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Electric mobility is emerging all around the world to minimize environmental impacts, reduce dependency on
petroleum, and diversify energy sources for transportation. Any emerging technology comes with uncertainties in
terms of its environmental, economic, and social impacts on the global society, and history has shown that some
technological changes have led also to great societal transformation thus shaping our future as humanity. Un-
derstanding, perceiving, and anticipating the potential changes are essential to managing as well as internalizing
maximum benefits out of these technological advancements for a sustainable global community. In the literature,
life cycle assessment approaches are mainly used to assess the potential environmental impacts of electric ve-
hicles. Considering the potential impacts of emerging transportation technologies, traditional life cycle assess-
ment is not sufficient to analyze economic and social impacts, ripple, side, or rebound effects, macro-economic
impacts, and global-supply chain related impacts. In response to these knowledge gaps, traditional environ-
mental life cycle assessment approaches are evolving into new more integrated, and broader approaches (e.g.,
life cycle sustainability assessment). This research aims to reveal research gaps in the sustainability assessment of
electric vehicles and provide an outlook of the current state of knowledge, perspectives on research gaps, and
potential ways for the adoption of integrated life-cycle modeling approaches. We conducted a comprehensive
literature review focusing on sustainability assessment studies for emerging electric vehicle technologies for the
period between 2009 and 2020 using the Scopus database. A total of 138 life cycle assessment studies focusing on
electric and autonomous (electric) vehicles are analyzed. The reviewed studies are classified and analyzed based
on sustainability indicators, life cycle approaches, life cycle phases, data sources and regions, and vehicle
technology and class. We also compared the global warming potential of battery electric vehicles of different
class sizes. According to the literature review, five major knowledge gaps are identified; 1) lack of socio-
economic assessment, 2) lack of integrated modeling approaches and macro-level assessment; 3) limited
consideration of end-of-life management and circular economy applications, 4) underrepresented developing
world; 5) underrepresented emerging technologies. The findings of this review can help researchers worldwide to
overview the state-of-art and state-of-practice in the field of sustainability assessment of emerging technologies
and electric vehicles.

1. Introduction

Electric mobility is emerging all around the world with the goals of
minimizing environmental impacts, reducing dependency on petroleum,
and diversification of energy sources for transportation. In the literature,
Life Cycle Assessment (LCA) is mainly used to assess the potential
environmental impacts of electric mobility. Using LCA models, re-
searchers worldwide revealed these potential impacts as well as
important challenges associated with electric vehicle technologies. LCA
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is typically applied in four steps: First, goal and scope definition; where
objectives and system boundary are determined, Second, inventory
analysis; in which inputs and outputs data for each process in the life
cycle are compiled, Third, impact assessment; where impacts and
emissions are quantified, Fourth, results from interpretation; where the
inventory and impact assessment results are explained to answer the
goals of the study (Hellweg, 2014). The main goal of LCA is to assess and
enhance the environmental performance of the studied system. It can
determine the key drivers of the entire system-related impacts, and
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hence it allows identifying the largest impact reduction potential. LCA is
applied to support environmentally informed decisions in policymaking,
product development, and consumer choices. It can identify the envi-
ronmental hotspots in complex supply chains (Kucukvar et al., 2019).
LCA is a powerful decision-support tool for developing and imple-
menting policies toward optimizing environmental performance and
hence achieving sustainable consumption and production (Hellweg,
2014).

LCA has been evolving since it was initially developed in the 1970s.
LCA has been transformed into a Life Cycle Sustainability Assessment
(LCSA) framework in which the scope of LCA has been broadened from
environmental impacts only to covering all other dimensions of sus-
tainability such as economy and society. In the LCSA framework, there
are also improvements in encompassing mechanisms (feedbacks, com-
plex interdependencies, ripple effects, involvement of stakeholders, etc.)
(Guinée et al., 2011; Onat et al., 2017a). A brief history of LCA and its
transformation into LCSA are provided in the Supplementary informa-
tion (SI) file available on the journal’s website.

1.1. Application of life cycle assessment approaches to emerging
technologies

Considering the growing concern about the prospective environmental
impacts resulting from emerging technologies, the assessment at the
early stages of technology development is highly required. The early-
stage assessment for new technologies can assist in setting the targets
for technology development, influence the design, and ensure that
innovative environmental goals are accomplished (Bergerson et al.,
2020). LCA result of emerging technologies is used to track progress
throughout the funding cycle. While the LCA of emerging vehicle
technologies is similar to that of the existing technologies, there are
additional LCA-related challenges with the emerging technologies, such
as lack of data, uncertainty for technology, and market factors that can
affect its deployment (Bergerson et al., 2020). Many studies in the
literature applied the LCA for emerging technologies at an early stage,
coupling them with additional analysis and identifying the challenges.
For example, Sharp and Miller, and Cooper et al. (Cooper and Gutowski,
2018; Sharp and Miller, 2016) used a combination of LCA and diffusion
of innovations approaches to better represent the implementation of the
emerging vehicles. In other work, Arvidsson et al. (Arvidsson et al.,
2017) performed a review of LCA of emerging technologies in the areas
of energy, biomaterials, and nanomaterials, along with providing rec-
ommendations on the use of predictive scenarios and scenarios ranges.
In another recent contribution, (Moni et al., 2019) argued that current
LCA approaches require methodological advances for evaluating
emerging technologies. The authors made recommendations about
techniques that can be used in combination with LCA at the early stages
of emerging technology development.

Bonilla-alicea et al. (2020) applied LCA to investigate the future
technological developments and the respective environmental impacts
of bicycle docking and bike-sharing technologies. Wolff and Fries (2020)
used a combination of LCA and optimization algorithms to evaluate the
environmental impacts of multiple new technologies including hybrid or
battery electric vehicles, electrified roads, liquefied natural gas (LNG),
and hydrogen for long-haul transportation. Also, the authors investi-
gated the optimal solution that would provide the best compromise
between carbon reduction and costs. Due to the increasing role of
lithium-ion batteries in the emerging vehicle industry, Ambrose,
(Ambrose, 2020a; Ambrose, 2020b) investigated the environmental
impacts that could result from the use of lithium. Shimizu et al. (2020)
used LCA with a regional energy simulation model to evaluate the
region-specific based impacts of new technologies considering a wide set
of environmental and social indicators. Sen et al. (2020) employed both
hybrid input-output and LCSA techniques to quantify the impact of
connected and autonomous heavy-duty trucks considering 20 macro-
level environmental and economic indicators.
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1.2. Motivation

Using LCA models, researchers worldwide revealed the potential
impacts as well as important challenges associated with electric vehicle
technologies. In this study, a systematic literature review is conducted
with the following motivations:

1) To present a comprehensive review of LCA studies on emerging
electric vehicle technologies globally.

