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Abstract

The transport system is currently undergoing a transition, with car manufacturers shifting
from producing conventional internal combustion engines to producing electric vehicles
(EVs). One of those actors is Volvo Car Corporation, which has the ambition to become
a fully electric car manufacturer by 2030, as well as climate neutral and circular by 2040.
One important factor to assess in the transition to EVs is the choice of battery cell chem-
1Stry.

The aim of this study is to identify and assess sustainability criteria for multiple lithium-
ion batteries (LIBs) and sodium-ion batteries (SIBs) chemistries for EV application. The
LIB cell chemistries examined are nickel manganese cobalt - graphite (NMC811-Gr) and
lithium iron phosphate - graphite (LFP-Gr), and SIB cell chemistries are nickel man-
ganese magnesium titanium oxide - hard carbon (NaNMMT-HC) and nickel manganese
cobalt oxide - hard carbon (NaNMC-HC).

Prior research within sustainability in battery cell chemistries for electric vehicles has
often been covered through life cycle assessments (LCA) studies. However, LCA has
been shown to only address limited aspects of sustainability. This thesis proposes a
mixed-methods approach to assess sustainability, by combining an open space technology
(OST) workshop, data from LCAs, expert interviews, and multi-criteria decision analysis
(MCDA), in order to bring forward other aspects in the sustainability assessment.

The sustainability indicators identified in the OST workshop and used in this study are
"Responsible sourcing and social aspects’, ’Human health’, ’Raw material availability’,
"Longevity of cell’, ’Climate impact’, and ’Recyclability’. Quantification of the indica-
tors and the MCDA showed that the LFP-Gr cell is a promising chemistry amongst those
assessed.

In conclusion, it is recommended to adopt additional stakeholder perspectives, and other
tools, to complement the environmental and social assessments conducted using LCA
studies, when assessing the sustainability of both current and emerging battery chemistries.

Keywords: Lithium-ion batteries, Sodium-ion batteries, Battery cell chemistries, Elec-
tric Vehicles, Sustainability assessment, Multi-criteria decision analysis, Mixed-methods
approach, Open Space Technology
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Introduction

The first electrochemical cell was invented in 1800 by Alessandro Volta (Schumm, 2023).
However, it was not until 1836, with the electrochemical cell invented by John Frederic
Daniell, that a battery could be used as a source of electricity, as it unlike Volta’s cell,
could sustain continuous currents. Today, batteries are used for many different applica-
tions, one being the component that provides propulsion in vehicles. The field is ever
growing and many types of electrochemical cells are available at more or less mature
states, and all come with their own unique set of challenges - both technically and from a
sustainability point of view.

The leading battery cell technologies for electric vehicles (EVs) are lithium-ion batteries
(LIBs) (Houache et al., 2022). There are several Li-ion cathode chemistries available in
the market today, such as lithium manganese oxide (LMO), lithium cobalt oxide (LCO),
lithium titanate (LTO), lithium iron phosphate (LFP), nickel cobalt aluminium (NCA),
and nickel manganese cobalt (NMC) (Warner, 2015).

One of the most common cathode chemistries is LFP, which is a chemistry that is known
for its good cycle life, thermal and electrochemical stability, and low cost due to the use of
iron (Houache et al., 2022). On the other hand, this cathode also has low energy density
and low electronic conductivity resulting in high costs per kWh even with the use of the
relatively cheap iron.

Currently, there is a search for LIBs with high energy density in the automotive industry
due to an increasing energy crisis and because EVs are considered to be a step towards re-
duced carbon dioxide (CO,) emission (Luo et al., 2022; Manthiram, 2017). One material
that has been shown to increase energy density is nickel (Ni), and both NCA and NMC
chemistries are considered to have superior structural properties and thermal stability
compared to attempts with other elements such as magnesium (Mg) and manganese (Mn)
among others (Luo et al., 2022). There are several types of NCA and NMC chemistries of
the configurations LiNi,Mn,Co,0, and LiNi,Co,Al,O,, where x +y+z = 1. Presently,
these chemistries are gravitating towards higher shares of Ni (Houache et al., 2022), such
as:

* LiNiggCog.15Alp,0502 (NCAB0)

hd LiNi0,6Mn0'2C00'202 (NMC622)

b LiNi()_gMIl()_]CO().l 02 (NMC81 1)

One Ni-rich cathode chemistry that is commercially used is NMC811 (Luo et al., 2022).
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Another common driver for studies of Ni-rich LIBs are the reduced amount of Co, which,
due to the questionable environmental impacts and working conditions in the mining
phase, has been given a lot of attention (Luo et al., 2022; Sovacool, 2019). Further-
more, the use of Co also comes with a large financial cost, making it relevant to study
alternative chemistries which are both Ni-rich and Co-free (Luo et al., 2022).

Sodium-ion batteries (SIBs) is a cell chemistry currently explored as an alternative to
LIBs. Two reasons why SIBs are considered as alternatives to LIBs are: 1) Sodium (Na)
is much more abundant than Li and costs less, and 2) the chemistry of SIBs is quite similar
to that of LIBs (Delmas, 2018; Hwang et al., 2017). The main difference in chemistry is
that LIBs use Li ions as charge carriers, and SIBs use Na ions (Hwang et al., 2017). Na
ions have a radius ~50% larger than the Li ions, which has an effect on anode materials
(Walter et al., 2020). Graphite (Gr) is used in LIBs as anode but has very low capacities
in SIBs. Instead carbonaceous materials like hard carbon (HC) can be used as alternative
in SIBs (Walter et al., 2020).

SIBs have started being produced commercially only in a smaller scale so far, but CATL,
one of the largest battery manufactures in the world, have plans to start mass-producing
SIBs in the near future (Fichtner, 2022). There are a lot of different types of cathode
chemistries currently being investigated for SIBs, and most can be placed in one of the
three categories: layered transition metal oxides, Prussian blue and its analogues, and
polyanionic compounds (Peters et al., 2021; Wang et al., 2020). Layered transition metal
oxides include cathode chemistries such as nickel mangangese magnesium titanium ox-
ide (NaNMMT), manganese magnesium oxide (NaMMO), and nickel manganese cobalt
oxide (NaNMC) (Peters et al., 2021).

Volvo Car Corporation, commonly known as Volvo Cars, is a Swedish automotive man-
ufacturer founded in 1927 that, in 2021, set out to be a fully electric car brand by 2030
as a step towards reduced life cycle carbon footprint of its products (Volvo Cars, 2021).
Furthermore, one of the company’s ambitions is that in 2040 their whole business should
be climate-neutral (Volvo Car Group, 2023). They also have ambitions of going circular
and becoming a recognised leader in ethical and responsible business. Currently, Volvo
Cars communicate sustainability actions regarding use of cobalt (Co), Ni, and Li in their
battery cathodes (Volvo Car Group, 2023). There are many technical solutions to choose
from, just within the field of battery cell chemistries for EVs. However, which cell chem-
istry that is most sustainable is not yet clear (Amici et al., 2022). Considering this, the
promising cell chemistries LFP-Gr, NMC811-Gr, NaNMMT-HC, and NaNMC-HC are
assessed with a mixed-methods approach regarding their sustainability in this study.

1.1 Research gap

Multi-criteria decision analysis (MCDA) is decision-making tool, that can take both pref-
erences and performance of different alternatives in to consideration through mathemat-
ical formulas (Linkov et al., 2021). MCDA has previously been used to assess LIBs for
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EVs (Loganathan et al., 2021). Loganathan et al. (2021) discuss how EVs manufacturers
often consider and deal with trade-offs, from performance factors such as energy density
and specific power, but also safety, reliability, and cost, when selecting a LIB. This is a
typical MCDA problem. Still, little research has been conducted on this decision problem
using a multi-criteria approach.

An MCDA based framework for sustainable manufacturing in the automotive industry has
been developed by Stoycheva et al. (2018). They discuss how the current sustainability
frameworks often are qualitative and lack different components of sustainability. Some
manufacturers focus is on economic factors and neglects environmental and social ones,
while others heavily considers environmental issues. Stoycheva et al. (2018) emphasise
that a focus material choices in the manufacturing process can be a first start for the au-
tomotive industry in its work for improved sustainability, as it affects both fuel efficiency
in the final product as well as resource dependence, recyclability, and biodegradability.
Traditionally, sustainability in manufacturing is assessed through LCAs (Stoycheva et al.,
2018). However, the use of MCDA s in sustainability assessments are increasing as it pro-
vides a way to weight stakeholder preferences and performance in complex situations.

Domingues et al. (2015) discuss the use of MCDA as a complement to LCA for en-
vironmental assessments of vehicles to aid in decision making for both policy-makers
and consumers. An LCA helps covering multiple dimensions of environmental impacts
throughout the whole life cycle of different technologies (Domingues et al., 2015). How-
ever, they often only cover a few impact categories with a focus on global warming. An
MCDA provides other aspects in environmental decision making as it makes it possible
to compare alternatives in relation to, e.g., "technical information, stakeholder values,
and non-monetary factors" (Domingues et al., 2015). Moreover, an MCDA allows for
the inclusion of multiple perspectives in the weighting step. MCDA and LCA are good
complements, but rarely seen used together.

A possible way to combine LCA and MCDA while including multiple aspects and per-
spectives is through a mixed-method approach. The mixed-method approach has been
applied by, e.g., Gebhardt et al. (2022) with the purpose of addressing the lack of a
comprehensive and accepted framework for sustainability assessments of the LIB sup-
ply chain. Currently, most studies on LIB supply chains are based on already defined
frameworks such as LCAs, in which aspects specific for battery supply chains, e.g., cir-
cularity and child labour, are often lacking (Gebhardt et al., 2022).

1.2 Aim and research questions

The aim of this study is to compare and assess the sustainability of LIB and SIB cell
chemistries used in EVs. A subgoal of the study, necessary to conduct the assessment, is to
identify relevant sustainability indicators for assessing the LIB and SIB cell chemistries.
The LIB battery chemistries selected for assessment are two of the most commercially
used; NMC811-Gr and LFP-Gr. The SIB cell chemistries selected for assessment are
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NaNMC-HC and NaNMMT-HC. NaNMC-HC has a cathode chemistry that has been
used in LIBs for a long time and has advantageous properties such as high energy density.
NaNMMT-HC is an alternative SIB, which has been studied more in depth in published
articles (Peters et al., 2016; Peters et al., 2021). The focus is on these LIB and SIB
cell chemistries as they were found relevant and of interest to Volvo Cars, who initiated
and co-supervised this thesis work. Volvo Cars is a multinational car manufacturer with
roughly 43’000 employees around the world, with its largest markets in Europe and Asia
(Volvo Car Group, 2023). Sustainability is, together with safety, one of Volvo Cars’ main
values. Thus, increased understanding of sustainability aspects of today’s and future cell
chemistries is of high importance to Volvo Cars.

To fulfil the aim of the thesis, the following specified research questions are considered:

1. How do the battery cell chemistries LFP-Gr, NMC811-Gr, NaNMMT-HC, and
NaNMC-HC compare in terms of the sustainability, according to chosen indica-
tors?

