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Abstract

Several factors are influencing the spread of Electric Vehicles (EVs) in the automotive market. However, while battery-electric vehicles emit no
tailpipe emissions, the manufacturing phase, particularly the manufacturing of the battery packs, can have significant environmental impacts. In
addition, as the EV market expands, there will be a significant increase in demand for critical materials used in lithium-ion batteries, such as
lithium, cobalt, and nickel. These materials are essential for producing high-performance batteries, and their global demand is expected to rise
rapidly to meet the demands of the expanding market. This paper investigates the main challenges that need to be tackled to reach a sustainable
path in the battery industry. A cradle-to-gate boundary is set to focus on raw material extraction, production of precursors, cell and module
production, and battery pack assembly. In addition, because 7.8 million tons of EV batteries per year are expected to reach the end-of-life phase
by 2040, a brief overview of the recycling issue is provided to investigate the potential usage of recycled material in the early stages of battery

production.
© 2024 The Authors. Published by Elsevier B.V.
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1. Introduction

The market for rechargeable batteries is expected to grow
because of the increasing electrification market, rising
environmental regulations, urbanization trends, and rising fuel
costs [1-3]. Battery Electric Vehicles (BEVs), Plug-in Hybrid
Electric Vehicles (PHEVs) and Hybrid Electric Vehicles
(HEVs) use rechargeable battery packs to store energy [2.4,5].
The most commonly employed batteries are lithium-ion
batteries [2,6,7], and among these, Nickel-Manganese-Cobalt
oxide (NMC) cathode formulations have emerged as the
dominant cathode chemistry [8], accounting for a 60% market
share in 2022 [9]. Because Electric Vehicles (EVs) are
characterized by zero tailpipe emissions, the key drivers in the
development of lithium-ion batteries are environmental
concerns [6]. In fact, EV batteries can have significant cradle-

2212-8271 © 2024 The Authors. Published by Elsevier B.V.

to-gate environmental impacts due to raw material extraction,
material refining, and manufacturing [6,8,10-12].

According to published research, the carbon footprint of
battery production ranges between 38-356 kg COiq/kWh
[13], while the cell manufacturing process consumes a
significant amount of energy [14], which widely ranges
between 83-700 kWh/kWh of battery cell capacity [6].
According to [15], the high wvariability and uncertainty in
assessing the energy requirement is due to the fact that
products vary in size and energy storage capacity, the plant
size varies, and the battery manufacturing process and supply
chain are currently unconstrained.
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2. Methodology

This study aims to answer the research question of which are
the main factors influencing the cradle-to-gate environmental
impacts of EV batteries and the main challenges for a
sustainable path in this sector. The boundary is cradle-to-gate,
thus the life cycle phases related to extraction of raw
materials, production of precursors, cell production, and
battery pack assembly are investigated. Moreover, the
recycling issue is included because of the potential usage of
secondary materials as inputs to the manufacturing, i.e., for
their potential inclusion in the cradle-to-gate boundary. The
battery use phase is excluded from this investigation because
it is strongly dependent on the assumed vehicle type, driving
mission, battery pack configuration, and calculation approach
(in fact, the environmental impacts of the use phase of the
vehicle cannot be ascribed to the battery only). Lastly, the
present paper mainly focuses on the NMC chemistry because
it is currently the most used cathode.

3. Battery pack design

Typically, lithium-ion battery packs are designed and
manufactured in a pack—module—cell structure [7,11,14,16]
and include four main components: cells, mechanical
structure, battery management system (BMS) and electronics,
and cooling architecture. The overall battery pack design for
any application depends greatly on the lithium-ion cells that
are used, which determine the mechanical structure, the
cooling architecture, the BMS and the overall packaging [2].
Battery pack system design also varies based on the vehicle
architecture and desired system performance [2,7]. Moreover,
because vehicles have different usage and power profiles,
different battery pack designs are used to meet the different
performance requirements, i.e., BEVs may have 20-24 kWh
of onboard energy and even up to 100 kWh depending on the
size of the vehicle [2].

3.1. Lithium-ion cell types

In the automotive industry, three types of battery cells are
used: cylindrical, prismatic, and pouch cells [7]. The three
types mainly differ in size, geometry, capacity, and supplied
power [7], as reported in Table 1. The dimensions of the three
cell types, particularly for the prismatic and pouch cells, vary
between cell manufacturers and car manufacturers.

