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ABSTRACT 

This study presents a comprehensive review of several reports and life‑cycle assessment 

(LCA) of nickel‑manganese‑cobalt (NMC) lithium‑ion batteries (LIBs) used in electric 

vehicles (EVs), with a specific focus on Sweden’s context. Through an extensive literature 

review—covering raw material extraction, manufacturing, operation, and end‑of‑life 

recycling—key environmental impacts were quantified. Mining one ton of lithium for lithium-

ion battery production via hard rock mining can generate up to 15 metric tons of CO₂ 

emissions. In the calculations, the average mining emissions were estimated at 19.8 kg CO₂-

eq/kWh. LIB production represented by electrode and cell assembly emit 79 kg CO₂‑eq/kWh 

on average. The Swedesh LIB producer, Northvolt, emit an average of 33 kg CO₂‑eq/kWh 

during the production processes. Operational phase analyses show EVs powered by the 

current EU grid mix produce between 66 and 87 g CO₂‑eq/km, a ~65 % reduction versus 

internal combustion engine vehicles, this are equivalent to 215 kg CO₂‑eq/kWh on average. 

End‑of‑life recycling via hydrometallurgy can cut greenhouse‑gas emissions by up to 61 %. 

Sweden’s leading battery producer, Northvolt, demonstrates a closed‑loop process using 50 % 

recycled content that reduces cell production emissions by 30 %. Globally, recycling of NMC 

LIBs is estimated to add an average of 15kg CO2 eq/kWh emissions to the atmosphere, 

however, in Sweden, end-of-Life activities generate approximately 1.194 kilograms of CO₂-

equivalent emissions for every kilogram of battery cell mass recycled by the pyrometallurgical 

treatment, equivalent to 4 kg CO₂‑eq/kWh on average. The findings underscore LIBs’ 

potential to decarbonize transportation, while highlighting critical stages—material sourcing, 

electricity mix for production and charging stations, and recycling efficiency—that determine 

overall sustainability. 

 

Keywords: Lithium-ion batteries, Life Cycle Assessment on Lithium-ion batteries, 

Environmental impact of Lithium-ion batteries, Emissions of Lithium-ion batteries, 

Recycling of Lithium-ion batteries, Energy use of Lithium-ion batteries production, Lithium-

ion batteries chemistry, NMC lithium-ion batteries.  
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SUMMARY 

This study explored the full life cycle of lithium-ion batteries, particularly the nickel-

manganese-cobalt (NMC) chemistry used in electric vehicles (EVs), and examined their 

environmental impact within the context of Sweden's energy goals. By compiling and 

analyzing data from peer-reviewed journals, industry documents, and environmental 

assessments, the research illuminated the carbon-intensive stages of battery production and 

how various strategies—such as the use of recycled materials and clean energy—can reduce 

the overall environmental burden. The investigation emphasized that while raw material 

extraction and cell manufacturing remain major contributors to a battery’s carbon footprint, 

advancements in recycling technologies and the use of renewable energy in production 

processes offer a viable path to lower emissions. The study also focused on Sweden’s efforts, 

especially those of battery manufacturer Northvolt, as a practical example of how local 

initiatives can lead global trends in sustainable battery production. Overall, the research 

highlights the significant potential of EV battery systems to support climate goals if managed 

responsibly across their entire life cycle. 

It outlines how companies such as Northvolt aim to differentiate themselves through 

environmentally responsible practices, like renewable-powered production and localized 

sourcing. However, challenges such as securing sustainable raw materials, addressing labor 

rights in mining regions, and managing the environmental impacts of supply chains remain 

critical. The analysis reveals that while the transition to battery-powered transport is often 

framed as inherently sustainable, it requires deliberate governance and practical 

interventions to ensure that environmental gains are not undermined by new forms of 

exploitation or pollution.  
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NOMENCLATURE 

Symbol Description Unit 

E Energy TWh (Terawatt-hour) 

ED Energy density Wh/kg (Watt-hour/kg) 

P Power Watt 

   

ABBREVIATIONS 

Abbreviation Description 

AAM Anode Active Material 

BEV Battery Electrical Vehicle 

CAM Cathode Active material 

CRM Critical Raw Materials 

EoL End-of-Life 

ESS Energy Storage System 

EVs Electrical Vehicles 

GHG Greenhouse Gases 

HEV Hybrid Electrical Vehicle 

ICE Internal Combustion Engine 

LDV Light-duty vehicle 

LFP Lithium-Iron-Phosphate Oxide 

LIBs Lithium-Ion Batteries 

LMO Lithium-Manganese Oxide 

NCA Lithium Nickel-Cobalt-Aluminium Oxide 

NMC Lithium Nickel-Manganese-Cobalt Oxide 

PHEV Plug-in Hybrid Electrical Vehicle 

PPE Protection Personal Equipment 

RES Renewable Energy Sources 

SoC State of Charge 
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1 INTRODUCTION 

The Earth is facing increasing atmospheric pollution and related climate change, caused by 

human activities such as urbanization, industrialization, and transportation. As a result, 

climate change continues to worsen due to these anthropogenic interventions (Munsif et al., 

2021, p. 53). The world has long depended on conventional energy sources, particularly fossil 

fuels like petrol and diesel. However, there is now a growing shift toward Renewable Energy 

Sources (RES) that have the potential to mitigate the damage done to our planet (Tafone et 

al., 2024, p. 1).  

The transportation sector is a major contributor to the increasing levels of atmospheric 

pollution and greenhouse gases (GHG) emissions, significantly impacting the global climate 

(Jinasena et al., 2021, p. 1) (Veza et al., 2023, p. 1). Emissions from conventional internal 

combustion engine (ICE) vehicles, powered by fossil fuels, continue to dominate urban and 

rural environments worldwide. Emissions from the transportation sector, in general, impact 

the environment and contribute to rapid climate change. A part of these emissions, 

greenhouse gas (GHG) emissions contribute to climate change, while other pollutants 

released into the air which in turn lead to acidification, eutrophication, and the formation of 

ground-level ozone, affecting environmental quality. While developed nations such as 

Sweden are actively addressing these issues through stricter environmental regulations, the 

impact of transportation emissions remains a significant concern (Johansson et al., 2024, p. 

1). Figure 1 illustrates that the transportation sector contributes 22% of global greenhouse gas 

(GHG) emissions, with even higher proportions in certain regions. The figure on the right 

further breaks down this share by transport type: small and medium vehicles account for 

40%, heavy-duty vehicles 34%, aviation and shipping each for 11%, and railways for 4%. In 

this study, the focus will be on the small and medium vehicles that use LIBs as a power 

source.  

 

Figure 1 Global Greenhouse Gas Emissions by the Transportation Sector (The Geography of 

Transport Systems, 2019) 
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In response to this challenge, there is a global search for sustainable, green energy 

alternatives, including solar energy, wind energy, and also environmentally friendly Energy 

Storage Systems (ESS) such as lithium-ion batteries, which are increasingly used in power 

electric vehicles (Ang et al., 2022, p. 2). This shift to electric mobility has brought lithium-ion 

batteries (LIBs) into the spotlight as a promising energy storage solution, offering significant 

environmental benefits compared to fossil fuel-powered vehicles (Vegh et al., 2024, p. 2-3). 

Environmental benefits of LIBs include high energy storage capacities and low/zero 

operational emissions. During this move to EV, over a million electric cars were sold every 

week in 2022 and 1.5 million in 2024, that is about 1 fifth of all sold cars (International 

Energy Agency, 2024, p. 11). 

A key factor in the effectiveness of this transition is the choice of energy storage systems 

(ESS), which directly influence the sustainability and performance of EVs. Among various 

ESS options, lithium-ion batteries (LIBs) have emerged as one of the most viable solutions 

for powering electric vehicles, which serve as cleaner alternatives to fossil fuel-based engines. 

However, the transition to electric vehicles EVs powered by cleaner energy alternatives is 

seen as a critical step in reducing the environmental impact of transportation, a topic that 

will be explored in detail throughout this degree project. The extent to which EVs reduce 

emissions depends on factors such as energy sources, the energy storage system (ESS), 

whether the vehicle is a hybrid, or fully electric or other contributing factors (Veza et al., 

2023, p. 3).  

The demand for rechargeable lithium-ion batteries is rapidly increasing due to their high 

energy density, allowing them to store significant energy in a more compact and lightweight 

design compared to other battery chemistries. As a result, they are widely utilized in 

consumer electronics, electric vehicles, and stationary storage applications (Carolyn 

Hoskinson, 2023, pp. 1-2).  

1.1 Background 

Lithium-ion batteries (LIBs) have become a reliable power source for electric vehicles (EVs). 

Their widespread adoption in the automotive industry, by leading EVs manufacturers like 

Tesla Motors, highlights their significant use in the battery electric vehicles  (BEVs) and plug-

in hybrid electric vehicles (PHEVs) (Ralls et al., 2023, pp. 1-2). As a result, the demand for 

lithium-ion batteries has risen. Advancements in battery technology over the past decades 

have enabled lithium-ion batteries to deliver sufficient and greener power and energy for the 

BEV comparable to the energy from ICE vehicles (Emilsson & Dahllöf, 2019, p. 8).  

Despite these benefits, the increasing demand for lithium-ion batteries also brings rising 

concerns about their sustainability. The environmental impact of LIBs is not limited to their 

operation but extends across their entire life cycle, from the mining of raw materials, i,e, 

lithium, cobalt, and nickel, to the production of the batteries, their use in electric vehicles, 

and the recycling of spent batteries. Although LIBs are touted as a cleaner alternative ESS, 
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their sustainability depends on various factors that must be carefully examined to assess their 

true "greenness” that will be the core of this study. 

1.2 Purpose/Aim 

The purpose of this degree project is to evaluate the sustainability of lithium-ion batteries, 

particularly in the context of their application in electric vehicles, through a comprehensive 

review of existing life-cycle assessments (LCAs). The study aims to examine the 

environmental impacts associated with the production, use, and end of life stage of LIBs, 

focusing on factors such as resource extraction, emissions, energy consumption, safety, and 

recycling. By providing a thorough analysis of the strengths and limitations of LIBs as a green 

energy storage solution, this research will contribute valuable insights into their role in 

promoting sustainable transportation and energy systems. The findings will inform future 

policy-making and technological development aimed at minimizing the environmental 

footprint of electric vehicles and enhancing the sustainability of energy storage systems. The 

study will summarize the environmental impacts of LIBs during the 4 stages: mining, 

manufacturing, operation and recycling. It will also focus on Sweden and the related 

emissions to its environment. This degree project is important to study the available reports 

about LIBs and the relevant environmental impacts. The project summarizes all kinds of 

impacts for the whole life cycle: mining, production, use, and end of life. It will be easy to 

compare between the stages and to use the values for the four stages. It includes a 

comparison of different reports and life cycle assessments.  

 

1.3 Research questions 

The research questions are:  

1. What are the advantages and disadvantages of the available LIBs chemistries and how has the 

adoption of NMC LIBs electric vehicles influenced air pollution levels (e.g., NO₂, PM₂.₅, 

PM₁₀) in Sweden?  

2. What are the main GHGs and pollutants associated with the manufacturing of LIBs and their 

typical concentrations in Sweden?  

3. What are the indirect environmental impacts of lithium-ion battery (LIB) production, energy 

use, and disposal on overall air quality?  

4. Under what conditions can LIBs be considered an environmentally friendly solution? 
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1.4 Delimitation 

This study will focus primarily on the environmental sustainability of lithium-ion batteries 

(LIBs) used in electric vehicles (EVs). It will address the life-cycle assessment (LCA) of LIBs, 

with particular attention to their production, energy consumption, emissions, and disposal 

processes. The analysis will consider factors such as the raw materials used in battery 

production, energy sources for charging, and recycling processes, with a focus on the 

environmental implications of each stage. 

However, this study will not cover the broader environmental impacts associated with the 

mining of raw materials such as cobalt, lithium, and nickel beyond their direct relation to 

battery production. Additionally, the research will not delve into the specific effects on soil, 

water, or ecosystem health caused by the mining and extraction processes, which could be 

explored in further studies. 

