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Abstract: Sustainable and smart mobility and associated energy systems are key to decarbonise the
EU and develop a clean, resource efficient, circular and carbon-neutral future. To achieve the 2030 and
2050 targets, technological and societal changes are needed. This transition will inevitably change the
composition of the future EU fleet, with an increasing share of electric vehicles (xEVs). To assess the
potential contribution of lithium-ion traction batteries (LIBs) in decreasing the environmental burdens
of EU mobility, several aspects should be included. Even though environmental assessments of
batteries along their life-cycle have been already conducted using life-cycle assessment, a single tool
does not likely provide a complete overview of such a complex system. Complementary information
is provided by material flow analysis and criticality assessment, with emphasis on supply risk.
Bridging complementary aspects can better support decision-making, especially when different
strategies are simultaneously tackled. The results point out that the future life-cycle GWP of traction
LIBs will likely improve, mainly due to more environmental-friendly energy mix and improved
recycling. Even though second-use will postpone available materials for recycling, both these
end-of-life strategies allow keeping the values of materials in the circular economy, with recycling
also contributing to mitigate the supply risk of Lithium and Nickel.

Keywords: Life Cycle Assessment (LCA); Material Flow Analysis (MFA); Criticality; traction batteries;
forecast; supply

1. Introduction

Sustainable and smart mobility, when articulated with appropriate energy systems, is a key asset to
decarbonise the EU and develop a clean, resource efficient and carbon-neutral future. This is confirmed
by several policy initiatives, among others: the European Green Deal [1] and the EC COM(2019) 22 [2].
In addition, the transition towards a low-carbon mobility contributes to the United Nations Sustainable
Development Goals (UN SGDs), for instance Goal 7—ensure access to affordable, reliable, sustainable
and modern energy for all [1].

To achieve the 2030 and 2050 targets, technological and societal changes concerning mobility are
needed. To improve circular economy and resource efficiency in the automotive sector, the technological
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aspects should cover the whole value chain of vehicles, from their design to their End-of-Life (EoL),
e.g., new vehicles, light-weighting materials, easier reusability and recyclability of materials, recycled
content in vehicles and transport infrastructure [2,3]. In addition, the behaviour of consumers
should change toward choices oriented to more environmental-friendly practices, e.g., increase of
the occupancy rate of vehicles and the adoption of public transport, sharing of vehicles, teleworking
options [3,4]. Automation of vehicles is already proceeding but further efforts are required in the
research field to reduce emission and avoid rebound effects (e.g., higher demand for mobility) [4].

This transition will inevitably change the composition of the EU fleet in the future: the increasing
share of electric vehicles (xEVs) is already occurring and this trend is expected to accelerate in the next
decade [3,5,6]. Meanwhile, new technologies can have an important role in the next future, even though
nowadays they are at a very early stage, e.g., fuel cells electric vehicles [7]. Several scenarios are
already available in the literature, considering new technologies appearing in the EU market and their
evolution according to various parameters (environmental targets, consumers’ lifestyles and behaviour,
electric driving ranges, economic factors, etc.) (e.g., [6,8]). Such forecasts are quite complex to compare
due to the adoption of different assumptions behind the models. Although there is no consensus in
the scientific literature on a specific model to adopt in forecasting the uptake of xEVs, the trend is
quite clear: xEVs will rapidly increase and will have a very important share on the EU fleet up to 2050,
with a consequent increase of traction batteries required for such vehicles.

Among the traction batteries, the most common and most promising chemistry currently used
in the EU market are the Li-ion batteries (LIB). The characteristics of LIBs are suitable for their
use in different type of xEVs, especially battery electric vehicles (BEVs) and plug-in electric vehicles
(PHEVs) [5]. Note that According to the scope of the analysis, since HEVs need relatively small batteries
and will have a lower impact on the LIBs market, HEVs are not included in the following analysis.

When traction LIBs reach about 70–80% of their capacity, they are usually extracted from xEV and
they have to be properly collected and recycled according to the in-force Directives (2000/53/EC and
2006/66/EC) [9]. However, pilots and research projects are demonstrating that the residual capacity
of extracted batteries could be even used in less energy-demanding applications, e.g., residential
buildings [9–11]. Even though the second-use of LIB is an industrial practice, there is potential for
the creation of a business case beyond 2030 [5]. The second-use of batteries, before their recycling,
is an example of circular economy practice where the value of batteries (and therefore embedded
materials) is retained within the economy and the resource efficiency is maximised. On the other hand,
the flow of batteries available for recycling is delayed in time, which means that also the availability
of Secondary Raw Materials (SRMs) from waste batteries is postponed in time due to their higher
lifetime [12]. Therefore, an in-depth knowledge of the processes along the value chain of complex
products as LIBs is fundamental to assess the effects and the trade-offs of different strategies, e.g.,
the EoL options.

The New Circular Economy Action Plan [13] and the New Industrial Strategy for Europe (EC,
2020), two of the main building blocks of the European Green Deal [1], stress the role of Critical Raw
Materials (CRMs) to achieve a climate-neutral, circular and competitive economy. Future sustainability
requirements for batteries could in the future consider, for instance, the carbon footprint of battery
manufacturing, ethical sourcing of raw materials and facilitating reuse, repurposing and recycling.
Secure and sustainable supply of both primary and secondary raw materials for key technologies
such as e-mobility is hence a prerequisite to achieve climate neutrality. With the transition of Europe’s
industry to climate-neutrality, the reliance on available fossil fuels could be replaced with reliance on
non-energy raw materials, many of which are sourced from abroad and for which global competition is
becoming more intense [14]. According to OECD forecasts, global demand for raw materials will more
than double by 2060, making diversified sourcing essential to increase Europe’s security of supply.
CRMs are also crucial for markets such as e-mobility, batteries, renewable energies, pharmaceuticals,
aerospace, defence and digital applications [15].
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The performance of LIBs is related to various aspects, in particular to which materials are used
in their cathodes and anodes [5]. The combination of the increasing demand for xEVs and the
dynamics related to battery chemistries translate into a growing and diversified demand for raw
materials; among the key materials for the manufacturing of high-performant LIBs, some have been
classified as CRMs in the EU and/or worldwide [16], e.g., cobalt, natural graphite and lithium. The EU
heavily relies on imports for many materials used in batteries. According to the EC Raw Materials
Information System (RMIS—https://rmis.jrc.ec.europa.eu/), as the future demand of materials for
strategic sectors is concerned, the EU will continue to be almost entirely dependent on third countries,
in particular for traction batteries. In fact, the EU produces only 1% of all battery raw materials overall.
Materials needed for the batteries manufacturing are mainly extracted in China (32%), Africa and
Latin America (both 21%), but also the manufacturing process is mainly occurring in Asian countries.
In this framework, some EU initiatives are focusing on improving the EU capacity in manufacturing
batteries and improving the EU value chains (e.g., European Battery Alliance and Strategic Action Plan
on Batteries).

Due to high cost of specific cathodes, e.g., Li-Co-based such as NMC (nickel-manganese-cobalt) or
NCA (nickel-cobalt-aluminium), chemistries with lower cobalt content are already available [17,18].
For instance, the NMC111 is already replaced by cathodes with lower Co content, e.g., NMC811 or
NMC9.5.5, which means a strong reduction of the cobalt and manganese content and an increase
of nickel. Increased collection of end-of-life vehicles (ELVs) and boosting recycling could increase
the amount of recovered materials that can be potentially recirculated in the economic system, i.e.,
their value is retained within the EU and the EU dependency can reduce [2,14]. The recovery of
such materials is particularly relevant for the EU since they are materials with a high supply risk
and high economic importance [19]. Note that nickel needed for the batteries manufacturing should
belong to CLASS I nickel, i.e., 99% pure nickel [20,21], which should be considered when assessing the
recirculation of recovered nickel from recycling processes.

