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Life cycle assessment of nickel-rich lithium-ion battery for electric vehicles

A comparatative LCA between the cathode chemistries NMC 333 and NMC 622
ADAM LEWREN

Department of Technology Management and Economics

Chalmers University of Technology

Abstract

Nickel-rich lithium-ion cells are entering the market for electric vehicles, due to their
higher density (kWh/kg) and less content of cobalt which has been appointed as a
critical raw material. With higher density, longer driving distance per charge can
be achieved since greater energy capacity is obtained per kg battery. However, the
increase in energy density may be at the expense of the lifetime of batteries. There
is ongoing research on the aging of new Ni-rich Li-ion cells for vehicle applications
on how the different factors affect aging such as material composition, cell design,
temperature, and internal pressure.

This Master’s thesis has investigated the environmental impacts of Ni-rich Li-ion
battery by conducting a Life Cycle Assessment to get an overall picture of the
total environmental impact throughout its life cycle - from raw material extrac-
tion, through manufacturing processes and use, to waste management. The cathode
chemistry of the Ni-rich Li-ion battery has chosen to be NMC622 which consists
of the following active electrode material: 60% nickel, 20% Manganese and 20%
Cobalt. The NMC622 battery is compared NMC333 which more common cathode
chemistry for electric vehicles and the comparison has been done with respect to
how much energy (kWh) that has been provided over the service life.

According to the normalized and weighted LCIA results, NMC622 has around 2%
higher environmental impact compared to NMC333. This is mainly due to that
NMC622 has a higher contribution to the impact categories acidification and par-
ticulate matter from the production of nickel sulfate used in the cathode. The use
phase was also considered as a hotspot in the life cycle where NMC622 has 2% lower
plug-to-wheel consumption than NMC333 due to having around 8% higher energy
density (kWh/kg). Other impact categories that accounted for the highest share
of the total environmental impact was climate change and ionizing radiation which
were also mainly due to the production of the cathode.

Although the difference in environmental impact between batteries is too small to
draw any conclusions given the uncertainties, the study provides insight into poten-
tial hotspots in the life cycle. Furthermore, the study points out which components
and materials which might have the greatest influence on the difference in environ-
mental impact between NMC622 and NMC333.

Keywords: LCA, ALINE, PEFCR, IVL, BEV, Vehicle, Battery, NMC, NMC333,
NMC622
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Introduction

1.1 Background

The attention towards global warming and the identi cation of carbon dioxide (CO2)

as the main driver has led to an increase of e orts to mitigate emissions (Stocker,
2013). One of the areas that has been encouraged to reduce its emissions is the
transport road sector (Sims R. et al., 2014). This has pushed the research on devel-
opment of light-duty and high-duty vehicles into a direction where the fossil-based
fuel is replaced by electricity and among other things. Today there are selections
of vehicles at di erent levels of electri cation, such as plug-in-hybrid (PHEV) and
fully electric vehicles (EV).

Lithium-ion batteries (LIBs) are the most dominant electric energy storage (EES)
solution for portable electronics, but also the most preferred battery for electric
vehicles (Zubi et al., 2018). There several other types of batteries that are available
such as lead-acid and nickel-cadmium but according to Zubi et al. (2018) LIBs
currently show the largest energy storage potential for portable electronic devices
and electric mobility. This is due to the fact of lithium's relatively lightness and
ability to donate electrons (Zubi et al., 2018). There are, however, some aspects to
consider regarding LIBs such as high initial cost, low recovery and recycling rate
and concerns regarding safety and material scarcity.

There are various LIB types with di erent characteristics primarily based on what
materials that are used in the cathode (Romare & Dahll6f, 2017). In vehicle appli-
cations, most common cathode chemistries are Lithium Manganese Oxide (LMO),
Lithium Iron Phosphate (LFP), Lithium Nickel Cobalt Aluminium Oxide (NCA),
and Lithium Nickel Cobalt Manganese Oxide (NMC) (Pistoia & Liaw, 2018). Lithium
Cobalt Oxide (LCO) is common chemistry for portable electronics but are due to
safety reasons less relevant. According to Zubi et al. (2018) the market trend predic-
tion for 2030, the NMC will be the most dominating LIB for vehicles with respect of
relevant characteristics for electric vehicles such as durability, safety, speci ¢ energy
and power. The market share on LFP is also expected to increase signi cantly but
rather in a wider range of other applications than in vehicles (Zubi et al., 2018).
The NCA seems to slightly increase as well but assumed to not be dominating in
any particular application. As mentioned, the anode has a fewer options, where
graphite is currently superior when combined with the cathode chemistries stated
above (Romare & Dahli6f, 2017).
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In the short term perspective, increased capacity is sought by further development
of current available cathodes and anodes (Romare & Dahll6f, 2017). An emerging
trend is to increase the nickel content in the NMC chemistry to improve the energy
density. The Ni-rich NMC has been considered to be the next generation of LIBs
for electric vehicles, however, according recent studies (Jung et al. 2018; Li et al.
2017; Jing et al. 2015 & Ma et al. 2015) the increase of nickel content could come
of the expense of shorter lifetime.

There are already LCA studies available for the NMC batteries, but there has not
yet been much on the nickel-rich ones. One of them that has been cited relatively
widely and has been the basis of many other LCA studies on batteries is an LCA
of a lithium-ion battery vehicle pack by Ellingsen et al. (2014). There are also LCA
studies in which NMC battery has been compared with other batteries. There are,
for example, two studies by Deng et al. (2017b) respective (Deng et al., 2017a) which
compare the NMC battery with lithium-sulfur battery and molybdenum disul de
lithium-ion battery for electric vehicles.

The study's initiative comes from a project entitled Aging of Lithium-ion Batteries
with Nickel-Rich Cathodes for Electromobility (ALINE). The aim of the project is

to gain more knowledge regarding the performance, aging and environmental and
societal impacts of nickel-rich LIBs with respect to vehicle applications. The project
Is conducted interdisciplinary with the involvement of various organizations focusing
on di erent areas. The aim of this master thesis is to assist IVL in this project by
providing a comparative life cycle assessment (LCA) on a nickel-rich lithium battery
with the NMC cathode chemistry.

1.2 Methods

This study is primarily based on the LCA methodology according to ISO 14040 and
14044 but there are also other methods that have been used. The study has, for
example, also been carried out by guidance from E-Mobility Life Cycle Assessment
Recommendations (eLCAr), which is a project that supports the performance of life
cycle assessment on electric vehicles (Del Duce et al., 2013). Furthermore, guide-
lines from the international reference life cycle data system (ILCD) handbook are
followed, which includes the LCA standards ISO 14040 and 14044 (European Joint
Research Centre, 2010). Finally, guidelines from the Product Environmental Foot-
print Category Rules for High Speci c Energy Rechargeable Batteries for Mobile
Applications will be considered if applicable (Siret et al., 2018).

1.3 LCA Methodology

LCA stands for Life Cycle Assessment and is a comprehensive method to analyze
environmental impacts related to a product or a service (Baumann & Tillman, 2004).

In gure 1.1 the main steps in LCA is presented; goal and scope, inventory analysis
and impact assessment.

2
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Figure 1.1: |lllustration on the Life Cycle Assessment framework, adopted from
Baumann & Tillman (2004).The boxes represent the main steps whereas the arrows
show which order the steps are performed. The dashed arrows indicate possible
iterations.

1.3.1 Goal and Scope de nition

The goal speci cation of an LCA study is a central part which shapes the scope
and sets the frame for the LCI and LCIA work (European Joint Research Centre,
2010). In addition, the goal de nition can be viewed as the requirements of the
study and can be used to ensure the overall quality of the analysis. Hence, a clear
goal de nition is essential for a correct interpretation of the results.

In the scope de nition, the object of the LCA is de ned and described. To ensure
the breadth, depth and detail of the study are su cient to address the stated goal(s),
scope shall always be de ned in line with the goal de nition. For instance, deriving
the methodology requirements based on the reasons for the study, the intended
applications, and the audience.

1.3.2 Life Cycle Inventory

In the inventory analysis, the data collection and modelling of the product system
is conducted in line with the goal and scope de nition (European Joint Research
Centre, 2010). The LCI is typically the most time-consuming step requiring the
highest e orts and resources. Furthermore, results of the inventory analysis may
provide new insights which need to be considered, leading to inevitable adjustments

3
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in the initial scope de nition. The data collection includes, for example, gathering
information on energy and material ows between the processes along the product
life cycle. Prior to the modelling, adjustments on the data sets are usually required
to become compatible with the chosen functional unit. In addition to connecting
and scaling data sets, modelling includes solving multifunctionality of processes in
the system since the supply chain usually consists of processes producing more than
just one product. The nal step is to calculate the LCI results by summing up all
inputs and output of all processes within the system boundaries.

1.3.3 Life Cycle Impact Assessment

In a life cycle impact assessment (LCIA) the results on the environmental loads
from the LCI are translated into potential environmental impacts (Baumann &
Tillman, 2004). There are several reasons to translate the elementary ows, i.e.
inventory results, to environmental impact categories. One of reasons is to improve
the relevance By translation of the elementary ows, the results become more
environmentally relevant, comprehensive and easier to communicate. For a lot of
people environmental impacts, such as global warming, are easier to relate to than
the amount of carbon dioxide emissions. Another reason is to improve tfeadability.
The environmental impacts are an aggregation of the elementary ows and thus,
easier to grasp since the number of result parameters decrease. Lasthynparability

Is also a reason to aggregate the inventory results.

In gure 1.2, potential environmental impacts are explained by an environmental
cause-e ect chain (Masoni, 2016). The potential environmental impacts are e ects
of polluting activities and there are di erent types of e ects depending on where
in the cause-e ect chain they are located. The e ects are usually chronologically
divided into three groups, where primary e ects are the direct cause of the pollutants
and secondary followed by tertiary e ects are subsequent e ects.

As seen in gure 1.2, an example of the environmental cause-e ect chain could be
activities that emit greenhouse gases (GHG) which causes a primary e ect of changes
in radiative forcing. This, in turn, causes an atmospheric temperature to rise as a

secondary e ect, followed by a tertiary e ect such as raised sea levels, ice melting
and changed weather patterns.