Furthermore, the impact of LIBs on human health, beyond safety concerns such as potential 

leakage of hazardous materials or risks from battery fires, will not be addressed in detail 

within this study. Similarly, while the research will consider the overall environmental 

footprint of LIBs, it will not include a comprehensive analysis of the socio-economic 

implications of LIB production, including labor practices in mining areas or the broader 

societal impacts of EV adoption. 

The geographical focus will be on Sweden, where data availability permits, and the study will 

concentrate on air pollution impacts, especially those linked to transportation emissions and 

the use of LIBs. Other environmental consequences, such as the effect on soil and 

groundwater from battery disposal or the full scope of pollution generated throughout the 

supply chain, will not be included in this investigation but may be a subject for future 

research. 

2 METHOD 

This study is based on a qualitative approach, primarily employing a comprehensive 

literature review to investigate the environmental impacts of lithium-ion batteries (LIBs), 

with a particular focus on their emissions, recyclability, and sustainability. Due to the 

sensitivity and proprietary nature of LIBs industrial data, obtaining data from LIB 

manufacturers proved to be a significant challenge. Attempts were made to access relevant 

data from Northvolt, one of Sweden's leading lithium-ion battery producers. Due to 

confidentiality restrictions, it was difficult to collect experimental data, however, limited 

primary data was obtained.  
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To compensate for the lack of direct industrial data, a comprehensive secondary data 

collection effort was undertaken. This involved gathering information from a variety of 

reliable sources, including academic databases, industry publications, government agency 

reports, publicly available industrial documents, books, and peer-reviewed scientific research 

platforms.  

The following databases were used to collect the literature used in this study: 

● Google Scholar 

● Scopus 

● Web of science 

● Science direct 

● ResearchGate 

● SpringerLink 

The literature review process followed a structured yet flexible approach, beginning with 

keyword-based searches using terms such as “electric vehicles,” “lithium-ion batteries,” 

“emissions of lithium-ion batteries,” and additional keywords were used such as Lithium-ion 

batteries, Life Cycle Assessment on Lithium-ion batteries, Environmental impact of Lithium-

ion batteries, Emissions of Lithium-ion batteries, Recycling of Lithium-ion batteries, Energy 

use of Lithium-ion batteries production, Lithium-ion batteries chemistry. Additionally, 

valuable data from Northvolt has been gathered through information available in their public 

reports and official websites.  

The review process involved an initial screening of research article abstracts to assess their 

relevance to the study’s scope. Abstracts found to align with the research objectives were 

followed by a more in-depth reading of the full articles. Selected literature was then critically 

analyzed to extract pertinent information and insights. The gathered data was systematically 

evaluated to answer the research questions and to build a foundation for discussion and 

interpretation. 

This methodological approach ensured a broad and credible base of scientific evidence, 

enabling a critical assessment of the environmental dimensions of LIBs. Where possible, 

comparisons between different sources were made to enhance the reliability of conclusions 

drawn. While the lack of access to proprietary data presented limitations, the comprehensive 

nature of the literature review provided a strong basis for addressing the study's objectives. 

Therefore, the information presented in this study is derived from existing literature or 

critically analyzed by the author.  

Microsoft Excel was utilized for conducting statistical analyses and generating visual 

representations such as charts and graphs. Its built-in functions and tools enabled efficient 

data organization, and analysis throughout the study. 
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The study investigates the whole manufacturing line of LIBs that produces waste and 

emissions including the electrode production line, cell assembly, and cell finishing. In this 

study, environmental impacts related to production will be investigated. The production line 

includes the following steps in table 1: 

Table 1: LIBs manufacturing steps and associated environmental concerns (Heimes et al., 2018) 

(Schmitt et al., 2014).  

No.  Main 
step 

Secondary Step Details Environmental Concerns  

1 

El
ec

tr
o

d
e 

M
an

u
fa

ct
u

ri
n

g 

Mixing 

Anode and cathode 
materials are mixed in 
separate dry rooms and 
then tested. 

Liquid waste produced during 
mixing of CAM and AAM in 
cathode and anode. Protection 
Personal Equipment PPE should 
be worn all the time.  

Coating 

Anode is coated in 
copper foils and 
cathode in Aluminium 
foils (separate rooms). 

Anode coated foils, cathode 
coated foils, and bare foil are 
produced. PPE is needed.  

Drying 

The coated slurries are 
dried on the foils.  

Gases are produced including 
toxic materials such as n-
methyl-2-pyrrolidone (NMP). 
PPE is needed.  

Calendering 

Calendaring is done to 
have the required 
thicknesses and 
densities.  

Foil waste is generated. PPE is 
needed. 

Slitting 
Cutting and slitting are 
done by ceramic blades.  

Material waste is generated. 

Vacuum Drying 

Gases are generated 
throughout the 
previous processes.  

Gases are vacuumed using 
machines. Gases are toxic. PPE 
is needed. 

2 

C
el

l A
ss

em
b

ly
 

Separation Cell assembly starts. Material waste is generated. 

Stacking Cell assembly process. Material waste is generated. 

Packaging Cell assembly process. Material waste is generated. 

Electrolyte Filling 

Electrolytes are a major 
component in the LIBs 
and filled at this stage. 

PPE is needed. 

Winding Cell assembly process. Material waste is generated. 

Packaging Cell assembly process. Material waste is generated. 

Electrolyte Filling 

Electrolytes are a major 
component in the LIBs 
and filled at this stage.  

Electrolytes are too toxic. PPE is 
needed. 

3 

C
el

l F
in

is
h

in
g 

Roll Pressing Heating and pressing. Material waste is generated. 

Formation 
Formation of the cells 
end in this step.  

Material waste is generated. 

Degassing 

Gases are generated 
throughout the 
previous processes.  

Material waste is generated. 
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Aging 

Natural degradation of 
a battery over time and 
use. 

Cells are charged. Energy 
sources are a concern.  

End of line EOL 
Testing 

Many tests are required 
for certifications and for 
safety issues depending 
on the followed 
standards.  

Material waste is generated 
including testing cells. Usually, a 
huge amount of waste comes 
from testing. 

  

Throughout the preceding processes, various emissions are generated, some of which are 

captured by scrubbing systems, which will be discussed in a later section. The functional 

units used to present gathered data and results are summarized in Table 2. 

Table 2: Functional units used to present results. 

no. Life Cycle Stage  Parameter Functional Unit 
1 Mining Emissions kgCO₂ eq/ton 

2 Production  
Battery capacity 

One kilowatt hour 
(kWh) 

Emissions kgCO₂ eq/kWh 

Energy  MJ 

3 Use 
Emissions kgCO₂ eq/km 

Energy  MJ 

4 Recycling 
Emissions kgCO₂ eq/kWh 

Energy  MJ 
 

Emissions associated with the production and operation of LIBs were the main focus in the 

study. The thresholds for the emissions generated by light duty vehicles LDVs were defined 

by the EU standards as in table 3  

Table 3: The EU fleet-wide CO2 emission targets (CO2/km) set in the Regulation. 

 2020 to 2024 2025 to 2029 2030 to 2034 2035 onwards 

Cars 95 93,6 49,5 0 

Vans 147 153,9 90,6 0 

3 THEORETICAL FRAMEWORK/ LITERATURE STUDY 

Understanding the environmental impact of electric vehicle LIBs is crucial for a low-carbon 

future. Numerous studies and life cycle assessments (LCAs) have examined lithium-ion 

batteries (LIBs), each emphasizing different stages of their life cycle. Some focus on the 
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environmental impacts of raw material extraction, while others investigate the carbon 

footprint of manufacturing processes. Additional research explores emissions generated 

during the operational phase of LIBs, and others concentrate on the recycling stage and its 

associated environmental effects. However, there are only few studies about this topic in 

Sweden, and they do not include the whole life cycle. In this degree project, it was worthy to 

collect relevant data from reports of Sweden and other countries that can help in estimating 

the environmental impacts of LIBs. Northvolt is one of the three main LIBs manufacturers in 

Europe and their data were essential to understand the full image. This section includes an 

examination of a limited number of publications, with most of the reviewed studies discussed 

in the subsequent discussion section. 

3.1 Environmental Impact of Raw Material Extraction 

According to (Arshad et al. (2022, p. 2), the extraction and processing of raw materials for 

battery manufacturing exert significant environmental and socio-economic impacts. For 

instance, the use of organic solvents and fluorine-containing salts in electric vehicles raises 

safety concerns that compromise the sustainability of EV operations and contribute to 

adverse environmental impacts. 

Llamas-Orozco et al. (2023, p. 1) report that approximately two-thirds of global emissions 

linked to LIBs production are from mining and refining of raw materials, concentrated in 

three countries: China (45%), Indonesia (13%), and Australia (9%).  

3.2 Emissions of LIB Manufacturing Processes 

The manufacturing processes of lithium-ion batteries (LIBs) involve various chemistries and 

material alternatives for their components, each differing in their associated environmental 

impacts, some significantly higher than others.  

Arshad et al. (2022, p. 2-4) highlight that during battery manufacturing, various 

environmental impacts may arise, including atmospheric and air pollution, and the 

generation of hazardous waste, all of which pose risks to human health and ecological 

sustainability. The estimated production emissions are 12.5 kgCO₂ per kg of LIBs. According 

to Yuan et al. (2017, p. 53), each kilowatt-hour (kWh) of a lithium-ion battery weighs 

approximately 12 kg. However, it can be half of that depending on the cathode and anode 

chemistry, materials, and packaging material. Given an estimated production emission of 

12.5 kg CO₂ per kilogram of battery, this results in roughly 150 kg CO₂ emissions per kWh 

produced.  

Production of LIB cells includes the steps summarized in figure 2. The figure outlines a 

simplified battery cell manufacturing process, broken down into three main stages: Electrode 

manufacturing, Cell assembly, and Cell finishing. Electrode manufacturing begins with slurry 



 

12 

 

mixing, where the active materials, conductive additives, and binders are combined. This 

slurry is then applied to current collectors through coating and drying. The coated electrodes 

are then compressed and densified in a process called calendaring, followed by slitting to the 

desired dimensions. Finally, vacuum drying removes any residual moisture. The next stage, 

Cell assembly, involves the physical assembly of the cell components, including cell assembly 

and handling, and the electrolyte filling process. The final stage, Cell finishing, includes 

crucial steps like formation, degassing, aging, and testing to ensure the cell's performance 

and safety before it's ready for use. 

 

Figure 2 Lithium-Ion Battery Cell Manufacturing Processes (McKinsey & Company, 

2022) 

3.3 Operational Emissions During Battery Use 

According to Bridges et al. (2024, p. 66), lifetime emissions are around 87 g CO2 eq. per km 

for the average energy mix for the current EU grid such as Sweden.  

Electric vehicles (EVs) face some challenges, including: 1. Slow charging times can make it 

difficult for people to switch to EVs. 2. EVs produce zero emissions only when charged using 

renewable energy sources. 3. EV batteries degrade over time. More details will be explained 

in the result and discussion sections.  

3.4 Recycling and End-of-Life Emissions 

Recycling lithium-ion batteries (LIBs) at the end of their life is strongly encouraged, as it 

significantly contributes to minimizing their carbon footprint. The recycling processes such 

as direct recycling, pyrometallurgical and hydrometallurgical offer considerable 

environmental benefits. Direct recycling reduces greenhouse gas emissions by 61%, 

hydrometallurgical recycling lowers emissions by 51%, and pyrometallurgical recycling cuts 

emissions by 17% (Llamas-Orozco et al., 2023, p. 1).  
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4 CURRENT STUDY 

This research provides a review for life-cycle assessments (LCAs) of LIBs in EVs, focusing on 

their environmental sustainability. By examining key factors like material composition, 

emissions, energy use, and recycling, the study contributes valuable insights for future 

technological advancements and policy development aimed at reducing the environmental 

footprint of LIBs used in EVs, focusing mainly in the NMC chemistry. However, further 

research is necessary to explore alternative battery chemistries, improved recycling 

techniques, and sustainable raw material extraction methods. 