2) To classify and analyze reviewed studies based on sustainability in-
dicators, LCA approaches, life cycle phases, data sources and regions,
and vehicle technology and class.

3) To reveal current knowledge gaps, challenges, and future perspec-
tives to contribute to the state-of-art and state-of-practice in the field
of LCA of e-mobility.

4) And finally, to provide new insights for researchers and LCA prac-
titioners by comparing the results of past LCA studies and revealing
critical knowledge gaps in environmental, economic, and social LCA
of emerging electric vehicle technologies in terms of method, system
boundary, indicator, and system-based decision support models.

2. Method of literature review

The review followed the 3-stage protocol for the comprehensive
assessment. Stage 1 was tailored to identify the database and define the
review scope, objectives, and protocol for a structured review of the
literature. The keywords along with the inclusion and exclusion crite-
rion were defined. The literature search aims to classify the studies and
analyze them to identify knowledge gaps in the literature. By identifying
the knowledge gaps, we highlight major challenges and future directions
for the sustainability assessment of electric mobility.

In Stage 2, we performed the literature review in three filtering steps.
First, the Scopus database is utilized for the literature review using the
keywords (“Sustainability assessment” OR “Life cycle assessment” AND
“Electric vehicles” OR “autonomous vehicles”). The search is performed
in the title, abstract, or keywords for the period between 2009 and 2020.
The search was performed on 17 April 2020. The initial search resulted
in a total number of 308 papers (Step 1). These studies include original
research articles, conference proceedings, review papers, and editorials
(letters to editors). The full list of these studies is given in Table S1 in
Supplementary Information (SI2) file 2, available on the journal’s
website. In the second filtering step (Step 2), the abstracts of each
journal articles were then ‘eye balled’ to match the keyword selections.
The eye-balling techniques, filtered out the articles that were a letter to
editors, systematic reviews (review papers), and commentaries on
journal articles within the research theme and ruled out disparities to
initialize the categorization of the articles. This paper is predominantly
focusing on the life cycle impacts of electric vehicles. Therefore, we
excluded the LCA-based studies solely focus on one aspect such as
vehicle parts (e.g., composite body, converters, traction motors, elec-
trodes, energy storage systems, etc.). The filtration resulted in 150
journal articles, which are presented in Table S2 in the SI2 file. Then, in
Step 3, we removed the duplicates (where the same study was captured
from different sources), which resulted in 138 studies to be analyzed
further. Then, studies are formatted and listed using, a row number,
article title, authors, and year of publication.

Stage 2 continues in conducting a review of the selected articles
where each study was then grouped under multiple categories for
analysis purposes. We classified the studies based on the following
aspects:

- Indicator Selection: This classification serves to analyze whether
the study includes certain indicator categories representing the
environment, economy, or society. This classification allows for
analyzing the coverage of the literature in terms of sustainability
indicator quantification and analysis.
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- Life Cycle-based Approaches: This classification aims to cover life
cycle-based approaches utilized to analyze the sustainability impacts
of electric vehicles. Each approach has its advantage and disadvan-
tage. Therefore, a combination of multiple life cycle-based ap-
proaches is likely to provide a more comprehensive and robust
approach. By classifying the studies in terms of the life cycle-based
approaches, we could identify the most common methods, whether
there are integrated LCA approaches sufficiently adopted or not, to
overcome methodological challenges. Life cycle-based approaches
include process-based LCA (P-LCA), input-output-based LCA (IO-
LCA), multi-region input-output-based LCA (MRIO-LCA), hybrid
LCA, and decision support extensions (e.g. system dynamics, fore-
casting, scenario analysis, uncertainty analysis, etc.) (Kucukvar
et al., 2019; Kucukvar et al., 2018; Kucukvar et al., 2017;Kucukvar
et al., 2016). Classification of life cycle-based approaches is a very
important aspect as it provides significant information about
knowledge gaps such as consideration of economy-wide impacts
(product, regional/national, or global), ripple or rebound effect,
stakeholder involvement, and deeper mechanisms (interconnection
mechanisms, scenario analysis, uncertainty/sensitivity analysis).

- Analysis Scope/ Life Cycle Phases: This classification aims to
reveal the life-cycle phases included in the LCA studies. Life cycle
phases include manufacturing (vehicle and battery manufacturing),
operation (fuel/electricity generation, maintenance, and repair), and
end-of-life phases (disposal, recycling, etc.). To allow a proper
comparison, we must understand the scope of the LCA studies. For
instance, it is not fair to compare a well-to-wheel (WTW) analysis
(operation phase) to a full LCA study encompassing all life-cycle
phases. Hence, the scope of the evaluated studies must be classi-
fied, and healthy comparisons can be performed. While the selection
of scope depends on the goal of the assessment, it is usually healthier
and more elegant to include full phases in a proper LCA study. This
classification also allows us to gain insights into the literature
regarding the selection of full LCA or WTW analysis.
Life Cycle Inventories: There are multiple databases available in
the literature. This classification allows us to see the most common
life cycle inventory adopted in the scientific community. This clas-
sification might be useful to understand the divergence in the results
when comparing LCA studies with the same scope and same vehicle
size. Also, consideration of regional and spatial characteristics plays
a crucial role in the results of LCA studies. While data are abundant in
some regions, there are no or few databases covering certain parts of
the world. As United Nations’ Sustainable Development Goals
(SDGs) dictate, the coverage of regions (countries) is an important
aspect to consider for providing a holistic understanding of the issues
around the world. Classification of countries in the literature can
spotlight the underrepresented regions, thus, requiring further
attention to develop national LCA databases to contribute to the
sustainable development of these regions.
Vehicle Types and Size: This classification allows us to provide
more fair comparisons when analyzing results derived from litera-
ture. It is not fair to compare a sedan size vehicle with a sport utility
vehicle (SUV) as their value proposition is different despite having
the same utility (functional unit- distance driven). We also classify
vehicle technologies investigated in the literature. Classification of
vehicle engine technologies includes internal combustion engine
vehicles, hybrid, plug-in hybrid, full battery electric vehicles, and
others (fuel cell, hydrogen). We also included the level of autonomy
as one of the vehicle technology factors as a vehicle can be autono-
mous regardless of the engine technology classification.