Recycling of the battery at its EoL can be advantageous from both resource conservation and
environmental perspectives [22]. Recycling can provide SRMs that according to their quality can be
used by the battery sector (e.g., cobalt) or by other industries [23], avoid the extraction of virgin raw
materials and generally have lower environmental impacts.

Directive 2006/66/EC14 defines the minimum recycling rates of batteries: 45% of LIBs at their EoL
have to be collected and at least 50% of the average weight of LIBs should be recycled, excluding energy
recovery. Nevertheless, as underlined by Ellingsen et al. (2018) [22], this Directive often incentivises
batteries industries to recover base metals, which are massively used and relatively abundant in nature
and available in commodity markets (such as iron and copper). On the other hand, it is known that the
market value of metals contained in batteries is an important economic driver for battery recycling.
In particular, the higher prices of cobalt and nickel relatively can explain why recycling processes are
currently focusing on these metals [22].

To assess the potential contribution of batteries in decreasing the environmental burdens of the
EU mobility in the future, several aspects should be included in the assessment. Focusing on the
environmental impacts of batteries along their life-cycle, in the literature Life-Cycle Assessment (LCA)
studies are already available (e.g., [24–26]). However, “guidelines or harmonized approaches do not yet
exist” [27] and some issues emerging from the available literature still need to be addressed [28],
which make it even more challenging to capture the environmental performances of different type
of traction batteries in xEVs, especially in relation to the adoption of energy mix and taking into
account different EoL options. Again, a single assessment tool does not likely provide a complete
overview of such a complex system; in fact, some aspects are not captured through LCA, e.g., resource
efficiency of some EoL options, hence LCA should be integrated with other assessment tools [29].
To obtain a more complete understanding of products’ status [30], different assessment tools should be
combined [29,31,32]. There are already some studies demonstrating the added value of combining
LCA and (dynamic) Material Flow Analysis (MFA), which identify and quantify the stocks and flows
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of products/materials along their whole value chain. Bridging tools and the complementary use of
their results support a more prospective decision-making, especially when different strategies are
assessed, e.g., waste strategies [31]. Finally, the relevance of specific materials in terms of availability
and vulnerability of a system, can be captured by the criticality assessments, providing relevant
information of supply disruption and mitigation measures, taking into account flows of both primary
and secondary materials [16].

Well established tools can be adapted and combined according to the product/system’
characteristics to provide a wider understanding of the environmental performances in a life-cycle
perspective. Hence, it is possible to capture different aspects of the assessed system/product and
provide information according to the interests of the specific stakeholders. In addition, a flexible
model and a common structure of the data collection (e.g., identification of best available sources,
common data when possible) eases the update of the assessment according to the availability of
data/information. Finally, consistency of input for different analyses is improved and the comparability
of results is strengthened.

For a sustainable management of traction batteries, in an exponentially growing market and with
a life-cycle perspective, some key questions need to be answered:

1. To what extent will the environmental performance of future mobility systems improve due to
the uptake of EVs and therefore batteries? Is this improvement in line with expectations (e.g.,
the EU Green Deal and the SGDs)? How relevant is the relative contribution of traction LIBs
life-cycle impacts in terms of environmental performance?

2. To cover the forecasted demand of traction LIBS for the EU fleet in the future, will the CRMs used
for their manufacturing be available in adequate quantity and quality?

3. What can the role of recycling in terms of improving the environmental performances of LIBs
be? To what extent can it contribute until the production of traction batteries peak and stabilise?
At what stage of the LIB value chain are the CRMs to be recycled in the future (i.e., SRMs)?

4. In which way are CRMs key to the change of mobility patterns? In which way will the change in
mobility patterns affect criticality, e.g., in terms of growing demand for S(C)RMs)?

5. How much can circular economy strategies help speed up the change and improve the overall
environmental performance of mobility systems? How can trade-offs between different EoL
strategies be quantitatively considered?

Aim and Structure of the Paper

This paper builds on a toolbox of existing assessment methodologies and bridges them to assess the
environmental performances of complex systems. The adoption of different methodologies providing
different type of information of the potential effects of the rapid evolution of a key sector for the
EU is the core of the paper. For this reason, well established assessment tools are integrated: (1) to
consider specific characteristics of the assessed LIBs; (2) to provide a more holistic and comprehensive
understanding of traction LIBs; and (3) to build structured and comprehensive responses to relevant
questions made by different stakeholders of the whole value chain of traction LIBs (e.g., manufacturers,
recyclers, consumers and policy makers).

The authors believe that bridging tools and a more structured use of their results, as well as
a mutual informing among the tools, is an added value in improving the knowledge of complex system
and can support decision-making. The main focus of the performed assessment is the environmental
performances of traction batteries (mainly LIBs) in decreasing the environmental burdens of the EU
fleet up to 2050. In particular, LCA, MFA and criticality assessments, with emphasis on supply risk,
are the three tools to bridge and use in a complementary manner. As mentioned in the Introduction,
for this paper, the criticality of materials is used as filter to prioritise materials. The criticality of
materials is used as filter to prioritise materials. In particular, among the key materials for the future
development of batteries in the EU, as defined by the SWD (2018) 45, criticality of materials is used
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to identify those to be firstly studied. LCA is used to understand the environmental performance of
traction batteries in the current and future EU fleet. MFA is used to trace flows in anthropogenic flow
cycles, to understand the current and future demand of (C)RMs, including where they are stocked,
when they will be available for recycling, etc. In a mutual fashion, criticality is used to prioritise the
materials that undergo LCA and MFA, while LCA and MFA provide information to assess potential
effects of variation of primary/secondary materials in terms of supply risk in the future (e.g., potential
decrease of supply risk due to higher recycling).

The study also aimed at identifying synergies in gathering data and information to be used in the
three methodologies and applied them to a specific case study.

A concise literature review about the main aspects affecting the environmental performances of
traction batteries (in particular LIBs) is provided in Section 2. A short description of the methodologies
is reported in Section 3 and the application to traction LIBs in the current and future EU fleet is
described in Section 4. Section 5 summarises the main outcomes of the analysis, highlighting also
the main limitations of the study. The main conclusions and further research needs are illustrated in
Section 6.

2. Literature Review: Main Aspects Affecting the Environmental Assessment of LIBs in the
Future EU Fleet

The research on xEV batteries is currently significantly active and rapidly evolving, as proved by
the annual number of publications focusing on EV increased since the 1990s [33,34] and the increasing
number of patents worldwide focusing on EV [35]. This section reports the main outcomes of the
performed literature review, mostly referred to scientific publications between 2016 and 2019, with some
exceptions for particularly relevant data published during 2010-2015. The critical review was carried
according to the main research questions presented in the Introduction.

Traction batteries are recognised as key components for the future uptake of xEV and for the
decrease of the environmental impacts of the future EU mobility system [13,17,36]. Forecasts and market
trends of LIBs are available in the literature from both policy and research studies and manufacturers
declarations. Most of the consulted studies are characterised by an exponential increase of both BEVs
and PHEVs in EU, although other studies suggest that the uptake of new technologies can be described
through an S-curve [6,37]. The modelling of such a curve entails the definition of the saturation
level, which depends on technological/economic/social aspects, e.g., increase of occupancy rate of
cars, price of new vehicles, concept of mobility and social acceptance of new technologies (see Alonso
Raposo et al. [3]). Due to the different scopes, but also modelling, boundaries and assumptions of the
explored studies, the comparability of the future EU fleet is quite complex.