2. What are the key sustainability indicators relevant to assess the above mentioned
battery cell chemistries in automotive applications?

This study extends Volvo Cars’ and other EV manufacturers’ selection basis for propul-
sion batteries. This is done in accordance with the findings of Stoycheva et al. (2018), to
include additional sustainability criteria, partly using the combination of sustainability as-
sessment tools suggested by Domingues et al. (2015) through a mixed-methods approach.

1.3 Demarcation

This study focuses on the sustainability assessment of different battery cell chemistries,
where the cathodes and anodes are of particular interest. The data is collected almost
entirely from published studies, and the authors do not generate new raw data or perform
additional LCAs.

As the study employs a mixed-method approach, various parts of the study adopt slightly
different methodologies to gather data. When possible, the whole cell is taken into ac-
count, but for some indicators where data for each component in the cell is collected
individually, the parts considered are cathode active material (CAM), anode active ma-
terial (AAM), current collectors, terminals, and cell casing. Components not taken into
account are electrolyte and additives.
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Theory

In this section, the sustainability definition used in the study is defined. Next, an overview
of the working principles of a battery cell, and the theories behind the studied cell chemistries
are presented.

2.1 Definition of sustainable development

Sustainability is today seen everywhere, from newspapers and billboards, to job listings
and children’s books. Before using the word, one should clearly define the concept to be
able to correctly understand what has been done in the context where it is used (Waseem
& Kota, 2017). This assessment builds upon the Brundtland Commission’s definition of
sustainable development from 1987:

Sustainable development is development that meets the needs of the present
without compromising the ability of future generations to meet their own
needs.

While the Brundtland definition can be considered as general definition of sustainable
development, one of the most common specific models in use are the three dimensions
or pillars of sustainability (Hedenus et al., 2018; Waseem & Kota, 2017). The three di-
mensions; ecological, economic, and social, and potential interpretations can be seen in

Figure 2.1.

Society

Environment

Sustainable
‘ ’ Sustainability
I Tv
—

Figure 2.1: Different ways to depict the three dimensions of sustainable development.
From Purvis et al. (2019), CC BY 4.0.
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The ecological dimension focuses on the sustaining of natural systems to keep providing
to human utility, and it includes both environmental production capacity and environmen-
tal assimilative capacity (Hedenus et al., 2018). In other words, the abilities to provide
humans with natural goods and to manage pollution and environmental impacts.

Hedenus et al. (2018) further describe that the economic dimension focus on resource
management with the aim to meet current and future human needs. Here, both finite nat-
ural resource such as fossil fuels and minerals are included, as well as man-made capital
of different kinds e.g. buildings and knowledge capital.

The social dimension of sustainable development is the least covered topic in the scientific
literature, and often the most controversial (Hedenus et al., 2018). It commonly covers
topics such as health, social context and human rights. However, Hedenus et al. (2018)
argues that these are means or ends of sustainable development, rather than preconditions
to meet human needs, as in the ecological and economic dimension. Instead, they state
that horizontal and vertical social relations should be considered as the preconditions for
social sustainability.

Horizontal relations are the networks consisting of humans and organisations, and good
horizontal relations lead to increased trust, correlating with economic growth, higher
democracy, and less corruption and crime (Hedenus et al., 2018). The vertical relations
refer to formal institutions with rules and hierarchical structure e.g., judicial systems, and
social security systems (Hedenus et al., 2018). Furthermore, for a well-functioning nation
the three parts; state, judicial system, and accountability, are required. In such a nation
collective decision-making is possible, therefore managing crises while still supporting
autonomy. Although described as separate, vertical and horizontal relations are intercon-
nected.

The connections between the three dimensions are strong, and the boundaries not always
clear. Dimensions can also be conflicting, forcing one to make a compromises regarding
what will have the greatest utility for human needs.

2.2 Working principle of a battery cell

The three main components of a battery cell are the anode, cathode and the electrolyte
(Beard, 2019). The anode and cathode together create a flow of electrons, which can
power devices. Between the anode and cathode, the electrolyte is located, which is usu-
ally a solution of salt(s) dissolved in solvent(s) (Berg, 2015a).

During discharge of the battery, the anode undergoes oxidation (Berg, 2015a). This means
that electrons are released, causing the anode to become positively charged. The electrons
flow through a circuit to the cathode, thereby causing the electric current that can oper-
ate devices. As the electrons arrive at the cathode, it undergoes reduction, meaning it
receives electrons and thereby becomes negatively charged. At the same time as the elec-
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trons move in the external circuit, where ions - Li ions in LIBs and Na ions in SIBs - are
released from the anode and move through the electrolyte to the cathode. There they react
with the electrons, ensuring that the reaction can continue until the battery is discharged.
When the battery is instead being charged, an external power source forces the electrons
to go back from the cathode to the anode. A schematic overview of a battery can be seen
in Figure 2.2.

Charge Discharge

el Load/Charger | &
A

/ Electrolyte \

L]
o )
Qo L] o
2 e
| e
e . o BE e o
| e
Charge Discharge
* ] ]
2 L] e ?
e 9
"] @ ]
o e O - 9

Negative Positive
Current Anode Separator Cathode Current

Collecter Collector
(cw) (an

Figure 2.2: Schematic picture of a battery with Li ions as charge carriers. From Zhang
et al. (2018), CC BY 4.0.

In addition to the electrolyte, anode, and cathode, a battery also contains a negative current
collector, positive current collector and a separator (Berg, 2015a). The separator prevents
direct contact of the electrodes, which can lead to internal short circuit (Beard, 2019).
On each side of the battery, current collectors are located, composed of materials with
high electrical conductivity such as aluminium (Al) or copper (Cu). The collectors help
transferring the electrons to and from the external circuit as efficiently as possible, and
make the cell more stable (Berg, 2015a). The cell is finally enclosed in a casing, to add
mechanical stability and protection (Berg, 2015a).

2.3 Lithium-ion battery cell chemistries

Here, the LIB cell chemistries LFP-Gr and NMC811-Gr are described in more detail.

2.3.1 Lithium iron phosphate cathode and graphite anode

The LFP-Gr cathode has the chemical structure LiFePQOy, a theoretical capacity at 170
mAh/g, and an energy density at 190 Wh/kg at cell level (Berg, 2015b; Houache et al.,
2022). The cell has good cycle life, thermal and electrochemical stability, and safety, due
to strong bonds in the PO4 anion (Houache et al., 2022).
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The most common anode materials for LIBs are carbon-based, especially common is
graphite (Berg, 2015b). Graphite has a crystalline structure made up of graphene layers
connected by weak van der Waal bonds, and between the layers Li ions can be inserted.
During charge and discharge, the graphite undergoes redox, which is highly dependent on
factors such as particles size, surface chemistry, morphology, crystallinity, and orientation
of the crystallites.

2.3.2 Nickel manganese cobalt oxide cathode and graphite anode

NMCS811-Gr is a high-power layered oxide LIB, with the chemical structure LiNig gMng |
Co00.10,. It has high theoretical capacity (200 mAh/g) and energy density (e.g. 244
Wh/kg, 227 Wh/kg) (Campagnol et al., 2021; Houache et al., 2022; Julien & Mauger,
2017). The more Ni in the NMC chemistry, the higher capacity and energy density, but
at the cost of thermal stability and short calendar life (Houache et al., 2022). Moreover,
the manganese (Mn) reduces internal resistance at the cost of lower specific energy while
Co improves electric conductivity but increases material costs. This chemistry does also,
most commonly, have a graphite anode.

The NMCS811 cathode chemistry has its own set of shortcomings. For example, due to
the Ni ions’ instability there is high surface reactivity with the liquid organic electrolyte
while charged. It is also structurally unstable, causing thermal safety issues (Houache
et al., 2022). Despite this, the NMC811-Gr cell is commercially available and is soon ex-
pected to be highly implemented among EV original equipment manufacturers (OEMs)
(Houache et al., 2022; Luo et al., 2022).

2.4 Sodium ion batteries

In this section, the SIB cell chemistries NaNMMT-HC and NaNMC-HC, are described in
more detail.

2.4.1 Nickel manganese cobalt oxide cathode and hard carbon anode

NaNMC (Na(Nig33Mng33Co00.33)O>) is a layered oxide cathode (Peters et al., 2021). As
can be seen from the composition, the ratio of elements in the NMC cathode is 1:1:1,
meaning the same amounts of Ni, Mn and Co are used. HC is the most commonly used
material for the anode in SIBs, and it is a carbon material that does not graphitise even
at very high temperatures (del Mar Saavedra Rios et al., 2021). The reason HC is used
instead of Gr is because the Na ions are larger than the Li ions, and so they cannot fit in
between the graphene layers of the Gr (Hwang et al., 2017).
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2.4.2 Nickel manganese magnesium titanium oxide cathode and hard
carbon anode

NaNMMT (Naj 1 (Nip3Mng 5Mgo.05Tip.05)O2) is a layered transition metal oxide cathode
as well (Peters et al., 2021). Mg and Ti are used in the cell as doping agents, in order
to improve cycling stability, maximise specific energy and reduce cost (Rudola et al.,
2021). The anode material in this SIB is HC as well, for the same reason it is used in the
NaNMC-HC cell chemistry.



3

Methods

The section describes the different methods that are combined in a mixed-methods ap-
proach to assess the sustainability of EV battery cell chemistries.

3.1 Mixed-methods approach

A mixed-methods approach is a multi-phase research method, in one phase, quantitative
methods are used, while the second consists of qualitative research, in order to understand
a problem to a greater extent (Migiro & Magangi, 2011). The quantitative and qualitative
methods are complementary, rather than competing.

The mixed-methods approach used in this sustainability assessment started, as depicted in
Figure 3.1, with an OST workshop, where relevant criteria (sustainability indicators) for
the MCDA were identified. Then, a literature review was conducted, where quantitative
methods were identified and data collection was conducted. The indicators were then sep-
arately weighted by stakeholders, while the quantitative methods and collected data were
used to rank the different cell chemistries. Lastly, the weights and ranked cell chemistries
were combined in an MCDA.

Open Space Sustainability Literature
Technology Workshop indicators review
Weighting Ranking

Ranked
cell chemistries

Weights

Multi-Criteria Decision
Analysis

Figure 3.1: Flowchart showing the mixed-methods approach.
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3.2 Open Space Technology

The Open Space Technology (OST) workshop is a method for organising group discus-
sions and meetings (Owen, 2008). It is inspired by the idea that spontaneous discussions
between stakeholders (like the ones around a coffee machine), often lead to better out-
comes in terms of quality of discussions and agreements as compared to strictly agenda-
driven meetings. A key element of an OST workshop is that the participants actively set
the agenda during the workshop and are encouraged to participate only if the topic being
discussed interests them (Owen, 2008). This paves the way for more deliberate discus-
sion. The OST workshop was used in this work as a step towards defining and weighing
the sustainability indicators that were then used in the MCDA. The approach to the OST
workshop is inspired by the report on Participatory Life Cycle Sustainability Analysis by
Ekvall et al. (2016).