In Stage 3, the analysis and synthesis of the reviewed studies were
conducted, and the manuscript is written with insights from both
structurally analyzed references and additional supporting literature to
elaborate the findings aligned to the research theme in a better way for
the audience of the manuscript. With additional references in Stage 3,
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the total number of references used in this study was raised to over 150
literature pieces. Fig. 1 summarizes the literature review process.

In addition to literature classification and analysis, comparable
studies (based on scope, vehicle type, etc.) are filtered. LCA results for
the environmental impact category of Global Warming Potential (GWP)
are compared for the same vehicle types. This analysis aims to provide a
comparison between GWP derived from different studies for various
vehicle types.

3. Results

3.1. Analysis of indicators: consideration of social, economic, and
environmental indicators

Ideally, a sustainability assessment approach should encompass both
environmental, social, and economic dimensions. In this section, we
analyzed the indicators representing sustainability in the studies. The
sustainability impacts are divided into two main sub-categories as
environmental and socio-economic impacts. Although many studies in
the literature have applied life cycle-based methods to analyze the
environmental impacts of alternative vehicle technologies, only a
handful of studies consider the socio-economic aspects of these vehicle
technologies. If we exclude studies applying life cycle cost analysis,
which is a common approach to calculate life cycle cost (LCC), the
percentage of macro-level socio-economic indicators is as low as 2%
(please see Fig. 2 (a). This is an important finding showing that socio-
economic aspects were often overlooked in the literature. Fig. 2. (a)
shows the breakdown of the socioeconomic indicators considered. LCC
and human health (end-point-indicator in traditional environmental
LCA) are the most studied aspects. A full list of these studies is presented
in Table S3 in the SI2 file, where each indicator and corresponding study
can be found.

While LCC (economic) and human health (social) indicators have
paramount importance, other economic and social indicators should be
considered. The literature’s main economic indicator focus is LCC,
which is a product-level indicator. Most of the studies could not capture
macro-level socio-economic impacts such as employment generation,
compensations, contributions to gross domestic product (GDP), tax
generation, injuries, human development index, and child labor with a
few exceptions: (Aboushaqrah et al., 2021; Onat et al., 2019; Onat et al.,
2016; Onat et al., 2014; Reuter, 2016; Wang et al., 2019). A full list of
these studies and the assessed socio-economic indicators in the entire
literature can be found in Table S3 in the SI2 file.

Fig. 2 (b) shows the detailed breakdown of environmental indicators
covered in the literature. Among the environmental impact indicators, a
great majority of studies focused on GWP with a 91% share, while
resource depletion (58.7%) and eutrophication (44.2%) are also among
the top indicators considered in the literature. Water withdrawal and
water consumption were reported by less than 10% of the reviewed
studies. Similarly, ecosystem quality and energy demand impacts were
reported by around 5%.

While reducing GHG emissions is the major motivation for the
adoption of electric vehicles, the side effects which are expected with
deep-sea mining and li-ion battery production were overlooked. For
example, switching from conventional vehicles to battery electric ve-
hicles can reduce the dependency on oil and shift it to electricity gen-
eration where sources of energy are more diversified. However, electric
vehicle batteries are produced from rare earth elements (REEs) which
require deep extraction involving removal of overburden, mining,
milling, crushing, grinding, separation or concentration. Also, due to the
lack of diversity in the supply of REEs, they can be extracted from sec-
ondary sources such as waste streams and industry byproducts (Gaustad
et al.,, 2020). REEs are a group of 17 elements: namely lanthanum,
cerium, praseodymium, neodymium, promethium, samarium, euro-
pium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium, scandium, yttrium. Furthermore, the production of
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Stage 1: Structuring Review Process
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the database.

DEFINE the review scope, objectives, protocol for
the structured review of the literature and identify

IDENTIFY the set of keywords along with
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CLASSIFY the studies from literature search and analyse them to identify knowledge gaps in the
literature. By identifying the knowledge gaps, the study highlights major challenges and future
directions for sustainability assessment of electric mobility.
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article.
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paper was raised to 150 literature pieces.

»

Fig. 1. A systematic review processes.

REEs is heavily dominated by China. They are of considerable economic
importance and are used in a wide range of technological applications.
On the other hand, REEs produce geopolitical risks including ecosystem
destruction human health, and species-related risks (Vonnahme et al.,
2020; Zepf, 2016). Incorporating such risk into the LCSA framework
complements and extends the current assessment. Gemechu et al.
(Gemechu et al., 2017) applied a geopolitical supply risk indicator to
metals used in electric vehicles and the results were compared with a
conventional LCA of the same resources. According to the author’s re-
sults, aluminum, copper, and steel are the main elements that cause high
environmental impacts, whereas neodymium and magnesium generate
relatively higher risks when rare earth metals are considered. If batteries
are not designed with careful consideration of their end-of-life man-
agement, the dependency will be just shifted from one non-renewable
source (petroleum) to others (rare earth metals), which is an

important aspect to further study for the green revolution in the world.

3.2. Analysis of methodologies: life cycle thinking approaches

Fig. 3 presents the LCA methodologies used in evaluating the sus-
tainability impacts of alternative vehicle technologies in the literature.
P-LCA is the most widely applied approach with 92%. While hybrid-LCA
and input-output LCA represent only 6.5% and 1.4% of the studies
applied, respectively. MRIO-LCA (2.9%), which is an advanced version
of single region input-output analysis found in only 1.4% of the studies.
While P-LCA can quantify the impacts of a certain process for an object,
it does not take into consideration the other supply chain components
due to the decisions taken subjectively on the inclusion and exclusion of
processes (cut-off criteria) which leads to an underestimation of the
impacts (Suh et al., 2004). Due to some limitations of P-LCA, six studies
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Fig. 2. Literature analysis of sustainability indicator categories by percentage (%). a) socio-economic impacts, b) environmental impacts.
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Fig. 3. Percentage of studies by type of life-cycle assessment approach and decision support extensions.
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utilized IO-LCA as it can track the overall impacts across the entire
supply chain. However, because not all processes can be defined using
I0-LCA due to aggregated structure of sectors within an economy, nine
studies used H-LCA which is a combination of P-LCA and IO-LCA to
evaluate the impacts of a specific process and the overall supply chain
related-impacts. Because IO-LCA can quantify the impacts for a single
region only, many papers in the literature used MRIO-LCA for its
capability to capture macro-level impacts throughout the global supply
chains. To provide a more comprehensive sustainability assessment, the
inclusion of macro-level impacts is crucial and MRIO-based hybrid LCA
approaches can serve best to fill this knowledge gap found in the
literature.