Many recent studies have focused on the life-cycle impacts of LIBs, recognising in LIBs the
main element differentiating xEVs from ICEVs [38,39]. Even though LCA is a standardised (ISO
14040-44) [40] and mature methodology, more methodological efforts to quantify the life-cycle impact
of LIBs are needed [9]. In 2018, the Product Environmental Footprint Category Rules (PEFCR) provided
a “detailed and comprehensive technical guidance on how to conduct a PEF study” [41]; among the
application fields covered by the document, traction LIBs are included. Despite the guidance, available
results from different LCA studies on LIBs end up being very heterogeneous and it is still difficult to
clearly define the environmental battery performances [42,43]. These discrepancies are due to different
factors: lack, in many cases, of primary data; necessary simplifications and assumptions of the LCA
model; and different chemistries of LIBs and therefore different performances [42]. In this context,
Peters and Weil [44] started a deep work of review, selection of data and unification of the Life Cycle
Inventories (LCIs) of LCA studies that were, until that moment, published on the manufacturing stage
of batteries. Peters and Weil [44] analysed 79 studies developed between 2010 and 2016, but just five
of these studies used exclusively own primary inventories and clearly disclosed the data [24–26,38].
Other LCA studies provide detailed LCI of LMO-NCM battery based on primary data [45], of NCA
cell from its dismantling [46], of Li-Sulphur batteries integrating lab experimentations and theoretical
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modelling [47], and of lithium manganese batteries (LMO) and lithium iron phosphate batteries (LFP)
collecting data from a manufacturer [48]. Among the above-mentioned LIBs, NMC could become the
most used Li-ion battery chemistry in 2030, followed by LFP and NCA with a 40% combined market
share [5].

Because of the growth of LIBs, the demand of raw materials for manufacturing will increase
according to their content in different LIBs chemistries. An increasing number of studies aimed at
quantifying the future demand of materials for LIBs, especially if such materials are critical (e.g., cobalt).
MFA is often used to quantify the stocks and flows of materials in and between processes along the
value chain of LIBs. Among the consulted studies, the majority adopt a global approach, while few
focus on the EU value chain; in addition, the analyses often focus on the demand of primary raw
materials without including the contribution deriving from SRMs. In addition, more circular options
than recycling are arising in the EU. This is the case of extending the lifetime of LIBs, e.g., through
their second-use in less energy-demanding applications [9,49]. Thus, a proper management of EoL can
have benefits in terms of environmental impacts and supply of SRMs, as well as effects and trade-offs
between different EoL options should be further explored to provide information to be used in properly
manage waste batteries.

Focusing on the environmental impacts of reuse and second-use of batteries, relevant aspects to
be considered in assessing the impacts of LIBs were identified. As the reuse is concerned, key aspects
to be considered are electricity mix [50–52], efficiency losses of batteries [50,52] and the characteristics
of both the battery and the second-use application [9,45,53–55]. Due to the novelty of the topic and the
scarce availability of data, input data are often based on warranties of LIBs and assumptions [9].

As far as concern recycling, guidelines for the impact calculation of LIBs recycling are provided in
the PEFCR on batteries [41]. Bobba et al. [12], using information from industries [56], assessed the
impacts of different EoL options, mainly focusing of the materials assessment, i.e., through a dynamic
MFA. R&D projects and industrial companies are currently investing some efforts to improve the
recovery of materials embedded in batteries to increase the sustainability of LIBs and tackle with
economic barriers, which in some cases are important obstacles to the development of recycling at
industrial scale, e.g., in the case of lithium recycling. For that reason, the amount of SRMs available
in the future is expected to increase and contribute to partially cover the demand of raw materials
for LIBs.

Available studies assessing criticality of raw materials were critically reviewed by Schrijvers et
al. [16]. In this study, it is highlighted that different methods have been developed to identify criticality
assessment factors and indicators at different levels (global, country or region, company, technology
or specific products) [16]. In addition, data availability is recognised as a key factor that limits the
evaluation of criticality. Proxies are needed to overcome this lack of data. Furthermore, data quality,
including both data uncertainty and data representativeness, is rarely addressed in the interpretation
and communication of results [16]. Focusing on the EU, the list of CRMs and the criticality methodology
are a key instrument in the context of the EU raw materials policy, a precise commitment of the Raw
Material Initiative [57]. Since the publication of the first list in 2011 and subsequent updates in 2014
and 2017, the EC criticality methodology responded to the needs of governments and industry to better
monitor raw materials and inform decision makers on how security of supply can be achieved through
diversification of supply, resource efficiency, recycling and substitution. To prioritise needs and actions
at the EU level, the list of CRMs supports in negotiating trade agreements, challenging trade distortions
and in programming the research and innovation funding. The EC methodology [58] defines CRMs
as the combination of high economic importance (EI) for the EU and high risk of supply disruption
(SR, supply risk). The assessment in essentially based on past data, e.g., the 2017 list was based on
the five-year average (i.e., 2010-2014). Demand growth is often considered by technology-oriented
methods, but not always considered by studies focusing on a national economy. This makes this
exercise suitable to describe current economic situation, disregarding the future development of the
economy [16].
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The performed literature review highlights the complexity of the topic and the fact that several
aspects should be taken into account to provide valuable and complete information on the environmental
performances of traction LIBs in the EU in the future. In this framework, the integration of LCA and
MFA to better understanding complex systems and environmental impacts is an added value [29,30,32].
Studies combining LCA and MFA of products are already available in the literature [31,59] and synergies
between LCA and criticality were already proposed by Mancini et al. [60]. Specific consideration of
future availability and demand of primary/secondary (critical) raw materials for traction LIBs in the
EU were explored by Golroudbary et al. [61] and Pillot [62]. Song et al. [63] developed a detailed study
on dynamic MFA of the CRMs for the Chinese LIB industry combining both the MFA and a CRMs
evaluation model based on Blengini et al. [58] considering future scenarios up to 2025. Studies on the
criticality of raw materials embedded in LIBs were investigated by Olivetti et al. [18] and Helbig et
al. [64]. The results of criticality assessment and LCA were combined by Gemechu et al. [65]. However,
the results do not provide specific information related to the potential variation of the supply risk due
to the potential improvement of specific circular strategies and related environmental impacts. Finally,
synergies among LCA, MFA and potential supply risk should be further improved at inventory level
since some input data can serve all (e.g., processes efficiency and materials content).

The literature review confirms that, to the authors’ knowledge, there are no studies specifically
addressing traction batteries in the EU along their whole value chain integrating information provided
by all LCA, MFA and supply risk considerations together. In addition, a future-oriented approach
requires more scientific efforts in terms of methodology, to develop models taking into account key
aspects of foreseeable future, e.g., physical scarcity or the future development of the economy [16].

3. Methodology: Modelling Flows and Impacts of LIBs in the EU Fleet

The integration of assessment tools able to analyse different but complementary aspects is a key
feature to improve an in-depth and comprehensive knowledge of the EU fleet. In the following
paragraphs, the main features of performed assessment of the environmental impact of traction LIBs in
the EU fleet are illustrated.