3.2.1 Identifying stakeholders and conducting the OST workshop

The OST workshop consisted of two main phases. First, stakeholders relevant to the
research topic were identified and invited to the workshop. Next, the workshop was con-
ducted, at which participants had to work together through a multi-step group discussion
and vote on the sustainability aspects they deemed most critical for assessing battery
chemistries.

In the first phase, people with expertise in battery and electric vehicle technology develop-
ment and sustainability assessments of battery production, recycling and material supply
chain were invited to the workshop. The list of attendees was also limited due to geo-
graphical and logistical constraints, as online participation was not considered. In total,
38 people with battery or sustainability backgrounds within academia, industry, consult-
ing, and media were contacted, 17 intended to attend the workshop but on the actually
day 14 people participated. An anonymised list of attendees can be seen in Appendix A.

The second phase was the execution of the OST workshop. Firstly, the attendees were
asked to think of the most important indicators for assessing battery cell chemistries for
five minutes. The participants were then told to find two other people, whom they did
not know beforehand, to decide on the top three combined indicators. In total, there were
four groups of three and one group with two participants. The groups were then asked
to present their three indicators, which were written down on the wall. Any overlapping
indicators were collectively decided to be one joint topic.

At this point, the participants were asked to write their names on any topics they were
interested in discussing during the day. They were explicitly told that they did not have
to choose the indicators they thought were the most important ones, just the ones they
wanted to discuss the most. They were also asked to indicate if they were willing to lead
the discussion on one topic. After that, four parallel discussions in two sessions were set
up, with as few scheduling collisions for all participants as possible.

11
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The two sessions were carried out consecutively. For all topics, the participants were
asked to discuss the following questions and fill out prepared sheets for documentation
purposes, see Figure 3.2.

* Why is the indicator important?
* What aspects and facts should be considered and accounted for when including the
indicator in a sustainability assessment of battery cell chemistries?

Indicator
Attendees: Karl Karlsson, Annika Andersson, ....

Why?

Idea 1
Lorem Ipsum

What?

Lorem ipsum dolor
sit amet,
consectetur
adipiscing elit, sed
do eiusmod....

Figure 3.2: Graphic representation of the prepared sheets at the Open Space Technology
workshop.

During the workshop, the participants were free to leave and join a different discussion
at any point in time. The names of everyone that contributed to the final output were
noted down on the sheets. Once both sessions had been completed, all participants were
assembled and a member of each group briefly presented what had been written down.

In the last part of the OST workshop, the participants were asked to vote on the impor-
tance of the discussed indicators. Two of the presented indicators were not discussed, as
the participants chose to stay in other discussions during the whole session. These indica-
tors were still presented as possible to vote for. Each person was given five green dots and
three red dots, and was instructed to place a dot by the indicator if they agreed (green) or
disagreed (red) with most of the contents. If they only agreed or disagreed with certain
parts they could place their dots by that section. A few participants had to leave early
and were either asked to vote before the presentation or in an email afterwards. After
the workshop, the indicators were summarised, and due to overlapping discussions some
were combined to one indicator.
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3.3 Quantifying the sustainability indicators

Based on the indicators discussed and chosen in the OST workshop, a literature review
was conducted with the aim to identify quantitative methods for the sustainability indi-
cators and quantify them. Furthermore, a literature review was also used for qualitative
discussion of the non-quantifiable indicators. The main databases used were available
through Chalmers Library and Google Scholar, e.g., ScienceDirect, Scopus, and Knovel.
For more details, see Section 4.3.

In the quantifying methods, the different battery cell chemistries were compared within
each indicator, by looking at the impacts per kilowatt hour (kWh). This unit is chosen as
the kWh relates to the propulsion of the vehicle, and as the different cells have different
energy density, using a unit such as per kilogram (kg) could be misleading.

For the indicators where only specific components of the cells were considered, the ma-
terials and parts presented in Table 3.1 was assessed.

Table 3.1: Component and material overview of the cell chemistries.

Cell component

Cell CAM AAM CCC ACC PTA NTA Cell
chemistry container
LFP-Gr IEI’ Fe, Gr Al Cu Al Cu Al
NMC811.Gr o Nb Gr Al Cu Al Cu Al
Mn, Co
Na, Ni,

NaNMMT-HC Mn, Mg,  HC Al Al Al Al Al
Ti

NaNMC.HC &N HC Al Al Al Al Al
Mn, Co

Note: CAM - cathode active material, AAM - anode active material, CCC - cathode current
collector, ACC - anode current collector, PTA - positive terminal assembly, NTA - negative
terminal assembly.

3.4 Weighting of the sustainability indicators

In order to assign importance to the finalised sustainability indicators, an online survey
was sent out to stakeholders who had been contacted regarding attendance in the OST
workshop. Both people who had attended the workshop and those who had declined were
invited to participate in the weighting. In the survey, they weighted the importance of the
identified sustainability indicators by assigning a percentage of importance to them. In
total, the percentages had to add up to 100%.
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3.5 Multi-criteria decision analysis

MCDA is a group of mathematical tools aiming to incorporate perspectives from various
stakeholders combined with technical information to inform a decision-making process
(Linkov & Moberg, 2012). Moreover, decision-making in relation to environmental im-
pacts are complex and the use of multiple criteria and perspectives as in MCDAs provides
aid in that process. According to Linkov and Moberg (2012), a basic MCDA is structured
in the following way:

Problem identification
Problem structuring

Model assessment and building
Model application

Planning and extension

RAREEE Ol A

Initially, the problem is identified, then the problem is structured using alternatives and
criteria (Linkov & Moberg, 2012). In the modelling and building step the alternatives and
criteria are given numeric values. Weights are added to the criteria, giving the alternatives
a value of performance in relation to the criteria (Linkov & Moberg, 2012). Once the
weights have been added, the model is applied, and the output depends on which specific
MCDA method used. Based on that a decision can be made and inform the plans.

The specific MCDA model applied in this work is the weighted sum model (WSM), where
m alternatives and n criteria were used to structure the MCDA problem (Triantaphyllou,
2000). Furthermore, w; denotes the weight of the jth criterion and a;; the value/rank of
the i’" alternative in relation to the j™ criterion, giving Equation 3.1, where Q; is the
WSM score for alternative i.

n
Qi =Y ajjwj, fori=1,23,...m (3.1)
j=1
In the present assessment, the alternatives were the different battery cell chemistries
NMC811-Gr, LFP-Gr, NaNMMT-HC, and NaNMC-HC, while the criteria were the sus-
tainability indicators defined at the OST workshop. After modification of the sustainabil-
ity indicators, weights were assigned by the stakeholders invited to the OST workshop.

The ranking of the chemistries was based on data collection and the quantification of the
indicators. Depending on how well each chemistry performed within an indicator com-
pared to the others, it received a rank from 1 to 4, where 1 is the best and 4 the worst.
The ranks were assigned as in a runner’s competition, meaning that if two or more alter-
natives got the same results (or score) they were given the same rank, thus implying that
multiple chemistries performed similarly on a particular sustainability indicator. In such
an instance, the next subsequent rank was assigned based on the number of higher ranked
chemistries. For example, if two cell chemistries received rank 1 for an indicator, then the
subsequent rank assigned would be 3 instead of 2.

14



4

Quantifying the sustainability
indicators

This section presents the output from the OST workshop and the identified sustainability
indicators, as well as how they were interpreted for quantification. Furthermore, a litera-
ture overview of each indicator and their chosen quantification method(s) is presented.

4.1 Identifying indicators from the workshop output

After the OST workshop was performed, the indicators and the total number of votes
they received were summarised, see Table 4.1. Green votes represent that the participants
found the indicator highly relevant/important for the sustainability assessment of battery
cell chemistries, while red meant that they found it to not be relevant/important. For a
more detailed overview see Appendix B.

Table 4.1: The indicators and their total number of votes from the OST workshop.

Sustainability indicator Green dots  Red dots

[total] [total]

Responsible sourcing
. e 15 0
incl. traceability
Geopolitics/Control of

. 13 2
value chain
Raw material availability 10 1
Longevity of cell 9 3
Climate impact 8 3
Recyclability 6 0
Human health 1 0
Sufficient supply of technical 0 0

expertise and standards

The indicator "Human health of all workers and inhabitants’ was not discussed and got
only one vote. However, the group that set out to discuss it instead merged into the dis-
cussion group for ’Responsible sourcing and traceability’. Furthermore, there was some

15



4. Quantifying the sustainability indicators

overlap of discussion in ’Geopolitics/Control of the value chain’ and *Responsible sourc-
ing and traceability’. For example, traceability was mentioned in both indicator discus-
sions. After several discussions and consultations, it was decided that three of the indi-
cators should be merged. *Geopolitics/Control of the value chain’, ’Responsible sourcing
and traceability’, and "Human Health of all workers and inhabitants’ were merged into
the two indicators ’Responsible sourcing and social aspects’ and ’Human health’. This
division was partly motivated by the first-mentioned indicator being of a more qualitative
nature, while the last-mentioned could be more easily quantified. The resulting indicators
and their number of votes in total, i.e., including votes on specific parts on the sheet, is
presented in Table 4.2.

As climate impact is a measure related to the assimilative capacity of the environment,
it was categorised into the ecological dimension. Raw material availability, longevity of
cell, and recyclability all focus on resource management, thus placing them mainly in the
economic dimension. Lastly, human health and responsible sourcing and social aspects
were categorised in the social dimension. However, there are some overlaps between the
categories as the responsible sourcing indicator also contains a few environmental ele-
ments.

Table 4.2: The final number of green votes (representing the attendees choice of impor-
tance) for the different indicators.

Sustainability indicator Grﬁz‘t‘a‘:]"ts
Responsible sourcing and social aspects ’gl
Human health

Raw material availability 10
Longevity of cell 9
Climate impact 8
Recyclability 6

Note that these indicators were merged and altered.

4.2 Summary of OST workshop output

This is a brief overview of the resulting output from discussions regarding sustainability
indicators in the OST workshop - why they where deemed important and what to take into
account when assessing them, according to the participants of the workshop. For more
details, see Appendix B.

The use of indicators for raw material availability was motivated in OST workshop with
keywords such as risk management, economic importance, scarcity, long-term possibil-
ities to maintain the availability, and bottlenecks in production capacity. The workshop
participants saw that *physical availability in the crust’, ’criticality’, *'market demands for
the raw material’, ’supply chain risks’, and "local governance at the extraction site’ should
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be included when assessing the raw material availability. Notably, this includes both long-
term geochemical resource availability (Gordon et al., 2007) and more near-term resource
criticality (Blengini et al., 2020).

Longevity of cell was motivated as an important indicator during the OST workshop since
the longer the battery can be used, the less mineral extraction and environmental impacts
of production per battery occur. Regarding what to consider and account for when assess-
ing this indicator, the prioritising of longevity over fast charge and energy density were
mentioned, as well as optimisation of battery usage.

During the discussions on climate impact in the workshop, aspects mentioned to consider
and include in the assessment were, e.g., such as the full life cycle (production, use of
vehicle, and end-of-life), conservative assumptions regarding future recycling, as well as
the importance to have a common methodology for all options compared.