The potential environmental impacts correspond to these e ects and are in the
same way divided based on where they are located in the impact pathway. There
are midpoint indicators which are in an intermediate point in the impact pathway,
representing impact categories such as global warming, acidi cation, and eutroph-
ication. There also endpoint indicators, relating to areas of protection, at the end
of the impact pathway, including for example the ecosystem and human health. All
these impact categories, located in di erent places along the impact pathway have
di erent pros and cons when it comes to using them to assess environmental per-
formance in LCA. The midpoint indicators are considered to be more scienti cally
valid as they are more closely linked to measurable e ect, whereas endpoints are
considered to be easier to interpret as they relate to things easier to grasp.

4
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Figure 1.2: Cause-e ect chain adopted from Masoni (2016)

According to Masoni (2016), the impact assessment consists of ve steps. The rst
step is to select the impact categories with respect to the goal of the study (Masoni,
2016). The second step is calledassi cation and this is where the inventory results
are assigned to the selected impact categories. The third step, also the last manda-
tory step, is known ascharacterization where the elementary ows are multiplied
with a speci ¢ characterization factor depending on which impact category they are
assigned to. The purpose of characterization factor is to value the importance for
each elementary ow for a speci c impact category.

Two optional approaches after the characterization step arermalization and weight-
ing. In these two steps, the resulting characterization indicator scores are weighted
combined into one index. This enables a comparison of their relative magnitude
since the sum of the indicator scores from each impact category can be put into the
same scale. In the normalization step, the indicator scores from the characterization
step are converted to a system used as a reference. The results of the normalization
can also be used as a preparation for the weighting step. In the weighting step
the resulting indicator scores are converted based on value-based choices and thus,
comes in handy when the study consist of trade-o s as di erent categories can be
related to each other. In addition to the possibility of comparing di erent impact
categories on the same scale, normalization and weighting can ease the understand-
ing and communication of the results for the intended audience of the study, if they
are not used to analyzing a large number of impact categories side by side.

1.4 Electric vehicle battery

The following chapter explains the battery system used in electric vehicles and begins
with cells followed by modules and nally the battery pack. The breakdown of the
battery pack is shown in gure 1.3.
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Figure 1.3: From left, a battery pack for an electric vehicle is shown followed by a
battery module and battery cell.

1.4.1 Battery cell

Figure 1.4, illustrates the functionality of the lithium-ion cell, where the four main
components are: cathode, anode, electrolyte and separator (Zubi et al., 2018). When
the battery is charging, the cathode emits the positive Li-ion through the electrolyte
to the receiving anode and opposite during discharge. The cathode and the anode
both work as a receiver and transmitter, where cathode is made of lithium metal
oxide powder and anode is commonly made of graphite powder.

The electrolyte works as a electric conductor and is a liquid mixture of lithium salt
and organic solvent. The mobility of the passing Li-ions is increased by the organic
solvent.

The separator's role is to prevent short circuit and this is done by preventing the

cathode and anode to directly connect to each other, while still allowing the positive

Li-ions to pass. The material content of the separator is commonly plastics such
as polyethylene and polypropylene. The cathode and anode are supported by thin
aluminum and copper foils respectively, and these foils also act as conductors.

A complete cell is created when the layered set-up described above is stacked several
times. The electrical current from each layer is conducted to the positive and nega-
tive battery terminal by current collectors that are attached to the metal foils. To
protect the layered structure an outer case is used, usually in stainless steel or alu-
minum (Pistoia & Liaw, 2018) For vehicle application, many lithium-ion cells need

to be combined into a battery pack in order to provide enough power and energy
(Romare & Dahllof, 2017).

Cathode and anode chemistry

The characteristics of the lithium-ion battery that is considered most relevant when
choosing what battery to use in a given application: specic energy and power
and durability and safety (Zubi et al., 2018). The properties of the battery can be
con gured by di erent combinations of cathode and anode materials (Romare &
Dahllof, 2017). In vehicle applications, some material choices are more common due
to certain demands on the battery chemistry with regard to power and energy per
kg. For fully electric vehicles (BEVs), the speci ¢ energy (KWh storage/kg battery)

Is crucial, whereas for plugin hybrid vehicles (PHEVS) a certain balance of specic
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Figure 1.4: lllustration on a lithium-ion battery cell (Olofsson & Romare, 2013).
The electricity is charged or discharged through the movement of the lithium ions
between the active materials. In-between the active materials there is an electrolyte
which serves as a catalyst promoting the movement of the ions. There is also a
separator preventing the cathode and anode to react with each other causing a
short circuit. Lastly, there are current collectors attached to the active materials
with the role to support and transport the electrons to the load.

power and energy is required. A common cathode choice for PHEV, but speci cally
for BEV consists of a a mix of cobalt, nickel and manganese oxides together with
lithium. For anode the material options are more limited. Graphite is currently the
dominating choice but there are some cases where the graphite anode is combined
with silicon or made of non-graphite material.

Cell design

The battery cell is mainly manufactured in two ways. They are stacked cells either
in a at or cylindrical design (Romare & Dahll6f, 2017). In the at-design con g-
uration, the large sheets of cathode-anode combination are cut into square shapes,
stacked, and enclosed in a at protective case. There are two kinds of cases: a
exible pouch casethat is made of a plastic and aluminum laminate and a hard
aluminum case, known agrismatic case

The cylindrical design is manufactured by using the same large sheets as in the
at design con guration but instead rolled up and sealed in a cylindrical case usu-
ally made of aluminum. Historically, the cylindrical design has been used a lot in
small scale batteries and therefor, the production cost is relatively low. However,
the pouch and prismatic cell designs have, compared to cylindrical, more e cient
packaging and are for this reason more commonly used in vehicles.
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1.4.2 Battery module

Battery modules allow for management of a smaller number of cells within a larger
pack and protect them by a cassette, consisting of an outer and inner frame (Ellingsen
et al., 2014). Commonly, there are about 20 modules in a battery pack for electric
vehicles and the number of cells in each is around 12 (Nelson et al., 2018). The
weight is about 20 kg with a volume of 10 liters.

1.4.3 Battery pack

The purpose of having a battery pack is to be able to control certain units that
are usually too large and complex to be handled only by cells and battery modules.
Battery packs that are used for an electric vehicle consist of the following four
main components: battery cells contained in modules, battery management system
(BMS), cooling system and packaging (Ellingsen et al., 2014). The BMS controls
and monitors the battery whereas the cooling system maintains the temperature.

1.5 Battery model

For the purpose of this study, the lithium-ion battery packs are theoretically designed
in a tool developed by Nelson et al. (2018), called tHgattery Performance and Cost
model (BatPac). The design of the batteries is based on values that meet théS.
Advanced Battery Consortium LLC (USABC) guidelines.

In gure 1.5, the BatPac framework is shown describing how the batteries are mod-
elled. The battery modelling is conducted in an iterative spreadsheet where the
following main categories are de ned; cell chemistry, pack requirements and key
constraints (Nelson et al., 2018).

In the spreadsheet, there were already ready-made cell chemistries available to
choose from, including the ones that were chosen in this study namely NMC333
and NMC622. The values of the parameters in the pack requirements and key
constraints were estimated based on predetermined conditions and performance of
a battery in a vehicle application. For information see appendix A.2 and B. The
output of the model are; the volume and mass, the speci c energy and power, and
bill-of-materials (BOM) for each battery. However, BOM was not entirely complete
and thus literature studies were required to supplement the information that was
missing. In addition, there was sometimes a need for derivation, which is explained
in appendix A.1.

1.6 Vehicle model

To the BatPac model, an additional model has been added in the spreadsheet in-
spired by an LCA study by Deng et al. (2017b). The iterative integration between
the battery and vehicle model is shown in gure 1.6a. The motivation to add an
additional model is to create batteries that meet predetermined requirements with
respect to vehicle applications. The original BatPac model o ers a possibility to

8
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Figure 1.5: lllustration on the BatPac framework (Nelson et al., 2018)

choose a driving distance and energy consumption which subsequently calculates
the required energy capacity and mass of the battery, see gure 1.6b. However,
the original model fails to consider the feedback loop, con rmed by Del Duce et al.
(2013), between the battery mass and energy consumption. The total vehicle mass,
including the battery, in uences the energy consumption, which again feeds back to
the driving distance.
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(@) An illustration on the iterative integration between the battery and vehicle
model.

(b) Anillustration on the original BatPac model. The gray box and arrows indicates
the feedback loop that is missing.

Figure 1.6: lllustrations on a spreadsheet used to theoretically design batteries for
the LCA study

10
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In the new model, the iteration continues until the calculated energy capacity in the

battery model is equal to the one calculated in the vehicle model. Once they are
equal, the battery model has calculated the required speci c energy that meets the
predetermined requirements with respect to vehicle applications. It shall be noted
that the calculations of the energy capacity inbetween the models are di erent. The

battery model calculates the energy capacity with respect to a bundle of parameters
within the the three main categories: pack requirements, cell chemistry and key
constraints. Where the vehicle model calculates the speci ¢ energy by multiplying
the energy consumption and the driving distance. More details on how the vehicle
model calculates the energy consumption is found in chapter 3.3.

1.7 GaBi Software

The LCA modeling is conducted in an LCA software called GaBi developed by
Thinkstep. The software o ers a large range of datasets and facilitate the collection
and management of data. In addition, the modeling is visualized with a drag-and-
drop function that makes it easy to connect ows and processes and gives a complete
picture of the product system. Lastly, the results can be delivered with di erent
levels of aggregation which can ease the interpretation of them.

11
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2

GOAL AND SCOPE
DEFINITION

2.1 Goal de nition

In the following chapter, the intended applications and reasons for carrying out the
study will be explained, including research questions and limitations.

2.1.1 Research questions

The LCA study is a comparative analyze of life cycle environmental impacts asso-
ciated with driving 180,000 km in a mid-size electric vehicle with 350 km driving
range per charge having; (a) a NMC333 lithium ion battery with a speci c energy
of 0.164 KWh/kg and (b) a NMC622 lithium-ion battery with a speci c energy of
0.177 KWh/kg.