In addition, we looked at in more detail which studies adopted a
decision support extension such as multi-criteria decision making
(MCDM), system dynamics modeling, forecasting, scenario analysis,
simulation, etc. We found that around 11% of studies supported the life-
cycle approaches with decision-support extension, which are crucial to
extending the interpretation of results with further in-depth mechanisms
and they are very helpful to communicate results with different disci-
plines. For example, MCDM approaches can be adopted to solve
decision-making problems in which a set of alternatives and criteria of
conflicting objectives (e.g. maximize economic and social benefits,
minimize the environmental impacts). Such approaches can help to
provide compromised solutions when multiple conflicting objectives
exist, which is the case for almost all sustainability problems. Also,
simulation approaches such as system dynamic modeling are useful to
investigate dynamic relationships and interconnections between sus-
tainability indicators, ripple effects, side effects, and rebound effects,
which serve to obtain consequential LCA results. Other approaches such
as material flow analysis, techno-economic analysis, cost-effectiveness
analysis, and process-based social LCA are used in around 6% of the
total reviewed papers. Considering that there are studies that adopted
more than one life-cycle approach (e.g., both LCC and P-LCA), the sum
of the percentage value in Fig. 3 exceeds 100%.

Technological transitions require thinking in systems, consideration
of interconnections among different systems, and potential consequen-
tial impacts of the emerging technologies. Considering the potential
impacts of emerging transportation technology, traditional LCA is not
sufficient to analyze economic and social impacts, ripple, side, or
rebound effects, macro-economic impacts, and global-supply chain
related impacts. In this regard, integration of decision support tools
approaches with lifecycle thinking approaches proposes a comprehen-
sive approach where triple bottom line impacts (social, economic, and
environmental) can be investigated altogether, encompass broader im-
pacts at the national or even global level, and can reveal mechanisms,
interconnections among important factors affecting decisions. There-
fore, the adoption of decision support tools is vital to explore trade-offs,
inform sustainable development policies, initiatives, and decisions, and
can provide insights at early design stages and later for managing and

EoL-others

EoL-Recycle

EoL-Disposal
OP-Electricty/fuel Generation
OP-M&R

MP-Battery Production

MP-Vehicle Production

0% 10% 20%
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regulating new emerging transportation systems (Mendoza Beltran
et al., 2020; Onat et al., 2017a). LCSA framework can be very useful for
the integration of life cycle-based approaches with various decision
support approaches to broaden the scope and deepen the mechanism
and sustainability assessments (Valdivia et al., 2021).

3.3. Analysis of scope: life cycle phases

Typically, LCA studies have addressed the manufacturing, operation,
maintenance and repair, and end-of-life phases. The manufacturing
phase includes vehicle and battery components production, from raw
material extraction to delivery of manufactured vehicles to the end-user.
The operation phase covers all the impacts associated with driving ve-
hicles, including supply chain-related impacts from fuel production and
delivery and direct impacts such as tailpipe emissions. The maintenance
and repair (M&R) are also parts of the operation phase. The end-of-life
phase covers the disposal and recycling processes of vehicles at the end
of a useful lifetime. In Fig. 4, the percentage of studies by life-cycle phase
coverage is presented. Among the life-cycle phases, the operation phase
was the most studied, and 83% of the papers considered fuel generation
which refers to WTW analysis. The manufacturing phase is the second-
largest life-cycle phase considered and around 68% of studies covered
vehicle production and 63% of the studies included battery production.
According to the existing literature, battery production and mainte-
nance & repair of vehicles are responsible for a lower amount of total
environmental impacts in comparison to the operation phase. The end-
of-life phase was the least studied phase with less than 20% and only
11% of papers included recycling. As a common finding, the end-of-life
phase has a negligible impact in terms of the considered environmental
impact categories such as GWP compared to the fuel and vehicle cycle.
However, one notable insight is that the end-of-life phase can introduce
different indirect impacts in form of material scarcity, and ecosystem
destruction due to the need for extracting materials required for
manufacturing batteries. While WTW analysis (operation phase) is the
widely accepted life-cycle phase for policy development and the most
studied phase, it can misguide policymakers since further parts of the
scope are not revealed.

From Fig. 4., it is apparent that the end-of-life phase is not studied
sufficiently. Considering recent crises in the automobile industry related
to a shortage of semiconductor chips, automobile spare parts due to
increasing raw materials prices, and a shortage of lithium used for
electric vehicle batteries, it will be crucial to consider the reuse, recy-
cling, and remanufacturing in the end-of-life management and Section 4
presents a detailed discussion about the importance of circular economy
in electric vehicles’ life cycle management.

30% 40% 50% 60% 70% 80% 90%

Fig. 4. Percentage of studies by life-cycle phase coverage.
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Fig. 5. Percentage of studies a) by life cycle inventory/database, b) by type of electricity generation mix, c) by analyzed country.

3.4. Analysis of data sources, regional and spatial considerations: life
cycle inventories

Fig. 5 (a) shows the percentage of studies using various life-cycle
inventories as the data source to conduct their LCA. Studies utilized
several well-known databases such as Ecoinvent (39%), The Greenhouse
Gases, Regulated Emissions, and Energy Use in Technologies (GREET)
model (23%), SimaPro (16%), GaBi professional (12%), and EXIOBASE
(2%). On the other hand, 13% of the studies used secondary data from
previous studies in the literature. Other data sources such as eGRID,
national accounts, Open LCA (databases provided by GreenDelta),
World Input-Output Database, etc. are also utilized in the studies. The
studies sometimes relied on multiple data sources and therefore, the sum
exceed 100% in Fig. 5 (a). The complete list of data sources and the
corresponding studies are presented in Table S3 in the SI2 file. An
explanation of the main databases is presented in Section 2 in the SI file.