Recyclability was motivated as an indicator during the workshop since a better recyclabil-
ity can reduce future mining, carbon footprint, and environmental impact. When defining
what to consider and account for in the sustainability assessments, key words mentioned
was ‘technically possible’, ’economically feasible’, ’battery grade quality’, ’energy and
chemicals used in recycling’, and that ’critical batteries require higher grade of recycla-
bility’.

In the OST workshop, human health of all workers and inhabitants involved were given
its own time slot for discussion due to large interest, but this indicator ended up not being
discussed on its own. Instead, the topic was mentioned and written down on sheets from
multiple of the other discussions. The indicators itself were only given one vote, but key-
words such as *working conditions’ and ’workers health’ were given both individual votes
and votes on whole sheets on some of the other indicator sheets. Therefore, an indicator
of human health deemed important to include in the assessment.

To summarise what an indicator for responsible sourcing should include, the workshop
attendees used a wide range of keywords, such as *workers rights and working condi-
tions/health’, ’preservation of ecosystems incl. biodiversity’, ’indigenous peoples rights’,
"free, prior and informed consent (FPIC)’, ’ensuring value to the area of extraction’, ’cor-
ruption’, and ’supporting local development with financial tools’.

4.3 Choice of quantification methods

In this section, the theory behind each quantification method of the indicators from the
OST workshop output are presented.

4.3.1 Raw material availability

Minerals are fundamental for a functioning society where economic development and
good quality of life is maintained (Graedel et al., 2014). However, factors such as global-
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isation, increased consumption, and growing economies are responsible for a rising con-
cern regarding the availability of minerals (Careddu et al., 2018; de Groot et al., 2012).

With regards to more near-term risk management, criticality, market demands, supply
chain risks and short-term availability the quantification method ’Diversity of supply’ is
chosen. To address long-term global geochemical scarcity the ’Crustal scarcity indicator’
(CSI) is chosen as a complimentary method for assessment of raw material availability.
In the assessment of raw material availability, only material use for the CAM, AAM, col-
lectors, and cell container are taken into account.

High dependency on few suppliers leads to uncertainties on the market due to the compe-
tition for the material, while giving the suppliers the possibility to set the price (de Groot
et al., 2012). A simple method for assessing the diversity in supply chains are the number
of producing countries, where ’production’ is used as a proxy for the ’supply’ (Brown,
2018). To quantify the diversity of supply for specific battery chemistries, a number of
steps are proposed. First, production and, when necessary (due to lack of data on produc-
tion), export rates of minerals will be used to identify the diversity of material supply. A
cut-off criteria of 5% of the total world production (or export, where applicable) is used
to identify the regions supplying the relevant materials used in the batteries. Regions sup-
plying battery materials that are below the cut off criteria of 5% of the global production
are summed as “Others”. These regions are deemed to be less relevant in the supply chain
of the battery materials.

A second cut-off criteria is then implemented, where the limiting factor is the one mate-
rial where the relevant suppliers add up to the lowest share of world production, compared
to the other materials. The second cut-off is applied to each material and the number of
countries required to supply that share of the world production are counted. Thereafter,
for each battery chemistry, all relevant materials are listed along with the number of coun-
tries that supply up to the second cut-off criteria. Finally, to quantify the (lack of) diversity
of supply, the chemistries are ranked according to the material supplied by the least num-
ber of regions. This essentially means that, if a specific battery material is supplied by
a fewer number of countries or regions, it would affect the ranking of that chemistry to-
wards a lower ranking, as the lack of availability of the material would affect whether the
battery chemistry can be produced or not.

Long-term geochemical scarcity is another factor to consider when assessing raw material
availability. Suppliers rarely include the current assessments of reserves and reserve bases
in the pricing, as higher prices, yields high incomes in the short-term when few alternative
suppliers are available (de Groot et al., 2012). According to findings by Arvidsson et al.
(2020b), it is important to separate short-term and long-term availability, as well as local
and global, when assessing mineral resource impacts. Arvidsson et al. (2020b) saw that
multiple studies have found relatively abundant materials, e.g., manganese and sulphur,
to have high effects on life-cycle impact categories such as mineral resource impact and
abiotic resource depletion, compared to rarer elements like lithium. The authors propose
a new indicator, the crustal scarcity indicator (CSI), which is based on average crustal
concentration of elements as proxy for long-term global elementary scarcity.
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The CSI is calculated according to Equation 4.1, with the characterisation factor (CF)
crustal scarcity potential (CSP), where m; is the mass of element i extracted from the
crust (in kg).

CSI =) m; x CSP, (4.1)
i

The CSP for materials relevant in the batteries under assessment is presented in Table 4.3.

Table 4.3: Crustal depletion potentials.

. CSp
Material ke Si eq./kg]
Li 14’000
Co 11°000
Ni 4800
Mn 370
Fe 54
P 650
Na 12
Mg 10
Ti 67
Al 34
Cu 10°000
Gr 140
HC 140

Note: The CSP for carbon is used as a proxy for hard carbon and graphite. From Arvidsson
et al. (2020a), CC BY-SA 4.0.

4.3.2 Longeyvity of cells

The ageing of a battery takes place during all operation modes - driving, charging and in-
activity - and is dependent on several different mechanisms that often interconnect (Keil
et al., 2015). Examples of factors that affect the ageing are temperature, how often the
battery is charged, and to which level it is charged and discharged (Xiong et al., 2020).

Two common types of measurements used for batteries are calendar life and cycle life.
The calendar life is of high importance when the battery is inactive, and the cycle life is of
high importance during the discharge and recharge of the batteries (Azais & Kuntz, 2022).
For the most accurate prediction of a battery’s lifespan, all possible parameters should be
modelled, together with expected usage of the battery (Peters et al., 2021). This report
primarily focuses on the cycle life parameter, given its significance and the availability of
relevant data.

19



4. Quantifying the sustainability indicators

4.3.3 Climate impact

Climate impact can be measured in several different ways, and can have both local and
global consequences. In this study, the indicator is quantified using global warming,
measured in CO;-equivalents. This was chosen as it is one of the most widely used
for climate impact assessments in an LCA context (Life Cycle Initiative, 2022), and it
can compare the relative radiative forcing of several greenhouse gases. In the assessment,
only the production phase will be considered, partly because of data availability and partly
because the EoL phase will be covered in the recyclability indicator. One parameter that
effects the energy use in production is the electricity mix, and the influence of this is
examined in this study.

4.3.4 Recycling

Based on the discussion from the workshop, it was deemed important for the cell chemistries
to have a high recyclability, i.e., for the materials to be both technically and economically
feasible to recycle. Technical feasibility refers to the practical possibilities for recycling,
i.e., if there are methods and techniques to dismantle the battery cell and separate the
materials. The economic feasibility refers to the economic incentives for recycling the
different cell chemistries. In the beginning, the technical and economic feasibility was
intended to be ranked separately. However, as they are closely interlinked, a decision was
made to rank them together.

During the literature review of the chemistries, most published articles that were found
took into account the current situation, and not future possibilities. In order to get a
more prospective perspective, the recycling feasibility was ranked by an expert in the area
- Martina Petranikova, who is an associate professor at Industrial Materials Recycling
and Nuclear Chemistry at Chalmers University of Technology, researching recovery of
valuables metals, based on hydrometallurgical processes (“Chalmers Research: Martina
Petranikova”, n.d.). She has co-published several papers on the recycling of EV batteries
that consider both technical and economic perspectives (Armand et al., 2020; Neumann
et al., 2022).

Recycling of spent EV batteries cells can be performed in several different ways, with the
major stages being pretreatment, metal extraction and product preparation, all often con-
taining several minor steps (Romare & Dahllof, 2017). The pretreatment usually involves
mechanical crushing, and sometimes thermal pre-treatment. Two of the currently most
commonly used processes for metal extraction are hydrometallurgy and pyrometallurgy
(Meshram et al., 2020).

The pyrometallurgical process involves breaking down spent LIBs using high temperature
(Chitre et al., 2020). The only materials that are currently recovered from this step are
Co, Ni, Cu and Fe, which end up in an alloy that needs hydrometallurgy in order to be
separated. The rest of the materials such as Li, Al, Mg, and graphite are burnt and/or end
up in a slag, which is commonly used as construction material (Mousa et al., 2022).

Hydrometallurgy uses aqueous solutions to recover metals, with techniques such as leach-
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ing, solvent extraction and precipitation (Chitre et al., 2020). Hydrometallurgy can the-
oretically separate the materials up to 100%. However, materials such as graphite would
still need further purification and/or regeneration in order to be reused in batteries.

Another alternative is ’direct recycling’, which is the process of using the batteries in a
more preserved state, on component basis (Chitre et al., 2020). For example, carbona-
ceous material can be used in new anodes in LIBs, in order to increase higher density.
Most direct recycling is so far only conducted on a lab scale, and the research is focused
mainly on cathode materials, as these are the most expensive.

4.3.5 Human health

A method developed by Rosenbaum et al. (2008) for comparison of human health impacts
is the UNEP-SETAC toxicity model (USEtox). It is a model that can calculate CFs for
both human toxicity and freshwater ecotoxicity which is used as a life cycle midpoint
indicator in the ILCD impact assessment method (European Commission, 2011; Rosen-
baum et al., 2008). The CFs for the toxicological impacts, specifically for human toxicity,
are calculated based on the three factors: environmental fate F'F in a day, exposure X F
per day, and effects EF in cases/Kgintake, s€€ Equation 4.2.

CF =EF x XF x FF 4.2)

Two spatial scales are used in USEtox, the continental and the global, both consist of mul-
tiple environmental compartments: rural air, agricultural soil, industrial soil, freshwater,
and coastal marine water, while the continental scale also includes urban air (Rosenbaum
et al., 2008). The fate model accounts for the mass increase (kg) in a given medium due to
emissions (kg/day). The human exposure model is based on the increased concentration
in different media leading to increased amounts of a compound in the human population.
The human effect factors connect the potential risk of adverse effects caused by a chemi-
cal, to the quantity ingested and/or inhaled through different exposure routes. The effect
factors are based on toxicity data for cancer and non-cancer effects, and measured in dis-
ease cases per kilogram intake (Rosenbaum et al., 2008).

Furthermore, the CF for human toxicity is measured in comparative toxic units (CTUy),
which is an estimate of increased morbidity in the total human population per unit of mass
of a chemical emitted (Rosenbaum et al., 2008). Cancerous and non-cancerous effects are
given the same weight.