The main objective is to analyze the environmental performance on the two chosen
lithium-ion batteries and the research questions to be answered are the following:

N

How is NMC622 performing environmentally compared with NMC333 through-
out their life cycles?

Which are the hotspots in the life cycle and what in uence does the con gu-
ration of the cathode chemistry have in relation to them?

2.1.2 Limitations

In the following chapter, limitations will be presented which could a ect the appli-
cability of the study (European Joint Research Centre, 2010).

Impact coverage limitations

The impact assessment will not cover the endpoint categories as it is not recom-
mended in the PEFCR (Siret et al., 2018)

Methodological limitation

In the production phase, manufacturing of the electric vehicles is not considered.

Furthermore, manufacturing of other products related to electric vehicle such as

13
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charging stations are also not covered in this study.

The transportation distances and modes which are not already included in the
datasets corresponds to the guidelines provided from the PEFCR for lithium-ion
batteries.

The calculations of the energy consumption in the use phase is limited to the guide-
lines provided by eLCAr.

The recycling processes of lithium-ion batteries is limited to one approach developed
by the company Umicore.

Assumption limitations

The electricity mix for the use phase and majority of the production processes is as-
sumed to be the EU-28 average consumption mix. Exceptions are made on processes
with site-speci ¢ data such as the production of cobalt and lithium carbonate. The
impact of using di erent electricity mixes are investigated in the sensitivity analysis
section.

2.1.3 Reasons for carrying out the study

The reason for the study is to evaluate the environmental impact on NM622 com-
pared to NMC333. In particular, it is of interest to investigate the relationship
between environmental impacts and energy density as well as material use

2.1.4 Target audience

The study is available for everyone but the main targeted audience is IVL Swedish
Environmental Research Institute and stakeholders involved in the ongoing project
Ageing of Lithium-lon Batteries with Nickel-Rich Cathodes for Electromobility
(ALINE).

2.2 Scope de nition

The scope de nition is derived from the goal of the study starting with the identi -
cation and de nition of the product system followed by clari cation of requirements
for method and quality (European Joint Research Centre, 2010).

2.2.1 FRunction, Functional Unit and reference ow

The product targeted in the LCA study are lithium-ion battery for electric vehicles
and the functionality is the propulsion of a vehicle by supplying electrical energy
at a desired voltage range that can be converted to mechanical motion. For mobile
application, where the rechargeable battery is the main storage of energy, the func-
tional unit shall according to PEFCR be de ned as'l kwh of the total energy
provided over the service life by the battery system” (Siret et al., 2018,

p. 28).
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The functional unit has been de ned by answering the following questions:
" What?

N

How much?

N

How well?

N

How long?

The rst question refers to what unit the functional unit shall be measured in and
for batteries, watt-hour was believed to be most suitable. The second question refers
to how much watt-hour the batteries shall produce which is obtained by multiplying
the amount of charging cycles with the amount of energy that is delivered over each
cycle. The third question refers to the technical properties of the batteries and in
this case, it is the speci c energy which is measured in watt-hour per kg batteries.
The last questions refer to the total distance the batteries are supposed to deliver
in a vehicle application.

The design of the batteries was strongly in uenced by the predetermined require-

ments on the driving distance per charge in a mid-sized electric vehicle. The batteries
are expected to deliver a driving distance of 350 km per charge and by the knowledge
on the vehicle weight as well as other vehicle parameters explained in chapter 3.3,
the energy consumption per km was calculated. By knowing how much energy the
batteries were suppose to deliver the properties could be derived from the models
explained in chapter 1.5 and 1.6. In table 2.1, a selection of parameters from the
models have been compiled and for more details see appendix A.2.

Table 2.1: The design and characteristics of the NMC333 and NMC622 lithium-ion
batteries

- Battery pack Battery pack
Characteristics with NMC333-Gr cells with NMC622-Gr cells
Energy storage capacity [KWh] 85.1 83.4
Weight [kg] 520 472
Speci ¢ energy [KWh/kg] 0.164 0.177
Battery lifetime [km] 180,000 180,000
Number of cells 240 240
Number of modules 20 20

Calculation of the reference ow and functional unit

The size of the battery has a signi cant role to achieve the amount of energy delivery
per charge and therefore, the reference ow is de ned as kg battery per kWh. There
are three main steps to calculate the number of batteries needed per kWh. The rst
step is to calculate how much energy the battery can deliver over its service life,
which is calculated with equation 2.1.

Qua= Edc Nc Acc (2.1)
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Where:

Qua : is the total amount of energy delivered by the battery over its service life [KWh]
Edc : is the energy delivered per cycle [KWh]

Nc : is the number of cycles []

Acc : is the amount of energy available [%]

The second step is to calculate the number of batteries that are needed to deliver
the total driving distance which is calculated in equation 2.2. The total driving
distance during the lifetime of the vehicle is assumed to be 180,000 km. By dividing
the total driving distance with the driving distance per charge and multiply it with
the energy delivered per cycle, the total energy required is obtained.

AS
Nbatt = = (2.2)

Where:

Nbatt : is the number of batteries []
AS : is the total energy required per application [KWh]
Qua : is the total amount of energy delivered by the battery over its service life [KWh]

The last step is to calculate how much kg batteries that are needed to deliver 1 KWh
which by dividing the the mass of the battery with the total energy required for a
total driving distance of 180,000 km, see equation 2.3.

_ Nbatt Mbatt

Rf
AS

(2.3)

Where:

Rf :is the mass of the battery per kilowatt-hour [kg/KWh]
Mbatt : is the mass of the battery []
AS : is the total energy required per application [KWh]

The reason why the reference ow is needed is due to the fact that the batteries are
modelled with respect to their mass. Hence, the environmental impacts calculated
in the GaBi software will be per kg batteries. By multiplying the results from the
life cycle impact assessment with the reference ow, they will be related to the
functionality of the batteries, that is the ability to deliver energy. For mathematical
terms, see equation 2.4.

Environmental impact , _ Environmental impact
Fu - kg battery

Rf (2.4)
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2.2.2 Life cycle modelling framework

In the following chapter, the decisions on the life cycle inventory modelling principles
and method approaches are explained. It is a crucial step which has implications on
what data is collected or obtained (European Joint Research Centre, 2010).

Type of modelling principle

There are mainly two modelling principles, attributional and consequential mod-
elling (European Joint Research Centre, 2010). In this study, the former is used
which depicts potential environmental impacts that can be attributed to a system
throughout its life cycle. The approach includes all involving processes to the system
and use measurable data that is historical and factual. Hence, the system could be
modeled in its current state, prior state or in a predicted state. Compared to con-
sequential modelling, average data is more acceptable but ideally, producer-speci ¢
Is the most appropriate.

Solving multifunctionality

Multifunctionality problems arise when a process has more than one function (Eu-
ropean Joint Research Centre, 2010). It could, for example, be a process producing
several products, where only one is of interest. There are di erent approaches to
solve multifunctionality and the appropriateness could depend on, for example, the
goal de nition, available data, and the characteristics of the multifunctional pro-
cess or product. There is also a hierarchy for solving multifunctionality available
provided by ISO 14044:2006 which ranks the appropriateness as follow:

1. Subdivision of multifunctional processes
2. System expansion (including substitution)
3. Allocation

In the production phase, a mix of the di erent solutions for multifunctionality have
been used and are mentioned in chapter 3.1. Typically, the multifunctionality issues
have been already been dealt with in the data sets that have been used in this study.
In the use phase, there were no multifunctionality issues since it was solely based on
the energy consumption which was modelled together with an electricity grid mix.
In the end-of-life phase, it was decided to not include environmental credits from
recycling and thus, no system expansion was conducted.

2.2.3 System boundary and cut-o criteria

Figure 2.1 depicts the system boundary of the product system between the techno-
and ecosphere. The LCA has a cradle-to-grave approach which implies that a com-
plete life cycle is studied, from raw material extraction to disposal or recycling
(European Joint Research Centre, 2010). Transportation has been excluded in the
owchart and is instead described in chapter 3.2.

If there are parts within the system boundary that are considered not relevant, they
can be omitted which is referred to as cut-o s (European Joint Research Centre,
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2010). These can be, for example, processes or elementary ows that are less qual-
itatively relevant and thus, not worth the e ort in relation to their contribution to
the results. In the following bulleted lists, the included cut-o s are presented:

N

Production and maintenance of capital goods and infrastructure (buildings,
machines, vehicles, power distribution grid etc.) used within the life cycle
stages.

Personnel-related environmental impacts.

Packaging material used to transport battery components or complete battery
packs.

Road and charging infrastructure required for the use phase.

2.2.4 Choice of impact categories

According to eLCAr and the PEFCR for batteries, which are both in line with the
ILCD handbook, the following impact categories should be assessed:

A

Climate change

N

(Stratospheric) Ozone depletion

" Human toxicity

Respiratory inorganics

lonizing radiation

(Ground-level) Photochemical ozone formation
Acidi cation (land and water)

Eutrophication (land and water)

Ecotoxicity

A

Land use

A

Resource depletion (water, metal, mineral, fossils and renewables)

From the bulleted list, the PEFCR points out the following impact categories to be
the most relevant: climate change (fossil), resource depletion (energy, minerals, and
metals) and respiratory inorganics (Siret et al., 2018).

Initially, results will be taken out for all impact categories, but depending on rec-
ommendations and the results, a selection will be made of those considered more
relevant to answering the research questions.

2.2.5 Method of impact assessment

The life cycle impact assessment is conducted in the LCA software GaBi and the
LCIA methods are chosen according to the Recommendations for Life Cycle Impact
Assessment in the European context (European Commission-Joint Research Centre,
2011).
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2.2.6 Data requirements

Time-related coverage

The study will analyze the electric vehicle and the battery as if they were produced
and operated in a present or near future. Hence, the endeavour is that the data
represent the current situation and are up-to-date.

