevant literature

The databases such as Google Scholar, Scopus, Science Direct, and Web
of Science were searched using the following keywords: (“life cycle assess-
ment” AND “internal combustion engine vehicles” OR “electric vehicles”),
(“LCA” AND “ICEVs” OR “EVs”), (“life cycle assessment” AND “EV batte-
ries” OR “LIBs”), (“reuse of LIBs” OR “reuse of EV batteries”), and
(“recycling of LIBs” OR “recycling of EV batteries”). The filter for document
type was set to “Article” and “Review”. Furthermore, reference lists were
examined to broaden the selection, and relevant older literature was
added to the research when more recent literature was based on it.

(2) Extraction of useful information

By listing a set of questions, we extracted useful information from the se-
lected literature.

What problem does this study aim to solve?

Which country or region's automobile market is the research based on?

What evaluation indicators are used?

What are the functional units and system boundaries selected for this
study?

Are vehicle and battery types considered?

Considering that the literature we reviewed is mainly based on LCA, we
also provide a brief overview of LCA.

2.2. Overview of LCA

2.2.1. Definition of LCA

LCA is a standardised methodology for assessing the environmental per-
formance of a product or system throughout its entire life cycle. According
to the International Organization for Standards (ISO), ISO 14,040 and ISO
14,044 are widely used in conducting LCA (ISO, 1997a, 1997b; Verma
etal., 2021). Generally, LCA is divided into four phases: goal and scope def-
inition, life cycle inventory analysis, life cycle impact assessment, and life
cycle interpretation, as shown in Fig. 3 (Verma et al., 2021).

(1) Goal and scope definitions
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Fig. 2. Life cycle assessment of ICEVs, EVs, and EV batteries.

This phase is the first and the most critical part of the LCA. The objective
definition mainly describes the reason and application intention of con-
ducting LCA, which mainly describes the functional units, system bound-
aries, and amount and quality of data.

(2) Life cycle inventory analysis

Inventory analysis is the process of creating an inventory of input
and output data in the system under study. In this phase, the data

are collected by literature searches, practical data gathering, or
both.

(3) Life-cycle impact assessment

Fig. 3. Life cycle assessment phase as described in ISO 14040 (Tolomeo et al., 2020).
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The purpose of the impact evaluation is to evaluate the environmental
impact of the product life cycle based on the results of the inventory analy-
sis phase. This process translates the inventory data into specific impact
types and indicator parameters, which makes it easier to recognise the
environmental impacts of the product life cycle. Additionally, this phase
provides the necessary information for the life cycle results interpretation
phase.

(4) Life-cycle interpretation

The interpretation is the final stage of LCA, which aims to identify sig-
nificant issues in the product life cycle and assess the results, including com-
pleteness, sensitivity, and consistency checks, leading to conclusions,
limitations, and recommendations.

2.2.2. Types of LCA

The LCA of vehicles is based on the cradle-to-gate, cradle-to-grave, or
cradle-to-cradle approach. The LCA of fuel is mainly considered from the
perspective of well to wheel, which can be subdivided into well to tank
and tank to wheel (Verma et al., 2021). Specifically, “cradle to gate” refers
to the product life cycle from raw material processing (cradle) to the vehicle
production factory gate (before it is delivered to the consumer). The use
and recycling phases were eliminated (Messagie et al., 2010). “Cradle to
grave” refers to a full life cycle from the raw material phase (cradle) to
the disposal stage (grave), which includes assembly, maintenance, and
refuelling throughout its life cycle and finally dismantling and recycling
of its components (Baptista et al., 2011). “Cradle to cradle” is a closed-
loop life cycle in which surplus materials recycled at the end of the previous
life cycle are repeated as raw materials for the next life cycle (Verma et al.,
2021). “Well-to-wheel” (WTW) covers only the life cycle of the energy car-
rier (i.e. fuels or electricity) used to drive the vehicles and driving the vehi-
cle itself. WTW can be subdivided into the “well-to-tank” (WTT) stage that
focuses on the fuel supply chain and the “tank-to-wheel” (TTW) stage,
which is the vehicle operation. Fig. 4 illustrates the system boundary and
includes unit processes of fuel and vehicles (Qiao et al., 2020; Qiao et al.,
2019; Van Mierlo et al., 2017).

3. LCA of EVs and ICEVs

In this review, ICEVs and EVs are defined and classified as follows:
ICEVs refer to vehicles that employ only an internal combustion engine
(ICE) to meet their propulsion needs, which are broadly divided into gaso-
line vehicles (GVs) and diesel vehicles (DVs) (Freire and Marques, 2012; Ma
et al., 2012). EVs refer to vehicles that can draw part or all of their power
from an electric grid. According to the increasing level of electrification,
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EVs are subdivided into hybrid electric vehicles (HEVs), plug-in hybrid
electric vehicles (PHEVs), and battery electric vehicles (BEVs). Specifically,
HEVs refer to vehicles with both an electric motor and an ICE, although
without external charging. PHEVs refer to vehicles that draw part of
their power from the electric grid via batteries, meeting the rest of
their propulsion needs with an alternative energy source onboard (e.g.
gasoline). BEVs have batteries adapted for external charging, include
no ICE, and drive purely on electricity (Ma et al., 2012; Nordelof
et al., 2014).

In recent years, concerns regarding the energy crisis and environmental
pollution have accelerated the development of EVs. However, whether EVs
are environmentally friendly and energy-efficient remains to be explored
further. Therefore, we reviewed the environmental impacts of EVs from
the perspective of life phases and vehicle types and compared them with
those of conventional ICEVs.

3.1. Comparison of EVs and ICEVs in different life phases

According to the definition of cradle-to-grave, the manufacturing, use,
and recycling phases of EVs and ICEVs were included in the assessment to
clarify their whole life cycle impacts (Tagliaferri et al., 2016). In the produc-
tion phase, the CO, emissions of EVs are between 14.6 and 14.7 tons, which
is 59-60% higher than the 9.2 tons of ICEVs (Qiao et al., 2017). Battery
manufacturing is the main contributor to GHG emissions during the pro-
duction stage of EVs (Kim et al., 2016). Girardi et al. (2015) highlighted
that EVs and battery manufacturing have a greater impact on GHGs and
other categories of environmental impacts than ICEVs. In the use phase,
EVs have a better overall profile, although this is largely related to the
power mix. Clean power grids help reduce the GHG emissions of EVs,
which compensates for their environmental impact during the production
stage. In addition, the recycling of EVs improves the resource use of batte-
ries and effectively reduces GHG and SO, emissions. Throughout the life
cycle, the use of fossil fuels and GHG emissions of EVs are lower than that
of ICEVs; however, they are higher than ICEVs in terms of EP, HTP, and par-
ticulate matter formation (Burchart-Korol et al., 2018; Qiao et al., 2020).

In summary, battery manufacturing increases the environmental impact
of the EV production stage; however, clean power and the recycling of batte-
ries make EVs have significant environmental benefits in the use and
recycling stages. In the entire life cycle, EVs reduce fossil energy consump-
tion and GHG emissions. However, owing to the large consumption of min-
eral and metal resources for battery manufacturing, EVs have a greater
impact on the abiotic depletion potential (ADP) and HTP (Dolganova et al.,
2020; Verma et al., 2021). Therefore, the improvement of the utilisation ef-
ficiency of mineral resources and battery production technology, use of clean

Fig. 4. Life cycle environmental impact assessment of fuel and vehicles (Verma et al., 2021).