4.3.6 Responsible sourcing and social aspects

As the contents of the keywords discussed during the OST workshop for responsible
sourcing are broad and diverse, a similar approach to responsible and sustainable sourc-
ing as Mancini et al. (2020) was chosen for a qualitative assessment of this indicator.
Here, responsible sourcing is rooted in the risk categories as presented in OECD Due
Diligence Guidiance for Responsible Business Conduct (2018), mainly focusing on hu-
man rights abuses, corruption, money laundering, tax evasion, and other risks related
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to mineral supply. This assessment further uses the Mancini et al. (2020) approach to
sustainable sourcing, meaning that both environmental and social dimensions are consid-
ered, mainly focused on social sustainability. For this indicator, the following topics will
be used to complete the assessment:

Risk of child labour and forced labour
Local social and environmental impacts
Corruption

Indigenous people’s rights

Co, Li, and Ni are materials that are often seen in sustainability assessments of batteries,
and are looked deeper into. However, there are many more materials used in the batteries
in question, as listed below:

¢ Aluminium (Bauxite) * Manganese

* Copper * Natural graphite
* Hard carbon * Phosphate

* Iron * Sodium carbonate

Magnesium (Magnesite) Titanium

To identify any major violations related to responsible sourcing and social impacts for
the remaining materials, the material in question are used along with the following search
terms: child labour, conflict mineral, responsible sourcing, corruption, and indigenous
people’s rights.
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Results and discussion

In this section, the result of the different indicators are laid forward, along with their
quantification, ranking, and discussion. then, the MCDA is presented and discussed,
including a summary of the ranking and weighting of the indicators.

5.1 Raw material availability

In this section, the results from the assessment of raw material availability with the two
quantification methods Diversity of supply and Crustal scarcity indicator are presented.

5.1.1 Diversity of supply (short-term raw material availability)

For this indicator, the largest producing country of cathode and anode materials in 2020
was calculated based on the share of annual world production, with a cut-off criteria at
5% of the total world production in 2020. Most data were collected from the British
Geological Survey (BGS) report World Mineral Production 2016-2020. However, excep-
tions were for natural sodium carbonate and synthetic graphite, as seen in Table 5.1. For
synthetic graphite, which is mostly synthesised from petroleum needle coke (Surovtseva
et al., 2022), exports of the material were used as a proxy for production. Most data
from BGS were used as presented. However, the lithium minerals were modified with
supplementary data from the BGS, as the world total was presented in Li content while
the country-specific data was presented as mineral mined. The presented data for titanium
only considers the minerals ilmenite and rutile, which are the two most important titanium
minerals

Table 5.1: References for extraction and export rates per material.

Material Reference

Cobalt Idoine et al. (2022)

Copper Idoine et al. (2022)

Graphite (natural) Idoine et al. (2022)

Graphite (synthetic) Observatory of Economic Complexity (n.d.)
Iron ore Idoine et al. (2022)

Lithium minerals Idoine et al. (2022)

Manganese ore Idoine et al. (2022)

Continued on next page
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Material Reference
Natural sodium carbonate Bolen (2022)
Nickel Idoine et al. (2022)
Phosphate rock Idoine et al. (2022)
Bauxite Idoine et al. (2022)
Magnesite Idoine et al. (2022)

Titanium minerals

Idoine et al. (2022)

The origin of materials for anodes, cathodes, cell casing, and collectors are limited to 27
countries, when the cut-off is 5% of world production, which is presented in Figure 5.1.

Production countries share of world total production, 2020
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Figure 5.1: Countries that produce battery critical materials and their share of world
production. The cut-off for being counted as an individual producing region is 5%. The
second cut-off is identified based on Cu, and marked with a line at 60%.

As can be seen in Figure 5.1, only 60% of the total world supply of Cu is covered by the
countries that produce 5% or more of world production. Therefore, the second cut-off
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for the number of supplying countries of each material is set to 60%. The number of
producing countries for each material within the limit of 60% is presented in Figure 5.2.
Consequently, NMC, NaNMMT, and NaNMC with only two countries supplying Co or
Na rank 2, while LFP, where all materials are supplied by at least three countries, get rank
1 as the most diverse chemistry, see Table 5.2.

Diversity of supply, 2020

Cobalt
Copper 5
Graphite (natural) 3
L§> Graphite (syntethic) 5
z Lithium minerals 5
Manganese ore 6
Nickel 6
Bauxite 5
Copper 5
Graphite (natural)
Graphite (syntethic) 5
% Iron ore 4
Lithium minerals 5
Phosphate rock 4
Bauxite 5
= Manganese ore 6
§ Natural sodium carbonate _
z Nickel 6
= Bauxite 5
Titanium minerals 7
Cobalt
L§> Manganese ore 6
Z Natural sodium carbonate _ 2
2 Nickel 6

Bauxite 5

Figure 5.2: The number of countries producing 60% technology critical materials use for
batteries. The cut-off for being counted as an individual producing region is 5%, presented
is the highest numbers of countries that can achieve 60%. The limiting material(s) in each
chemistry is marked with a black box.

Table 5.2: Quantification of diversity of supply and resulting rank.

Cell chemistry  Limiting number of countries  Rank

LFP-Gr 3 1
NMC811-Gr 2 2
NaNMMT-HC 2 2
NaNMC-HC 2 2

One uncertainty in this assessment is that the batteries in question are sometimes pro-
duced using other precursors than those presented, e.g., other mineral forms for metals.
As much of the data presented by BGS have been modified to present metal content rather
than the mineral form, the percentages may not always be entirely representative.
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A measure that could have been used to achieve a similar overview of the current di-
versity of supply is estimated reserve sizes. However, both reserve size and production
as proxy for diversity of supply have a major uncertainty as not all material processing
occurs in the same countries that have the reserves or extract the raw materials. Hence,
bottlenecks could in fact be in the regions that process the raw materials to produce the
battery-relevant precursors, no matter where the reserves and current production are. This
is a limitation of this indicator and can be addressed by gathering supply chain-specific
data for various battery materials.

One clear example of how the diversity of supply not only depends on the country of
origin is China’s dominance in the processing of the required minerals, as seen in Figure
5.3 (International Energy Agency, 2021). The impacts on the ranking caused by inclusion
of processing and remaining steps until a final cell, are difficult to estimate, but it would
most likely lower the diversity for all chemistries, thus potentially giving all of them the
same rank.

China's share in total processing of selected
minerals for clean energy transitions, 2019

Lithium | 58%
Cobalt ‘ 65%
Nickel ‘ 35%

Copper | 40%

Figure 5.3: China’s share in processing in minerals critical for a clean energy transition.
From International Energy Agency (2019), CC BY 4.0.

Another uncertainty of this assessment is the use of production by countries as a proxy for
diversity. As suggested by Brown (2018), studies that claim to assess *supply risk’ or ’risk
of supply disruption’ commonly includes ’supply concentration’ based on the assumption
that if supply is limited to a few countries there is a risk. However, the situation is more
complex in reality, where companies, countries, and external factors creates a compli-
cated situation. One major risk with supply concentration is the potential price volatility
due to competition for materials and concern for supply (Brown, 2018). Brown (2018)
further argues that it is not the production concentration that is the issue when assessing
the criticality of a mineral, but rather the geopolitic situation.

This assessment gives an indication on acute access to the material required for each of
the studied chemistries. If one of the countries for some reason are unable to produce the
required material, the production of the batteries chemistries will be hard. Currently, the
Russian invasion of Ukraine affects world trade, but also other factors such as disasters,
industrial accidents, and strikes are potential threats to the supply of materials.
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HC is an exception in this assessment as there are only 17 manufacturers of the material
worldwide, out of which at least six are only pilot scale, and all commercial HC is pro-
duced in China (Liu et al., 2022). As this technology is currently emerging, this material
is excluded from the assessment.

One shortcoming of this indicator is that it does not include the actual amounts used for
each chemistry, but only considers whether it contains a certain material or not. A smaller
mass used means less dependence on one country compared to a chemistry that uses more
of the same material.

5.1.2 Crustal scarcity indicator (long-term raw material availability)

The CSI for LFP-Gr and NMC811-Gr was based on the inventory data from Porzio and
Scown (2021), while Peters et al. (2021) was used for NaNMMT-HC and NaNMC-HC.
To find the CSI, the total content of the different metals used in the battery chemistries
assessed were calculated per kWh of storage capacity and multiplied by their respective
CSP values obtained from Arvidsson et al. (2020a). The results of this CSI assessment
are shown in Table 5.3.

Table 5.3: Quantification of CSI and resulting rank.

. CSI
Cell chemistry ke Si eq/KWh] Rank
NaNMMT-HC 2077 1
LFP-Gr 6488 2
NMC811-Gr 7781 3
NaNMC-HC 8398 4

The highest CSPs are Li, Co, and Cu (> 10’000 kg Si eq./kg). Ni is also high at 4800
kg Si eq./kg, meaning that the drivers for this indicator are these three, or potentially four
materials.

A limitation of the CSI calculations is that only the AAM, CAM, current collectors,
cell terminals, and cell casing were considered. It is also worth noting that the cathode
NaNMC is of the NMC configuration 1:1:1, and as the CSP for Co is one of the highest,
even lack of Cu in the collectors and the low CSP of Na (12 kg Si eq./kg) compared to Li,
do not compensate for the impacts caused by the the high levels of Co.

One major difference between the SIBs and LIBs is that 91% and 98% of the contributions
to this indicator comes from the CAM for NaNMMT-HC and NaNMC-HC, respectively,
while the corresponding numbers for NMC811-Gr and LFP-Gr are 65% and 23%. For
NMC811-Gr and LFP-Gr, other cell parts play a larger roll with contributions at 34% and
75%, where the main contributor is the Cu in the collectors. This means that, according
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with this indicator, it is preferable to substitute Ni and Co SIBs for more abundant mate-
rials.

One uncertainty in this assessment is the mass compositions of the cells as they are ei-
ther modelled (for NMC811-Gr and LFP-Gr) or based on the only available data (for
NaNMMT-HC and NaNMC-HC). A more complete analysis would include ranges of
each material.

As discussed by Arvidsson et al. (2020b), the CSI is a midpoint indicator for long-term
global scarcity, and does thus not cover all aspects related to the use of mineral resources.
This means that CSI should be combined with other methods for assessment of resources
use to gain a more complete picture. Arvidsson et al. (2020b) also point out the lack of
consideration of the form of the element in the CSI. While equally abundant on an ele-
ment basis, different forms of elements might be differently desirable in the short term -
compare, e.g., diamond and graphite. The CSI also neglects that some materials could be
extracted from other sources than the crust. One relevant example is Na, as NaCl from
the ocean might be an important future raw material, another is the use of biomass as HC
precursor (Liu et al., 2022; Nurohmabh et al., 2022).

5.2 Longevity of cell

In Table 5.4, a range of estimated cycle life for four different battery cell chemistries are
presented, along with their ranking. Values for cycle life for NMC811-Gr and LFP-Gr
with 100% depth of discharge were collected from Mitchel and Waters (2017): >2000 for
NMCS811-Gr and >3000 for LFP-Gr. From Peters et al. (2021), cycle life values for LFP-
Gr (7000), NaNMMT-HC (4000) and NaNMC-HC (4000) were collected. Warner (2019)
estimated a cycle life of 3000-4000 for NMC811-Gr and 5000-6000 for LFP-Gr. Finally,
Yoshio et al. (2009) estimated a cycle life of 2000-3000 for NMC811-Gr and 5000-10000
for LFP-Gr.