This study evaluates the environmental impacts of LIBs including emissions associated with 

lithium-ion batteries (LIBs) across four key stages of their life cycle. First, it considers the 

mining and production of active materials used in LIB manufacturing. However, this stage 

includes limited detail, as most raw materials are imported into Sweden, and the study’s 

geographic focus is primarily national. Second, the production phase of LIBs is examined, 

providing background information on battery components, production steps, assembly 

processes and emissions using 1 kWh as a functional unit of cell capacity. Third, the study 

assesses emissions during the operational phase of LIBs when used in electric vehicles (EVs), 

comparing these emissions with those produced by internal combustion engine vehicles 

(ICEVs). Finally, the end-of-life stage is addressed, with a particular emphasis on the 

recyclability of LIBs and a discussion of the main recycling methods currently employed. 

The environmental impact of LIBs is complex and multifaceted, encompassing factors such 

as raw material extraction, battery production, energy sources used for charging, emissions 

from vehicle operation, and end-of-life disposal and recycling. A crucial element in the 

sustainability of LIBs lies in the choice of energy storage materials and technologies, which 

can vary greatly in their environmental footprint. The different types of cathode materials, 

such as lithium iron phosphate (LFP), lithium nickel-cobalt-manganese oxide (NMC), and 

lithium nickel-cobalt-aluminium oxide (NCA), exhibit differing environmental impacts in 

terms of resource extraction, manufacturing emissions, safety, and recyclability (Priyadarsini 

& Das, 2025, p. 5).  

Lithium-ion cells come in various geometries based on the current practices, including 

prismatic, cylindrical, coin, and the most recently developed pouch cell design (Sarwat, 2016, 

CHEMISTRY, para 4) as illustrated in figure 3. Battery cells consist of several key 

components, including the cathode, anode, separator and electrolyte. These components are 

either stacked or rolled together and enclosed in an outer casing, typically made of a steel can 

or an aluminium/polymer pouch material. The materials used for each component vary 

depending on factors such as the battery type, required capacity and its intended purpose 

(Heimes et al., 2018). In a lithium-ion cell, the negative electrode is referred to as the anode, 

while the positive electrode is known as the cathode. During charging, lithium ions migrate 

from the cathode, across the separator, to the anode. During discharge, the same happens but 

in reverse. The medium electrolyte facilitates the transport of lithium ions between the anode 

and cathode; typically, it consists of lithium salt. The separator, a thin membrane positioned 
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between the two electrodes, allows the movement of lithium ions but blocks electrical 

conduction. Its main function is to prevent electrical short circuits between the anode and 

cathode (Dragonfly Energy, 2021, para 3).  

 

Figure 3 LIB cell design (Heimes et al., 2018)  

As per figure 4, a lithium-ion battery system is organized in a hierarchical structure 

comprising three main levels: cell, module, and pack. The battery cells are grouped together 

to form a battery module. Multiple modules are then integrated to create a battery pack, the 

final and fully functional energy unit used in electric vehicles (EVs).   

 

Figure 4 LIB System Component (Joint Research Centre, the European Commission, 2023, p. 10) 

 

In the battery cell, cathode is the largest component by weight and cost in LIBs and it is 

considered as the limiting factor for energy density of LIBs as well as the source of Li ions in 

the LIB cell. Therefore, the whole LIB is called by the name of cathode chemistry, such as LIB 

NMC. Figure 5 includes the cost and weight analysis of the battery component.   
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Figure 5 Analysis of weight and cost of LIBs (Li et al., 2020) 

Cathode strongly affects the battery performance; therefore, the selection of materials and 

composition is a significant step that depends on the application of the battery. Lithium 

nickel-cobalt-manganese oxide (NMC), lithium nickel-cobalt-aluminium oxide (NCA) and 

lithium iron phosphate (LFP) are the most popular types of cathode material. These three 

lithium-ion battery chemistries exhibit variations in capacity, safety, and sustainability. 

Figure 6 explains NMC characteristics and compares them with the other two. This study 

specifically focuses on the NMC chemistry, as it is the most utilized in electric vehicles (EVs) 

in Sweden. 

  
 

Figure 6 Radar plots demonstrating the relative qualities of NMC, NCA and LFP cathode materials 

used in LIBs (Alex et al., 2021) 

LFP is a safer-established battery technology with minimal environmental impact, as it does 

not contain hazardous materials. It also exhibits a high tolerance for a wide state-of-charge 

range and offers a longer cycle life. However, NMC and NCA cathode technologies are among 

the most promising options in lithium-ion battery technology, offering high energy densities, 
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reliability, and durability for modern electric vehicle applications (Raugei & Winfield, 2019, 

p. 927). The energy density of lithium-ion batteries (LIBs) is a critical factor in their selection, 

as higher energy density enables longer driving ranges and reduces the frequency and 

duration of charging. 

NMC chemistry is also divided by their composition. NMC811 lithium nickel manganese 

cobalt oxide (LiNi0.8Mn0.1Co0.1O2)) is representing the high-nickel class chemistry due to 

its larger market worldwide (International Energy Agency, 2024, p. 165). NMC batteries are 

categorized based on their nickel, manganese, and cobalt composition. High-nickel variants, 

such as NMC 811, contain 80% nickel, 10% manganese, and 10% cobalt. Other types include 

medium-nickel variants with 60-80% nickel and low-nickel versions with less than 50% 

nickel (Li et al., 2020, pp. 43-50). 

The following figure 7 concludes a comparison between the three LIBs types LFP, NMC, NCA 

in terms of capacity, safety and sustainability:  

 

Figure 7  A comparison between LIBs cathode technologies 

This paper focuses on NMC chemistry, as it is the most widely used in Sweden and offers a 

balanced combination of desirable characteristics. While LFP provides high safety, it has 

lower recyclability and capacity. Conversely, NCA offers high capacity and good recyclability 

but falls short in terms of safety. NMC emerges as the optimal choice, offering medium to 

high capacity, moderate safety, and good recyclability. 
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5 RESULTS 

In this study, all environmental impacts and resource flows are calculated based on a 

functional unit of 1 kWh of lithium-ion battery (LIB) capacity, as this unit enables consistent 

comparison across all life cycle stages: mining, production, use, and end-of-life. 

This study finds that several critical factors influence the efficiency and environmental 

sustainability of lithium-ion batteries (LIBs), with cathode material chemistry emerging as 

one of the most significant. Among current chemistries, NMC (nickel-manganese-cobalt) 

balances high energy density and moderate recyclability, offering a practical solution 

compared to alternatives like LFP (lithium iron phosphate), which is safer and more Eco-

friendly but less energy-dense, and NCA (nickel-cobalt-aluminium), which offers high 

capacity but poses safety and recyclability concerns. These findings emphasize the necessity 

of a careful trade-off between performance and environmental safety, especially in large-scale 

applications such as LIBs in electric vehicles (EVs). Selecting appropriate materials is 

essential for optimizing battery efficiency and minimizing environmental effects. It is also 

linked to safety which was identified as a core design concern due to the risks posed by 

hazardous cathode materials and volatile electrolytes. Safety measures can be followed by 

considering the European Union mandates as a series of stringent safety checks, including 

overcharge protection and thermal shock resistance, to ensure battery safety across the 

production and usage phases. Despite advances in battery materials and performance such as 

increased cycle life and energy densities, the sustainability of LIBs is closely tied to the 

responsible sourcing and recycling of critical raw materials. The study highlights that key 

materials like cobalt, lithium, and natural graphite are classified as critical raw materials by 

the EU due to their high supply risk and strategic economic value. 

The materials analysis revealed that Sweden contributes modestly to global supply and 

processing of these materials, making international sourcing crucial for domestic LIB 

production. However, Sweden plays a notable role in EU-level copper and iron ore extraction. 

Recycling plays a central role in mitigating the environmental impact of battery production, 

with companies like Northvolt demonstrating that using 100% recycled cathode materials can 

reduce carbon emissions by up to 80%. Hydrometallurgical recycling processes were 

identified as both cleaner and more efficient than traditional methods, capable of recovering 

high-value materials like lithium, nickel, and cobalt from as little as 55 tons of spent 

batteries, compared to the vastly greater quantities required from raw extraction (Northvolt 

Revolt, 2024). 

The study also shows that energy consumption is a dominant contributor to total life-cycle 

emissions, particularly during the manufacturing phase. For example, manufacturing can 

account for up to 80% of a battery’s life-cycle emissions in regions relying on carbon-

intensive electricity. In Sweden, electricity still constitutes only 5% of total transport energy 

consumption, though this share is increasing. Electricity use in EVs must come from 

renewable sources to ensure true sustainability, as charging EVs with fossil-fuel-based 

electricity diminishes environmental gains. The carbon intensity of the electricity used in 
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both battery manufacturing and EV charging directly affects the environmental footprint of 

LIB-powered transportation. 

The study reveals that improvements in material selection, recycling infrastructure, energy 

sourcing, and manufacturing processes are essential to enhance the environmental 

sustainability of LIBs. While current trends show promising progress—especially in Sweden’s 

context—challenges remain regarding raw material dependency, safety regulation 

enforcement, and energy grid decarbonization. 

This study reviewed multiple life cycle assessments (LCAs) of lithium-ion batteries (LIBs) 

across all stages of their life cycle. A key finding is that the battery chemistry significantly 

influences the emissions generated before, during, and after the manufacturing process. 

The study evaluates the environmental impact of lithium-ion batteries (LIBs) used in electric 

vehicles (EVs) by analyzing their life cycle, from raw material extraction to production, use, 

and disposal. The findings highlight that LIB-powered EVs significantly reduce lifecycle 

emissions compared to internal combustion engine vehicles (ICEVs), with reductions of 

around 65% and net lifetime savings of nearly 50 tons of CO₂-equivalent emissions per 

medium-sized EV (International Energy Agency, 2024, p. 158). 

The study summarizes the factors influencing LIB sustainability such as 1) Cathode material 

choice: NMC batteries offer a balanced trade-off between capacity, safety, and recyclability 

compared to LFP and NCA chemistry. 2) Emissions: while EVs produce zero tailpipe 

emissions, battery manufacturing contributes significantly to overall CO₂ emissions. Proper 

energy sources for charging and recycling processes are crucial to improving environmental 

performance. 3) Waste management: LIBs are classified as hazardous waste due to their 

heavy metal content, necessitating efficient recycling systems to minimize environmental 

impact. 4) Production waste: recycling cathode materials reduces energy consumption, 

mining demand, and greenhouse gas emissions. 

There are several strategies through which the electric vehicle (EV) industry can reduce 

emissions associated with manufacturing. These include improving manufacturing efficiency 

and increasing the recycling or reuse of lithium-ion batteries, which can significantly lower 

the demand for raw material extraction. Additionally, the adoption of alternative battery 

chemistries that rely on less energy-intensive materials offers further potential for emissions 

reduction. Finally, powering manufacturing and supplier facilities with renewable energy 

sources can substantially decrease the carbon footprint of EV production.  

To maximize the environmental benefits of electric vehicles, it is essential that the electricity 

grids powering charging stations transition from coal and other fossil fuels to low-carbon 

renewable energy sources. Only then can lithium-ion batteries (LIBs) truly function as green 

energy storage systems. Although electric vehicles produce no direct tailpipe emissions 

during operation, their associated emissions occur indirectly, primarily through the 

generation of electricity used to charge their batteries and the production of fuels required for 

electricity generation. 
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Previous studies state that the environmental impact of lithium-ion batteries (LIBs) is 

multifaceted, spanning raw material extraction, production, usage, and end-of-life disposal. 

Among the most common LIB chemistries, NMC (lithium nickel manganese cobalt oxide) 

batteries, particularly the high-nickel NMC811 variant, are widely used in Sweden’s electric 

vehicles (EVs) due to their balanced energy density (165 Wh/kg), moderate safety, and good 

recyclability. However, their reliance on cobalt and nickel raises concerns about mining-

related emissions and ethical sourcing. In contrast, LFP (lithium iron phosphate) batteries 

offer superior safety and lower toxicity but lag in energy density (135 Wh/kg) and 

recyclability (International Energy Agency, 2024, p. 165). 

There are several variables determining the level of emissions associated with the LIBs such 

as: 1) material and cathode chemistry 2) type and source of energy used in the manufacturing 

3) type and source of energy used in the charging stations during the LIBs usage. 4) type and 

efficiency of the recycling processes.   