Cells can be installed into a standardized module, a
mechanical structure that interconnects the cells into a single
electromechanical unit, or directly into the pack structure [2].
Also, module sizes and shapes vary greatly between
manufacturers and even within a single manufacturer due to
the type of cells, the vehicle category, or the thermal
management strategy (e.g., air, liquid) [2].

Table 1. NMC battery cell main parameters based on cell type.

Pouch 15-40 Z-foldor  low high [2,14]
stacked

Prismatic 4-250 Z-fold, low high [2]
stacked
or rolled

Type Capacity Assembly  Production Production  Source
(Ah) volume cost
Cylindrical  2-3,5 Rolled Billions/year  lowest [2]

4. Battery material extraction and pre-processing
4.1. Material breakdown of a typical lithium-ion cell

According to [14], the material composition of a lithium-
ion battery pack determines its manufacturing process. For the
material composition, battery cells consist of positive
(cathode) and negative (anode) electrodes, current collectors,
separator, electrolyte and additives [5,8,17]. The material that
takes in and discharges the lithium ions is called active
material. The NMC cells used in automotive applications are
currently comprised of NMC cathodes and graphite anodes
[5,8,17]. According to [18], PVDF-copolymers, which are
dissolved in organic solvents such as N-methyl-pyrrolidone,
are currently used as binders, whereas a new and greener
alternative is to use as binders carboxy-methyl-cellulose and
styrene-butadiene-rubber, which are dissolved and dispersed
in water. The electrolyte is comprised of lithium
fluorophosphate dissolved in organic solvents such as
ethylene carbonate and dimethyl carbonate [14].

4.2. Raw material acquisition and critical raw materials

The European Commission has identified four critical raw
materials for batteries production: cobalt, lithium, graphite,
and nickel [20]. According to [9], the demand for these
materials is increasing due to EV battery demand [9].
Furthermore, the sourcing of these materials is concentrated in
few countries [20].

The rechargeable battery industry currently dominates the
global cobalt market, accounting for 58% of cobalt use [1].
Rising cobalt prices and public concerns about cobalt mining
have led to a shift towards chemistries with lower-cobalt
ratios (e.g., NMC622, NMCS811) [9]. After cobalt is sourced,
refining is needed for most applications, including EV
batteries [21]. The Democratic Republic of Congo (DRC) is
the world’s leading supplier of cobalt [1,21,22] while China is
the main supplier of refined cobalt [1,21]. The growing cobalt
demand is paired with high supply risk and low recycling rate
[1,23]. Pure cobalt does not exist in nature and, because of its
low concentration in ores, it is typically mined as a by-product
of other commodities (i.e., copper, nickel and arsenic)
[1,21,22,24]. In addition, 69% of cobalt used in manufactured
products is not recycled and sent to landfill [1]. According to
[20], the world mine production of cobalt is about 135
thousand tons in average over the period 2010-2014 while the
global reserves (i.e., resources known to be economically
feasible for extraction) account for 7 million tons.

Graphite holds 89% of the market share for anodes in
commercial lithium-ion batteries [25]. Graphitic carbons can
be divided into two groups: synthetic graphite and natural
graphite. According to [24], both synthetic and natural
graphite will be required to meet Europe’s future needs.
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Moreover, they have energy-intensive production routes (i.e.,
230-260 MJ per kg graphite) [25]. Both are produced almost
entirely in China, with additional surface modification
occurring in Japan in some cases [24]. According to [20], the
world mine production of natural graphite is about 1.1 million
tons in average over the period 2010-2014 while the global
reserves account for 230 million tons.

According to [9], lithium production has increased by
180% since 2017, but demand exceeded supply in 2022.
Prices for lithium carbonate have also been steadily rising
over the last two years [9]. Chile is the main supplier of
lithium (i.e., 44%) [20,22]. According to [20], the world mine
production of lithium is about 25 thousand tons in average
over the period 2010-2014 while the global reserves account
for 14 million tons.

Nickel is mainly produced in Cuba and Australia [22].
According to [20], the world mine production of nickel is
about 2.2 million tons in average over the period 2010-2014
while the global reserves account for 80 million tons.