Geographical coverage

For the production phase, the geographical scope is global. In case site-speci ¢ data
is not available, average datasets are used as default. The use and end-of-life phase
is assumed to take place in Europe and thus, data related to the use and recycling
of batteries represent only the European average.

Technological coverage

The NMC333 and NMC622 are assumed to be produced with the same processes and
technologies. One of the recurring problems in previously published LCA studies
has been the restriction to production LCI data based on engineering calculations
or pilot-scaled operations (Dai et al., 2017). It has been commonly assumed from
the literature review that there is a lack of credible information on battery manu-
facturing. This study uses recent LCI data on battery manufacturing from Argonne
National Laboratory which based on two visits to battery manufacturing facilities

in China (Dai et al., 2017). In addition, the LCA study includes site-speci c data
on the production of battery-grade cobalt sulfate from Dai et al. (2018a) which is
one of the materials that require a lot of processing and plays an essential role for
lithium-ion batteries.
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Figure 2.1: The owchart depicts the system boundary of the product system
including the main stages: extraction, production, usage and disposal or recycling.
The boxes within each stage represents the main processes in the LCA.
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3

LIFE CYCLE INVENTORY
ANALYSIS

3.1 Production phase

In the following chapter, the production of a battery pack is explained and which
data inventory that has been collected. An overview of the supply chain and pro-
cessing steps is shown in gure 3.1.

Figure 3.1: Flowchart showing a simpli ed supply chain in the production of a
battery pack.
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3.1.1 Battery cell, module and pack

The battery packs are designed in BatPac by selection of cell chemistry and addi-
tional con guration on performance and battery components (Nelson et al., 2018).
The BatPac model includes several of di erent cell chemistries, where NMC333 and
NMC622 where two among them. Additional con guration is limited by a number of
parameters available in the model and for the two batteries that are compared, the
default values are used. When the design is determined, bill-of-materials (BOMSs)
are provided of the cells, modules and pack. The BOMs are typically referred to as
ingredient lists and contains information on materials required to produce a prod-
uct. In the BatPac model, the weights on the di erent components are listed. The
recent update of the BatPac model was made 2018 and the results of BOMs from
modelling NMC333 and NMC622 is presented in table 3.1.
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Table 3.1: Material inventory of NMC333 and NMCG622 battery packs.

Input NMC333 NMC622
Positive electrode

Active cathode matetrial (Li-NMC) 27% 24%
Conductive additive (Carbon black) 1.8% 1.6%
Binder (PVDF) 1.5% 1.3%
Current collector (Aluminium) 3.6% 3.8%
Negative electrode

Active anode material (Synthetic graphite) 15% 15%
Binder (PVDF) 0.77% 0.80%
Current collector (Copper) 8.3% 8.7%
Separator

Outer layer (PP) 0.96% 1.0%
Inner layer (PE) 0.24% 0.25%
Electrolyte

LiPF6 1.7% 1.6%
Ethylene carbonate 4.7% 4.6%
Dimethyl carbonate 4.7% 4.6%
Cell container

Multilayer Im (Aluminium) 1.2% 1.2%
Multilayer Im (PET) 0.18% 0.18%
Multilayer Im (PP) 0.08% 0.08%
Positive terminal (Aluminium) 0.55% 0.56%
Negative terminals (Copper) 1.8% 1.9%
Module packaging

Module state-of-charge regulator assembly (Electronic part) 0.34% 0.37%
Module thermal conductor (Aluminium) 2.2% 2.2%
Module terminals (Copper) 0.21% 0.21%
Thermal Inslutation (Fiberglass) 0.05% 0.05%
Module closure (Aluminium) 1.5% 1.6%
Module spacer (PE) 0.05% 0.06%
BMS

Battery Management System 0.71% 0.77%
Cooling system

Cooling System Exterior 1.2% 1.3%
Coolant (Glycol) 2.2% 2.3%
Pack packaging

Battery jacket (Aluminium) 8.8% 9.0%
Thermal Insulation (Fiberglass) 0.27% 0.27%
Mass of battery pack heaters (Electronic part) 0.07% 0.08%
Mass of both battery pack terminals (Copper) 0.02% 0.02%
Mass of each module inter-connect (Electronic part) 0.32% 0.34%
Mass of module compression plates and steel straps (Steel) 0.67% 0.67%
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3.1.2 Preparation of the cathode active material

The production of the active electrode material NMC (nickel-manganese-cobalt),
that is used in the cathode, can be divided into three stages: production of metal
sulfates, production of lithium carbonate and synthesis of NMC, see gure 3.1 (Dunn
et al., 2015).

Production of metal sulfates

The metal sulfates that are used in the NMC synthesize are nickel sulfaléiSOg,,
manganese sulfatdinSO,4 and cobalt sulfate CoSQ, (Dunn et al., 2015). In the
following text, the production of the metal sulfates will be detailed, starting with
nickel sulfate followed by manganese and cobalt sulfate.

The production of battery-grade nickel sulfate is depicted in gure 3.2 and is pri-
marily based on an LCA study sponsored by the Nickel Institute (Gediga et al.,
2015). The LCI data are based on a economic allocation and system expansion
of the extraction and processing of nickel. Economic allocation was used to treat
the metal co-products based on the average market value from the year 1996 to
2011. The system expansion is used to treat the non-metal co-product, sulfuric
acid. The geographical scope of the LCA study is global and represents following
regions: North America, South America, Europe and Russia. The nal processing
from re ned nickel to nickel sulphate is based on the study by (Dunn et al., 2015).

Figure 3.2: Process ow diagram for production of battery-grade nickel sulfate,
adopted from Gediga et al. (2015).

Nickel can be extracted from two di erent ores, sul dic and oxidic ores (also referred
to as laterite ore) which are mined in open-pit and underground mines Gediga et
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al. (2015). The oxidic ores have slightly higher nickel content than sul dic ores.
However, the latter is extracted more which could be due to the fact that it is ex-
tracted in both open-pit and underground mines whereas oxidic are only extracted
from underground mines. After the ore mining, the sul dic ores undergo a bene ci-
ation process where the ores are crushed, ground and separated through magnetic
or otation separation. For oxidic ores, the processing is di erent since it consists
of higher moisture content and thus need to be dried after it has been crushed and
screened. In the primary extraction step, the nickel concentrates and prepared ores
are converted into the following products: nickel oxide, nickel matte, ferronickel,
nickel cobalt intermediates, and other nickel and non-nickel co-products. The ores
can either undergo a hydrometallurgical or a pyrometallurgical extraction, however,
in the LCA-study, hydrometallurgical extraction from sul dic ore is not included.

In the re ning process, nickel matte and nickel cobalt intermediates are converted
to class 1 nickel products. Re ned nickel is divided into two classes, where class |
has a higher purity level (>99%) than class Il and thus, more preferable in batter-
ies. The re ning of nickel can include the following processes: crushing, grinding,
leaching, puri cation, electrolysis, electrowinning, cutting and reduction processes.
In the nal step, the class 1 nickel products undergoes a process where it is mixed
with sulphuric acid in high temperature (Dunn et al., 2015).

As for the production of battery-grade manganese sulfate, the processing has been
simpli ed due to lack for data. It is assumed that manganese oxide is extracted from
manganese ores with 55% manganese content (Dunn et al., 2015). Without further
processing, the manganese oxide undergoes a simple mixing process with sulfuric
acid, which do not require any heat.

The production of cobalt sulfate consists mainly of three processes: ore mining,
hydrometallurgical ore processing and re ning (Dai et al., 2018a). In gure 3.3, the
LCI data is presented in a owchart. The material and energy ows associated with
producing battery-grade cobalt sulfate is based on economic allocation, where the
average ore grade is 2.44% copper and 0.47% cobalt. In addition, the LCI data have
been calculated by multiplying the cobalt content of cobalt sulfate sinc€oCL,; is
also produced in the same production pathway. There is also a cobalt yield of 80%
from cobalt ore processing that has been accounted in the LCA study. Cobalt sulfate
Is produced by two raw materials; concentrated cobalt ore and crudeo(OH), ,
where only the latter is considered. Data on ore mining and hydrometallurgical
ore processing is collected from three major mines in DRC (Democratic Republic of
the Congo): the Komato mine, the Mutanda mine and the Tenke Funfurume Mine
(TEM) The cobalt-rich ore either extracted from open-pit or underground mining,
where 17 % of the total ore mining in DRC is through handpicking (also referred to
as artisanal mining). Other mining equipment is fueled by either diesel or electricity.

The processing of copper-cobalt ore takes place in a hydrometallurgical plant, where
they rst go through a milling process (Dai et al., 2018a). Once the particle size of
the ore has been reduced to a suitable size for subsequent mineral extraction and
leaching processes, the ores are converted to enriched concentrate through otation
processing. The resulting concentrates are either sul dic or oxidic, where sul de
concentrates require additional processing before the leaching process. To convert
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Figure 3.3: Process ow diagram for production of battery-grade cobalt sulfate,
adopted from Dai et al. (2018a)

the sul de concentrates to soluble Cu-Co oxides they undergoes a sulfatizing roast
process. Through leaching and solvent extraction, the oxide concentrates are turned
into copper and cobalt solution. Lastly in the hydrometallurgical processing, the
cobalt-rich solution undergoes several precipitation steps to recover copper that are
still left in the solution and to remove aluminum, iron and manganese impurities.
In the last precipitation step, the cobalt solution is mixed with magnesium oxide
which results in a precipitation of Co(OH),. The process yield for Co is assumed to
be 80% and is also considered in the LCI calculation. It is assumed that there are
no other material losses throughout the production of battery-grade cobalt sulfate.

From the hydrometallurgical processing, the crud€o(OH), is assumed to have a
cobalt content of 35 % and for further re ning, it is sent to China (Dai et al., 2018a).
For the re ning process, the LCI data has been collected from Huayou Cobalt which
is one of the top three cobalt re neries in China. To produce battery-grade cobalt
sulfate CoSQy, four processes are conducted, leaching, solvent extraction, evapora-
tion and crystallization, and drying. In the leaching process, the purchased crude
Co(OH), is converted to cobalt sulfate by mixing it with sulfuric acid. Thereafter,
the cobalt sulfate is re ned by several precipitation steps, followed by a solvent
extraction. Finally, battery-grade CoSQ, crystals are produced by evaporation,
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crystallization and drying.