Among the most used cathode chemistries, LFP (Lithium Iron Phosphate), NCA (Nickel 

Cobalt Aluminium Oxide), and NMC (Nickel Manganese Cobalt Oxide), the NMC Chemistry 

offers a balanced performance. While LFP is considered environmentally friendly and highly 

recyclable, it has relatively low energy density. In contrast, NCA provides the highest energy 

density but is less recyclable. NMC combines the benefits of both: it has high energy density, 

enabling longer driving ranges, and medium recyclability, allowing for the recovery of up to 

80% of the heavy metals used in production. These metals, often scarce and classified as 

critical raw materials, highlight the importance of sustainable recycling. 

The main opportunity for short-term improvements lies in enhancing production efficiency 

and utilizing electricity with a low carbon footprint. In the long term, replacing harmful 

chemicals with water-based processes could further reduce greenhouse gas emissions. 

When analyzing the full life cycle, emissions from mining and refining appear to be relatively 

minor and are almost independent of the battery chemistry (NMC, LFP, or LMO), when 

calculated per kWh of capacity. Notably, the electrodes tend to be the largest contributors to 

emissions among battery components, while other elements—especially electronics—can also 

have a high impact, depending on the study. 

The emissions level of the four stages of the battery life cycle, (mining of raw material, 

production of LIBs, use of batteries, and end of life emissions), was illustrated in the 

following plot (figure 8). The four values in the figure will be analyzed and discussed at a later 

stage. It is worth mentioning that the value for use emissions is not fixed as it depends on the 

energy type used in the charging stations. The value of 215 kgCO2 eq per kWh will be 

calculated in the discussion section depending on the capacity of the battery, its lifetime. If 

the energy used in the charging station is RE so the use emissions will be zero. However, the 

calculator of the IEA was used to find how much emissions are emitted by EVs per km and 

then calculations were done to find the value per kWh. It is also important to note that the 

other three values in the chart are emitted once, i.e. production is done once, mining also 
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once and recycling once but for the operation (use emissions), the value is for the whole 

lifetime of the battery, e.g. 15 years, that is why it looks higher.  

 

Figure 8 Emissions of all stages of LIBs  

5.1 Emissions from mining:  

Mining one ton of lithium for lithium-ion battery production via hard rock mining can 

generate up to 15 metric tons of CO₂ emissions, equivalent to the emissions from burning 

approximately 6,500 liters of gasoline, which could fuel a passenger car for around 3.5 years. 

These high emission levels highlight the importance of recycling spent batteries as a more 

sustainable alternative. Since the mining of these metals occurs outside of Sweden, this study 

does not provide detailed coverage of that stage (How Much CO2 Is Emitted by 

Manufacturing Batteries?, n.d.). 

5.1.1 Emissions per 1 kWh:  

The quantitative findings show that mining and refining of nickel, cobalt, and lithium 

generate about 60% of the production emissions. The emissions associated with the 

production of NMC batteries is 79 kg CO₂-eq per kilowatt-hour (kWh) on average (Sivert, 

2024, para 7-8). To calculate the mining and refining emissions:  

If the production emissions of NMC batteries are 79 kg CO₂-eq per kilowatt-hour (kWh) on 

average, the mining and refining of the main components (nickel, cobalt, and lithium) will be 

46.6 kg CO₂-eq per kilowatt-hour (kWh).  

19.8
33

215

4

0

50

100

150

200

250

Mining Emisssions Production Emissions Use Emissions End of Life Emissions

kgCO₂ eq per kWh



 

21 

 

In Northvolt case, the production emissions for their NMC LIBs are 33 kg CO₂-eq per 

kilowatt-hour (kWh). Therefore, mining of the main metals will be 19.8 kg CO₂-eq per 

kilowatt-hour (kWh).  

5.2 Emissions from manufacturing:  

This review also highlights that the electricity mix at the manufacturing site plays a crucial 

role in determining the total emissions. Since battery manufacturing is highly energy-

intensive, and most of the energy comes from electricity, the carbon intensity of that 

electricity directly affects the battery’s environmental footprint. Currently, production site 

decisions are often based on labor costs, but incorporating environmental considerations 

could significantly reduce emissions. Legislative measures could play a role by incentivizing 

environmentally responsible choices regarding production location and electricity sources. 

The production emissions associated with the production of NMC batteries is 79 kg CO₂-eq 

per kilowatt-hour (kWh) on average (Sivert, 2024, para 7-8). Manufacturing processes—

slurry mixing, electrode coating, cell assembly, and finishing—consume between 

350 and 650 MJ of energy per kWh, contributing roughly 12.5 kg CO₂ per kilogram of battery 

(approximately 150 kg CO₂ per kWh) (Romare et al, 2017, p. 42). 

In Sweden, there is an estimate of the volume of carbon emissions associated with the LIBs 

production that is 61-106kg CO2-eq/kWh of the battery capacity for the NMC chemistry. 

LIBs Swedish manufacturer, Northvolt, announced the carbon footprint associated with the 

production of their LIBs is about half that average, 33Kg CO2e/kWh.  

5.2.1 Emissions per 1 kWh:  

According to Sivert (2024, para. 3), three major European LIBs manufacturers announced 

the carbon footprint associated with the production of their LIBs. Northvolt: 33Kg 

CO2e/kWh,  Gotion-HighTech: 85Kg CO2e/kWh and Magna Energy Storage: 73.4 Kg 

CO2e/kWh. The three manufacturers have different emission values due to the methods and 

techniques used in the manufacturing processes.  

5.3 Emissions during use:  

During vehicle operation, EVs driven on an average European grid emit about 87 g CO₂-eq 

per kilometer, compared to over 200 g for many gasoline cars (MIT Energy Initiative, 2022); 

in Sweden’s context, this translates to potential annual savings of some 30 million tons of 

CO₂ if all passenger vehicles electrify. The total annual distance traveled by gasoline vehicles 

in Sweden is approximately 60.6 billion kilometers. Gasoline vehicles emit around 5.7 tons of 

CO₂-equivalent per year, with an average annual travel distance of 11,410 kilometers per 
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vehicle. This corresponds to an emission rate of approximately 500 grams of CO₂-equivalent 

per kilometer. Consequently, the potential net emissions savings in Sweden would amount to 

about 30.3 million tons of CO₂-equivalent per year if all gasoline vehicles switch to electric 

vehicles that use environmentally friendly LIBs (Transport Analysis, 2024) 

We need to use LIBs in a smart way, such as prioritizing second-life applications and 

ensuring they are powered by renewable energy sources to minimize environmental impact. 

We should also think about walking short distances. Resources are limited so the design of 

products is important to have longer lifespan, reuse of products, recycle them sustainably, 

and minimize the extraction of raw material. Together reusing LIBs and recycling them could 

contribute to high circularity rates.  

Minimizing emissions by choosing charging stations powered by RE sources, reuse and 

recycling of LIBs are aligned with the Sustainable Development Goals (SDGs) 7 (Affordable 

and Clean Energy) and 13 (Climate Action). Creativity in cell design is also important to 

minimize emissions and environmental impact. 

Used batteries can still have a lot of capacity. They may no longer be strong enough to power 

a car. However, they can be reused for climate-smart energy storage if they have sufficient 

capacity. This extends the life of LIBs and delays the need to recycle it. 

5.3.1 Emissions per 1 kWh:  

The mentioned rates for the use emissions of LIB is ranging between 66, 75, and 87 g CO2 eq. 

per km. In this study, the average will be used: 76 CO2 eq. per km. 

Assuming 76 g CO₂/km over 200,000 km and assuming a battery pack capacity of 70.6 kWh 

that was investigated in the Cobalt Institute study. 

 76
𝑔 𝐶𝑂2

𝑘𝑚
 𝑋 200000  / 𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 70.6 (𝑘𝑊ℎ) 𝑋 1000 = 215 𝑘𝑔 / 𝑘𝑤ℎ of the battery for 

the whole life of the battery. 

5.4 Emissions at the LIB end of lifetime:  

Among recycling techniques, hydrometallurgy proves to be superior to pyrometallurgy due to 

its lower energy demand and reduced greenhouse gas emissions. Hydrometallurgical 

processes enable more efficient recovery of critical metals such as lithium, cobalt, and nickel, 

making them a more sustainable option for end-of-life LIB management. Recycling of NMC 

LIBs add about 15kg CO2 eq/kWh emissions to the atmosphere, however, in Sweden, end-of-

life emissions are estimated to account for approximately 12% of the emissions generated 

during the production phase (Andersson & Börjesson, 2021, p. 4).  
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At end-of-life, hydrometallurgical recycling reduces life-cycle greenhouse-gas emissions by 

about 61 percent, while Northvolt’s pilot of fully recycled cathode materials cuts 

cathode-specific emissions by up to 80 percent—preventing roughly 3.8 tons of CO₂ per ton 

of recycled NMC. Even after accounting for battery disposal and scrap, closed-loop processes 

in Sweden recover critical metals more efficiently than mining (e.g., 55 tons of spent batteries 

versus 250 tons of ore to obtain one ton of lithium), underscoring the transformative 

potential of robust recycling infrastructure. 

5.4.1 Emissions per 1 kWh:  

As stated before, according to Andersson & Börjesson (2021, p. 4), end-of-life emissions are 

estimated to account for approximately 12% of the emissions generated during the 

production phase:  

Northvolt production emissions for LIBs: 33 kg CO₂-eq per kilowatt-hour (kWh). 

End of life emissions: 12% of the emissions generated during the production phase= 12% X 

33= 3.96 kg ~ 4 CO₂-eq per kWh 

5.5 Type of emissions:  

The emissions from lithium-ion battery include a wide range of gaseous and liquid pollutants, 

with several substances reaching particularly high levels. These pollutants are categorized 

into gas emissions and liquid pollutants based on their typical environmental behavior and 

state during release. The emissions from LIBs are mostly called “emissions to air,”, however 

many substances are either volatile gases or airborne particles, whereas others, such as heavy 

metals and solvents, tend to contribute to environmental contamination in liquid or 

particulate form when deposited. The following emissions correspond for the production of 

about a million cells (20000 cell/week) by Northvolt.  

5.5.1 Gas Emissions:  

According to Swedish PRTR, (2024), LIBs emissions in 2024 in Sweden included dominant 

gas emissions such as carbon dioxide (CO₂), both biogenic and fossil-based, with a combined 

total of approximately 48.88 billion kilograms, making it the most significant contributor to 

greenhouse gas (GHG) emissions. Other potent GHGs include methane (CH₄) at 6.42 million 

kg and nitrous oxide (N₂O) at 751,514 kg, both of which have high global warming potential. 

Carbon monoxide (CO) is also present in very high concentrations, totaling 45.5 million kg, 

posing significant risks to air quality and human health. Significant levels of non-methane 

volatile organic compounds (NMVOCs) were recorded, amounting to 24.7 million kg, 

contributing to ozone formation and smog. Nitrogen oxides (NOx), at 30 million kg, and 

sulfur dioxide (SO₂) at 8.68 million kg are also substantial, both being major contributors to 
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acid rain and respiratory health issues. Other notable gaseous pollutants include PM10 (2.7 

million kg), dust/particulates (3.2 million kg), and sulfur oxides (SOx) at 1.86 million kg, all 

of which contribute to ambient air pollution and pose inhalation risks. Lesser but still 

concerning emissions include hydrofluorocarbons (HFCs) at 4,264 kg, perfluorocarbons 

(PFCs) at 3,388 kg, and chlorofluorocarbons (CFCs) at 542 kg, which are persistent GHGs 

with long atmospheric lifetimes and ozone-depleting potential. 