The selection of data source is one of the reasons for the divergence
in indicator selection, scope, and eventually in the results. While some
studies in the literature point out this divergence in results stemming
from a selection of life cycle inventories (Ekvall and Weidema, 2004;
Kalverkamp et al., 2020; Miller and Theis, 2006), in this review, the
source of divergences in results cannot be proportionally measured. This
is mainly because the studies have too many parameters/variables (such
as a source of electricity generation, the vehicle specifications, regional
differences in prices, etc.) (Egede et al., 2015). However, It can be

highlighted that development of region-specific datasets and life cycle
inventories has paramount importance to increase the quality and ac-
curacy of the results. Establishing comprehensive region and process-
specific datasets requires a considerable amount of time and effort.
Therefore, developing regions are not sufficiently studied and these
studies are more likely to rely on assumptions, thus reducing the quality
of outputs.

Fig. 5 (b) shows the percentages of studies by types of the electricity
generation mix. The average electricity generation mix is the percentage
of electricity generation sources (coal, natural gas, wind, solar, etc.) ina
region on average during a year. Mostly, the average electricity gener-
ation mix gives a holistic picture of characteristics (emission intensity,
reliability, technology, social impacts such as employment per output of
electricity, etc.) associated with the electricity generation mix in the
region of interest (country, city, etc.). Therefore, the average electricity
generation mix is usually used for national planning and government
reports. In life cycle inventories, the data are presented in form of
emissions by electricity generation source (e.g. emissions per kWh of
electricity generation by a type of coal power plant in a certain country
or region), and the average electricity generation mixes are used to
calculate the average impacts (e.g. GHG emissions per kWh electricity
generation) by taking a weighted average of each energy source (coal,
natural gas, nuclear, solar, wind, etc.). In countries where electricity is
mostly imported from other countries (neighbor countries), using
average electricity generation mixes can be misguiding (Tamayao et al.,
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2015; Weber et al., 2010). Also, taking imported and exported electricity
amounts is a complex process and usually accessing such data is chal-
lenging (Buyle et al., 2019; Qu et al., 2018). On the other hand, the
marginal electricity mix scenario is generally estimated to cover for
impacts from different generation costs, and demand trends over a day
and a season. Due to the need for instantaneously meeting the electricity
demand, electricity power generation operators utilize different gener-
ation sources to ensure grid stability. For example, while nuclear power
and hydroelectric power plants usually provide a steady supply to meet a
base electricity load demand, some fossil fuels-based power plants such
as natural gas or coal power plants supply some portion of the baseload
and mostly peak demand above the baseload. Therefore, marginal
electricity mixes are dirtier in terms of emission intensity and can
significantly change the results of LCA. Marginal generation mix de-
pends on both temporal and spatial variations. The importance of
consideration of different electricity generation mixes for conducting
LCA of electric vehicles has been highlighted in several studies (Faria
et al., 2013; Moro and Lonza, 2018; Onat et al., 2017b; Woo et al., 2017).

Due to concerns related to using average electricity generation mix
scenarios, some studies put more emphasis on acquiring electricity trade
data, while some other studies focused on marginal electricity genera-
tion scenarios (Please see Table S3 in the SI2 file for a full list of these
studies). Most of the studies (74.6%) performed the life cycle analysis
based on the average electricity generation mix scenarios of the region
they investigated. It is followed by renewable and marginal electricity
mixes with 19% and 10%, respectively. In 16% of the studies, the
electricity generation mix is not specified (indicated as others in Fig. 5b).
It is worth mentioning that the average electricity mix might not be
representative for estimating impacts associated with electricity gener-
ation and hence focusing on it might be misleading as it assumes con-
stant emissions over time. Therefore, using different mixes in the
assessment such as marginal and renewable-based electricity mixes
would make the analysis more meaningful and representative, and
useful for policy development. The concept of marginal electricity mix is
intended to account for impacts from different generation sources to
instantaneously meet the electricity demand for securing the grid sta-
bility. Renewable energy-based power generation is typically used in the
analysis to mitigate the environmental impacts and especially green-
house gas (GHG) emissions.

The results showed that the LCA of alternative vehicles is mostly
studied in developed countries (see Fig. 5c). Nearly 27% of the studies
investigate alternative vehicles in the USA. The second most studied
country is China (25%), followed by Germany (7%), Italy (6%), Belgium
(5%), and the UK (4%), respectively. Some studies cover all European
member states and these account for 12% of the total. While very few
studies provide analysis for Brazil, Canada, Norway, Portugal, France,
and Japan, adding up to 2-3%. Only 1% of the studies analyzed refer to
the Czech Republic, Denmark, Iceland, Mexico, Estonia, Greece, Iran,
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Lithuania, Malaysia, Poland, Singapore, India, South Africa, Algeria,
Spain, Sweden, Switzerland, and Scandinavia. These results showed that
the developing regions (except China) are underrepresented in the
literature. This might be since life cycle inventories mostly provide
process-level data for developed regions (please see Section 3.4.).
Considering that LCA of alternative fuel vehicles aims to minimize
environmental impacts that are mostly at the global level, the under-
representation of developing regions such as India and other major
countries from Asia, the Middle East, Russia, and African states is an
obstacle to setting sustainable development goals encompassing all the
globe that is destined to fight the Climate Change together.

3.5. Analysis of vehicle types: a navigation for comparison and
understanding of the technologies

Fig. 6 shows the percentage of studies focusing on different vehicle
types. The vehicle type classification can allow readers/researchers to
compare different studies focusing on different technologies. By utilizing
the filtering feature in the SI2 file available on the journal’s website, the
readers can navigate and compare studies with similar scope. For
example, a comparison between same class vehicle types (SUV to SUV,
sedan to sedan) with the same scope (consideration of same life cycle
phase components) can provide insights about findings of different pa-
pers from different regions, or papers using different databases or tools
(e.g., SimaPro, Ecoinvent, GREET, etc.).