A Life-Cycle Thinking (LCT) approach is adopted to include in the assessment all the relevant
aspects along the whole value chain of products, taking also into account external aspects affecting
environmental performances of products, e.g., socioeconomic aspects.

3.1. LCA of Traction LIBs

The developed LCA follows the (ISO 14040-44) and the PEFCR for batteries [41]. The LCA tool
provides the necessary background information on environmental impacts of products/services under
analysis along their whole value chain. Considering the potential development of technology and
the complexity of some products, the development of modular LCAs and the adoption of parameters
make the LCA model flexible: (1) to update according to available input data; (2) to speed-up the LCAs
of different products; and (3) to enlarge the analysis (e.g., new materials and/or components).

According to PEFCR for batteries, the functional unit (F.U.) for rechargeable batteries can be
defined as 1 kWh of the total energy provided over the service life by the battery system. Nevertheless,
this functional unit requires referring to the expectancy life of the battery, which is often hard to
estimate because it is affected by many different parameters [10,42]. Moreover, since the majority
of available LCA studies on batteries show impact results for 1 kg of battery or for 1 Wh of storage
capacity, the developed LCA tool provides results for both 1 kWh of energy provided and 1 kg of
battery pack. The LCA tool provides information on the specific LCI datasets used for the analysis,
with reference to Environmental Footprint (EF) and Ecoinvent databases (see Supplementary Materials
for details). Datasets are connected to the related impacts, evaluated with the EF method; this enables
the user to easily assess the batteries for all the impact categories available within this method. In this
manuscript, attention is however focused on the Global Warming Potential (GWP), as one of the most
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robust categories and of high societal and policy interest [66]. Results for the other EF impact categories
are reported in the Supplementary Materials.

The unified database of Peters and Weil [44] is used to assess the environmental impacts of
different LIBs chemistries according to available inventories in the literature. In addition, this analysis
updates and extends the unified database with recent data on the manufacturing of LIBs data [45,46]
and on other stages of batteries life-cycle (use and EoL stages). Table 1 lists the main characteristics of
the analysed batteries and the selected source of the LCI data.

Table 1. Main characteristics of the analysed batteries and the selected source of the LCI data.

Battery
Chemistry

Type of
Vehicle

Weight
[kg]

Capacity
[kWh]

LCI Data Source for
Manufacturing Stage

LCI Data Source
for Use Stage

LCI Data Source
for EoL Stage

NMC 111 EV 253 26.6 [24,44] [41] [41,45,67]

NMC 424 EV n.a. n.a. [26,44] [41] [41,45,67]

NCA EV 142 18.9 [44,68] [41] [41,45,67]

NCA EV 154 20 [46] [41] [41,45,67]

LMO/NMC PHEV 175 11.4 [45] [41] [41,45,67]

The use stage is defined by the energy losses due to the battery and charger efficiency [41].
The model was built in a way that the total energy used by a xEV before replacing the traction LIB
is obtained by multiplying the distance covered by vehicles and the average fuel economy (energy
necessary to cover the distance of 1 km). The change of the energy mix along time is considering
through an increasing share of renewables in the energy mix, based on EC projections [69,70].

The EoL stage includes dismantling of components, the conversion into recycled material,
other operations and credits connected to the re-availability of material after the recycling process [41].
The LCI of the EoL stage was unified with reference to data provided by the PEFCR on batteries,
with exception of input/output data of lithium, nickel, manganese, cobalt, graphite, copper and
aluminium. For these latter, quantities of recycled material (and consequent credits) were calculated
considering the amount of materials available in each battery and the recovery of the same material
after the recycling process.

To make the LCA replicable and updatable, the LCI of each LIB chemistry is provided in
a spreadsheet (included in the Supplementary Materials), where each input/output flow of material,
energy, waste and emission is related to 1 kg of battery pack. Each flow is connected to the related
impacts, enabling the automatic calculation of the impact of the battery life-cycle. The changing of
input/output quantities or parameter values allows the evaluation of different scenarios, as shown in
Section 5. Moreover, the modularity of the model allows quick and consistent comparisons between
environmental performances of different batteries. Additionally, due to the fast development of
the technology, the modularity of the LCA model allows enlarging it, adding e.g., new materials
and/or components.

3.2. MFA of traction LIBs in the EU

MFA is used to better understand the value chain of products through the representation of the
main processes along the value chain but also to quantify the stocks and flow of products/materials
over time [71].

According to Bobba et al. [12], the adoption of parameters in the MFA model makes it customisable
and flexible to assess different scenarios and identifying e.g., circular economy aspects and/or effects of
EoL options along the whole value chain of LIBs. In addition, the modularity of the model allows
easily adding/updating modules within the MFA model in case of new/more data would be available.
In case some modules are not of interest of the assessment (e.g., second-use of specific LIBs’ chemistries
or in addressing some future EoL scenarios), parameters allow simply not considering these modules
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for the quantification of stocks and flows. In addition, different aspects of LIBs can be assessed, i.e.,
stocks and flows of both batteries, materials embedded in LIBs and storage energy capacity.

Figure 1 shows the MFA model created to estimate the stocks and flow of the EU fleet in the future.
Differently from Bobba et al. [12], the model was enlarged to also include the recirculation of SRMs in
the system and incineration/landfilling of LIBs. Due to the difficulty in collecting all the needed data,
some flows were estimated through the adoption of a parameter which was made varying in-time.
In line with the goal of the study, the model is used to quantify the stocks and flows of traction LIBs,
lithium, nickel and the energy storage capacity for various LIBs chemistries and applications (i.e.,
PHEV and BEVs).
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Figure 1. Modelling of stocks and flows of LIBs in the EU (adapted from Bobba et al. [12]).

Where:
υ ICEV/EV, y = Unknown whereabouts
φ coll, y = Collected ELVs
ε EV, y = ELVs exports
γ EV = ELVs to recycling
ι recovery = ELVs to recovery
β direct reuse = ELVs to direct reuse
λ recovery = ELVs to landfill
θ recy = Recycling efficiency
θ reco = Recovery efficiency

3.3. Criticality and Supply Risk of LIBs Raw Materials

According to Schrijvers et al. [16], “the raw material criticality is the field of study that evaluates
the economic and technical dependency on a certain material, as well as the probability of supply
disruptions, for a defined stakeholder group within a certain time frame”. In line with the system
boundary of the study, the analysis on materials supply risk is applied at EU level, focusing on battery’s
raw materials. As mentioned in Section 2, the EC methodology [58] defines CRMs as the combination
of high economic importance (EI) for the EU and high risk of supply disruption (SR, supply risk).

In this paper, we focus on the contribution of recycling as a supply risk mitigation factor, according
to the EC methodology [58]. Recycling of end-of-life products is in fact considered a more secure
source of raw materials, in comparison to primary production [58].

The battery materials initially prioritised in this study include cobalt, lithium, natural graphite and
nickel; manganese is considered too, although less often identified as CRMs [16,72] due to the lower
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supply concentration and subsequent lower supply risk. Among the batteries’ materials, technologies
for recycling Li are currently available in the EU, even though not yet at industrial scale [73,74].
Concerning nickel, it is to be considered that nickel used for manufacturing traction LIBs needs to be
of high quality; in fact, Nickel Class I has a Ni content higher than 99% [20]. Despite some examples
of high-quality nickel recovered from batteries (e.g., [75]), most of the nickel recycled nowadays is
not suitable for the manufacturing of new LIBs [76]. In the EU, stainless steel is the biggest user of
primary and scrap nickel, which already uses nickel scrap recycling for stainless steel production and
will increase by 2025.