4.3. Material pre-processing

Regarding material pre-processing, the processes used to
convert metal and compounds into the exact material
compounds used in batteries involve mining, mineral
processing, smelting, leaching, and refining [22]. Before
battery cell manufacturing, the raw materials are extracted and
then refined in chemicals (e.g., cobalt oxide, cobalt hydroxide,
cobalt oxyhydroxide, cobalt carbonate, lithium carbonate,
lithium hydroxide, and manganese oxide) [26]. The cathode
can be made in different ways using different precursors. The
NMC cathode is mainly produced through the following
steps: precursor production, solid state synthesis, and post-
treatment [17]. The precursor of the Cathode Active Material
(pCAM) can be synthesized either via the carbonate or the
hydroxide process route [17]. The latter is the most used route
in industry [17]: cobalt, nickel, and manganese sulphates are
used to produce through co-precipitation the hydroxide
pCAM (NixCoyMni.«y(OH),), then the Active Cathode
Material (CAM) (LiNixCoyMni,0O;) is produced through
solid state synthesis [17,27,28].

According to [19], the CAM powder is the most significant
contributor to the cradle-to-gate energy consumption and
environmental impact of NMC batteries.

5. Battery pack production
5.1. Manufacturing of the cells and modules

The information available in the literature on the energy
use and greenhouse gas emissions of battery cell production is
scarce, of varying quality and accuracy, and largely out of
date [6]. China is currently the main producer of lithium-ion
cells and EV battery packs, followed by Japan and South
Korea [5]. In terms of current plant capacity, the Fraunhofer
Society research factory in Germany has a theoretical output
of 7 GWh/year electrode capacity, the SK Innovation plant in
Georgia has a 9.8 GWh/year capacity, and the new CATL

plant in Germany allows for 8 GWh/year capacity and plans
to achieve 14 GWh/year capacity [6,29,30].

Lithium-ion cell manufacturing is described in [6,15,31—
33]. The process can be broken down into three main stages:
electrode production, cell assembly, and cell finishing [6].

First, additives, binders, and solvents are mixed with active
materials through slurry mixing machines [6]. There is a
distinction between mixing (dry mixing of active material,
additives, and binder) and dispersing (wet mixing in which
the solvent is added, dispersed, and homogenized) and the
sequence of mixing and dispersing is electrode-specific
[15,33].

Then, the slurry is transported to the coating step through
pipelines or storage tanks and coated onto carrier foils made
of copper for the anodes and aluminum for the cathodes
[6,15,33,34]. A distinction must be made between batch,
continuous, and discrete processes because the energy
consumption significantly differ for each process type [15].
Then, the coated foils are cooled down to room temperature,
compacted, and rolled up again [6,33]. Lastly, the coated foils
are separated into thin strips, and dried once more [6].

At this point, if the cell has to be wounded, the dried rolls are
wounded in a sequence anode-separator-cathode-separator
around a winding mandrel (prismatic cell) or a center pin
(cylindrical cell) [33]. Instead, if the cell has to be stacked
(pouch cell), the dried rolls are unwound, separated through a
punching tool in a continuous process, and then stacked
[15,33]. Lastly, the current collector foils are contacted with
the cell tabs, the cell is positioned in the cell housing and the
electrolyte is filled in [15,33]. Because the cell assembly must
be carried out under dry conditions, the coating and drying
processes are the most energy-intensive production steps
[6,18,33]. After the cells are assembled, they are charged and
discharged in a climate-controlled camera, aged for 1-3
weeks, and tested [6,15,33].

For module assembly, the process is described in [35,36].
The cells can be connected in series and/or parallel. After
testing, cells are scanned and sorted according to their
performance. Then, a cell plasma cleaning machine is used for
surface cleaning. In the case of prismatic cells, an electrically
insulating joining medium (e.g., glue or adhesive tapes) is
applied, and then the cells are stacked. Depending on the
joining medium, solvent vapors are extracted. After
completing the entire stacking, pressing, and bonding process,
the core module is equipped with plastic insulation plates or
foils used for heat dissipation and electrical insulation. The
core module is tensioned by a clamping device, a bandage, or
the module body itself. Contrarily to the prismatic cells,
pouch and cylindrical cells are not glued. Because pouch cells
expand and shrink in thickness during charging and
discharging cycles, each cell is inserted into a frame, and the
frames are held together by springs. In the case of cylindrical
cells, the module itself prevents them from swelling. Then,
cells are wired through an electrical connection, and the joints
are tested for conductivity. The cells may be contacted
through ultrasonic welding, laser welding or screw
connections. The slave circuit board of the BMS is installed
and joined by welding and/or screwing. The housing cover is
mounted and fixed and the module is tested.
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5.2. Assembly of the battery packs