Table 5.4: Quantification of longevity of cell and the resulting rank. From Mitchel and
Waters (2017), Peters et al. (2021), Warner (2015), and Yoshio et al. (2009)

Cell chemistry  Cycle life = Rank

LFP-Gr 3000-10000 1
NMC811-Gr 2000-4000 2
NaNMMT-HC 4000 2
NaNMC-HC 4000 2

LFP-Gr receives rank 1, due to a higher average cycle life than the other cell chemistries,
according to the literature review. NMC811-Gr, NaNMMT-HC and NaNMC-HC all re-
ceive rank 2. As NMC811-Gr has a range between 2000-4000, it could have been argued
that it should get a lower rank than the SIBs, which both have a value of 4000. However,
as the SIB cell chemistries are novel technologies, and the data is scarce, it only consists
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of two data points, both from Peters et al. (2021). In that same article, there was a cycle
life for NMC622-Gr listed as well, with the same cycle life as the SIB cells. As the com-
position of an NMC622 cathode is similar to an NMC811, it is concluded that the cycle
life of NMC811-Gr would likely be approximately the same as that of the SIB cells.

As a complement to the literature review, simulations were conducted internally by Volvo
Cars, where the longevity of NMC-Gr and LFP-Gr battery cell chemistries was estimated
for some different customers in different climates. Based on an initial data review, it was
assumed that the cycle life of the LFP-Gr battery cell was twice that of the NMC-Gr cell.
The calendar life was assumed to be the same as that of the NMC-Gr cell. For an aver-
age customer, this assumption resulted in an increased simulated battery life of around
10-20% for the LFP-Gr battery compared to the NMC-Gr battery (L. Lundberg, personal
communication, 2023). This is consistent with the results that the literature review and
ranking showed. The modelling further showed that the way the car is used by the cus-
tomer can affect the impact of the cell chemistry on the lifetime. In the most extreme
case, when the battery is cycled almost continuously (e.g., a taxi customer), the simu-
lated battery life was almost twice as long for the LFP-Gr cell compared to the NMC-Gr
cell. However, the difference in lifetime shown in this work is highly dependent on the
assumption that the cycle life of the LFP-Gr cell is double that of the NMC-Gr cell, as
well as the assumption that the calendar life is the same for the two cells.

It is important to note that the battery life depends on several design choices, as well as the
way the user is assumed to be using the car. There is also a high uncertainty regarding the
cycle life of the SIB cells, as there is not as much data available yet, and the cells remain
to be optimised. In order to get an improved result more data points are needed, especially
for the SIB cells, but this data is often difficult to find or not publicly available. To get an
as accurate result as possible for a specific battery cell, simulations based on the actual
cell data (both calendar and cycling) are needed. Several different scenarios should be
considered, such the use of cars in different climates and with different charging patterns.

5.3 Climate impact

Throughout published studies, values found for global warming for different battery cell
chemistries vary substantially. Several review articles have aimed to summarise the re-
sults from LCAs performed on EV batteries, such as Ellingsen et al. (2017), Peters and
Weil (2018), Xia and Li (2022), and Gutsch and Leker (2022). However, as pointed out
by Porzio and Scown (2021), even among the review articles, there is a lack of consensus
regarding the findings. There are also many different parameters in the modelling that can
be the cause of variation in results, such as assumptions regarding electricity mix, supply
chain and design of cell.

In this study, values for CO;-eq./kWh for different battery cell chemistries have been
collected from previously published studies. All articles chosen were published 2019 or
later. The results were grouped depending on if they had a low, medium, or high carbon
intense electricity mix used to model the production, in order to show the effect this has

29



5. Results and discussion

on the results. In the low-medium carbon-intense electricity mix, results using electricity
mixes from countries such as Sweden and Europe have been categorised together. In the
high carbon intensity electricity mix, results based on electricity from countries such as
China and South Korea are found. The results from the post-2018 studies assessing the
emission of CO;-eq./kWh for batteries were summarised in Table 5.5.

Table 5.5: Quantification of climate impact and resulting rank. From Chordia et al.
(2021), Ciez and Whitacre (2019), Crenna et al. (2021), Lai et al. (2022), and Peters
et al. (2021).

Climate impact
[kg COz-eq./kWh]

Low-medium High carbon
Cell chemistry carbon intensity intensity Rank
electricity mix electricity mix

LFP-Gr 31-66 40-88 1
NaNMMT-HC 51 1
NMC811-Gr 50-99 87-120 3
NaNMC-HC 87 3

As can be seen in Table 5.5, LFP-Gr and NaNMMT-HC are both ranked highest, while
NMC811-Gr and NaNMC-HC are ranked third. The reason for two chemistries getting
the same ranking, is because the results are so close it is difficult to conclude that the
difference is significant. Furthermore, there is only one data point for each sodium-ion
chemistry, making them difficult to compare with the two other chemistries that have a
range of data points.

The results for both LFP-Gr and NMC811-Gr vary considerably between studies, with
the result for LFP-Gr spanning from 31 to 88 kg CO;-eq./kWh and NMC811-Gr span-
ning from 50 to 120. As previously mentioned, the variation in results is most likely due

to differences in modelling, such as design of cell, chosen supply change, and choice of
database (Chordia et al., 2021).

One reason for why both cell chemistries containing NMC have a higher climate impact is
that production of Co and Ni are linked to higher emissions than most other minerals per
kg (Romare & Dahllof, 2017; Sharma & Manthiram, 2020). One factor contributing to
this is that abundant materials generally require less energy during mining and production
compared to rarer ones (Sharma & Manthiram, 2020). At the same time, Co and Ni have
a high energy density, so the effect per kWh is somewhat mitigated (Romare & Dahllof,
2017). Overall, there is still uncertainty on whether LFP chemistries actually have a lower
climate impact than NMC, as some reviews have shown them to be almost the same, or
NMC being even slightly lower (Gutsch & Leker, 2022; Peters & Weil, 2018).

The difficulty in determining which chemistry and material has the lowest climate impact
can also be observed when looking into the different possible compositions of NMC cath-
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odes. In an article by Winjobi et al. (2022), the environmental impacts of different Ni
contents in NMC-batteries were studied, following the trend of moving towards cathodes
with higher Ni content and lower Mn and Co contents. The results showed that a higher
Ni content was associated with lower GHG emissions, but higher SO emissions. Ni raw
material is associated with a lower kg CO;-eq./kg than Co - around 7.9 for Ni sulphate
and around 23.3 for Co sulphate (Chordia, 2022). Furthermore, Gutsch and Leker (2022)
mention that increasing the Ni content leads to a slightly higher energy density, which in
turn should lead to less material being used per kWh. For example, in a study by Peters
and Weil (2018), a battery with configuration NMC442 was shown to have higher GHG
emissions than NMC111. However, there is uncertainty regarding whether Ni has lower
climate impact in practice, as increasing the Ni content is associated with lower chemical
stability, which can cause higher energy requirements in the production and in turn can
lead to a higher global warming (Gutsch & Leker, 2022). It is worth mentioning that the
composition between Mn and Co also matters, as Mn have a significantly lower climate
impact, with around 0.75 CO,-eq./kg per kg Mn sulphate (Chordia, 2022).

5.4 Recyclability

At the moment, large-scale EV technology is still so new that the recycling is not opti-
mised yet, the recycling done is driven by economic incentives, where the most valuable
materials to recycle are Ni and Co (Romare & Dahllof, 2017). However, there is com-
ing legislation, that will likely further push actors towards recycling of batteries. One
such regulation is the implementation of the EU Battery Regulation in the EU, which will
require new batteries to contain certain percentages of recycled material of specified ma-
terials, such as Li, Ni and Co, by early 2030’s (European Commission, 2020).

In Table 5.6, the expert assessment performed by M. Petranikova (personal communi-
cation, April 21, 2023) of the technical and economic feasibility of recycling the four
battery cell chemistries is presented, together with the resulting ranking. M. Petranikova
was asked to give the different cell chemistries scores from 1 to 5, with 1 having low
technical and economic feasibility to recycle, and 5 having high feasibility. This was
translated to ranking to be used in the MCDA, from 1 to 4.

Table 5.6: Quantification of recyclability and resulting rank.

] Technical and economic
Cell chemistry feasibility of recycling [1-5] Rank

NMC811-Gr 5 1
LFP-Gr 3 2
NaNMC-HC 2 3
NaNMMT-HC 1 4
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As can be seen in Table 5.6, NMC811-Gr is ranked 1. According to M. Petranikova,
this is because recycling of NMC-Gr chemistries is already carried out in industry, due to
high-value metals such as Ni, Co, and Li present, i.e., it is both economically and techni-
cally feasible to recycle (personal communication, April 21, 2023)

According to M. Petranikova (personal communication, April 21, 2023), LFP-Gr ranks
second, as similar technical processes are employed to recover metals like the ones in the
NMC-Gr chemistry. However, it contains fewer high-value metals compared to an NMC
chemistry, thus the purification of the black mass in LFP-Gr is not commonly performed
in industry. It is usually the Al and Cu that are recovered from the current collectors in
the cells. However, it is likely that with the implementation of the EU Battery Regulation,
there will be more incentive to recover other materials as well (European Commission,
2020). Li and P might also become more valuable as demands seem to be increasing (M.
Petranikova, personal communication, April 21, 2023).

As both SIB cell chemistries are not technologically mature yet, M. Petranikova (per-
sonal communication, April 21, 2023) noted that they were difficult to compare to the
more technologically mature ones. The NaNMC-HC is ranked as third best, since it con-
tains the high value metals Ni and Co. However, by using Na ions instead of Li ions,
the revenue would likely decrease, as Na is considerably more abundant and less valuable
than Li. The NaNMMT-HC was ranked as the least feasible to recycle, partly because it
lacks more valuable and critical materials, and partly because the Ti might complicate the
recycling process.

As has been the case in most of the quantification methods for the indicators, there are
uncertainties regarding newer chemistries, in this case the SIB cell chemistries. The dif-
ference in technology maturity makes these difficult to compare to LIB cell chemistries.
Another thing that makes the future of recyclability difficult to anticipate is that it depends
on which different directives will be implemented.

The expert interview with M. Petranikova was conducted as method of quantification for
this interview, and despite the absence of any conflict of interest, the view of recyclability
is still somewhat subjective. Other potential ways to quantify the indicator could be recy-
cling rate, i.e., how much of a product that is recycled (Hotta et al., 2016). However, the
data for recycling rate is limited, as the majority of EV batteries are not yet being recy-
cled. It might also not give the correct picture for future recycling possibilities. Di Maio,
Rem, et al. (2015) propose another measure for recyclability - the Circular Economy In-
dex. This would capture the economic feasibility, as the index is a ratio between "material
value produced by the recycler (market value) by the intrinsic material value entering the
recycling facility" (Di Maio, Rem, et al., 2015). However, an assessment such as this
would require more data than was available for this study.

In the future, investing in hydrometallurgy over pyrometallurgy would be recommended,
as this can recover more of the materials. Overall, more investment in recycling, as well
as repurposing of batteries, is needed. Lastly, it is important to mention that the rarer
materials a cell chemistry contains, the more crucial is high recyclability. For example,
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Na is a lot more abundant in nature than Li, so even if it would be less feasible to recycle,
it would also not be as crucial to do so.