Despite limitations, data provided by MFA, in particular amount of materials recovered from
traction LIBs recycling, are used to estimate the potential reduction of the SR for both Li and Ni in
relation to the expected evolution of the EU fleet.

3.4. Common Inventory and Data Gaps

Availability of data is a key point for all the above illustrated assessment methodologies. In some
cases, the same data can serve two or three components, which is an added value for an already
difficult data collection. Moreover, the adoption of the same data and/or information improve the
consistency of the obtained results and ease the replicability of the assessment in case new data will
be available in the future. Finally, a common inventory facilitates the clear definition of the needed
assumptions for the three components.

Table 2 provides an overview of the data and assumptions included in the study that are
common to at least two out of the three components. However, it is highlighted that the adoption
of the same data for multiple components requires more efforts in terms of data quality and
geographical/temporal representativeness.

Table 2. Overview of possible synergies between LCA, MFA and Criticality (supply risk) in terms of
inventory data.

LCA MFA Criticality
(Supply Risk) Unit Notes

Weight of the
battery X X [kg]

Lifetime X X
[year] or

[provided
kWh]

Materials content X X X [kg/kg battery]
of [kg/kWh]

Process efficiency
(i.e., losses) X X [kg/kg battery]

Import/export for transport for flows
and stocks X [tonne]

- impacts of transport
- outbound/inbound flows

- import reliance

Collection rate X X [-] - indirectly availability of SRMs

Battery reuse X X X [%]

- lower impact of the battery life-cycle
(longer lifetime)

- stocks increase, creation of new stocks
- indirectly availability of SRMs

Battery
dismantling

efficiency
X X [%]

Recycling
efficiency X X X [%]

- impacts of recycling process /
avoided materials

- available SRMs to be recirculated in
the system

Quality of
recycled
materials

X X X [-] - closed/open loop
- available SRMs for specific sectors
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Table 2. Cont.

LCA MFA Criticality
(Supply Risk) Unit Notes

Materials
substitutability X X X [-] - increase/decrease of materials content

- LCA of different chemistries

Future
technological

change
X X X [-]

- different chemistries,
materials, components
- potential improve of
recycling technologies

Geographical
considerations X X

X (import
reliance and
production)

[-]

- evaluate transports and
import/export flows

- EU dependency on third Countries
- import reliance

WGI
Social (not
assessed in
this study)

X [-]

New energy
sources X X [-]

Trade agreements
and restrictions X X [-]

4. Case-Study: Traction Batteries in the Future EU Fleet

The selected methodologies were applied to traction LIBs in the EU fleet between 2015 and 2030
to assess the environmental contribution of traction LIBs to the potential decrease of the impacts of
the EU fleet in the next decades, but also the role of the key materials embedded in batteries. In this
section, a brief description of the case-study is provided; to assess the potential added value of the
coordinated approach, different scenarios were considered.

4.1. Description of the Case-study and the Assessed Scenarios

The environmental assessment focuses on traction batteries used in both PHEVs and BEVs,
especially on LIBs embedding Ni and Li. Note that, even though some LIBs are already used for HEVs,
this technology was excluded from the analysis since the main power source is a combustion engine.
A Base-Case Scenario was created to capture most of the aspects mentioned in the research questions
(Section 1); in addition, the effects of some key aspects (i.e., EoL management and change of energy
mix) are considered through the creation of ad-hoc scenarios hereinafter described (see Table 3).

4.1.1. “Base-Case Scenario”

The evolution of BEVs and PHEVs in EU between 2015 and 2030 is based on the EU Long-Term
Strategy (LTS 1.5◦C Technical), which assumes a reduction of the EU greenhouse gas emissions for
2030 of about 50% and zero emissions in 2050 [4].

The case-study is mainly focused on traction NMC and NCA chemistries, which are expected to
dominate the traction LIBs EU market in the future (Section 2); LMO/NMC chemistry is also included
in the analyses of current scenarios, while it is excluded in the calculations of future scenarios because
of the scarce availability of data on possible trends for these chemistries. For the use stage of LIBs,
the default amount for energy density is 9.6 kWh/kg (aligned with the PEFCR for batteries) and fixed for
all the LIBs. Default values for the battery use are: 100,000 km for the driven distance (in line with the
warranty generally given for batteries by BEV producers) and a fuel economy of 0.2 kWh/km (according
to Fuel Economy data provided by EPA). For the EoL, no remanufacturing and second-use are assumed
to develop at industrial scale in the EU. The recuperation of materials is calculated as the product
of the collection rate, the dismantling rate and recycling rate. A collection rate of 95% is assumed,
according to the PEFCR [41], and the recycling rate is based on Lebedeva et al. [74] and Cusenza et
al. [45]. These rates are parameters which can be easily modified for assessing future scenarios.
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The specific energy mix considered in the study is based on literature data [69,70]. The estimation
of the stocks and flows of LIBs/energy storage capacity/embedded materials is adapted from [12],
with additional modules and flows; the value chain of batteries in the EU (Figure 2) is assumed to
mainly maintain the current characteristics. This means that the manufacturing of batteries is assumed
in the EU, according to Peters and Weil [44].

Concerning the assessment of Li and Ni, as representative of key materials in the battery
sector for the EU, their content in LIBs is assumed to vary in time according to available roadmaps
(e.g., [5,72,74,77]). Currently, the recirculation of Li and Ni in a closed loop (i.e., to manufacture new
LIBs) is almost null. The recovery of Li is not yet developed at industrial scale in the EU, mainly
due to economic reasons [73,74]; therefore, it is assumed a current recycling efficiency equal to 1% in
2018 [41], linearly increasing in the future thanks to the ongoing research activities (up to 3% in 2030).
On the other hand, the recycling rate of Ni is already quite high, i.e., 96% [41]; however, to be used
for manufacturing new cathodes, the purity of Ni has to be very high, and, according to the authors’
knowledge, there are few examples of companies that are using secondary Ni to manufacture new
cathode (e.g., [78]).

4.1.2. Scenario A: Extension of the LIBs Lifetime Through Their Second-use

Second-use of batteries in less energy demanding applications is an EoL option that can reduce
the environmental impacts and boost resource efficiency [79]. Despite not yet occurring at large
scale in the EU, the ongoing pilots and research activities have demonstrated that this option is
valid and can increase in the next decades, if also supported by an adequate regulatory framework.
Therefore, based on the Base-Case Scenario, Scenario A was created to assess the environmental effects
of extending the lifetime of batteries. In particular, the life-cycle impacts include both the first- and
second-use, the energy storage capacity of LIBs is further exploited before their recycling and the
embedded materials are locked in the in-use stock for longer compared to the Base-Case Scenario.

The total amount of energy that is provided by the battery during its first and eventually second
life is quite complex, since it depends on different connected variables, e.g., depth of discharge (DoD),
charging-rate and operation temperature [10,42], and the environmental benefits depends on both
the LIB’s and the system’s characteristics [9]. For this study, Scenario A considers a default value of
20,000 kWh provided by the xEV battery first life and a second life providing 5143 kWh, according to
Bobba et al. [9,12]. A linear increase of second-use of batteries from 0% (current situation) to 10% in
2030 and 30% in 2050 is assumed.