5.5.2 Liquid Pollutants and Heavy Metals: 

While released into air, several pollutants typically behave as liquid contaminants or bind to 

surfaces and soils after deposition. In 2024, LIBs released some liquid pollutants in Sweden 

such as Ammonia (NH₃) emissions that were particularly high, totaling 3.86 million kg, often 

contributing to eutrophication and secondary particulate matter. Other volatile or semi-

volatile organic compounds, such as toluene (191,910 kg), xylene (152,748 kg), and 

ethylbenzene (68,043 kg), that are harmful to both air and water quality and pose health 

risks through inhalation or groundwater infiltration. Heavy metals are another serious 

category. Among these, lead (Pb) was reported at 2,741 kg, copper (Cu) at 2,856 kg, zinc (Zn) 

at 15,864 kg, chromium (Cr) at 1,500 kg, cadmium (Cd) at 298 kg, arsenic (As) at 529 kg, and 

mercury (Hg) at 202 kg. These metals are hazardous, bio accumulative, and often persist in 

ecosystems, posing risks to both wildlife and human health. Their emissions, though lower in 

mass compared to gases, are highly toxic and warrant close monitoring. Further, chemicals 

like hydrochloric acid (165,582 kg), hydrofluoric acid (70,205 kg), and phenols (17,757 kg) 

are known for their corrosive nature and environmental toxicity. Dichloroethane (11,372 kg) 

and chloroform (320 kg) are also environmentally persistent solvents (Swedish PRTR, 2024). 

The emissions data reveal that carbon-based gases, particularly CO₂ and CO, dominate in 

quantity and climate impact, while volatile organics and heavy metals pose significant local 

environmental and health hazards. While efforts in recycling and cleaner manufacturing 

technologies may reduce some emissions, controlling heavy airborne metals and chemical 

vapors remain essential. Transitioning to greener energy sources, improving scrubbing 

technologies, and enhancing waste treatment systems will be critical to mitigating the 

environmental footprint of lithium-ion battery production. 

6 DISCUSSION  

Important properties of LIBs are the weight, storage capacity, production cost, lifespan, 

recharging capacity, environmental Impact, and possibility of recycling. Factors influencing 

the efficiency and environmental sustainability of lithium-ion batteries include the following:  
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6.1 Safety 

Arshad et al. (2022, pp. 2-3) highlight that the cathode material plays a crucial role in 

determining the overall performance of a battery cell. However, many cathode materials 

contain hazardous metals, particularly lithium nickel-manganese-cobalt oxide (Li-NMC) and 

lithium nickel-cobalt-aluminium oxide (Li-NCA), which pose environmental and safety 

concerns. Alternative cathode materials, such as lithium manganese oxide (LMO) and 

lithium iron phosphate (LFP), offer improved safety and reduced environmental impact. 

However, these materials exhibit lower energy density compared to NMC and NCA, which 

may limit their application in high-performance energy storage systems.  

It is evident that battery design must strike a careful balance between performance 

characteristics and safety. While capacity is a key determinant of a battery’s effectiveness and 

commercial viability, safety takes precedence. The potential leakage of hazardous metals or 

electrolytes can pose serious risks, including explosions and environmental contamination. 

Therefore, ensuring safety alongside high performance is essential in the development of 

lithium-ion batteries.    

Safety considerations must be followed during the manufacturing of the battery in order to 

minimize any risk that could affect human and possible impact to the environment. 

According to the Regulation (EU) 2023/1542 (2023, pp. 91-92) of the European Parliament 

and of the Council, the following checks must be maintained:  

1. Thermal shock and cycling 

2. External short circuit protection 

3. Overcharge protection 

4. Over-discharge protection 

5. Over-temperature protection 

6. Thermal propagation protection 

7. Mechanical damage by external forces 

8. Internal short circuit 

9. Thermal abuse 

10. Fire test 

11. Emission of gases 
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6.2 Materials and Recycling 

According to the EU directive, a substantial share of global raw material production is 

allocated to battery applications. Specifically, more than 50% of global cobalt demand and 

over 60% of lithium consumption are directed toward battery manufacturing. Additionally, 

approximately 8% of the world’s natural graphite output and 6% of global nickel production 

are utilized in the production of batteries. EU consider cobalt, lithium and natural graphite, 

as critical raw materials (Regulation (EU) 2023/1542, 2023, pp. 14). As a result of the 

scarcity of these metals, there is a need to search for alternatives in order to reduce the 

resource extraction made by the battery industry.  

A study on the critical raw materials for the EU 2023 states that there are several critical 

resources (materials). These materials are essential for the manufacturing of most types of 

LIBs. The below figure 9 is a scatter plot (Grohol et al., 2023, p. 5) that maps raw materials 

according to their economic importance (x-axis) and supply risk (y-axis), distinguishing 

between critical (red dots) and non-critical (blue dots) elements for 2023. Among the 

highlighted metals, magnesium, cobalt, and aluminium are positioned in the upper-right 

quadrant, indicating both high supply risk and high economic importance. Cobalt is 

particularly prominent, reflecting its significant role in high-energy-density batteries and the 

supply chain risks associated with concentrated mining. The selected metals were 

emphasized by the author to underscore their significance in the manufacturing of lithium-

ion batteries (LIBs). 

Copper and nickel do not meet the Critical Raw Materials (CRM) thresholds but are on the 

CRM list as Strategic Raw Materials. Lithium appears in the critical zone, though with a 

moderate supply risk relative to its high economic value. Its strategic role in energy storage 

technologies keeps it under intense scrutiny. Nickel and copper, while economically 

important, are positioned lower on the supply risk axis, reflecting a more stable (yet still 

concerning) supply outlook, possibly due to more geographically diversified production. 

Aluminium lies in the high-economic, moderate-supply risk region, emphasizing its dual role 

in lightweighting EVs and serving as a conductive material. The plot illustrates how all these 

metals, especially in the context of LIB production, are deeply intertwined with the twin 

challenges of market dependency and resource scarcity. 
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Figure 9 Analysis (Supply Risk vs. Economic Importance Chart) Results of the 2023 EU criticality 

assessment (Grohol et al., 2023, p. 5) 

Table (4) presents a comparative overview of critical raw materials (CRMs) in 2023 and 

2020, categorizing them based on their continued, new, or lost criticality. Among the 

highlighted battery-relevant metals, lithium, cobalt, and aluminium appear in black, 

indicating their critical status in both 2020 and 2023.  

This continuity underscores their persistent strategic importance in industrial and energy 

transition applications, especially in the lithium-ion battery (LIB) sector. Conversely, nickel, 

manganese, and copper are shown in red, signifying that while they were not deemed critical 

in 2020, they have since gained critical status by 2023. This change reflects the growing 

reliance on these materials due to the global surge in electric vehicle (EV) demand, renewable 

energy storage, and electrification strategies. 

The evolving classification of these metals highlights the dynamic nature of material 

criticality, which is highly sensitive to technological developments, geopolitical risks, and 

market shifts. The inclusion of nickel, manganese, and copper as CRMs suggests increasing 

concerns over their supply security and demand volatility. Their expanded role in battery 

chemistry, such as NMC (Nickel-Manganese-Cobalt) and NCA (Nickel-Cobalt-Aluminium), 

has intensified scrutiny on sourcing strategies and recycling efforts. This classification serves 

as a strategic signal for industries and governments to prioritize the sustainable and 

responsible management of these critical inputs. 



 

28 

 

Table 4: Comparison between 2023 CRMs and 2020 CRMs (Grohol et al., 2023, p. 4). 

 

Sweden is among the EU countries contributing to copper sourcing in the EU, accounting for 

4%, along with smaller shares of other metals essential for lithium-ion battery (LIB) 

production. On a global scale, Sweden’s contributions include 0.2% of aluminium and 0.5% 

of copper. Table 5 summaries the shares of Sweden, in global scale, in the extraction and 

processing of CRM that are used in the production of LIBs, according to a study by the 

European Commission. Table 6 provides a summary of Sweden’s shares within the EU 

context (Grohol et al., 2023, pages in table 5, 6).  

Table 5: Sweden’s Global Share in CRM Extraction and Processing.  

Extraction stage Processing stage 

Material Share Page  Material Share Page  

Copper 0.5% 82 Aluminium 0.2% 78 

Iron ore 1.3% 90 Copper 0.9% 82 

   Iron ore 0.3% 84 

   Manganese <0.1% 88 

   Sulphur 0.5% 91 

Table 6: Sweden’s Role in CRM Extraction and Processing within the EU.  

Extraction stage Processing stage 

Material Share Page  Material Share Page  

Copper 4% 108 Aluminium 2% 107 

Iron ore 21% 109 Copper 5% 109 

   Iron ore 2% 110 

   Sulphur 6% 113 
 

Going into the details of LIBs, the selection of materials plays a crucial role in the production 

of more environmentally friendly products, such as batteries. The environmental impact of 

synthetic graphite is approximately 70% higher than that of natural graphite (Bridges et al., 

2024, p. 8). The battery failure is mainly caused by electrolyte decomposition (Wang et al., 
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2019). It is obvious that efficient use of critical raw materials such as cobalt, natural graphite, 

phosphorus, and lithium in battery production, could assist in increasing the battery lifetime 

(Lehtimäki et al., 2024, pp. 1-2). 

There are negative sides associated with the spent batteries recycling and disposal. The 

disposal and recycling of lithium-ion batteries (LIBs) pose significant environmental 

challenges, as improper recycling methods can release hazardous substances into the 

ecosystem. To mitigate these issues, sustainable approaches in electrolyte, the main solvent 

in the LIBs, development focus on utilizing less harmful solvents, optimizing lithium 

resource usage, and enhancing recycling technologies to minimize the overall environmental 

impact of LIB electrolyte materials (Larrabide et al., 2022, pp. 1-2). 

High advancements in LIBs materials have resulted in a steady increase in energy density 

(reaching up to 200 Wh/kg), extended lifespan (up to 10,000 cycles), and enhanced 

efficiency (approaching 100%) (Chen et al., 2009, p. 8), or 95% efficiency (Tafone et al., 

2024, p. 5). The battery pack energy densities are around 135 Wh/kg for LFP and 165 Wh/kg 

for NMC811 (International Energy Agency, 2024, p. 165).  

Also, the sustainability of NMC active materials depends on several factors including material 

source and cobalt reduction. The raw materials for NMC cathodes, such as nickel, 

manganese, and cobalt, are often mined. The sustainability of these materials depends on the 

environmental practices associated with mining and sourcing these materials and depends 

also on cost effectiveness and the availability of raw material. Now, industry has been 

working on reducing its reliance on cobalt, as cobalt mining has raised ethical concerns in 

some regions. The limited availability and unpredictable supply of cobalt present 

considerable challenges for the lithium-ion battery industry. NMC formulations are evolving 

to reduce the cobalt content in favor of higher nickel content, which can make batteries less 

dependent on a material associated with environmental and ethical concerns. NMC 811, for 

example, contains less cobalt than earlier formulations (Velmurugan et al., 2024, p. 1). 

Solvents in electrolyte formulations can have serious environmental effects. Some solvents 

used in LIB electrolytes are flammable and contribute to air pollution and greenhouse gas 

emissions GHG when exposed to high temperatures or in the event of thermal contact. They 

can lead to explosions in some cases like accidents. Sustainable practices in electrolyte 

development aim to address these issues by exploring less harmful solvents, optimizing the 

use of lithium resources, and improving recycling technologies to reduce the overall 

environmental impact of LIB electrolyte materials. Larrabide et al. (2022, pp. 1-9) stated that 

the global warming potential (GWP) associated with electrolyte production ranges from 0.37 

to 10.64 kg CO₂-equivalents per gram of electrolyte. These values reflect the variability in 

production methods, raw material sourcing, and energy usage, highlighting the importance of 

sustainable practices in minimizing environmental impact. Implementing solvent recovery 

leads to a 2.1% reduction in global warming potential (GWP), alongside a significant decrease 

in marine eutrophication, emphasizing the environmental benefits of adopting more 

sustainable processing methods. 
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There is also a hidden drawback of clean energy, as lithium-ion batteries may contribute to 

environmental per- and polyfluoroalkyl substances (PFAS) contamination which is 

considered as a persistent organic pollutant. These substances are globally acknowledged for 

their persistence, mobility, and toxicity as environmental pollutants (Guelfo et al., 2023, p. 

1). There is a release of PFAS from lithium-ion batteries especially bis perfluoroalkyl 

sulfonimides (bis-FASIs) into soil, sediment, and surface water, with levels often reaching 

parts per billion near places where batteries are manufactured (Guelfo et al., 2023, p. 6). 

The life cycle of a lithium-ion battery (LIB) consists of multiple interconnected stages, 

ranging from raw material extraction to end-of-life management. As illustrated in figure 10, 

recycling plays a crucial role throughout the entire process, helping to recover valuable 

materials and reduce the demand for virgin resources. This closed-loop system enhances the 

sustainability of LIB production and usage, minimizes environmental impacts, and supports 

the circular economy within the battery industry. 