The classification of alternative fuel vehicles under three main sub-
categories: vehicle class, technology type, and level of autonomy. In
the first classification category (vehicle class), vehicles are commonly
classified into sedans, sport utility vehicles (SUVs), buses, trucks, and
others. The majority (70.3%) of the studies analyzed the sedan vehicle
class, followed by trucks with 7.2%, and buses and SUVs with 5.1% and
3.6%, respectively, while other types of vehicles including taxis, bi-
cycles, motorcycles, tractors, shared vehicles, and vehicles used for
transferring goods accounted for 19.6% of the total. This is an expected
outcome since most of the vehicles on road are sedan class. However,
one notable vehicle class that requires further attention is emerging
compact mobile devices that are not found in the literature. Compact
personal mobility devices are expected to grow, and they are expected to
have lower environmental impacts per kilometer travel compared to
regular sedan vehicles that are often underutilized (having one pas-
senger only). In other words, compact personal mobility devices might
meet the short-distance travel demand and reduce the environmental
impacts by replacing the short trips that are made by sedan or SUV class
types of vehicles. However, It is unknown that they might introduce the
travel demand due to rebound effects (improved fuel efficiency, etc.).
Hence, further research is needed about more compact travel/mobility
devices.

In the second sub-classification category (technology type), three

a) b) c)
0% 50% 100% 0% 100% 0% 1% 29,
u others Truck Bus = others BEV PHEV = LV-5 LV-4 LV-3
SUV = Sedan HEV = ICV LV-2 = LV-1

Fig. 6. Literature analysis of existing studies of the sustainability impacts of vehicles categorized by a) vehicle class b) vehicle technology type c) level of autonomy.
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types of electric vehicles are commonly compared to Internal Combus-
tion Engine Vehicles (ICEV): Full Battery Electric Vehicle (BEV), Hybrid
Electric Vehicle (HEV), and Plug-in Hybrid Electric Vehicle (PHEV).
ICEVs are powered by fossil fuels and have engines where the combus-
tion of fuels takes place. On the other hand, BEVs use motors instead of
internal combustion engines which are powered by batteries that are
charged using the electricity grid. The HEVs combine the internal
combustion engine systems with the electric motors. PHEVs run on
electricity generated by batteries until they are nearly depleted, and
then the changeover to the use of an internal combustion engine auto-
matically takes place. It is observed that (please see Fig. 6 (b)), 81.2% of
the reviewed studies analyzed ICV technology as a basis for comparison.
BEV are commonly found in comparisons, with 73.8% of the total, fol-
lowed by HEV and PHEV with 27.5% and 26.8%, respectively, while
other technologies including hydrogen fuel cell vehicle (HFCV), bio-
diesel/ biofuel, compressed natural gas and their variations, liquefied
natural gas vehicles, account for nearly 45%. The findings show that
there is a diversity in consideration of different technology types for
engines and fuel types. While the literature provides a diverse technol-
ogy type, the comparison among less studied vehicle types such as
trucks, SUVs, etc. is challenging, mainly due to significant variations in
studies’ scope.

The literature review clearly shows that autonomous electric vehi-
cles were not studied from a life-cycle perspective sufficiently. Only a

a
: (Messagie, Boureima, Coosemans, Macharis, & Mierlo, 2014)
(Luk & Maclean, 2013)
(Trudewind, Schreiber, & Haumann, 2014)
(Wolfram & Wiedmann, 2017)
(Hewwu, Xiaobin, & Minggao, 2015)
(Chuen et al., 2017)
(Nuri Cihat Onat, Kucukvar, & Tatari, 2015)
(Szczechowicz & Dederichs, 2012)
(Bicer & Dincer, 2018)
(Hawkins, Singh, Majeau-Bettez, & Stremman, 2013)
(Tagliaferri et al., 2016)
(Evangelisti, Tagliaferri, Brett, & Lettieri, 2017)
(Dai & Lastoskie, 2014)
(Tiano et al., 2018)

(Cihat, Kucukvar, Aboushaqrah, & Jabbar, 2019)

(Messagie, Boureima, Coosemans, Macharis, & Mierlo,
2014)

o
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handful of studies (2%) analyzed autonomous electric vehicles and
studied their environmental impacts. We classified these studies based
on the level of autonomy. Levels of driving automation are defined as
follows: Level 0: zero autonomy, where the driver is in charge of all
driving tasks, Level 1: driver assistance, in which most of the driving
functions are performed by the driver, Level 2: partial automation, in
which some functions are automated while the driver remains respon-
sible to take control of the vehicle at all times, Level 3: conditional
automation, where most of the functions are automated but still the
driver is required to control the vehicle at all times however not as with
previous levels, Level 4: high automation, in which the vehicle is capable
to carry out all functions under certain conditions and driver interaction
is optional, Level 5: full automation, where the vehicle is capable to
carry out all functions under all circumstances and zero driver interac-
tion is required. Our analysis shows that only two papers addressed the
level of vehicle autonomy, one analyzed all levels of autonomy while the
other analyzed the impacts of vehicles of level 4 of autonomy.

3.6. A comparison of results for GWP

Using the filtering in the tables presented in the SI2 file available on
the journal’s website, we provided a comparison for the GWP impact
category to show the divergence in results for the comparative studies.
To provide a comparable result, we selected the same vehicle class
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Fig. 7. Comparison of greenhouse gas emissions from operation life cycle phase (g CO,-eq) a) Sedan b) SUV.
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(Sedan or SUV) and selected studies that cover the same life cycle phases
and subphases (Manufacturing, WTT, TTW, maintenance and repair,
recycling, etc.). We synthesized the GWP impact results from the exist-
ing studies in the literature for full battery electric vehicles (BEV) of
different classes including sedans, SUVs, buses, trucks, and other vehicle
types. A comparison of results for GWP is conducted across studies for
sedan and SUV vehicle classes of BEV from the vehicle operation. The
same comparison for other vehicle classes including buses and trucks
could not be performed because existing studies diverge significantly in
terms of scope and inclusion of life-cycle phases. Similarly, the GWP
results for BEV vehicle classes could not be compared from a full life
cycle perspective as some studies present the findings for some certain
life cycle phases only while excluding the rest, and some provide the
results for some phases while mentioning them explicitly in the study
that all phases are quantified, and some papers do not provide results by
phase, however, they only show total results. Thus, phase-by-phase
comparison for such studies was not possible. Also, as per the current
literature, some papers evaluated the GWP for a set of countries or a set
of scenarios (e.g., electricity generation mix, periods, etc.). It’s worth
mentioning that the comparison for other impact categories is not
possible to be performed as the inclusion of social and economic in-
dicators in the vehicle impact assessment is not sufficiently addressed in
the literature.