4.1.3. Scenario B: Improved EoL Extension of the LIBs Lifetime Through Their Second-use and
Improvement of Recycling

Recovery of key materials is essential to decrease the dependency of the EU from third countries
(Section 3.3). Then, the effects of an improvement in the management of EoL practices in terms of
both second-use of LIBs and improved recycling efficiency is assessed in Scenario B. The trend of LIBs
in second-use applications is the same as in Scenario A. In addition, it is assumed that the recycling
technology allows higher recycling efficiency of Li (15% in 2030 and 2050) and higher level of purity
for covered Ni, which can be used again to manufacture LIBs (linear increase of the closed loop of Ni,
from 0% to 25% between 2018 and 2030).

4.1.4. Scenario C: Renewable Energy for the Manufacturing Stage

The amount and the source of energy used in the life cycle of LIBs can highly influence its
environmental performance [24,80–82]. Currently, there are examples of producers of LIBs’ cells that
are using high share of renewables in the production process, e.g., Tesla and Northvolt Ett. In particular,
Tesla claims to design its Gigafactory 1 in Nevada to be completely powered by solar array installed on
its roof and wind turbine installed nearby, while Northvolt Ett declares that its plant in Sweden will
rely on clean electricity from wind and hydroelectric power [83].
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Hence, to observe the effects of a more environmental-friendly energy mix in the life-cycle of LIBs,
Scenario C assumes that electricity for battery manufacturing is equally provided by photovoltaic
panels, wind turbines and hydroelectric plants. All other input/output flows and related variables
follow the Base-Case Scenario.

Table 3. Summary of the main differences between assessed scenarios.

Variables

Scenarios

Base-Case
Scenario Scenario A Scenario B Scenario C

Change in European energy mix
(current/2030/2050) X X X X

Change in battery material contents
(current/2030/2050) X X X X

Batteries are reused in a second life (10% in 2030;
30% in 2050) X X

The recycling rate of lithium and nickel is
enhanced (2030/2050) X

Energy for manufacturing is completely
provided by renewable sources
(current/2030/2050)

X

5. Results and Discussion

Section 5 reports the main outcomes of the assessment. In particular, for the LCA analysis, results
are reported on GWP impacts provided by the LCA tool for 1 kWh of the total energy provided by the
battery during its entire life-cycle. Note that, as previously discussed, this latter F.U. is influenced by
the battery lifetime, which is by default set to 20,000 kWh for all the analysed batteries. In addition,
results reported in Section 5 mainly refer to the NMC and NCA chemistries as most of the consulted
sources provide information of future trends of these two chemistries and almost no data about the
uptake of LMO/NMC batteries are available.

5.1. Results

The Life-Cycle Impact Assessment (LCIA) of the assessed LIBs shows that the current life-cycle
GWP is on average 0.16 kg CO2 eq/kWh. The impact of NMC batteries results slightly higher than
the NCA one. This difference could be partly due to the different material composition and partly to
the higher mass of NCM batteries. The contribution analysis confirmed that the manufacturing stage
highly contributes to the life-cycle GWP. In addition, the EoL recycling can reduce the impact of the
battery by 22% on average. Among the LIBs’ chemistries, the NMC 111 battery manufacturing has the
highest impacts per kWh of provided energy. At the same time, NMC shows the highest benefit from
its recycling, mainly related to the credits due to the availability of secondary raw materials after the
battery recycling, mainly copper, nickel sulphate and cobalt sulphate. In the Base-Case Scenario, it is
highlighted that the change of materials in different LIBs (e.g., from NMC111 to NMC811) and the
increase of renewable energy share lead to a decrease of GWP in time (Figure 2). The manufacturing
impacts of NMC batteries will decrease by 22% and 31% in 2030 and 2050 compared to the NMC
nowadays in the market (2010-2018), while the reduction is lower (9% and 15%) for NCA batteries
manufacturing. High reductions are observed for the use stage: about 42% in 2030 and 56% in 2050 for
both chemistries.
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Figure 2. Life-cycle Global Warming Potential (GWP) of NMC and NCA chemistries in the Base-Case
Scenario for different years. Labels at the top of each column indicate the respective values of the
life-cycle GWP.

Focusing on the MFA, the results of the Base-Case Scenario show that the increasing demand
of LIBs in the EU will not significantly affect the energy capacity storage and materials flows in the
EU until 2030; then, waste flows start to be relevant in terms of quantities, especially recycling flows.
Figure 3 shows an example of stocks and flows of energy capacity and materials in the studied system
(for interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article). Combining the above-illustrated GWP and energy storage capacity of LIBs
placed on the EU market, it is estimated that the GWP of traction LIBs entering in EU fleet in 2015 is
about 12 kt of CO2 eq., and it will increase up to 35 kt in 2030 and 95 kt in 2050.
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Figure 3. Flows of energy capacity storage in the EU in 2050.

Focusing on materials embedded in batteries, is observed that the amount of Li required for
traction LIBs demand in 2030 and 2050 is, respectively, five and seven times higher than the 2020
demand (Figure 4). For Ni, these values increase to 7 and 14 times. Once extracted from EVs, the amount
of Li/Ni entering in the recycling process can potentially provide 7% of the Li/Ni demand in 2030 and
26% in 2050. However, the recovered Li in 2030 is lower than 40 tonnes in 2030 and about 400 tonnes in
2050, mainly due to the lack of recycling processes at industrial scale; similarly, the recovered Ni in
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2030 is about 900 tonnes and 11,000 tonnes in 2050. Note that almost all the recovered Ni is recycled in
an open-loop, hence not used for manufacturing new LIBs. Secondary Li is lower than 0.5% of the Li
demand in 2030, while secondary Ni is 0.4% of Ni demand for LIBs; these values slightly increase up
to 1% for Li and to 2.5% for Ni in 2050.
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Figure 4. Li and Ni embedded in traction LIBs placed on the EU market (POM), available for recycling
and recovered in different years.

If second-use will develop in the EU (Scenario A), LIBs and embedded materials will last longer
within the system, decreasing the life-cycle impacts and postponing the amount of materials available
for recycling. Assuming a second-life providing additional 5143 kWh, the GWP impact per kWh of
provided energy necessarily decreases. With the assumption that the percentage of reused batteries is
of 10% in 2030 and 30% in 2050, the LCIA results show an average GWP reduction, respectively, of 3%
and 8% (Figure 5). If, in addition to the reuse of batteries, the recycling efficiency of LIBs will increase
in time (Scenario B), reductions of 11% and 17% are observed for NMC in 2030 and 2050, respectively.
The reduction is lower for the NCA chemistry: 4% and 9% in 2030 and 2050, respectively (Figure 5).

The adoption of a completely renewable energy mix for the NMC and NCA manufacturing
(Scenario C) decreases the GWP of the manufacturing stage for both the current and future scenarios
(see also Supplementary Materials). Benefits of manufacturing plants powered by renewables become
progressively less evident over time, because of the enhanced sustainability of the European energy
mix in 2030 and 2050. Compared to the Base-Case Scenario, Scenario C shows a GWP reduction of 23%
in the current situation, 15% in 2030 and 12% in 2050.
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Figure 5. Life-cycle Global Warming Potential (GWP) of NMC and NCA batteries for Base-Case
Scenario, Scenario A and Scenario B in different years. Percentages indicates the reduction of GWP
impacts with reference to the Base-Case Scenario for the same year.
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The development of second-use of LIBs (Scenario A) confirmed a delay in availability of Li and Ni
for recycling and the consequent decrease of secondary Li and Ni in the EU: in 2050 about 400 tonne of
secondary Li and 9,500 tonne of Ni will be available (about 0.9% and 2% of the Li and Ni demand
in 2050) (yellow bars in Figure 6). Difference of secondary Li and Ni compared to the Base-Case
Scenario are almost null since the stock of LIBs in second-use application will become more relevant
around 2040. Finally, from the analysis of stocks and flows of materials, it emerged that the increase
of recycling efficiency will result in a significant flow of SRMs (green bars in Figure 6). In this case,
the secondary Li and Ni in 2050 will be respectively 7% and 9% of the Li and Ni demand in 2050, i.e.,
3000 and 38,000 tonnes.
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Figure 6. Li and Ni embedded in traction LIBs placed on the EU market (POM) and recovered from
recycling processes for the Base-Case Scenario, Scenario A and Scenario B in different years.