5.5 Human health

Data for human toxicity potential modelled in ILCD was collected from Peters et al.
(2021) for LFP-Gr, NaNMMT-HC, and NaNMC-HC. For NMC811-Gr the ReCiPe mid-
point indicator for their Gigafactory model from Chordia et al. (2021) was reassessed
using the ILCD midpoint impact assessment method to achieve comparability with the
data from Peters et al. (2021).

As can be seen in Table 5.7, the chemistries NMC811-Gr, LFP-Gr, NaNMMT-HC, and
NaNMC-HC were all given the rank 1. The reason for this is that NMC811-Gr, LFP-Gr,
and NaNMC-HC all are of the same magnitude, while NaNMMT-HC is slightly lower
compared to the other chemistries, this difference is deemed insignificant in the assess-
ment as the CFs for toxicity have an uncertainty of several orders of magnitude (Rosen-

baum et al., 2008).

Table 5.7: Quantification of human health and resulting rank.

Human toxicity potential

Cell chemistry mCTUWKWh] Rank
NMC811-Gr 0.1424 1
LFP-Gr 0.0999 1
NaNMMT-HC 0.0295 1
NaNMC-HC 0.1159 1

One large uncertainty is relying on only one study for three values, and one reassessed
data point for the fourth. The system boundaries are all cradle-to-gate, but the use of dis-
parate LCAs with different modelling setups makes comparison between the chemistries
challenging.

5.6 Responsible sourcing and social aspects

In this section social sustainability aspects is assessed using a literature review.

5.6.1 Cobalt

Co is largely dominated by production from from Democratic Republic of Congo (DRC)
(Sharma & Manthiram, 2020). The DRC is seen as a high-risk country - for example it
is the 15th most corrupt (Transparency International, 2023) in the world and the 6th most
fragile (The Fund for Peace, 2022). Fragility measures the vulnerability of countries to
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conflict and stability to assess the risk of state failure (The Fund for Peace, n.d.).

In a hotspot analysis by Mancini et al. (2020), where responsible sourcing of battery raw
materials is examined using a social view, Co from DRC gets the highest average risk
score of all materials, scoring a ’very high risk’ in indices concerning child labour, slav-
ery, governance, and conflicts. Child labour and dangerous working conditions have been
observed by several sources (Amnesty International, 2016). Moreover, there are reports of
toxic pollution causing birth defects and other health issues to local communities (Sharma
& Manthiram, 2020).

5.6.2 Nickel

Extraction of Ni is not as dominated by production from one country as Co. The largest
producer is Indonesia (33%) followed by the Philippines (13%), Russia (9%), Papua New
Guinea (8%), Australia (7%), and Canada (7%) (Idoine et al., 2022).

In the hotspot analysis by Mancini et al. (2020), Ni from the Philippines obtained the sec-
ond worst score, after Co from the DRC. The production in the Philippines is especially
prone to high risk of water scarcity and internal conflicts. The conflicts seem to often
be concerning environmental degradation, land competition and use of ancestral lands
(Holden et al., 2011; Mancini et al., 2020). Mining in both Indonesia and the Philippines
seem to be connected to conflicts between the local communities and mining companies
(Agence France-Presse, 2023; Hudayana et al., 2020; Mancini et al., 2020).

Both Australia and Canada have a much lower overall risk scores within governance,
conflicts, and human and social rights, than Indonesia and the Philippines (Mancini et al.,
2020). However, as Sharma and Manthiram (2020) mention in their study, even when a
more low-risk mining of Ni is employed, it can still cause emissions that lead to pollution
of the local environment, and can for example cause respiratory problems for near-by
inhabitants.

5.6.3 Lithium

Li is mainly extracted in two different forms - ore-based or brine-based (Kelly et al.,
2021). Ore-based Li is extracted by hard-rock mining. When extracting Li from brine,
the solution is pumped up from under salt flats into large pools, where it evaporates for
about 12-24 months before the solution can be further processed (Dorn & Huber, 2020).
The majority of Li from Australia are in the form of minerals - mainly spodumene (Bae &
Kim, 2021). The majority of Li in brine comes from the so called South American lithium
triangle in the Atacama Desert between Argentina, Bolivia and Chile (Bae & Kim, 2021).

Extracting Li from brines is usually less energy-intensive than extracting from ores, even
though the ores usually have a higher concentration of Li (Dorn & Huber, 2020). This
can make it environmentally beneficial to extract Li from brines in South America over
the extraction of spodumene ore in Australia, depending on which energy source is used
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in the extraction. However, extraction from brine is not without issues, as it consumes
much water (Harper et al., 2019). There are indications that freshwater seeps into reser-
voirs from which the brine is extracted, which could lead to water scarcity for the local
community (Chordia et al., 2022). It would also imply reduced Li concentrations in the
brines, whereby more brine needs to be extracted to get the same amount of Li (Chordia
et al., 2022).

Because of the high water consumption of brine extraction, there are several conflicts
related to water access and control in these areas (Church & Crawford, 2018). There
have also been conflicts over mining companies alleged intrusion of land that is protected
and/or belongs to indigenous populations (Church & Crawford, 2018). Productions in
Australia has been shown to have a lower risk regarding social issues, compared to pro-
duction in South America (Mancini et al., 2020). However, this is a trade off with other
indicators, as brine extraction has been shown to have environmental advantages (Thies
et al., 2019).

5.6.4 Other materials

As a reminder, the remaining materials of relevance in this assessment are: aluminium
(bauxite), copper, hard carbon, iron, magnesium (Magnesite), manganese, natural graphite,
phosphate, sodium carbonate, and titanium.

There are often issues related to responsible sourcing and social impacts in mineral ex-
traction and treatment, some examples of this are given below. However, none of the
remaining materials assessed have issues of seemingly the same magnitude as of Co, Ni,
and Li, therefore they will be excluded from further assessment. It is worth noting that
this is a brief assessment, and as there are reports on impacts in socio-environmental sus-
tainability aspects, there is a need for further research on the topic.

Aluminium (Bauxite)

Agusdinata and Liu (2023) found reports on halted bauxite mines in Jamaica due to
protest by indigenous people’s descendants related to fresh drinking water availability,
impacts on rainforest and on endemic species. In the same areas there are also issues with
dust, chemical spills in rivers and other water sources, affecting those living close to the
Chinese-built aluminium refineries.

Iron

One example of violations of indigenous people’s rights in iron mining is Sweden, which
provides 90% of EU’s domestic iron production (Lawrence & Klgcker Larsen, 2017).
The material is extracted in Sami traditional territories, yet the Sami people have very
little influence in the process (Lawrence & Klgcker Larsen, 2017).

Manganese

Concerning examples of violations of indigenous people’s rights was also identified in
manganese ore mining. There are examples of breaches of Australia’s Norther Territory
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Aboriginal Sacred Sites Act 1989, where mine operators were fined for having mined
manganese at a sacred site (Lewis & Scambary, 2016).

Copper

Issues related to large water use in Cu mining was identified. In the Antofagasta region in
Chile, Cu mining accounts for 64.1% of total water use (Gilsbach et al., 2019). In USA,
multiple issues related to Cu mining have been identified e.g. concerns over cultural her-
itage of indigenous people, corruption, and environmental impacts (Agusdinata & Liu,
2023).

Graphite, magnesium, phosphate, titanium, sodium, and HC

No reports or articles about violations in graphite, magnesium, phosphate, titanium, or
natural sodium carbonate extraction were identified. As previously discussed, HC is an
exception in this assessment as there are only 17, mainly non-commercialised, manufac-
turers of the material worldwide, and is therefore not included in this criterion.

Fragility and corruption

Lastly, most titanium, manganese, aluminium minerals, copper, graphite, and iron re-
serves are located in fragile or corrupt states, see Table 5.8 (Church & Crawford, 2018).
This means that there could be concerns regarding responsible sourcing and social im-
pacts.

Table 5.8: Mineral reserves in states with fragile and corrupt states. Adapted from
Church and Crawford (2018).

Fragility Corruption
Located
Located Located .
Located . . . in states
. . in fragile in states .
Mineral in very . perceived
or very perceived

as corrupt or
very corrupt

fragile states fragile states  as very corrupt

Bauxite & 28% 44% 0% 68%
Alumina

Copper 4% 41% 4% 41%
Graphite 1% 73% 7% 100%
Iron 0% 42% 0% 60%
Manganese 0% 66% 0% 86%
Titanium 12% 57% 6% 62%

5.6.5 Ranking and discussion

As concluded above, the materials with largest well documented impact in relation to re-
sponsible sourcing and social impacts are Co, Ni, and Li. If a cell contains any of those,
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there is a risk that that the materials have been produced under irresponsible conditions,
either to individuals, environment, or vulnerable groups. Therefore, the ranking of battery
cell chemistries is performed based on the presence of either of these metals in its chem-
istry.As both LFP and NaNMMT only contains one of the metals of concern, they were
both given rank 1. The NaNMC cathode contains both Co and Ni and was therefore given
rank 3, while NMC-811, which additionally also contains Li, was given rank 4. The sum-
marised results and the associated ranking of the cell chemistries is presented in Table 5.9.

Table 5.9: Resulting ranking of responsible sourcing and social impacts.

Material content

Cell chemistry Cobalt Lithium Nickel Rank

LFP-Gr X 1
NaNMMT-Gr X 1
NaNMC-Gr X X 3
NMCS811-Gr X X X 4

One shortcoming of the ranking of this indicator is that it disregards the actual amount
of the concerning material used in each cell chemistry. One clear example is that the
NMCS811-Gr contains 0.074 kg Co/kWh, while the Ni, Mn, and Co in the NaNMC-HC is
a 1:1:1 configuration and contains 0.507 kg Co/kWh, but any content is still considered
equally problematic here.

5.7 Multi-criteria decision analysis

First, Table 5.10 provides an an overview of the ranking of all cell chemistries, for all
indicators.

Table 5.10: Overview of all resulting ranks.

Quantification NMC811 LFP NaNMMT NaNMC

Indicator method Gr Gr HC HC

Raw material ~ Diversity

availability  of supply 2 ! 2 2
Raw material ~ Crustal scarcity

oyt - 3 2 1 4
availability indicator
Longevity .
of cell Cycle life 2 1 2 2
Climate Global warming
. . 3 1 1 3
impact potential

Continued on next page
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Quantification NMC811 LFP NaNMMT NaNMC

Indicator method Gr Gr HC HC

Recyclability ~ Recyclability 1 2 4 3
Human toxicity

Human health . 1 1 1 1
potential

Resp(?n51ble Ni. Co, Li

sourcing and 4 1 1 3
content

social aspects

In Table 5.11, the weighting of the indicators, collected via survey sent out to experts in-
vited to the OST workshop, is presented. The importance of the indicators was expressed
by the respondents by assigning a percentage to each indicator, which in total had to add
up to 100%. In total, 21 responses were collected, where 11 had an ’industry’ perspective,
6 had an ’academic’ perspective, 3 had a ’consultancy’ perspective and 1 had a 'media
and communications’ perspective. In Table 5.11, the first column shows the aggregated
weighting results from all respondents, the second shows the industry perspective and the
last shows the academia perspective.