Fig. 7a compares the GWP resulting from the vehicle operation phase
per kilometer for Sedan-BEV across the existing studies in the literature.
A variation in the GWP results is shown in Fig. 7 for Sedan-BEV between
the studies ranging from 48 g/km to 310 g/km. This variation is likely to
stem from the differences in the electricity generation mix and life cycle
inventories (database). The Ecoinvent and the GREET are the most
common data sources used in the LCA of transportation literature. Some
studies (Bicer and Dincer, 2018; Hewu et al., 2015; Luk and Maclean,
2013; Onat et al., 2015; Tiano et al., 2018) conducted the LCA using the
impact factors obtained from the GREET model. Others (Bicer and
Dincer, 2018; Dai and Lastoskie, 2014; Onn et al., 2017; Szczechowicz
and Dederichs, 2012; Tagliaferri et al., 2016; Trudewind et al., 2014;
Wolfram and Wiedmann, 2017) have extracted the LCA dataset from
Ecoinvent database and Evangelisti et al. (2017) and Trudewind et al.,
(2014) calculated the life cycle impacts using the upstream impact
factors extracted from the GaBi professional. Furthermore, it is found
that the SimaPro tool has been used by Hawkins et al., (Hawkins et al.,
2013); Onn et al. (2017).

GWP impacts of the operation phase are dominant for Sedan- BEVs in
areas where the electricity mix is mainly based on fossil fuels, however
for low-impact electricity mixes the contribution of the use phase may be
significantly reduced. Specifically, in studies (Hewu et al., 2015; Luk and
Maclean, 2013; Onn et al., 2017; Szczechowicz and Dederichs, 2012;
Trudewind et al., 2014; Wolfram and Wiedmann, 2017), the average
regional electricity mix mainly based on fossil fuels is used. In studies
(Dai and Lastoskie, 2014; Onat et al., 2019), the electricity mix is
exclusively generated from natural gas. On the other hand, in studies
(Hawkins et al., 2013; Messagie et al., 2014; Tagliaferri et al., 2016;
Tiano et al., 2018) average regional electricity mix is mainly based on
renewable sources. In studies, (by Bicer and Dincer, 2018; Evangelisti
et al., 2017) electricity mix is exclusively generated from renewable
sources.

The comparison of GWP impact results per kilometer across the
studies for SUV-BEV during the vehicle operation phase is presented in
Fig. 7b. The results vary between 69 g/km to 250 g/km for SUV-BEV in
this phase due to different electricity mix and data sources used in the
analysis. (Wolfram and Wiedmann, 2017) has used a dataset of the
Ecoinvent database, while (Messagie et al., 2014) and (Onat et al., 2019)
used data analysis of the Eco score and EXIOBASE databases respec-
tively. (Karaaslan et al., 2018; Wolfram and Wiedmann, 2017) consid-
ered nationwide electricity generation mix in the analysis that is of high
carbon intensity. On the other hand, (Onat et al., 2019) used electricity
that is generated that is solely generated from natural gas, while
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(Messagie et al., 2014) considered the average regional electricity mix
based on renewables.

The root reasons for the divergence in results should be well-
understood, as the parameters influencing the overall environmental
life-cycle performance of these vehicles highly depend on the electricity
generation mix, the emission, and characterization factors derived from
life-cycle inventories, and life cycle impact assessment methods. This
comparison can also serve as a benchmark for new analysis in the
literature as we provided the data sources (LCA inventories and LCIA
methods), electricity generation mix assumptions, type of vehicles, re-
gion/country that studies performed for, and all other classification
categories provided in this paper. The detailed tables containing all this
information are provided in the SI2 file available on the journal’s
website.

4. Discussions: addressing the knowledge gaps, future
perspectives, and outlook

According to the literature review, five major knowledge gaps are
identified and grouped under five main categories and explained as
follows:

1) Lack of socio-economic assessment: A proper comprehensive sus-
tainability assessment should include social and economic aspects in
addition to environmental aspects that have been extensively studied
with traditional LCA approaches. Socio-economic aspects of
emerging technologies or services are very critical and should be
considered an extension of traditional environmental LCA. Social
indicators such as employment, human health, equity, injuries, etc.
can be considered extensions of LCA studies. United Nations Envi-
ronment Development Program’s life cycle initiative provides
detailed guidelines for social LCA of products, which can be adapted
to advance the social sustainability assessment of electric vehicle
technologies using the right tools, methods, and indicators as well as
considering stakeholders from industry, policymakers, and business.
Especially, social LCA of autonomous electric cars, buses, trucks, and
other types of innovative public transportation technologies will be
critical to understanding the societal aspects of next-generation
transportation in terms of the contribution to a knowledge-based
economy, employability, safety, and health & well-being.

2) Lack of integrated modeling approaches and macro-level assess-
ment: One of the most important knowledge gaps is identified as the
use of decision support methods and approaches integrated with
LCA. Only 11% of the studies extended the LCA results with decision
support tools such as scenario development, multi-criteria decision
making, multi-objective optimization, system dynamics, forecasting,
etc. The use of integrated assessment/modeling approaches is
crucially important to interpret, clarify, and articulate the inter-
connected system of goals and to assess and inform key policies, for
their impact on sustainable development goals. Integrated modeling
approaches, especially multi-criteria decision support approaches,
system dynamics modeling, and scenario development should be one
of the main priorities to enhance the interpretation and use of LCA
results. Sustainable transportation is at the heart of the United Na-
tions Sustainable Development Goals (SDGs) and It is linked to many
SDGs such as climate action (SDG 13), water (SDG 14), good health,
and well-being (SDG 3), and sustainable cities and communities
(SDG 11). Using system-based dynamic modeling approaches can
also help to reveal the relationship between e-mobility and sustain-
able development and understand the complex dynamic relation-
ships between life cycle impacts of electric vehicle technologies and
social, economic, and environmental pillars of sustainable develop-
ment.