Finally, Figure 7 reports the EOL-RIR and the EOL-RR [58] calculated for all the assessed scenarios.
The increasing recovery of Li as SRMs (Scenario B, green bars) significantly increases both indices;
a similar result is observed if the technological development of recycling Ni will allow reaching a high
level of purity, i.e., >99%, in order to use Ni as SRMs for manufacturing new LIBs’ cathodes. Note that
the amount of materials stocked in second-use application is not importantly affecting the indices since
second-use is still a limited EoL option (Scenario A, yellow bars).
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Figure 7. EOL-RIR and EOL RR of Li and Ni according to the Base-Case Scenario, Scenario A and
Scenario B in different years.

The EOL-RIR of Li and Ni is used to better understand the role of recycling in mitigating the SR in
2050 according to the expected evolution of the EU fleet. The current and future EoL-RIR is estimated
by the MFA tool (average 2015–2020) and in the future (2050), based on the assessed scenarios.

The supply risk reduction of Ni is < 1% in the Base-Case Scenario (2015-2020) and 6.3% in
Scenario B (2050). Ni used to manufacture LIBs requires a higher grade (Class I) than Ni used in, e.g.,
steel applications, which is its main use according to the Ni Institute [21] and the overall EoL-RIR is
estimated to be about 34% [84]. Even though the recycling rate (RR) of Ni from LIBs is quite high
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and its trend is rising, the required grade is higher to feed the input for batteries with SRM. Thus,
the EoL-RIR can slightly reduce the supply risk.

The figures are quite similar for Li, with a supply risk reduction <1% in the Base-Case Scenario
(2015-2020) and 5% in Scenario B (2050).

Moreover, it is well known that the supply risk for Ni is much lower than that of Li according to
several criticality assessments run internationally [16], thus it appears that recycling as a risk mitigation
factor seems even more important for Li than for Ni. Unfortunately, at present and in the future,
recycling, alone, does not seem a relevant mitigation factor for the supply risk of neither Li nor Ni (all
other factors being equal, and taking into account the limits of the model).

5.2. Discussion

The complexity of batteries and the assessment of their (environmental) performances is certainly
a major challenge in this and in other studies. A single assessment tool cannot provide a complete
overview of the impacts of LIBs and can unlikely capture all the effects of different EoL options [29,85].
This is particularly relevant for those new options that have shown potential to develop in the next
future (e.g., second-use of batteries), as well as in case of raw materials with high supply risk (e.g., Li).

LCA and MFA are applied to traction LIBs in the current and future EU fleet, to assess the life-cycle
GWP of specific LIBs chemistries currently available in the market and LIBs entering in the EU fleet
up to 2050 (Section 3.1); in addition, stocks and flows of LIBs/storage capacity/embedded materials
were quantified along the EU value chain of LIBs for different scenarios (Section 3.2). The criticality
of materials in this study was used to filter the raw materials to firstly focus on and to assess the
supply risk of such materials using data provided by the MFA results. Among the key materials for the
future development of batteries [72], those selected for the study are Li and Ni embedded (Section 3.3).
Due to the uncertainty of input data related to the fast evolution of the technology, the complexity of
the LIBs’ components, the globalised market and different assumptions behind available LCA and
MFA studies, assessment models are built using modules and parameters. This makes the model
flexible and updatable according to available data (e.g., in case of new components/processes/stocks)
and addresses uncertainty through the creation of different scenarios (e.g., change in energy mix and
increase/decrease of processes efficiency). Obtained results confirm the added value of the adoption of
different assessment tools to improve the knowledge of complex systems, as traction LIBs [29,30,32].

Since the vehicle electrification certainly plays an important role in the decarbonisation of mobility,
the investigation on the environmental performance of traction batteries is of crucial importance,
being the main element that differentiates ICEVs and EVs. The lack of reliable data highlighted by
several authors (e.g., Peters et al. [42] and Zackrisson et al. [25]), and therefore the difficulty in consistent
comparison between LCIA results is addressed in the study through the adoption of the unified
database proposed by Peters and Weil [44], used to assess the GWP of NMC, NCA and LMO/NMC
chemistries. To bypass the barriers for information sharing and reuse often caused by the only partial
interoperability between the main LCA software and database currently available [86], to ease the
replicability of results and to further enlarge the proposed analysis, the LCA tool is provided in the
Supplementary Materials as a spreadsheet file. LCIA results obtained for 1 kg of battery pack (provided
in the Supplementary Material) are aligned with the available literature [24,26,44]. The results expressed
for the F.U. of 1 kWh provided by the battery are not easily comparable with previous literature since
most authors did not provide results with this F.U. In addition, it is necessary to underline that LCIA
results for 1 kWh of provided energy directly depend on the lifetime of the battery. This latter is fixed
in this paper to 20,000 total kWh provided, but can vary among different batteries. This parameter can
however be easily modified in the LCA tool provided in the Supplementary Material and according
to available data, its variation is recommended to understand its relevance in line to the goal of the
analysis. The change of the energy mix plays a key role in decreasing both the manufacturing impacts
and the life-cycle impacts of LIBs in 2030 and 2050. In fact, manufacturing LIBs with renewable energy
sources (Scenario C) reduces the impacts of LIBs placed on market in 2020 of almost 4000 tonnes of
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CO2 compared to the impacts of LIBs placed on market the same year and manufactured with the
current EU energy mix. In addition, the increased share of renewables (Base-Case Scenario) is the
most important factor in reducing the life-cycle GWP of NMC and NCA chemistries: respectively,
by 24% and 22% in 2030 and by 32% and 30% in 2050. To better understand the contribution of LIBs in
decreasing the impacts of the EU mobility system in the future, a wider analysis should be performed
to include the life-cycle impacts of different types of vehicles, even though this means a further level
of uncertainty related to needed assumptions and simplifications, e.g., losing the detail on different
chemistries and performances due to the high amount of information to be processed. In addition,
electricity mix importantly affects the life-cycle impacts of EV vehicles, thus is a key aspect requiring
more in-depth analysis, especially in the case of future energy mix [28]. The developed spreadsheet
file can be used to model the contribution of LIBs taking into account key parameters and without
losing details about performances of batteries (see Supplementary Information).

In 2030, 32 kt of Li and 202 kt of Ni will be required according to the targets established by the
EU Long-Term Strategy [4]. These values increase up to 44 kt and 423 kt in 2050. The assessment
of different trend of xEVs uptake, as discussed in Section 2, is recommended. In fact, input data
concerning materials content in LIBs are currently poor and should be updated with new available
data, and it is expected that new technologies will appear in the market, like fuel cell EVs [3,7].

The results of the analysis confirm that the growth of LIBs in the future EU fleet corresponds to
an increasing flow of energy storage capacity, which is better exploited through second-use of LIBs [12].
As a consequence of the extension of LIBs’ lifetime, Li and Ni are locked in the second-use stock,
and therefore they cannot be available for recycling and potentially be recovered as SRMs.