A battery pack’s mechanical structure, including single-pack
or multiple packs [2], is crucial for structural stability,
placement, underbody stiffness, crash protection, thermal
management, and protection from the external environment
[37]. For all these reasons, the design of each battery pack
varies between applications and suppliers (e.g. 4S3P, 6S3P,
12S1P) [36]. The battery pack is usually made of aluminum,
while a liquid or convective cooling system can be used for
thermal management [38]. The assembly process of the
battery pack is described in [36,39]. It involves preparing the
housing, installing the cooling plate, modules, and electronic
components, i.e., the BMS [33]. The process is completed
with a final leak test.

5.3. Other factors influencing the environmental impacts

Energy consumption in lithium-ion manufacturing is
influenced by plant scale, automation, and process
optimization, resulting in divergent data in the literature [40].
According to [41], when small (i.e., [42]) and large-scale (i.e.,
[41]) plants are compared, the electricity demand per kWh
cell storage capacity is reduced by 58% in large scale plant.
Moreover, according to [40], not only energy consumption,
but also material consumption is influenced by economies of
scale. Another factor influencing the energy consumption of
lithium-ion battery manufacturing is the calculation approach
[40,43]. Two different approaches have been used so far,
namely top-down and bottom-up, which have been
demonstrated to generate significantly different results. Top-
down calculates specific energy consumption based on total
plant energy consumption and economic or mass allocation,
while bottom-up uses data traceability systems at and acquires
energy consumption each manufacturing sub-process. Lastly,
the country’s electricity mix significantly impacts the carbon
footprint results [6] due to the diverse sources in each location
(e.g., natural gas, solar, wind, nuclear, coal, oil, etc.).

6. Circularity

7.8 million tons of EV batteries per year are expected to
reach the End-of-Life (EoL) by 2040 [44], while the recycling
market is expected to reach 18 billion dollars in 2030 [45],
highlighting the need for harmonizing battery logistics for
circularity [24,45]. Efficient collection, handling, sorting, and
dismantling of EoL batteries are crucial steps in reintroducing
batteries into the battery value chain [24]. Dependency on
virgin critical raw materials can be decreased by extending
product life as well as by properly recycling the EoL materials
[45]. Moreover, according to [45], cooperation between
manufacturer, user, and recycler is a key to implement
circularity. Currently, a knowledge gap exists concerning the
environmental impacts of diverse recycling routes and the
potential usage of secondary materials during manufacturing
as their environmental impact may outweigh their benefits
[40,44,46].

6.1. Recycling

Currently, South Korea is at the forefront of lithium-ion
battery recycling, but other companies are emerging, and
some OEMs are putting in place their own recycling [45].
Today’s recycling processes have been designed to recover
rich metals, paying less attention to the other battery materials
[45,47]. However, the recycling processes need to improve to
recover a major fraction of materials to be compliant with the
EU’s new regulation on waste batteries [48].

Among the lithium-ion battery components, cathodes can
be recycled while anode recycling is under investigation [45].
On the cathode side, cobalt can be recycled and reused
numerous times. According to [24], recovering cobalt and
cobalt compounds from EoL materials with high recycling
rates is economically feasible, while, according to [21], it is
not only feasible, but cobalt recovery is one of the primary
drivers that makes recycling of lithium-ion batteries appealing
to recyclers. According to [49], in fact, battery recycling is the
main source of secondary cobalt, accounting for 65% of the
total sources. According to [40], the shift towards nickel-rich
cathodes and the consequent reduction of cobalt content may
become an economic disincentive for battery recycling.