Production of lithium carbonate

The lithium carbonate (Li ,COs) is assumed to be produced in Chile and in gure
3.4, the LCI data together with the process ow diagram is presented (Dunn et
al., 2014). The energy and mass ow associated with lithium carbonate is based
on mass allocation. The production of lithium carbonate begins with extraction of
lithium brine from wells. From wells, the brine undergoes a series of evaporations
in ponds, where the lithium concentration increases from 1,500 ppm to 60,000 ppm.
Thereafter, the concentrated lithium brine is transported to a processing plant in
Chile that produces lithium carbonate. The extraction of lithium carbonate from
the concentrated Li-brine begins with removal of boron by mixing it with HCI,
sulfuric acid, alcohol, and an organic solvent. Then the resulting solution undergoes
two additional extraction steps, wherein the rst step, soda ash is added in the
solution to precipitate magnesium carbonatVlgCOs. In the second, magnesium
hydroxide Mg[OH], and calcium carbonateCaCQO; are removed by adding lime
to the solution. When the Li-brine has undergone the three previously mentioned
extraction processes, it is sent to a precipitation reactor where the solution is mixed
with soda ash. During the process, the lithium carbonate is precipitated from the
solution, which is subsequently washed, ltered, dried and packaged.

Figure 3.4: Process ow diagram for production of lithium carbonate, adopted
from Dunn et al. (2014).

Synthesis of NMC

The synthesize of NMC consist primarily of two processes: 1) the production of the
NMC-precursor by mixing the metal sulfates; 2) the production of NMC by mixing
the dried precursor with lithium carbonate, followed by calcination (Dai et al., 2017).
In gure 3.5, the LCI data is presented in a process ow diagram, where material
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and energy ows are based on mass allocation. The data have been collected from a
leading cathode materials producer in China (Dai et al., 2018b). It should be noted
that the two processes mentioned above are conducted at two di erent plants in
China.

The production of the NMC-precursor begins with dissolving and mixing the metal
sulfates in a continuously stirred tank reactor (CSTR). Once the metal sulfates have
been completely dissolved and mixed into a solution, sodium and ammonium hydrox-
ide is added. Thereafter, the metals sulfates co-precipitate ti,CoMn,(OH), by
heating the tank at a temperature of 50C. The tank is heated by steam produced by
natural gas with a boiler e ciency of 80% Out of the tank, the solid NMC-precursor
undergoes ltration, washing and drying.

In the next production plant, the NMC cathode powder is produced through cal-
cination (also known as the solid state synthesization). The number of calcination
steps depends on the cathode material, where NMC requires two. The processes
in the production plant is completely automated and powered solely by electricity,
where the calcination steps are responsible for almost the entire consumption. This
is due to the fact that the products are calcinated up to 12 hours at a temperature
of 1000C. In addition, the calcining furnaces are not shut down when idling because
it takes too long to reach the required operating temperature. The production plant
has been designed to maximize the material e ciency, which is close to 100%. The
material loss is recovered by; transporting intermediate materials through tubes;
and by collecting and reusing dust generated from the crushing and sieving process.

Figure 3.5: Process ow diagram for synthesis of NMC, adopted from Dai et al.
(2018b)

3.1.3 Preparation of the anode active material

The graphite used as the active material in the anode and can be divided into natural
graphite (NG) and synthetic graphite (SG) (Ellingsen et al., 2014). In this study,

only synthetic graphite is considered which is made of petroleum coke and coal tar
pitch. The petroleum coke is residues from thermal processing of crude oil, that
has been produced by delayed cooking (Dunn et al., 2015). The coal tar pitch is
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derived from coal and commonly produced as a by-product from the coke oven for
steel production. The petroleum coke is the main raw material, while the coal tar
pitch is used as a binder.

The production of synthetic graphite, depicted in gure 3.6, begins with grinding
and sizing the petroleum coke to a desirable particle size (Dunn et al., 2015). It
is then mixed with coal tar pitch in a mixer that is heated to a temperature of
160-170°C to keep the coal tar pitch in a liquid state. Once the coal tar pitch has
partially penetrated the pores of the coke, the mixture is cooled down and undergoes
an extrusion process. After the extrusion, the product starts to resemble the nal
product and the density has been maximized. To successfully convert the coal tar
pitch into coke, the product is fed into a furnace heated by natural gas. The baking
process (also known as carbonization) typically takes 18-24 hours at a temperature
range of 800-1000C and the product loses around 30-40% of its weight. Before
the product is sent to the graphitization furnace, it is impregnated with pitch and
baked a second time to improve its properties. In the last process, graphite crystals
are formed by slowly heating the product to a temperature of approximately 3000
°C. The graphitization process is powered by electricity and last up to three weeks
when cooling time is included.

Figure 3.6: Process ow diagram for synthetic graphite, adopted from Dunn et al.
(2015)

3.1.4 Production of binder

To hold the active electrode materials together in batteries, a polymeric binder
material is used and the most common material is polyvinylidene uoride (PVDF)
(Dunn et al., 2014). To produce the binder, the PVDF undergoes an injection
moulding process (Ellingsen et al., 2014).

3.1.5 Production of separator

The separator is a porous membrane that keeps the active electrode materials apart
to prevent short circuit (Dunn et al., 2014). The outer layers consist of polypropylene
(PP) and the inner layer consist of polyethylene (PE). The relative share is 80% PP
and 20% PE. The battery cell component is assumed to be processed by injection
moulding (Ellingsen et al., 2014).
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3.1.6 Production of electrolyte

The most common electrolyte consist of lithium hexa uorophosphate (P F ¢) which

Is a salt produced by a chemical synthesis of lithium uoride (LiF) and phosphorus
pentachloride P Cls) (Dunn et al., 2014). To increase the permittivity of the elec-
trolyte, the LiP F ¢ is mixed with dimethyl carbonate (DMC) and ethylene carbonate
(EC) solvent. The DMC can be produced from EC which in turn is produced from
ethylene oxide followed by ethylene. According to Ellingsen et al. (2014), relative
shares of the electrolyte are 12%iP F ¢ and 88% EC and DMC, where the volume
ratio of the solvents is 6:4 (Deng et al., 2017b). In gure 3.7, the LCI data is pre-
sented in a process ow diagram. Due to lack of data, the production of lithium
uoride LiF and PCl5 is not considered.

Figure 3.7: Process ow diagram for synthesis of electrolyte, adopted from Dunn
et al. (2014)

3.1.7 Production of multilayer pouch, terminals and current
collectors

The BatPac model uses prismatic cells which are sealed in a multilayer pouch (Nelson
et al., 2018). The cell container consists of three layers, where the outer layer is
polyethylene terephthalate (PET), the middle layer aluminum and the inner layer
polypropylene (PP) (Deng et al., 2017b). The cell container surrounds all other
components in the cell and leads the current via attached terminals which are linked
to current collectors on the cathode and anode. Aluminum is used to conduct current
through the cathode while copper is used for the anode. The LCI data is collected
from an LCA study by Ellingsen et al. (2014).

3.1.8 Cell manufacturing

The cell manufacturing has been considered as a complex and energy demanding
procedure, not least due to the number of processing steps but also because some
of them need to take place in a dry room where the temperature and level on the
moisture content in the air is controlled (Dai et al., 2017). The dry room is required

to prevent a harmful reaction between the electrolyte salt and water, which occurs
when the moisture level of the air exceeds 100 parts per million by volume (ppmv).
The main manufacturing processes for NMC-graphite cells, based on previous LCA
studies on lithium-ion batteries by Dai et al. (2017) & Deng et al. (2017b), is shown
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in gure 3.8. The LCI data have been collected from the LCA study by Dai et al.
(2017), which is based on visits to two lithium-ion battery manufacturing facilities
in China.

Figure 3.8: Process ow diagram for cell assembly, adopted from Dai et al. 2017
and Deng et al. 2017b.

The rst step is to produce positive and negative electrode slurry which done by
mixing the electrode active materials with solvents, binders and conductive addi-
tives. (Deng et al., 2017b). For positive electrode materials N-Methyl-2-Pyrrolidone
(NMP) is used as a solvent, while for negative electrode material water is typically
used (Dai et al., 2017). For binders and conductive additives, PVDF respective car-
bon black is used (Deng et al., 2017b). The slurry subsequently undergoes a coating
process where it is coated onto electrodes. The negative electrode paste (formerly
referred to a slurry) is coated on the anode, while positive electrode paste is coated
on the cathode. Before the electrodes are fed into an oven for drying, it goes through
an intermediate step where almost all NMP solvent (99.5%) is recovered by evapo-
ration. When the coated electrodes have dried, it is pressed through heated rollers
in a so-called calendaring process to achieve a uniform thickness and density.

After the electrodes have been coated and pressed they enter the dry room where
they are cut into a nal shape (Deng et al., 2017b). The electrodes are then stacked
on each other together with separators, forming the "guts” of a battery cell. There-
after, the positive and negative current collectors, made of aluminum and copper,
respectively, are welded on the cell and sealed within a pouch. Before the cell leaves
the dry room, it is lled and saturated with electrolyte.

When the cell has left the dry room, it is charged for the rst time by slowly applying
electricity, also known aformation cycling. This is done to form the solid electrolyte
interface layer to prevent drastic and irreversible capacity losses before the batteries
are put on the market (An et al., 2017).
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During the formation cycling, the rst charging cycles on unstable voltage ranges
are performed on the battery cells which cause the electrolyte to decompose and
precipitate. In low voltages a solid electrolyte interphase (SEI) layer is built up on
the anode through reduction reactions, while in high voltages a cathode electrolyte
interphase (CEIl) layer is built up on the cathode through oxidation reactions. The
formation of electrolyte interphase layer is highest on the rst cycle and drastically
reduces in the next charging cycles. In cases where the anode is made of graphite,
the irreversible capacity losses from the rst charging cycle are approximately 10%
while during the third charging cycle the capacity losses are less then 0.05%. The
resulting capacity fade from the formation of electrolyte interphase layer is due to
the insulation of the active electrode materials which are followed by irreversible
consumption of electrolyte and lithium ions.