Even though LIBs are not second-used, current recycling of Li is quite poor [73,74] and the
secondary Ni is not pure enough to be used again for LIBs manufacturing [20,21]. In fact, without
any improvements in recycling processes (Base-Case Scenario), the contribution of secondary Li and
Ni to the EU materials demand is and will remain quite limited (1% of the Li demand and 2.5% of
the Ni demand in 2050). Even though the availability of Li and Ni is delayed in time according to the
extended lifetime of LIBs in second-use applications (Scenario A), the potential increase of recycling
(Scenario B) of Li and Ni entails environmental benefits in terms of GWP (17% and 9% of the life-cycle
GWP for, respectively, NMC and NCA chemistries in 2050, compared to the GWP of currently LIBs in
the market). Moreover, this improvement also means an increasing amount of SRMs, hence a slight
mitigation of the supply risk in the future (2050). In fact, although supply risk of Ni is relatively low at
present and the recycling could lead to a more sustainable production, the overall risk would not be
affected significantly. The supply risk of Li is very high due to the high concentration of EU sourcing in
Chile and completely reliant on import from third countries. Despite a rising trend of Li in the future,
EoL RIR will not be able to mitigate this important supply risk. It can be concluded that, with the aim
of pursuing strategies of mitigation, fostering European domestic production and diversifying the EU
suppliers seems the best option to reduce the supply risk, rather than the way of recycling.

Batteries require specific grade of materials for their chemistry and a sectorial level assessment
would draw a more precise picture for their risk of supply disruption [63]. In addition, the EU
consumption of raw materials used in batteries is extremely low compared to other sectors, e.g., Li is
mostly consumed by the glass and ceramics industries, and only 1% feeds the battery industry. Ni is
mainly used to produce different stainless and alloy steels, which is the biggest user of primary and
scrap Ni [21]. The Ni consumption in the EU battery industry is negligible compared to the other sectors.
Within this context, the competition among sectors which use the same raw materials for different
purpose could play an important role to define the supply risk and/or economic vulnerability of battery
raw materials. According to Nassar et al. [87], the industry’s relative vulnerability can be quantified by
calculating “the ratio of an industry’s expenditures for a given commodity relative to that industry’s
profitability”. This approach seems to fit well to a sectorial level such as battery manufacturing,
although it requires a well-structured breakdown of economic sectors and data availability.
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It is worth noting that assumptions about, e.g., the share of materials recovered in
a closed/open-loop, evolution of recycling efficiency, extended lifetime of LIBs, materials content,
variation of LIBs capacity, supply data, etc., are based on available literature and often refer to past
and current situation. Modularity and parameters in the developed models are used: (1) to make the
application of selected tools flexible and updatable according to available data; and (2) to address
uncertainty through the creation of different scenarios. Relevant parameters identified in the performed
analysis are energy mix, recycling efficiency and supply risk. More efforts are needed to further explore
the effects of, e.g., improved lifetime, one of the key parameters identified in the literature [10,42] and
future supply risk.

Finally, the proposed approach could in the future be used to enlarge the performed analysis
covering more aspects, e.g., different deployment scenarios, improved EoL practices and new materials.
An interesting example on new materials expected to be used in manufacturing future traction LIBs
is Niobium [88]. Niobium, which belongs to the CRMs list [19], is mainly produced in Brazil and
Canada, even though exploration activities are taking place in several countries [89]. Currently,
niobium is not massively used for manufacturing batteries, but its application has some potential, e.g.,
for anodes [88,90,91], which means a potential increase of demand. Very few studies on niobium in
batteries are available and environmental impacts are almost unknown [92]. According to the authors’
knowledge, the GWP of ferro-niobium were provided by Dolganova [93], who used primary data
provided by CBMM (Companhia Brasileira de Metalurgia e Mineração). Such gap of data requires
more efforts in assessing the environmental impacts of niobium for batteries, but also in investigating
various aspects affecting both MFA and its supply, e.g., niobium content in anodes, which materials it
will substitute (see Table 2).

Overall, the combination of information provided by different tools and experts in different fields,
as well as the assessment of different scenarios, is recommended to identify key aspects that can
contribute to decrease the environmental impacts of a strategic sector for the EU, such as mobility.

6. Conclusions

LCA, MFA and criticality (supply risk) considerations are contrasted and discussed in a mutually
interactive manner, with focus on the environmental impacts of traction LIBs and some of their
constituting materials in the current and future EU fleet from different perspectives. Modules and
parameters used in both the LCA and MFA models allow identifying relevant aspects in terms of
impacts and assessing different scenarios, including different possible EoL options. Criticality mainly
contributes to prioritise materials to be studied and improve knowledge on the potential contribution
of SRMs in the supply risk for specific materials.

The Supplementary Materials support the replicability of the assessment, as well as future studies.
Users can easily access to relevant information on both the LCI and LCIA results, being able to: (1)
directly compare input/output flows of the life-cycle of different LIBs; (2) further enlarge the assessment;
and (3) modify and/or add input/output flows. The dynamic MFA tool describes the value chain of
traction LIBs in the EU including all EoL options, and it allows quantifying the stocks and flows of
LIBs/energy storage capacity/embedded materials in the EU for different scenarios and under different
assumptions. Criticality assessments run worldwide suggested to initially focus on Li and Ni as key
raw materials embedded in LIBs. The paper provided information of the role of recycling as mitigation
factor of the supply risk of both Li and Ni used in LIBs.

Results point out that the life-cycle GWP of traction LIBs will likely improve in the future,
mainly due to more environmental-friendly energy mix and improved LIBs’ recycling. Even though
second-use will postpone the availability of materials for recycling, recycling improvement can
importantly increase the flows of SRMs, boosting resource efficiency and keeping the values of
materials in the EU. In addition, recycling can further contribute to reducing the supply risk of both Li
and Ni in 2050. Such enhancements are related to both the development of recycling technologies at
large scale (in case of Li) and the higher grade of recovered materials (in case of Ni).
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Lack of knowledge about the LIBs value chain, lack of robust data as input for the assessments
and adoption of data based on past and current trends are importantly reflected in the obtained results,
thus suggesting to intensify research efforts. Obviously, further methodological work, concerning,
e.g., scenario setting, uptake and impacts of future technologies, adoption of consequential LCA,
substitution of materials, effects of stocks and flows, etc. would also be advisable to appropriately
support more prospective decision-making.

Both the literature review and the performed analysis confirmed the added-value of performing
a multi-criteria analysis, especially when addressing complex systems. Involvement of different
expertise and running scenarios varying relevant parameters are keys in updating both the modelling
and the input data in order to provide reliable information to identify circular economy aspects that
support decision making to properly manage the whole value chain of a strategic sector for the EU,
such as batteries for e-mobility.

Supplementary Materials: The following tables in excel file that provides the main assumptions of the assessment
reported in this paper are available online at http://www.mdpi.com/1996-1073/13/10/2513/s1. Moreover, to make
the LCA replicable and updatable, the LCI of each LIB chemistry is provided in the spreadsheets of this excel file,
where each input/output flow of material, energy, waste and emission is related to 1 kg of battery pack.Each flow is
connected to the related impacts, enabling the automatic calculation of the impact of the battery life-cycle. The LCIA
for all the impact categories included in the assessment are reported in the last spreadsheet (“Impact_calculation”).
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