Table 5.11: Weighting of indicators with regards to perspectives.

Perspective
Sustainability All Industry Academia
indicator (21 respondents) (11 respondents) (6 respondents)

Raw material 16% 12% 24%
availability

Longevity of cell 13% 12% 16%
Climate impact 19% 20% 15%
Recyclability 22% 26% 14%
Human health 15% 15% 15%
Responsible sourcing 16% 15% 16%

and social aspects

Note: Due to rounding not all percentages add up exactly to 100%.

Certain differences can be seen between the two perspectives presented. The most notable
difference was that respondents with an academic background valued raw material avail-
ability higher than industry respondents, while industry respondents valued recyclability
higher. It is important to note that the number of respondents in the weighting is too small
to be representative of the industry and academia at large.

In Table 5.12, the ranking and weighting of the indicators is combined into the final
MCDA. In the MCDA, the weighting from all respondents is taken into account. As
can be seen, LFP-Gr obtains the lowest overall result, meaning it is the preferable alter-
native according to the sustainability assessment in this study. NaNMMT-HC is second
best, NMC811-Gr third, and finally NaNMC-HC fourth. As the LIBs and SIBs have been
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assessed using the same scale, even though the technology maturity for them are on dif-
ferent levels, the results should be seen as preliminary estimations and should therefore
be interpreted with caution. For example, when the SIB technology becomes mature, the
longevity of cells and recyclability might increase. Similarly, supply routes for existing
cell chemistries are there because of demand, and the diversity of supply mirrors this.
For example, if NaNMMT-HC were to be commercialised, this might drive more supply
routes for Mg to open up, which would improve the cell chemistry’s rank regarding diver-
sity of supply.

Table 5.12: The MCDA of the indicators, including ranking and weighting.

Perspective
Ce.ll All  Industry Academia
chemistry
LFP-Gr 1.30 1.32 1.26
NaNMMT-HC 1.85 1.96 1.70
NMCS811-Gr  2.22 2.15 2.30
NaNMC-HC  2.57 2.58 2.54
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Conclusion

This study set out to assess the sustainability of current and upcoming battery cell chemist-
ries for EVs, specifically NMC811-Gr, LFP-Gr, NaNMMT-HC, and NaNMMT-HC. This
topic was explored in the study by using a mixed-methods approach, comprised of an
indicator generating OST workshop, different quantification methods and an MCDA. The
identified key indicators for the sustainability assessment of the cell batteries are: ’re-
sponsible sourcing including social aspects’, ’human health’, 'raw material availability’,
’longevity of cell’, *climate impact’, and ’recyclability’.

According to the resulting MCDA, the LFP-Gr is the most sustainable cell chemistry out
of the four assessed, based on the indicators and quantification methods used in the study,
followed by NaNMMT-HC, NMC811-Gr and NaNMC-HC. A possible explanation of
LFP-Gr being ranked better could be because it does not contain the minerals Co and Ni.
These minerals contributed to a low rank in indicators such as ‘raw material availability’
and ’responsible sourcing and social aspects’. However, it is important to exercise cau-
tion when interpreting these results due to several limiting factors, especially in the data
collection, that can influence their reliability. The results are also partly specific to the set
of participants at the OST workshop, and might not be generalisable.

One key takeaway from this study is that what is deemed important to consider in sus-
tainability assessment is not necessarily what is measured. As an example, the indica-
tors voted most important during the discussions in the OST workshop were ’responsible
sourcing including traceability’ and ’geopolitics/control of the value chain’ (later com-
bined into the indicators ’Responsible sourcing and social aspects’ and "Human health’).
These are broad topics, which are difficult to quantify and analyse. Nevertheless, this
does not mean they should not be pursued. Often, sustainability assessments opt for
LCAs (European Commission et al., 2022), as it is a well-known assessment method, but
it only covers certain sustainability issues. In this study, several types of assessments and
indicators are instead combined in order to get a more comprehensive picture, also includ-
ing indicators rarely considered in LCA. By doing this, and combining LCA and MCDA,
more aspects of sustainability are covered in the assessment.

In the assessment, it became clear that the difference in technology maturity made it dif-
ficult to compare the more established LIB cell chemistries with less mature SIB cell
chemistries. This was partly due to lack of data for the SIBs, but also because the less

mature chemistries have not had as much investment and time to be developed yet.

The authors recommend to study more of both mature and novel cell chemistries, using
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6. Conclusion

more methods than only LCAs, to capture multiple perspectives and aspects of sustain-
ability. It is also recommended to, in future MCDAs for battery selection, have a larger
sample of stakeholders to weight the assessed indicators, in order to identify more repre-
sentative perspectives.

To summarise, with the many technical solutions and supply routes to choose from in EV
battery development, it is important to emphasise the complexity of sustainability assess-
ments on the topic. The inclusion of multiple aspects and perspectives, going beyond LCA
results, helps shining light upon this complexity. A shift towards more sustainable battery
cell chemistries goes further than material selection, as each phase, from cradle-to-grave,
has its own set of challenges for all three pillars of sustainability.
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Appendix A

Table A.1: List of OST workshop attendees. Names have been anonymised

Attendee Organisation

Academia 1 Chalmers University of Technology
Academia 2 Chalmers University of Technology
Academia 3 Chalmers University of Technology

Academia 4 Chalmers University of Technology

Industry 1 Stena Recycling

Industry 2 Volvo Cars (Battery R&D)

Industry 3 Northvolt

Industry 4 CEVT

Industry 5 Volvo Cars (Sustainability Centre)

Industry 6 Volvo Cars (Sustainability Centre)

Industry 7 Volvo Cars (Global Procurement Sustainability)

Consultancy 1  Swedish Environmental Research Institute (IVL)
Consultancy 2 Triathlon Group (Greentech)
Consultancy 3  Industry Senior Advisors (ISEA)




Appendix B

Table B.1: Summary of workshop output for Geopolitics/Control of the value chain.

Indicator: Geopolitics/Control of the value chain (7 green dots)

Participants: Academia 3, Industry 3, Industry 5, Industry 7, Consultancy 2

Why? (1 green dot) What?

- Traceability (blockchain) (1 green dot)
- Transportation (distances,

mode of transport) (2 red dots)

- Working conditions (human rights)

- Intellectual property rights

- Building resilience for
key battery raw materials
- Equitable and fair distribution

of resource .
- Independent ecosystems - Supportlng development (locally)
(battery supply chain) using financial tools
- Control of material and information flows
in value chain (2 green dots)
Total No. of green dots: 10 Total No. of red dots: 3

Figure B.1: Output from workshop: Geopolitics/Control of value chain
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Table B.2: Summary of workshop output for Responsible sourcing incl. traceability.

Indicator: Responsible sourcing incl. traceability (7 green dots)

Academia 3, Industry 4, Industry 5, Industry 6, Industry 7, Consultancy 1,

Participants: Consultancy 2, Consultancy 3

Why? What?

- Renewable energy use, CO; footprint,
pollution (1 green dot)
- Workers’ rights, and working conditions and health

- Important for stakeholders (2 green dots)

e.g., customers, buying cars (sales) - Traceability as an enabler (not end goal)
(1 green dot) - Recycling

- Opportunity to make a - Waste management incl. e.g., scrap
positive impact - Preservation of ecosystems including

- Visibility/Control of biodiversity (1 green dot)

supply chain a risk - Indigenous people’s rights and FPIC
management (1 green dot) (1 green dot)

- How to ensure that some value goes to the
area of extraction?
- Corruption (1 green dot)

Total No. of green dots: 15 Total No. of red dots: 0

I



Figure B.2: Output from workshop: Responsible sourcing.
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Table B.3: Summary of workshop output for Raw material availability.

Indicator:

Raw material availability (4 green dots)

Participants:

Academia 1, Academia 2, Industry 1, Industry 5, Industry 6, Industry 7,
Consultancy 1, Consultancy 3

Why?

What?

- Risk management
- Economic importance

- Scarcity

- Long-term possible to maintain?
- Emissions in the supply chain
- Bottlenecks in production capacity

- Physical availability in crust — global
and local distribution (2 green dots)

- Local governance where extraction
and refining takes place

(4 green dots, 1 red dot)

- Criticality definitions/tools.
Certificates?

- Market demands for raw material or
intermediate products

- Supply chain risk? Can be mitigated
by traceability. . .

Total No. of green dots:

10

Total No. of red dots: 1

Figure B.3:
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Table B.4: Summary of workshop output for Longevity of cell.

Indicator: Longevity of cell (3 green dots, 1 red dot)

Participants: Academia 1, Industry 2, Industry 4

Why? What?

- Prioritise longevity higher in new
chemistry development vs (2 green dots)
- Fast charge (1 red dot)
- Energy density (1 red dot)
- Legislation on SOH durability like in
US (1 green dot)
- Optimise battery usage for longevity
- Control and awareness to end user
- Vehicle to grid influence

- Reduce environmental impact of
producing battery + car (2 green dots)
-Reduce mineral extraction

(1 green dot)

Total No. of green dots: 9 Total No. of red dots: 3

Figure B.4: Output from workshop: Longevity of cell
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Table B.5: Summary of workshop output for Climate impact.

Indicator: Climate impact (4 green dots)

Participants : Academia 4, Industry 2, Industry 4

Why? What?
- Include full life cycle
- Production
- Focus of electrification (1 green dot) - Use of vehicle'
- Indicator of other environmental - End-of-life (1 green dot)
impacts (1 red dot) - Common methodology for all options
- Critical for future generations compared
(1 green dot) - Conservative assumption regarding

future recycling, unless proposed
legislation exist (1 red dot)

Total No. of green dots: 8§ Total No. of red dots: 3

!Electricity modelling:
* Markets develop over time
* Average vs. marginal electricity? (1 red dot)
— How define the market?
* Certificates and Guarantee of Origin vs additionality (1 green dot on top of the word additional-

ity)

Figure B.5: Output from workshop: Climate impact
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Table B.6: Summary of workshop output for Recyclability.

Indicator: Recyclability (3 green dots)

Participants: Industry 3, Industry 4

Academia 1, Academia 2, Academia 3, Academia 4, Industry 1, Industry 2,

Why?

What?

- Reduce future mining
- Reduce carbon footprint
- Reduce environmental impact

- Definition:
- Technically possible
- Economically feasible
- Battery grade quality (1 green dot)
- Critical batteries require higher
grade of recyclability (1 green dot)
- Energy and chemicals used in
recycling (1 green dot)
- Both cell chemistry and battery design
has impact
- Long product life — requires open
loops for recycling

Total No. of green dots: 6

Total No. of red dots: 0
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Figure B.6: Output from workshop: Recyclability
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The indicators "Human health’ and ’Supply of technical expertise’ were not discussed
individually but were still available for voting. The outcome is summarised below:

* Human health — of all workers and habitants involved (1 green dot)
* Sufficient Supply of technical expertise — standards
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Figure B.7: Output from workshop: Human health & Sufficient supply of technical ex-
pertise and standards
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