The formation cycling processes can take up to several days or weeks in order to
create a stable electrolyte interphase layer, which is when the whole surface of anode
and cathode are evenly covered. Finally, after the formation cycling is complete, the
cell is degassed and sealed for the last time (Deng et al., 2017b).

The overall energy consumption for cell manufacturing has been estimated by Dai
et al. (2017) to be 170 MJ per KWh battery pack produced, where the relative
share of the energy input is 82.4% natural gas and 17.6% electricity. Electrode
drying (including NMP recovery) and dry room operation have been con rmed as
the biggest contributors to energy consumption (Dai et al., 2017). The dry room
operation stands for the entire electricity consumption and half of the total heat
energy consumption, whereas electrode drying stands for the rest. The reason for
the high energy intensity from electrode drying is due to the use of NMP as solvent.
In a gas form, NMP is highly ammable and thus, it must be carefully controlled
during the evaporation process. It should be noted that economies of scale have
been shown to a ect the process energy intensity from previous studies, but this has
not been taken into account.

3.1.9 Module and pack level packaging

The packaging consist mainly of three components; module packaging, battery re-
tention and battery tray (Ellingsen et al., 2014). The material inventories for these
components are derived based on the BatPac results and the documentation of each
components by Ellingsen et al. (2014). The battery packs that are designed in the
BatPac have 12 battery cells in each module and the battery pack consist of 20
modules in total (Nelson et al., 2018). The modules are kept in place by a battery
retention and are within the battery tray which is the outer shell of the battery pack
(Ellingsen et al., 2014). More details on the material choice and processing can be
found in appendix C

3.1.10 Battery management and cooling system

To ensure batteries longevity and safety, a collection of electronic components are
installed within the battery pack, referred as the battery management system (BMS)
(Dunn et al., 2014). The BMS consists of measurements devices and can control, for
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example, the voltage, current, and temperature. The battery pack is also equipped
with a cooling system for thermal management and insulation. The BMS and cooling
system consist of several sub-components which are documented transparently by
Ellingsen et al. (2014) and used in this study together with the results from BatPac.

3.2 Transportation

The transportation for the majority of the raw materials are included in the back-
ground datasets available in the GaBi software and the transport for the foreground
system is based on transportation data from the PEFCR (Siret et al., 2018). Ex-
ceptions are made on the production of cobalt sulfate since site-speci ¢ data were
available. The battery cells are assumed to be manufactured in Asia as they accord-
ing to Siret et al. (2018) currently dominate the market. The rest of the components
for the battery pack are assumed to be produced in Europe. In table 3.2, a summary
of the transportation data for the foreground system are presented.

Table 3.2: Transportation modes and distances

Materials/Components Truck (km) Rail (km) Ship (km)
Crude cobalt hydroxid (Congo to China) 2700 13000
Active material (China to Korea) 300 200 10000
Passive material (Japan) 300 200 18000
Battery Cell (Asia to Europe) 300 200 18000

From component supplier to
OEM factory (Europe) 130 240 270
From OEM factory to user (Europe) 200 - -
Transport to the EoL recycling (Europe) 200 - -

3.3 Use phase

The use phase contains all activities that are involved in the operation of the electric
vehicle (Del Duce et al., 2013). In this study, only the vehicle energy consumption
Is considered, implying that the following main elements in the use phase are left
out; road and vehicle infrastructure, maintenance, and non-exhaust emissions. The
energy consumption from a typical mid-size electric vehicle, using either NMC333
or NMC622 battery pack, is calculated using consumption calculation methods de-
scribed in eLCAr (Del Duce et al., 2013). The overall energy consumption can be
divided into ve parts:

A

Basic consumption through driving from point A to B without considering the
use of additional devices which is not directly needed for the action of driving.

Additional consumption by the use of heating and air conditioning of the
passenger compartment

Additional consumption by the use of auxiliaries such as, light, radio and
navigation
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Additional consumption from internal battery losses in standstill

Additional consumption from battery charging losses.

3.3.1 Basic consumption

The energy needed for driving an electric vehicle from point A to B is mainly de-
termined by; the mechanical power required to put the vehicle in motion; the en-
ergy losses from drivetrain e ciencies and the recovery of energy from decelerating
(Del Duce et al., 2013).

To calculate the mechanical energy needed to sustain the motion of a speci ¢ vehi-
cle it is rst necessary to know which trajectory and what driving pro le the car is
driven (Del Duce et al., 2013). This would, however, imply an in nite amount of
information of di erent driving situations. Instead, driving cycles are used, which
represents everyday vehicle operations and consist of measured data on vehicle speed
versus time under standardized conditions. There are two di erent type of driv-
ing cycles, steady-state and transient driving cycles (Hofer, 2014). The signi cant
di erent between them is that transient driving cycles are based on more dynamic
driving patterns and thus, considered to be more realistic. The New European Driv-
ing Cycle (NEDC) is a test procedure which uses steady-state driving cycles and
was commonly used in relation to consumption measurements. However, the test
procedure has recently been criticized on the grounds that it fails to represent the
real-world driving conditions and underestimates the fuel consumption. To tackle
the challenge, countries around the world have collaborated with United Nations
Working Party on Pollution and Energy (UNECE) to develop a new test procedure
with transient cycles, called the Worldwide Harmonized Light Duty Test Procedure
(WLTP). This test procedure is the one used in this study and consists of four dif-
ferent speed phases; low, middle, high and extra high (Tutuianu et al., 2013). In
addition, the test procedure is divided into three classes with di erent driving cycles
based on vehicle classi cations. The vehicle used in this study is classi ed as a class
3b since it has a power-to-mass ratio over 34 W/kg and a maximum speed over 120
km/h. In gure 3.9, the driving cycle used to calculate the energy consumption is
presented.

When the driving cycle is determined, the wheel power demand can be calculated on
every vehicle operating point shown in gure 3.9. The wheel power is calculated in
equation 3.1, where the laws of mechanics are applied on the vehicle (Del Duce et al.,
2013). The formula is derived by the assumption of driving on a oat road and uses
following vehicle parameters: mass (m), cross-sectional area (A), drag coe cient
(cw) and rolling resistance coe cient (cr).

. A 3
P(wheet =M & v+ = a”2 A cr m g Vv (3.1)

The mass of the vehicle is assumed to be solely dependent on the drivetrain which
Is typically composed of; a battery that provides the electrical power; a collection of
power electronics which processes the electrical power; a electric motor that converts
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Figure 3.9: lllustration on the Worldwide Harmonized Light Duty Test Cycle
(WLTC), constructed with data collected from Tutuianu et al. (2013).

the electrical power into mechanical power; and a transmission which is act as a link
between the electric motor and the wheels (Del Duce et al., 2013). The total vehicle
mass is calculated according to equation 3.2.

Mgy = mbattery *+ Melectric motor + Miransmission T mglider (3.2)

The mass of the electric motor is calculated to 132 kg by multiplying a mass-power
coe cient of 0:9 kg electric motor kW ! with a battery power of 147 KW. Similarly,

the mass of a transmission is derived to be 59 kg considerin@:a kg kW ! mass
coe cient for transmission. The NMC333 and NMC622 lithium-ion batteries have
equal battery power and thus the mass for the transmission and electric motor are
also equal. In case of the battery mass, no further calculations are needed since the
mass is already determined in the BatPac model.

The glider can be seen as the backbone of the vehicle keeping the other components
together (Bauer et al., 2015). Since the NMC333 and NMC622 lithium-ion batteries
weights di erently, the mass of the glider is also di erent. It is assumed that the
mass of the glider changes by 0.57 kg per kg change of the other components. To
measure the di erence in weight between the vehicle with NMC333 and NMC622
batteries, a baseline is used. The baseline is simulated by Bauer et al. (2015) and
represents an average mid-sized BEV from the year 2012. The calculation results
on the weight of the vehicles are shown in table 3.3.

The values of the cross-sectional area, the drag coe cient, and the rolling resistance
coe cient shown in table 3.4 are derived from an LCA on passenger vehicles by
Bauer et al. (2015).

By knowing the mechanical power required to put the vehicle in motion, the amount

of electrical power that needs to be taken from the battery can be calculated
(Del Duce et al., 2013). This is done by backtracking the energy losses that oc-
curs along the electric drivetrain shown in gure 3.10
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Table 3.3: The calculated mass on the electric vehicles with NMC333 and NMC622
battery packs. The electric vehicle used as a baseline is simulated by (Bauer et al.,
2015)

Electric Total

Glider Transmision Battery motor  weight

BEV-baseline [kg] 1295 86 448 147 1976
BEV-NMC333 [kg] 1319 59 520 132 2031
BEV-NMC622 [kg] 1281 59 472 132 1944

Table 3.4: Vehicle characteristics used in equation 3.1 to calculate the wheel power
demand

Cross-sectional area 2.2
Drag coe cient 0.28
Rolling resistance coe cient 0.01

Each component in the drivetrain has its own dynamic behavior which implies that
its e ciency can vary under di erent circumstances (Del Duce et al., 2013). In this
study, the dynamic behaviors are not considered and is according Del Duce et al.
(2013), only necessary to include if optimization of the drivetrain is desired. Instead,
a simpli ed method is used which has its focus on energy consumption.

The method is called theWillans approximation and uses a mean drivetrain e -
ciency that is developed based on a linear relationship between mean positive wheel
power and battery power demand (Del Duce et al., 2013). In equation 3.3, the bat-
tery power demand is calculated by parameter A and B. The rst corresponds to
the power needed to run all components, such as power electronics, that is neces-
sary for the vehicle to operate while it is standstill. The latter parameter is used
in conjunction with parameter A to describe the relationship between the overall
drivetrain e ciency and the battery power demand. From measurements by Bitler

& Winkler (2013) at Empa, parameter A and B has a value of 1.118 and 0.436,
respectively. The mean positive wheel power is computed from the equation 3.1 de-
scribed above by setting all negative values to zero. It should be noted, this implies
that the recuperation power is not considered in following equation.