 

Figure 10 System boundary of LCA for lithium ion battery (B. Li et al., 2014, p. 3048) 

The cathode material, particularly due to its metal content, represents the most valuable 

component of the entire battery. As an example, cobalt is considered a scarce and high-value 

metal that can be recycled from the spent LIBs. 

Sweden’s leading LIBs manufacturer, Northvolt shares its concept and commitment with 

recycling. Figure 11 explains Northvolt loop in the manufacturing of LIBs that depicts a 

circular flow diagram illustrating the traditional battery manufacturing process, starting from 

sourcing raw materials to recycling. The process begins with sourcing, which includes mining 

raw materials, processing them into metal chemicals, and then creating the active material 

for the battery. This linear sourcing stage then feeds into production, represented by the 

outer arc of the circle. Production involves electrode manufacturing, followed by cell 

assembly, and finally the creation of modules & packs. The battery then enters the use phase. 

At the end of its life cycle, the battery undergoes recycling, which then feeds back into the 

sourcing stage, potentially reducing the need for extensive mining and raw material 

extraction. This circular model highlights the importance of recycling in creating a more 

sustainable battery lifecycle. 
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Figure 11 Northvolt’s LIBs manufacturing loop (production and recycling) (Northvolt Revolt, 2024) 

Additionally, the company is committed to incorporating 50% recycled materials in all newly 

produced battery cells by the same year. They claim that the use of recycled material 

decreases CO2 footprint by 30% compared to Northvolt green production setup using virgin 

materials. The recycling process includes four steps, including 1) discharging batteries of all 

energy to make them safe to recycle. Energy will be recovered to power later steps in the 

recycling process. 2) dismantling process that removes the modules from the packs via 

manual or robot dismantling. 3) crushing and sorting using a variety of techniques to 

separate fractions of metals and plastics. Electrolytes are also isolated and recovered. 4) 

hydrometallurgical treatment that is used to purify to recover materials that can be used in 

the production of fresh batteries. The company recover Copper, Aluminium, Plastics, and 

Black mass that include mainly Lithium, Nickel, Manganese and Cobalt through the 

hydrometallurgy method (Northvolt Revolt, 2024).  

According to Northvolt Revolt (2024), “a sustainable battery industry begins and ends with 

sustainable battery recycling. Recycling is providing a sustainable solution for handling 

increasing volumes of batteries being retired from the market or reaching so-called end-of-

life”. Therefore, Northvolt produced its first cathode material from 100% recycled nickel, 

manganese and cobalt in November 2021. This step is essential to minimize the environme-

ntal impact of mining and processing new materials. It is crucial to note that Northvolt's 

electrochemical testing of battery cells manufactured using this cathode material demonstr-

ated performance comparable to that of cells produced with virgin metals. Utilizing 100% 

recycled metals in cathode production in Northvolt can reduce its carbon footprint by nearly 

80% compared to the use of virgin metals. Another way to interpret this is that the use of one 

ton of recycled NMC materials in cathode production can prevent the emission of approxim-
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ately 3,800 kilograms of CO₂ if produced from virgin mined material and this explains the 

crucial role of recycling. 

 

Spent batteries and production scrap contain significantly higher concentrations of valuable 

metals than naturally have ores. Moreover, recovering these metals through hydrometall-

urgical processes in Northvolt is both more straightforward and environmentally cleaner. For 

example, producing one ton of battery-grade lithium requires the extraction and processing 

of approximately 750 tons of brine or 250 tons of ore of Lithium or to go with the environ-

mental friendly processes of recycling just 55 tons of spent batteries and get the same lithium 

quantity. 

6.3 Energy Source 

The transition toward electrification in the transportation sector represents a primary 

strategy for reducing and ultimately eliminating greenhouse gas emissions. In support of this 

goal, environmental policies increasingly promote the adoption of electric vehicles (EVs), 

which predominantly rely on lithium-ion batteries (LIBs) as their energy source. Table 7 

presents key statistics on energy use within Sweden's transportation sector.  

Table 7: Final energy use in the transport sector in Sweden, TWh (Swedish Energy Agency, 2025).  

  Petrol Diesel 
Light 
fuel oil 

Heavy 
fuel oil 

Aviation 
fuel 

Natural 
gas Biofuels Electricity Total 

2015 27.8 40.7 0.3 0.6 2 0.5 11.5 2.6 85.9 

2016 26.6 38 0.4 1.1 2.2 0.4 14.3 2.7 85.7 

2017 26.1 38.7 0.4 1 2.2 0.2 16.4 2.7 87.7 

2018 24.2 37.1 0.5 1.1 2.1 0.1 17.7 2.7 85.5 

2019 23.7 38.6 0.5 0.9 1.9 0.3 16.8 2.9 85.5 

2020 21.6 36.2 0.3 0.8 0.7 0.5 17 2.7 79.9 

2021 22.2 36.4 0.4 0.6 0.8 0.6 18.1 3.1 82.2 

2022 20.4 30.7 0.7 0.6 1.2 0.3 20.9 3.7 78.5 

2023 20 31.1 0.9 0.6 1.1 0.3 19.6 4.1 77.8 

 

As shown in the table, electricity accounted for approximately 5% of the energy used in 

Sweden’s transport sector in 2023, primarily through the use of electric vehicles (EVs). 

Policymakers are actively encouraging the expansion of this share to reduce emissions in the 

coming years. Notably, diesel, petrol, and biofuels remain the dominant energy sources, 

indicating that the sector continues to contribute significantly to environmental degradation, 

global warming, and climate change. It is also worth highlighting that electricity usage in 

transport has grown substantially by about 60% over the past eight years, from 2.6 TWh in 

2015 to 4.1 TWh in 2023. The pie chart (Figure 12) illustrates the distribution of various 

energy sources used in the transport sector in 2023. The two dominant sources are diesel and 
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petrol, accounting for 40% and 26% respectively. Together, these fossil fuels make up 66% of 

the total transport energy mix, highlighting the continued reliance on conventional fuels.  

Biofuels contribute a significant 25%, reflecting ongoing efforts to integrate renewable 

alternatives into transportation. Electricity, which powers electric vehicles (EVs), makes up 

5% of the sector’s energy use. Although still relatively small, this share is steadily increasing, 

indicating a positive shift toward cleaner mobility. Other sources, including light fuel oil, 

heavy fuel oil, aviation fuel, and natural gas, each account for very minimal shares (with some 

at or less than 1%), suggesting a declining role in favor of more sustainable options. 

 

Figure 12 Energy use in the transport sector in Sweden, percent (Swedish Energy Agency, 2025) 

In Sweden, the share of renewable energy (RE) in the transport sector has shown a consistent 

upward trend, signaling progress toward the long-term goal of achieving zero emissions. As 

illustrated in Figure 13, renewable energy accounted for 34% of transport energy use in 2023, 

reflecting a significant increase from just 7% in 2005, less than two decades ago. This steady 

growth underscores the country’s commitment to sustainable mobility and climate goals. 
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Figure 13 Share of renewables in energy use in transport in Sweden, percent (Swedish Energy 

Agency, 2025) 

It is well-known that the emissions from the vehicle’s tailpipes are considered the main 

emissions, and these emissions are normally from the gasoline vehicles. However, energy 

consumption is still a secondary source of emissions throughout the entire life cycle of 

lithium-ion batteries (LIBs), particularly during the production phase and the usage phase, 

specifically at charging stations. 

6.3.1 Energy in Manufacturing  

In order to study the environmental impact of LIBs, it is essential to investigate the energy 

used in the production process and evaluate the generated emissions that is usually 

expressed in kg CO2 eq. per kWh pack.  

The contribution of manufacturing to total lifetime emissions varies depending on the carbon 

intensity of the electrical grid used for charging. According to Romare et al. (2017, p. 42), 

with current technologies, the energy consumption for manufacturing lithium-ion batteries 

ranges between approximately 350 and 650 MJ per kWh of battery capacity. 

The Swedish LIBs manufacturer, Northvolt, has developed together with Scania, a lithium-

ion battery cell that delivers a full 1.5 million kilometers of lifetime performance which is 

certified by standards UL 1973 (Northvolt, 2023).  

According to Northvolt (2023, p. 151), the companies’ total share of fossil free energy is 95% . 

This is a significant achievement that underscores the company’s commitment to sustainable 

battery production. This means that 95% of the electricity used across its manufacturing 

processes—such as electrode production, cell assembly, and finishing—comes from 

renewable energy sources like hydropower, wind, and solar, rather than from fossil fuels like 

coal or natural gas. 
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6.3.2 Energy in Charging Stations  

Share of renewables in transport use in Sweden is around 30% (Swedish Energy Agency, 

2024). That explains the type of energy powering the available charging stations used to 

charge the electrical vehicles. While 30% renewable energy in transport is a significant 

achievement, it also highlights a major challenge: the remaining 70% still relies on fossil fuels 

(Swedish Energy Agency, 2024). This indicates that a significant share of the transportation 

sector, including electric vehicle (EV) charging, still relies on unsustainable energy sources. 

This reliance highlights the existing gap in achieving full sustainability when utilizing 

lithium-ion batteries (LIBs) and EVs more broadly. 

One key concern is that EVs and lithium-ion batteries (LIBs) can only be considered truly 

green if the electricity used for charging comes from renewable sources. If a charging station 

is powered by fossil-fuel-generated electricity, then the environmental benefits of EVs are 

significantly reduced. In such cases, EVs may still contribute to carbon emissions, just in a 

different way, through emissions from power plants rather than direct tailpipe emissions. 

6.4 Emissions 

Light-duty vehicles (LDVs) contribute approximately 12% of global greenhouse gas 

emissions. Achieving decarbonization within this sector, which is essential limiting the rise in 

global average temperature to a maximum of 2°C, poses significant technological and 

economic challenges (Insights into Future Mobility, n.d., p. 1). Several studies demonstrated 

that lithium-ion batteries significantly reduce CO₂ emissions compared to internal 

combustion engines. If ICE vehicles were replaced by EVs in the whole world, around 770 Mt 

CO2 emissions would have been reduced from our atmosphere yearly (International Energy 

Agency, 2024, p. 31). With the current increase of use of EVs, it is expected to have a net 

saving of 1.8 Gt CO2-eq in 2035 onwards (International Energy Agency, 2024, p. 154). 

However, their study does not account for emissions from battery manufacturing, which can 

be substantial, they only consider the emissions that are generated during vehicles’ 

operation. This omission suggests a need for a more comprehensive life cycle assessment. 

Lifecycle emissions of a LIB electric vehicle purchased today are approximately 65% lower 

than those of internal combustion engine vehicle (ICE) vehicle. This means that the net 

lifetime savings of nearly 50 tons of CO₂-equivalent emissions for a medium-sized BEV 

(International Energy Agency, 2024, p. 158). This reduction is largely attributed to 

significantly lower operational emissions of EVs powered by LIBs. 

Battery electric vehicles (BEVs) generate less than half the global warming emissions of 

comparable gasoline-powered vehicles, even when accounting for the increased emissions 

associated with their manufacturing that are offset within about a year of an average driving 

(Rachael et al., 2015, p. 1). In this study, the generation of emissions is divided into four 

phases, emissions due to mining of raw materials, emissions due to productions of LIBs 
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batteries and EVs, emissions during the usage of batteries and EVs and emissions at the end-

of-life. 

6.4.1 Mining emissions 

Extracting one ton of lithium through hard rock mining can result in emissions of up to 15 

metric tons of CO₂, comparable to burning approximately 6,500 liters of gasoline, which is 

sufficient to power a passenger vehicle for about 3.5 years (Harvest, 2025) (How Much CO2 

Is Emitted by Manufacturing Batteries?, n.d.). 

The production of powders, e.g. CAM and AAM that are used in LIB production, needs high 

temperatures, between 800 to 1,000 degrees Celsius, that in turns, adds more emissions to 

the atmosphere. In addition, these high temperatures could only be reached by using the 

fossil fuels (How Much CO2 Is Emitted by Manufacturing Batteries?, n.d.). 