Before they enter the recycling route, EoL batteries must
be discharged for safety reasons [24]. According to [24], it is
necessary to develop new discharge technologies that do not
waste batteries’ residual energy but recover it. Recycling
processes can be categorized as pyrometallurgical,
hydrometallurgical, or direct recycling [22,40,45]. In the
pyrometallurgical route, the battery is fed into a smelting
furnace. The high temperature of the process allows for the
recovery of an alloy of nickel, copper, and cobalt, while
lithium and manganese exit as slag [45]. The
hydrometallurgical route requires a pre-treatment that
generates the so-called black mass [45]. Then, the black mass
can be dissolved in sulfuric acid, and the metals can be
separated in several steps of solvent extraction and recovered
as sulphates [45]. The energy consumption during the
hydrometallurgical route is lower than that of the
pyrometallurgical route, but wastewater treatment is needed
[45]. Moreover, contrary to the pyrometallurgical route, the
hydrometallurgical route allows for the recovery of lithium,
manganese, and aluminum [12]. Both in the pyrometallurgical
and hydrometallurgical routes, recovered metal alloys and
complex intermediates require reprocessing and purification
into chemical precursors [24]. Direct recycling, instead, aims
to reuse the cathode, avoiding material dissolution and
repurification [45,50]. Lastly, the environmental impacts
related to recycling lithium-ion batteries do not depend only
on the recycling route but also on the cell chemistry [40].

6.2. Usage of secondary materials

As a regulatory requirement, mandatory levels of recycled
content will be put in place in the European Union with the
new regulation on waste batteries [48]. According to [51], in
the lead-acid battery market, secondary lead is already used in
new batteries. Although in 2021, Northvolt produced its first
NMC cell made with 100% recycled nickel, manganese, and
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cobalt [52], the major limiting factor in the usage of
secondary materials in new batteries are the availability of
raw materials, which will be available after 10-15 years, and
their impact on battery performance [51]. Moreover, while
battery grade materials are primarily produced using well-
developed processes designed for virgin raw materials [24],
novel recycling technologies have to be researched or
optimized to obtain high-quality recycled materials.
Regarding reduction of contaminants, [53] investigates the
effect of aluminum impurities in secondary materials for
NMC cathodes, while [54] presents a novel purification
method for reducing aluminum and copper contaminants in
black mass. For the estimation of the batteries produced from
secondary materials, [55] compares the performances of NMC
cathodes produced from virgin and secondary materials, while
[56] compares three scenarios to assess the performance of
lithium-ion cathodes produced from recycled materials. Also,
in [57], a process for recycling NMC batteries is presented,
exhibiting similar electrochemical behavior with the virgin
precursor, while in [58], guidelines are provided on how to
design secondary lithium-ion batteries to avoid performance
losses. Lastly, in [59], nickel oxide is recovered from EoL
lithium-ion batteries, exhibiting performance suitable to be
reused in other batteries.

7. Conclusions

This paper investigates the crucial factors influencing the
cradle-to-gate environmental impacts of EV batteries,
focusing on battery pack design, raw material extraction,
precursor production, battery pack production, and circularity.

The most critical phases of the life cycle of lithium-ion
batteries are managed in a few countries. The DRC and Chile
are the main providers of cobalt and lithium, respectively.
China is the main provider of synthetic and natural graphite,
refined cobalt, as well as lithium-ion cells and batteries. South
Korea is leading in battery recycling, but some OEMs are
putting in place their own recycling.

On the raw material extraction side, the European
Commission designated cobalt, lithium, graphite, and nickel
as critical raw materials for battery production, urging for a
sustainable supply chain, improved cell performance and
durability, and recycling technology innovation.

On the manufacturing side, the battery pack design varies
based on the cell type and intended application, i.e., vehicle
type and usage profile. The information available on the
energy use and carbon footprint of battery production is
spread, scarce, uncertain, and often out of date. Energy and
material consumption during manufacturing highly depend on
plant size, automation, process optimization, plant location,
and calculation approach. Moreover, the material composition
of the battery pack determines which processes are involved

in manufacturing, and the energy expenditure and
environmental impacts. Batch, continuous, and discrete
electrode coating processes result in diverse energy

consumptions. Lastly, electrode coating and drying are the
most energy-intensive steps.

On the circularity side, there is an increasing importance of
putting in place an efficient circular strategy. This involves

efficient collection, handling, sorting, dismantling of EoL
batteries, and innovative recycling techniques. Moreover,
according to the new regulation on waste batteries, the
European Commission is going to put in place mandatory
minimum recycled contents and recycling efficiencies in the
EU. Nonetheless, the usage of secondary materials still has no
evidence in the market, mainly because of the availability of
secondary materials and their impact on battery performance.
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