While P-LCA models are useful and can provide detailed process-
level improvement opportunities, they are not fully capable of
capturing economy-wide and supply-chain-based regional and global
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impacts. As discussed in Sacchi et al. (2022), using LCI databases
such as Ecoinvent, it is only possible to produce some aggregated life
cycle results for some supply chain components instead of providing
a complete region or technology-specific analysis. However, using
global multiregional databases such as Eora (Lenzen et al., 2013),
EXIOBASE (Stadler et al., 2018), World Input-output Database
(Timmer et al., 2012), and Global Trade Analysis Project (GTAP)
(Peters et al., 2011), it can be possible to create input-output hybrid
LCSA models, in which global life cycle sustainability impacts of e-
mobility can be estimated by employing a value chain-based
approach considering the technology-specific parameters (Onat
et al., 2019). Therefore, to be able to answer macro-level questions,
develop technology-specific policies supporting United Nations
SDGs, and effectively link and measure our decisions about emerging
mobility technologies to SDGs, researchers should consider hybrid-
ization of LCA models using global multiregional input-output
databases.
3) Limited inclusion of End-of-life phase and management strategies:
A limited number of studies (23.2%) considered the end-of-life
phase. Only very few studies developed a sustainability analysis for
vehicles for disposal (19.6%) and recycling (10.9%) life cycle phases.
While the end-of-life phase has 5% of the total environmental life
cycle impacts of alternative vehicle technologies (Schmidt et al.,
2004), it might introduce different risks and dependencies due to the
use of rare-earth metals in batteries. End of rare earth metals which
are used in battery technologies poses different risks such as
ecosystem destruction due to deep-sea mining and dependency on a
new set of non-renewable sources (rare earth metals) (Vonnahme
et al.,, 2020). Recycling rare earth metals preserve important op-
portunities for the industry (Ferron and Henry, 2015). Hence, LCA
can play an important role in end-of-life management strategies and
can pave the way for less use of rare earth metal extraction, and
indirectly minimize the dependency by providing opportunities for
close loop systems for end-of-life management (Kucukvar et al.,
2021; Al-Hamrani et al., 2021). A hybrid LCA-based material flow
and footprint analysis can also provide important insights for hot-
spots of rare mineral and metallic product use in the value chains of
electric vehicles. Furthermore, the role of circular economy business
models should be integrated into a full LCA of electric vehicles by
considering the reuse, recycle, and remanufacturing principles of a
circular economy. Shifting from a linear economy to a circular
economy will provide vital benefits for the long-term sustainability
of e-mobility in the world and therefore the authors suggest that net
benefits of circular economy business models for end-of-life man-
agement of electric vehicles should be estimated by using advanced
life cycle environmental, economic, and social impact assessment
models using regional and multinational LCA methods.
Underrepresented developing world: Developed countries are pre-
dominantly analyzed, while there are very few studies from devel-
oping countries except China. Considering that the developing world
is more vulnerable to Global Climate Change as well as economic
shocks, studies targeting the developing world should be supported
by international funding organizations to enhance sustainable
development in developing parts of the world. It is important to es-
timate the life cycle impacts of e-mobility in the developing world by
using region and sector-specific data. Ecoinvent database recently
released version 3.8 which can provide sufficient detail of life cycle
inventory data for developing countries and recently advanced high
country and sector resolution multinational MRIO databases such as
EXIOBASE and Eora can also be integrated with environmental and
socioeconomic accounting matrices of sectors of developing nations
to build a hybrid life cycle sustainability assessment model for
electric vehicles.
Unrepresented emerging technologies: Autonomous electric vehicles
and compact electric mobility (compact electric vehicles/compact
personal mobility devices) are not sufficiently studied from a life-
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cycle perspective. Only a few studies were found focusing on
autonomous electric vehicles. While this might due to low dissemi-
nation or development of life-cycle inventories or methodologies to
properly assess autonomous vehicles, the LCSA framework can be
very useful for assessing the sustainability impacts of these unrep-
resented emerging electric mobility technologies. Especially,
autonomous vehicles might introduce rebound effects and thus,
there should be advanced methodological mechanisms (system dy-
namics simulation, agent-based modeling, Al-supported decision
support platforms) integrated into LCA approaches to capture
consequential results of adopting autonomous electric vehicles. The
future of electric mobility is very likely to be autonomous and more
compact (smaller size of mobility devices/vehicles), and therefore,
researchers should investigate the potential impacts of these
emerging technologies to inform policymaking, automakers, and the
public about sustainability impacts of these technologies.

5. Conclusions and recommendations

This paper conducts a literature review on LCA for emerging vehicle
technologies. 138 studies found focusing on the life cycle impacts the
assessment of electric or autonomous electric vehicles. We investigated
various aspects as follows; 1) Analysis of Indicators: consideration of
social, economic, and environmental indicators, 2) Analysis of Meth-
odologies: Life cycle thinking approaches, 3) Analysis of Scope: Life
cycle phases, 4) Analysis of Data sources, regional and spatial consid-
erations: Life Cycle Inventories, 5) Analysis of Vehicle Types: A navi-
gation for comparison. A comparative result analysis for the GWP
category across the literature showed significant variations among the
LCA studies due to divergence in scope, life-cycle inventories, and
source of electricity generation. The GWP results for Sedan and SUV
vehicle classes across current studies during the vehicle operation phase
vary between 48 and 310 g/km and 69-250 g/km respectively, in which
such variation is heavily dependent on the electricity mix for charging
and type of database. The GWP results reported for other vehicle classes
including buses and trucks during the operation phase were not possible
due to incomparable differences in life cycle phase considerations.

According to our comprehensive analysis, there is a strong need for
advancing the current state-of-the-art of current electric vehicle’s life
cycle sustainability assessment by 1) integrating social and economic
aspects into environmental LCA and considering various stakeholders,
2) by integrating system-based decision-making methods such as system
dynamics, agent-based modeling, and multi-criteria decision making
with LCA results of electric vehicles, 3) by shifting from a linear econ-
omy to circular economy models for end-of-life management of batte-
ries, 4) by broadening system boundary from the region to globe using
hybrid LCA models, and by better coverage of developing countries, 5)
by consideration of compact electricity mobility devices and unrepre-
sented/uncertain impacts of autonomous electric vehicles. These aspects
remain important gaps to be addressed by LCA practitioners. We believe
that the findings of this review can help researchers worldwide to
overview the state-of-art and state-of-practice in the field of LCA of
emerging technologies and electric vehicles.
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