Mining emissions will be neglected in this study as Sweden import the raw material used in 

the LIBs for the manufacturing processes. However, the establishment of new mining 

technologies is still essential to minimize the long-term dependance on raw material 

extraction (Gutsch & Leker, 2024, p. 2). 

On average, NMC batteries exhibit a carbon footprint of approximately 79 kg CO₂-equivalent 

per kWh, with cathode production accounting for nearly 59% of that total—equivalent to 

around 46.6 kg CO₂-eq/kWh. A significant portion of these emissions stems from the mining 

and refining of nickel, which are highly energy-intensive processes (Sivert, 2024, para 7-8). 

6.4.2 Production emissions 

As an example, the Tesla Model 3 is equipped with an 80 kWh lithium-ion battery. The CO₂ 

emissions associated with producing this battery are estimated to range from approximately 

2,400 kilograms to 16,000 kilograms (How Much CO2 Is Emitted by Manufacturing 

Batteries?, n.d.). Due to the energy-intensive nature of battery production, manufacturing a 

new electric vehicle can result in approximately 80% higher emissions compared to 

producing a similar gasoline-powered vehicle (MIT Energy Initiative, 2022). However, usage 

changes the balance totally. To put this into perspective, a 1,000 kilograms of CO₂ is roughly 

equivalent to the emissions produced by a conventional gasoline-powered vehicle over 2,500 

miles of driving (How Much CO2 Is Emitted by Manufacturing Batteries?, n.d.). 

As an example of LIBs, the Cobalt Institute investigated a battery pack capacity of 70.6 kWh. 

Bridges et al. (2024, p. 46) found that the total climate change impact for manufacturing 

battery packs in figure 14: 
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Figure 14 Production emissions of a fixed 70.6 kWh capacity LIB 

 

Other studies found the CO2 emissions results as per table 8:  

Table 8: The range and average of greenhouse gas emissions of LIB production (Romare & 

Dahllöf, 2017, p. 13) (Peters et al., 2017). 

Chemistry 
Greenhouse gas battery production, 

total (kg CO2 eq/kWh) 

NMC  40-240, average 160 

LFP 30-270, average 161 

 

The main generator of emissions during production is electricity and it depends on the type 

of energy source, i.e. solar, wind, hydro or conventional energy source. The maximum value 

was also estimated to be 146kg CO2eq/kWh which is lower than the estimates of 2017, 150-

200kg CO2-eq/kWh battery (Emilsson & Dahllöf, 2019, p. 5). Emissions from LIBs vehicle 

manufacturing is 13,6 metric tons CO2e (Insights into Future Mobility, n.d., p. 67). 

In 2020, Sweden recorded the highest share of renewable energy in the transport sector 

among EU member states, reaching 31.9%, largely attributable to its comparatively extensive 

use of biofuels in the transportation sector. The resulted transport CO2 emissions in 2021 is 

1.35 tons per person (SLOCAT, 2023, pp. 157-160).  

On average, and depending on the electricity grid mix, the production of a midsize, midrange 

battery electric vehicle (BEV) with an approximate range of 84 miles per charge generates 

slightly more than one additional metric ton of emissions compared to a similar gasoline-

powered vehicle. This results in approximately 15% higher manufacturing-related emissions 

for the BEV. However, substituting gasoline with electricity for vehicle operation leads to an 
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overall reduction in emissions by approximately 51% over the vehicle’s lifetime. A full-

size,long-range battery electric vehicle (BEV) with a range of approximately 265 miles per 

charge generates around six additional metric tons of emissions during manufacturing, 

primarily due to its larger battery. This represents a 68% increase in manufacturing-related 

emissions compared to a comparable gasoline-powered vehicle. However, over the course of 

its lifetime, the BEV produces approximately 53% fewer total emissions than its gasoline 

counterpart (Rachael et al., 2015, p. 3). Figure 15 will clarify the difference.  

 

Figure 15 Life Cycle Global Warming Emissions (grams of CO2e per mile) ( Rachael et al., 2015, 

p. 3) 

In 2024, Northvolt Ett reported a comprehensive list of emissions to air, as documented in 

the Swedish Pollutant Release and Transfer Register (PRTR). The data reveals substantial 

emissions of both greenhouse gases and hazardous air pollutants. Notably, carbon dioxide 

emissions reached a combined total of approximately 48.9 billion kg, with biogenic CO₂ 

accounting for over 33 billion kg and fossil-based CO₂ contributing around 15.6 billion kg. 

Methane (CH₄), another potent greenhouse gas, amounted to over 6.4 million kg, while 

nitrous oxide (N₂O) emissions were reported at 751,514 kg. Additionally, emissions of 

nitrogen oxides (NOₓ) and sulfur dioxide (SO₂), key contributors to air pollution and acid 

rain, stood at 30 million kg and 8.7 million kg, respectively. The work also highlights the 

presence of toxic heavy metals such as arsenic (528 kg), cadmium (297 kg), lead (2,741 kg), 

mercury (202 kg), and zinc (15,864 kg). Volatile organic compounds like benzene (92,531 kg), 

toluene (191,911 kg), and xylenes (152,748 kg) were also emitted in significant quantities. 

These findings underscore the environmental impact of battery manufacturing, particularly 

in terms of air quality and greenhouse gas emissions as stated in table 9. 
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Table 9: List of emissions by substance by Northvolt ett for 2024 (Swedish PRTR, 2024). 

Pollutant/ substance 
All reported 
emissions to air 
(kg) 

Pollutant/ substance 
All reported 
emissions to air 
(kg) 

As – Arsenic 528.86 N₂O – Nitrous Oxide 751514.33 

Benzene 92531 
Naphthalene – 
Naphthalene 

1060 

Cd – Cadmium 297.53 NH₃ – Ammonia 3862971.41 

CFC – 
Chlorofluorocarbons 

542.4 Ni – Nickel 1980.04 

CH₄ – Methane 6422562 
NMVOC – Non-
Methane Volatile 
Organic Compounds 

24657127.81 

Cl₂. oorg-HCl – Inorganic 
and organic-bound 
Chlorine (Hydrochloric 
acid) 

165581.62 NOx – Nitrogen Oxides 30041983.71 

CO (carbon monoxide) – 
Carbon Monoxide 

45511222.63 
PAH – Polycyclic 
Aromatic Hydrocarbons 

179.87 

CO₂ biogenic – Biogenic 
Carbon Dioxide 

33260012415 Pb – Lead 2741.08 

CO₂ fossil – Fossil-based 
Carbon Dioxide 

15634626536 
PER – 
Perchloroethylene 
(Tetrachloroethylene) 

24 

CO₂ total  48881453679 PFC – Perfluorocarbons 3388 

Cr – Chromium 1499.73 PM10  2695986.74 

Cu – Copper 2856.06 SO₂ – Sulfur Dioxide 8684994.04 

DCE – Dichloroethene 11372 SOx – Sulfur Oxides 1860374.7 

Ethylbenzene 68043.13 Dust or Particulates  3234846.58 

F₂. oorg-HF – Inorganic 
and organic-bound 
Fluorine (Hydrofluoric 
acid) 

70204.99 Toluene – Toluene 191910.65 

Phenols – Phenols 17756.7 
VCM – Vinyl Chloride 
Monomer 

18538 
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HFC – 
Hydrofluorocarbons 

4264.04 Xylenes 152747.88 

Hg – Mercury 202.19 Zn – Zinc 15863.85 

Chloroform – 
Chloroform 

320 
  

 

Northvolt has set a target to reduce CO₂ emissions to 10 kg per kWh of cell production by 

2030 (Northvolt Revolt, 2024). However, the current emissions is equal to 33 kg CO2/kWh 

from 100% fossil-free energy (Northvolt, 2023).  

To limit the dispersion of emissions into the atmosphere during manufacturing and testing, 

the use of scrubbing systems is recommended, as they help capture and contain harmful 

substances. Scrubber is designed to process exhaust gas from Lithium-Ion battery cell tests. 

During the tests, the cell may ventilate toxic gases or experience thermal runaway causing the 

cell to burn. These exhaust gases contain dust, particles and hydrofluoric acid (HF) that will 

be removed by the passage inside the basic scrubber. At the last step the gases proceed 

through a carbon tower where the Volatile Organic Compounds (VOC) are adsorbed.  

Regarding the operating mechanism of this system that collects gases during manufacturing 

and tests of LIBs, scrubbing liquid is sprayed towards the direction of the gas flow, thus 

generating liquid droplets. This moisture content is then diminished by processing the air 

through a droplet eliminator integrated in the scrubber top (Demister). During the process, 

the scrubbing liquid becomes saturated with pollutant. A regular drain cycle discharges the 

used water when a specific threshold is reached. The scrubbing liquid level in the scrubber 

tank is regulated by the supply of fresh water when necessary. 

 A regulation of the chemical conditions of the scrubbing liquid is composed of a pH 

measurement line. The air set into motion by the duty fan is then going through a Carbon 

Tower before being expelled to the atmosphere through a stack. The activated carbon, by 

adsorption process, is able to trap the harmful molecules of types of VOC (Volatile Organic 

Compounds) or corrosive and odorous molecules present in sewage treatment plants (NH3, 

H2S, etc.). For battery test chambers, scrubbers can efficiently control NOx, VOCs, H2S and 

other exhaust contaminants in addition to particulate (Tri-Mer, n.d.). 

According to Sivert (2024, para. 3), three major European LIBs manufacturers announced 

the carbon footprint associated with the production of their LIBs. Northvolt: 33Kg 

CO2e/kWh,  Gotion-HighTech: 85Kg CO2e/kWh and Magna Energy Storage: 73.4 Kg 

CO2e/kWh.  
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6.4.3 Operational emissions  

When powered by low-carbon energy sources such as hydropower, solar, or wind, an electric 

vehicle can produce significantly lower emissions during operation compared to a gasoline-

powered vehicle (How Much CO2 Is Emitted by Manufacturing Batteries?, n.d.). 

Table 10 shows that summarize estimations of two different studies. The average well-to-

wheel (or operational) annual emissions are approximately 1,237 kg for an electric vehicle 

(EV) compared to 5,713 kg for an internal combustion engine vehicle (ICEV), meaning the EV 

produces only about one-fifth of the emissions generated by the ICEV. In fact, electric 

vehicles (EVs) produce zero tailpipe emissions during operation. The emissions associated 

with their use are instead generated from the electricity used to charge them, depending on 

the energy mix of the power grid. Assuming an average of 20000 km/year driving distance 

for light/medium duty vehicles, the estimated emissions would be 62 kg Co2 eq per km.  

Table 10: A comparison between operational emissions of different light duty vehicles (LDVs) 

according to two references. 

 Emissions 
CO2 equivalent per 
mile (grams) 

Annual emissions CO2 

equivalent per vehicle 
(pounds) 

Annual emissions CO2 

equivalent per vehicle 
(pounds) 

EV 200𝑎 3932𝑎 2727𝑏 
PHEV 260𝑎 6258𝑎 4763𝑏 
HEV 260𝑎 5772𝑎 6898𝑏 
ICEV 350𝑎 11435𝑎 12594𝑏 

a: (MIT Energy Initiative, 2022) 

b: (U.S. Department of Energy, 2025) 

In light of the reviewed literature, this degree project argues that average annual saving 

resulted from each EV powered by LIBs is around 4.5 metric tons of CO₂ equivalent. If the 

EVs powered by LIBs have an average of 25-year lifespan, the lifetime saving will be 113 tons 

per electric vehicle. 

According to Bridges et al. (2024, p. 66), lifetime emissions are around 87 g CO2 eq. per km 

for the average energy mix for the current EU grid. While the calculator of the International 

Energy Agency (IEA, 2024) report about 75 g CO2 eq. per km. 

 

The mentioned rates for the use emissions of LIB is ranging between 66, 75, and 87 g CO2 eq. 

per km. In this study, the average will be used: 76 CO2 eq. per km. 

Assuming 76 g CO₂/km over 200,000 km and assuming a battery pack capacity of 70.6 kWh 

that was investigated in the Cobalt Institute study. 