Pelbatout = A F)wheel:m:pos + B (3.3)

The electricity consumption in Wh/km is calculated in equation 3.4, where battery
power demand is divided by the mean cycle speed (Del Duce et al., 2013).

Pel:bat: 1000
Cel:bat:out — el:bat:out (3.4)

chcle:m

A signi cant feature of electric vehicles to consider when calculating the electricity
consumption is the ability of recuperation of kinetic energy (Del Duce et al., 2013).
By the motion of the vehicle, the electric motor can act as a generator during the
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Figure 3.10: lllustration on an electric drivetrain, adopted from Del Duce et al.
(2013)

time when no energy is withdrawn from the battery. When the electric motor spins
by the motion of the vehicle, energy is fed back to the battery and a braking e ect
occur. The recuperative behavior is considered to be complex since it is a ected by
di erent systems and highly dependent on the operating point.

To calculate the maximum recuperated energy that is possible for the vehicle on
given driving cycle, the theoretical maximum recuperation is compared to a speed-
dependent limit set by the vehicle's control software. The theoretical maximum
recoverable energy is calculated in equation 3.5 for every operating point of the
driving cycle. Since the energy ow is reversed to the battery the calculated value
IS negative.

1
I:)(t)elzrecu:max = T].B I:)(t)wheel +0:436 (3-5)

The value to be compared, is the maximum recuperation power that is limited by
the vehicle. It is calculated in equation 3.6 where data on the cycle speed for every
operating point is used (Del Duce et al., 2013).

P(Oetrecutimt = 0:36 V(t)cycle+1:8 (3.6)

In gure 3.11, values fromP (t)eirecumax @nd P (t)errecuimt  @re compared to each

other to examine which of the values that are practically possible for the specic
vehicle and the given driving cycle. For each operating point where the maximum
values exceed the limit, they are reduced to the limit value.

To determine the kinetic energy that is recovered per km driving, a mean value is
calculated on the values of recuperated power that is within the limit. It should
be noted that before the mean value was calculated, values Brt)erecu:max ased
positive wheel power was set to zero since kinetic energy can only be recovered
by deceleration (Del Duce et al., 2013). By equation 3.7, the reversed electricity
consumption (wheel-to-battery) in Wh/km was calculated by dividing it with the
mean cycle speed.

37



3. LIFE CYCLE INVENTORY ANALYSIS

Figure 3.11: lllustration on the maximum theoretically possible recuperation (red
dots) and limited recuperation versus vehicle speed (blue line) for the WLTC driving
cycle.

Cel- in = Pel:recu:m 1000

chcle:m

(3.7)

Finally, the basic consumption was calculated by equation 3.8 which describes how
much power the battery needs to provide to the drivetrain when recuperated energy
is considered.

Cel: tot = Cel: out + Cel: in (3.8)

3.3.2 Heating and air conditioning

To calculate the electricity consumption from heating and air conditioning in BEVS,
the usage of the devices concerned need to be de ned (Del Duce et al., 2013).
Following information is required;

Geographical temperature pro le of minimum and maximum temperatures per
day

Comfortable ambient temperature range
Usage pattern of the heating and air conditioning

In this study, the following three locations have been chosen to represent the Eu-
ropean temperature pro le: Frankfurt, Madrid, and Oslo. The data on the tem-
perature is collected from Tank et al. (2002) and gure 3.12 represents the average
temperatures from the three locations in the year 2017.
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Figure 3.12: lllustration on a temperature pro le showing the number of days
with a speci ¢ temperature during the year 2017.

The comfortable ambient temperature has been assumed to be between 20 an83
in the vehicle and the usage pattern of the heating and air conditioning to maintain
the temperature interval is described by Del Duce et al. (2013) in table 3.5. The
temperature range 15-20C is not included in the table and it is assumed that no

heating or air conditioning is needed at that temperature interval.

Table 3.5: Usage pattern to maintain a comfortable temperature interval inside
the vehicle

Heating set to maximum: ambient temperature < 10°C
Heating set to medium: 1°C  ambient temperature < 15°C
Air conditioning set to medium: 20°C < ambient temperature 25°C
Air conditioning set to maximum: ambient temperature > 25°C

By relating the temperature pro le and the usage pattern of heating and air con-
ditioning per day, the number of operation days for di erent use of heating and air
conditioning can be identi ed. In gure 3.13 have the results compiled in a diagram.
The total operation days for the year 2017 is calculated by weighting the morning
and afternoon trips. It is assumed that the use of heating and air conditioning is
1/3 during morning trips and 2/3 during afternoon trips.

Apart from the comfort related usage of heating and air conditioning, the devices
is also used to remove the fog from the windscreen for safety reasons (Del Duce et
al., 2013). The fog appears on the windscreen when the temperature on the glass
Is either equal to or lower than the dew point temperature which is dependent on
the humidity and temperature inside the car. Usually, heating and air conditioning
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Figure 3.13: lllustration on a temperature prole showing the use of heating
and air conditioning devices in di erent settings with respect to the temperature
intervals.

Is used simultaneously to remove the fog but in this study, only air conditioning at
medium setting is considered. This is due to the complexity to model the actual
defogging phenom where the interaction of humidity, inner and outer temperature
is considered.

It is assumed that fog appears on the windscreen when the temperature inside the
vehicle is 20°C at days where the humidity is over 80% and the outside temperature
isatarange of 0C T < 10°C. The estimation on the use of A/C for defogging the
windshields was an annual share of 11% with the assumption that air conditioning
is used 1/3 during morning trips and 2/3 during afternoon trips.

In addition to total operation days, the power demand for the use of heating and
air conditioning needs to be determined. The vehicle used is equipped with a PTC
heater (Positive Temperature Coe cient heating element) and standard ICE air
conditioning system, which have a power demand of 5 kW and 1 KW per hour,
respectively. (Del Duce et al., 2013). When the heating and air conditioning are
set to a medium setting, the power demand is assumed to be reduced to half. The
annual vehicle operation time in hours is calculated in equation 3.9, where annual
vehicle mileage in km is divided with mean cycle speed.

D
tann:oper = ann (3.9)

cyclexm

The individual energy consumption in Wh/year for heating and air conditioning
is calculated in equation 3.10, where the input parameters are: the total time in
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days when the device is operatingtfev.days) and power demand for heating or air
conditioning (Pgevice) (Del Duce et al., 2013).

taey-
Cel:ann:heating (cooling) = de?\,/é!;ys (tann:oper  Pdevice) 1000 (3.10)

In equation 3.11, the results on the individual energy consumption are divided by
the annual vehicle operation time in hours to get it in per km (Del Duce et al.,
2013).

Cel:ann:heati l
Cel:heating (cooling) = e Iejalng (cooiing) (3.11)
ann

3.3.3 Auxiliaries

The auxiliaries in the vehicle that are considered in the energy consumption are
lighting, radio/navigation and seat heating. In table 3.6, data has been gathered
on the mean use and power demand for each auxiliary (Del Duce et al., 2013). The
systems are assumed to be connected to a 12V grid in the vehicle which is powered
by the battery through a DC-to-DC converter. The power electronic is assumed to
have a e ciency of 90%.

Table 3.6: Auxiliaries that is assumed to be used in an electric vehicle.

Auxiliaries Mean power demand (W) Use ratio
Lighting 140 75%
Radio/Navigator 20 75%
Seat heating 30 75%

The energy consumption from auxiliaries is calculated in equation 3.12, where the
mean power demand for each auxiliary is multiplied by its mean use ratio and the
DC-to-DC e ciency, divided by the mean cycle speed (Del Duce et al., 2013).

Cel:aux — eff dc=dc I:)device:m lNuse:m (3.12)

chcle:m

3.3.4 Battery losses in standstill

For lithium-ion batteries, internal battery losses from periods of standstill are mostly
due to self-discharge (Del Duce et al., 2013). The energy consumption from this loss
is highly dependent on battery designs, where the loss of state of charge varies. Data
on how much battery capacity that was lost during standstill was only available for
the time frame per day. Since the vehicle is assumed to only be parked unplugged
for 8 hours per day, the loss of state of charge per hour was calculated by assuming
a linear relationship. It should be noted that this is probably a underestimate of
the actual loss. The energy consumption was calculated by equation 3.13.
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B cap Lossselfdischarge tstandstill:period 1000

Cel:standstil =

3.13
D period ( )

Where:

Bcap : is the battery capacity in KWh
LOSSselfdischarge - IS the mean loss of state of charge per hour
tswandstil:period 1S the number of hours the vehicle is parked unplugged for a year
Dperioa : Is the annual driving distance

The mean loss of state of charge was assumed to be 0.014% and during one year the
vehicle has been parked unplugged for 2920 hours. The annual driving distance is
21 700 km which is the mean annual driving distance according to Federal Highway
Administration (2018).

3.3.5 Battery charging

Up to now, the energy consumption has been calculated with the respect of the
energy withdrawn from the battery. However, to include the total consumption, the
energy losses caused by charging the battery need to be considered (Del Duce et
al., 2013). The additional energy consumption is dependent on the e ciency of the
devices that are used to charge the battery.

The overall e ciency is dependent on various parameters (Del Duce et al., 2013).
One of them is the type of charging devices used, ranging from low to high voltage
charger. Furthermore, even with the given type of charging devices that are used,
there is a large range of charging devices with di erent e ciencies to an extent below
80% and up to 90%. There are also di erent charging strategies that dependence
on the design and performance of the battery, for instance, the size of the battery
and cell, temperature and voltage level etc.

The data on the average in uence of the charger to the energy consumption is cur-
rently unavailable and instead, a simpli ed approach is used. The method is based
on data analysis from Butler & Winkler (2013) and derived from the assumption
of using a standard charging device like those used at home. It is also assumed
that BEVs are charged in a garage and thus, in uence on charging e ciency caused
by temperature is neglected. By equation 3.14, the overall plug energy demand for
one discharge cycle is calculated by characterization of the energy storage e ciency.
From the data analysis, it was discovered that the overall charge e ciency is strongly
in uenced by the initial state of charge. After every charge, the voltage level for all
cells need to be balanced which requires a relatively high amount of energy. This
Is associated with the charging strategy, where a high state of charge (for example,
caused by short driving distances) yields low charging e ciency and vice versa. This
aspect was also considered when equation below was derived.

Etot:plug =1:213 Etot:bat +0:1925 (314)
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Finally, the additional energy consumption from battery charging is calculated with
equation 3.15

Etot: Etot:

_ :plug tot:bat

CeI:charge - (3.15)
Ddischarge

3.3.6 Total energy consumption

The results on the ve energy sub-consumption are summarized in gure 3.14. The
total energy consumption for NMC333 and NMC622 was calculated to 239 and
234 Wh/km, respectively. The di erence in energy consumption between the two
battery packs is due to their mass. The basic consumption approach considers the
mass of the vehicle when calculating the wheel power, see equation 3.1. Further, the
battery charging is in turn dependent on the results on the basic consumption, see
equation 3.14

Figure 3.14: Plug-to-wheel energy consumption for NMC333 and NMC622.

3.3.7 Electricity mix

By the look on overall results from a number of LCA studies on electric vehicles, it is
con rmed that the choice of electricity sources have a signi cant impact (Del Duce

et al., 2013). Among countries around the world, di erent resources are used to
produce electricity and these country speci ¢ mixes of production paths are usually
referred to as electricity mixes. The use of batteries in BEVs are assumed to be in
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Europe and therefore, EU-28 average consumption mix has been chosen to represent
the resource use for, and emissions from, producing electricity. In gure 3.15, the
relative shares of the resources used in the production of electricity are shown.

Figure 3.15: Relative share of di erent energy sources in the EU-28 average con-
sumption mix.

3.4 End-of-life phase

Over the past decade, many di erent recycling methods for electric-vehicle batter-
ies have been developed (Elwert et al., 2015). Recycling plants that are located in
Europe are obliged to follow a battery directive (Directive 2006/66/EC), which re-
quires that at least 50% of the materials in the batteries are recycled. In an economic
point of view, cobalt (99,8%) and nickel (99,8%), followed by copper (grade A) and
lithium (lithium carbonate) are the main drivers for recycling. Since the cobalt and
nickel have the highest economic value, di erent recycling methods mainly aim to
recover the layered oxides that are found in the cathode.

3.4.1 Umicore's recycling process

In the report by Dunn et al. (2014), the recycling processes are divided into four
processes: pyrometallurgical, hydrometallurgical, intermediate and direct physical
processes. In this study, Umicore battery recycling process will be used to model the
end-of-life phase. The recycling process is based on a combination of pyrometallur-
gical and hydrometallurgical processing and is considered to be one of the most ad-
vanced recycling methods for lithium-ion batteries (Elwert et al., 2015). In essence,
the recycling method recovers cobalt, nickel, and copper as an alloy by pyrometal-
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lurgical processing which then undergoes further separation by hydrometallurgical
processing.

Battery pack dismantling and recycling

The dismantling of battery packs by Umicore does either take place in Hanau in
Germany or in Maxton, NC in USA (Tytgat, 2013). The battery packs are rst
disassembled to its main components; battery pack packaging, battery modules
(containing the cells), cooling system and battery management system. Prior to
the dismantle, the state-of-charge is measured to determine whether a discharge
is needed (Elwert et al., 2015). Due to the low quantities of recycled batteries in
relation to the high diversity of battery designs, only manual dismantling is currently
used.

Most of the components are recycled locally except for the battery modules which
are sent to Hoboken in Belgium for further processing (Tytgat, 2013). The ma-
terial generated from the disassembly can be divided into the following fractions:
metals, plastics, mixed materials and electrochemical parts. The mixed materials
are metals and plastics that are di cult to separate, such as printed circuit boards.
Electrochemical parts are found in the modules and cells which are separated by
pyrometallurgical and hydrometallurgical processing. The pure metals are further
treated in smelters to convert them into tradeable shape and quality. The recycling
e ciency is assumed to be 98% for pure metals. It is possible to recycle the plastics,
in particular, the larger parts, but in practice, all plastic parts are currently incin-
erated with energy recovery. The mixed materials are treated in a smelter, where
the focus is on the recycling of copper. The recycling e ciency of the metal content
in the mixed materials is estimated to be 30%.

Cell recycling

Without further mechanical pre-treatment of the battery modules, the separation
processing, shown in gure 3.16, begins with a smelting process where the battery
modules are fed into a high-temperature shaft furnace together with slag-forming
agents: limestone, sand, and slag (Dunn et al., 2014). The shaft furnace consists of
three heating zones which operate in di erent temperatures. The rst heating zone
Is known as the pre-heating zone where the electrolyte evaporates. The temperature
is below 300°C which is the lowest temperature compared to other heating zones
with the reason to reduce the risk of explosion. The second heating zone is known
as the plastics pyrolizing zone and is where the plastics are burned at a temperature
of approximately 700°C. When the electrolyte and the plastic have been separated,
a higher operating temperature is possible which reduces the overall energy con-
sumption. The last step referred to as the smelting and reducing zone operates at
a temperature range of 1200-1458C and is where metals are turned into either

a slag or an alloy. The smelting process does also produce gas which need to be
treated, typically in a post-combustion chamber at temperature approximately 1150
°C and followed by additional gas clean-up steps. However, the gas treatment is not
included in this study.
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Figure 3.16: Process ow diagram for recycling of battery cells developed by
Umicore and adapted from Dunn et al. (2014).

The materials that end up in the slag are lithium, aluminium, silicon, calcium,
manganese, and some iron (Dunn et al., 2014). These are not recycled because
there is no nancial incentive and the processing requires relatively much energy.
Typically, the slag is instead used as an aggregate in concrete, but the option is not
considered in this study. The remaining metals are formed to an alloy consisting
of copper, cobalt, nickel, and some iron (Dunn et al., 2014). The separation of
each metal from the alloy is conducted with hydrometallurgical processing where
sulphuric acid and sodium hydroxide are used.

The LCI data for the recycling processes are collected from the PEFCR which refer
to the procedure developed by Umicore (Siret et al., 2018). The collection rate
for recycling is assumed to be 95% and the remaining unsorted battery fraction is
assumed to end in a land Il.
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LIFE CYCLE IMPACT
ASSESSMENT

In the following chapter, the results from the life cycle impact assessment are pre-
sented. The contribution to the environmental impact categories from each life cycle
phase is found in appendix D.

4.1 Climate change

Figure 4.1 present the results on the midpoint categomglimate change The NMC622
has around 2% lower contribution to the total impact compared to NMC333. The
impact from the use phase is solely from the production of electricity, which also
the case for the rest of the impact categories, and in the production phase, cathode
accounts for the highest contribution. Further details on the cause of the impact of
climate change and the other impact categories are discussed in section 5.3.

The characterization factors is derived from the IPCC 2013 report for a time horizon

of 100 years (Fazio et al., 2018). The drivers of global warming are anthropogenic
emissions of greenhouse gases which increases the radiative forcing leading to higher
absorption of solar radiation (Pachauri et al., 2014). The involved gases are the
following: carbon dioxide CO,), methane (CHy,), nitrous oxide (N,O), chloro uo-
rocarbons CFCs) and other trace gases.

Figure 4.1: Results on climate change throughout the life cycle on NMC333 and
NMC622 batteries.
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4.2 Eutrophication

Figure 4.2 present the results in the midpoint categorgutrophication, where sub-
gure 4.2a, 4.2b and 4.2c illustrate the impact category in the following three areas:
freshwater, marine and terrestrial. The NMC622 has a lower contribution to all
three impact categories compared to NMC333 where the highest di erence is in ter-
restrial eutrophication (-3.5%) followed by marine (-3.1%) and freshwater (-0.5%).
As for freshwater eutrophication, the production phase account almost for the total
impact and the di erence between the batteries are relatively low compared to the
end-of-life phase and transports. As for marine and terrestrial eutrophication, the
use-phase account for the highest contribution followed by the production phase.
The di erences between the batteries are relatively low in the use-phase compared
to the rest. In the production phase, cathode accounts for the highest contribu-
tion to terrestrial and marine eutrophication whereas for freshwater eutrophication,
mostly is from the production of the module and pack packaging.

The characterization factors on terrestrial eutrophication is derived from the method
of Accumulated Exceedance (AE) and the aquatic eutrophication from the ReCiPe
method (European Commission-Joint Research Centre, 2011). The adverse e ects
are caused by the excessive ows of N- and P-compounds to soil and water (Fazio et
al., 2018) An example of the e ects on aquatic eutrophication is oxygen de ciency
in lakes from the increase in algae blooming. For terrestrial eutrophication, it could
be nutrient leaching in the soil.

4.3 Acidi cation

Figure 4.3 present the results on the midpoint categorgcidi cation . The NMC622
has around 17% higher contribution to the total impact compared to NMC333. The
production phase accounts for the highest share of the total impact and the di erence
between the batteries is also greatest compared to the other life cycle stages. The
production of the cathode accounts for the highest impact in the production phase.

The characterization factors are derived from the method of Accumulated Exceedance
(AE) where the dispersion of air pollutants to land area and major lakes/rivers are
modelled together with the European critical load database (European Commission-
Joint Research Centre, 2011). The main air emission causing acidi cation to land
and water are ammonia N H 3), nitrogen dioxide (NO,) and sulphur oxides §0Oy)
(Fazio et al., 2018). An example of adverse e ects from aquatic acidi cation is sh
mortality and for terrestrial acidi cation, an example is deforestation.

4.4 Human toxicity

Figure 4.4 present the results on the midpoint categoriguman toxicity, where sub-
gure 4.4a illustrates the human toxicity with non-cancer e ect while sub gure 4.4b
show with cancer e ects. The NMC622 has around 1% and 6% lower contribution to
the total impact of human toxicity non-cancer e ects respective with cancer e ects
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