 76
𝑔 𝐶𝑂2

𝑘𝑚
 𝑋 200000  / 𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 70.6 (𝑘𝑊ℎ) 𝑋 1000 = 215 𝑘𝑔 / 𝑘𝑤ℎ of the battery for the whole 

life of the battery   
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To estimate emissions from the transportation sector specifically for passenger vehicles in 

Sweden, the statistics of passenger vehicles presented in Table 11 are used. Furthermore, 

Table 12 provides information on the number of electric vehicles (EVs) and their 

corresponding travel distances. 

Table 11: Number of passenger vehicles and related travel distances in Sweden (Transport 

Analysis, 2024). 

Type of vehicle Vehicle Number 
Annual average mileage 
(km) Total (km) 

Individual vehicles                          4 335 999     10 950     47 479 189 050     
Corporations’ 
vehicles                          1 458 737     12 800     18 671 833 600     

Total (km)     66 151 022 650     

Table 12 : Number of EVs and related travel distances in Sweden (Transport Analysis, 2024). 

Type of vehicle Number Annual average mileage 
(km) Total (km) 

Electrical individual 
vehicles                              170 563     13 870            2 365 708 810     

Electrical 
corporations’ vehicles                              229 367      13 930            3 195 082 310     

Total (km)        5 560 791 120     
 

Based on the data from Tables 11 and 12, the total annual distance traveled by gasoline 

vehicles in Sweden is approximately 60.6 billion kilometers. Table 10 indicates that gasoline 

vehicles emit around 5.7 tons of CO₂-equivalent per year, with an average annual travel 

distance of 11,410 kilometers per vehicle (Transport Analysis, 2024). This corresponds to an 

emission rate of approximately 500 grams of CO₂-equivalent per kilometer. Consequently, 

the potential net emissions savings in Sweden would amount to about 30.3 million tons of 

CO₂-equivalent per year if all gasoline vehicles switch to electric vehicles that use 

environmentally friendly LIBs.  

Emissions from BEVs charging are also a function of the local grid's generation profile and 

the BEVs efficiency. According to the U.S. Department of Energy (2025), the following 

equation 1 is used to calculate emissions for all-electric vehicles (EVs) also called battery 

electric vehicles (BEVs): 

11,579 𝑚𝑖 𝑥  (1 𝑘𝑊ℎ)/(3,60 𝑚𝑖)  𝑥  (𝑍 𝑙𝑏𝑠. 𝐶𝑂₂𝑒 )/(1 𝑘𝑊ℎ)    Equation 1 

Z= Average emissions from generated electricity 
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To calculate emissions for the LIBs during usage, it is essential to calculate the emissions for 

the generated electricity used in the charging stations. There are studies that calculated 

emissions from different energy sources. Table 13 shows energy sources and related 

emissions.  

Table 13: Life-cycle emissions for different energy sources (COWI, 2023, para. 5) (IPCC, 2014, pp. 

538-540).  

Energy Source 
Emissions 
g 
CO2e/kWh  

Coal  675 – 1689 

Oil  
510 – 
1170  

Gas 290 – 930 
Hydropower 4 
Wind power 11 
Nuclear power  12 
Solar power 41 

 

6.4.4 End of life emissions 

End-of-life emissions for electric cars and cars with internal combustion engines (ICE) are 

very low compared to the emissions generated during production and usage (Hawkins et al., 

2013, p. 60). During the production of EVs and their lithium-ion batteries, EVs have a 

slightly higher potential to contribute to global warming compared to internal combustion 

engine (ICE) vehicles as they need massive energy for the manufacturing processes. 

However, during vehicle operation, EVs produce zero emissions, whereas ICE vehicles 

generate significantly higher emissions. (Azmi & Tokai, 2016, pp. 132-134).  

There are three primary approaches to recycling lithium-ion batteries (LIBs): 

hydrometallurgy, pyrometallurgy, and direct physical recycling (Rachael et al., 2015, p. 52). It 

is estimated that recycling of LIBs will reduce energy consumption associated with battery 

manufacturing by 10 to 17 percent, depending on the specific manufacturing process, 

recycling process and type of battery. Hydrometallurgy offers greater energy savings, while 

pyrometallurgy requires significantly more electricity, primarily due to the processing of 

recovered slag that can be used in cement production. Additionally, pyrometallurgy results in 

higher air pollutant and greenhouse gas emissions, largely due to coke production and 

combustion (Hendrickson et al., 2015, p. 6).  

Material recovery through pyrometallurgy recycling method can help mitigate the 

environmental impacts of lithium-ion battery (LIB) production, resulting in a 6–56% 

reduction in primary energy demand and a 23% decrease in greenhouse gas emissions, 

compared to the use of virgin materials in LIBs production (Hendrickson et al., 2015, p. 1). 
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End-of-life emissions are estimated to account for approximately 12% of the emissions 

generated during the production phase (Andersson & Börjesson, 2021, p. 4).  

At the end of a lithium-ion battery's life cycle, the disassembly and recycling processes are 

associated with measurable environmental impacts. Specifically, it is estimated that these 

End-of-Life (EoL) activities generate approximately 1.194 kilograms of CO₂-equivalent 

emissions for every kilogram of battery cell mass recycled by the pyrometallurgical treatment 

(Bassi et al., 2023, p. 66).  In comparison, J. Li et al. (2023, p. 1) report that the global 

warming potential (GWP) and cumulative energy demand (CED) associated with recycling 1 

kg of spent lithium-ion batteries (LIBs) range from 0.158 to 44.59 kg CO₂-equivalent and 

from 3.3 to 154.4 MJ, respectively. 

This estimation highlights the significance of optimizing recycling technologies and energy 

sources in order to reduce the carbon footprint associated with battery recovery and material 

reuse. The integrated hydro-pyrometallurgical method delivers the most effective 

performance.  

Previous studies, such as those by Hawkins et al. (2013), emphasized that End-of-Life 

emissions are very low. This paper argues that emissions from End-of-Life processes are non-

negligible and should be considered more prominently in calculations during environmental 

assessments to account for the full emission profile of LIBs and to ensure a holistic 

understanding of sustainability. The type of emissions from lithium-ion batteries (LIBs) 

depends on several factors including the state of charge (i.e., how full or depleted the battery 

is), cathode chemistry (NMC, NCA, LMO or LFP), cell capacity, and other factors. 

As stated before, according to Andersson & Börjesson (2021, p. 4), end-of-life emissions are 

estimated to account for approximately 12% of the emissions generated during the 

production phase:  

Northvolt production emissions for LIBs: 33 kg CO₂-eq per kilowatt-hour (kWh). End of life 

emissions: 12% of the emissions generated during the production phase= 12% X 33= 3.96 kg 

~ 4 CO₂-eq per kWh 

6.5 Waste:  

Spent lithium-ion batteries (LIBs), especially those from electric vehicles (EVs), are classified 

as hazardous waste due to their potential risks to both the environment and human health, 

primarily linked to their heavy metal content. The disposal and processing of LIBs, combined 

with their chemical composition, can significantly impact various environmental 

compartments. These batteries contain a range of chemicals, including volatile organic 

electrolytes and additives. Additionally, LIBs can catch fire due to overheating, internal short 

circuits, or physical damage. Battery fires when occurring alongside biogas emissions from 

landfills can release harmful substances into the atmosphere or cause contaminants to leach 

into soil, groundwater, and surface water. Once released, these pollutants pose 
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environmental risks, either individually or through interactions with other contaminants 

(Mrozik et al., 2021, pp. 2-3).  

There is a need for the continuous efforts to develop an efficient collection and recycling 

system for LIBs which is essential to minimize dependance on raw material extraction and to 

avoid generating emissions associated with this processes (Gutsch & Leker, 2024, p. 2). 

Northvolt company in Skelleftea, Sweden reported the amount of waste associated with the 

LIBs production (table 14).  

Table 14: Recycling and disposal of LIBs waste produced by Northvolt ett (Swedish PRTR, 2024) 

Hazardous Waste:   

Treatment method 
Quantity 

(tons) 

Northvolt ett factory Recycling in 
Sweden 

8899 

Northvolt ett factory Disposal in 
Sweden 

1206 

  

Non-hazardous Waste:   

Treatment method 
Quantity 

(tons) 

Northvolt ett factory Recycling 10429 

Northvolt ett factory Disposal 134 

6.6 Production waste 

The amount of LIB waste is increasing every year. According to Etude et al (2024, p. 1), LIBs 

waste from EVs was 500,000 tons in 2019 which is a huge hazardous waste that needs to be 

recycled and disposed in an environmental friendly ways. However, the same study stated 

that the recycling covered only 5 % of this quantity. As noted by Guelfo et al. (2023, p. 1), by 

2040, the accumulation of lithium-ion battery (LIBs) waste is expected to reach 8 million 

tons, primarily due to insufficient recycling efforts.  

An often-overlooked source of recyclable materials is battery production waste, which is 

increasing rapidly alongside the expansion of the battery industry. This type of scrap includes 

powders, liquid waste from cathode and another production, and battery cells that fail to 

meet checks during production or final tests.  

Recycling cathode materials requires less energy, reduces costs, and generates lower 

greenhouse gas emissions than manufacturing new material. Additionally, disposing of spent 

LIBs in landfills, where their heavy metal content poses environmental and public health 

risks, remains a hazardous practice. As a result, the importance of recovering cathode 

materials from used LIBs is increasing, in order to reduce any possible environmental impact 
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and to reserve natural resources, together with reducing costs of mining new metals (Ni et al., 

2021, p. 6). 

The studies find production-related emissions in the range of 38- 356 kg CO2-eq/kWh. 

Studies using the “recycled content” approach report emissions in the range of 3.6-27 kg 

CO2-eq/kWh battery, while studies using the “end-of-life" approach report emission 

reductions in the range of 16-32 kg CO2- eq/kWh battery (Ellingsen et al., 2017). 

Battery cells are manufactured in different shapes, e.g. coins, prismatic, or cylindrical.  The 

prismatic can be divided into Hard-Case and Pouch (Schröder et al., 2017, p. 1).  Cylindrical 

cells are offering specific benefits depending on the application's demands like prioritizing 

cost-efficiency and scalability, aiming for higher capacity performance . However, prismatic 

and pouch cells have planar electrodes, whereas cylindrical cells contain tightly coiled 

electrodes, which makes the separation process more challenging during direct recycling 

(Harper et al., 2019, p. 77). Recyclability, reduced toxicity, and longer battery life spans are 

key attributes of sustainable materials. The choice of cathode and anode active materials 

significantly influences sustainability. Also, the manufacturing process of LIBs can have 

considerable environmental impacts, particularly in resource extraction, energy 

consumption, chemical usage, water usage, and waste generation. 

7 CONCLUSIONS 

LIB-powered EVs provide a cleaner alternative to fossil-fuel-based vehicles, offering 

substantial emission reductions. However, their sustainability is highly dependent on factors 

such as energy sources during charging, battery production emissions, and end-of-life 

recycling. The study underscores the need for improved recycling processes, responsible 

resource management, and cleaner battery manufacturing techniques to maximize the 

environmental benefits of LIBs. While EV adoption is increasing, a more comprehensive life 

cycle assessment is required to account for emissions from both vehicle operation and battery 

manufacturing. NMC LIBs are pivotal for EVs. Recycling advancements and clean energy 

integration are critical to achieving full lifecycle sustainability. 

Lithium-ion batteries are a cornerstone of EV decarbonization, delivering two-thirds lower 

lifetime emissions compared to internal-combustion vehicles—even when accounting for 

their energy-intensive manufacture. Yet this environmental advantage relies heavily on 

sustainable sourcing of critical raw materials, a low-carbon electricity supply for both 

production and charging, and efficient, large-scale recycling infrastructure. Sweden’s 

combination of a high-renewable grid, strong policy support, and pioneering industry players 

like Northvolt illustrates how national efforts can maximize the benefits of LIBs. 

Nonetheless, continued dependence on imported materials and residual fossil-fuel use in 

transport energy underscore the need for broader systemic transitions. 
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Lithium-ion batteries, particularly NMC variants, represent a critical but the most suitable 

solution for sustainable transportation. Their environmental benefits are contingent on 

advancements in recycling technologies, ethical material sourcing, and the decarbonization of 

energy grids. While NMC batteries currently offer the best compromise between 

performance, safety, and recyclability for Sweden’s EV market, their long-term sustainability 

depends on reducing reliance on critical metals like cobalt and nickel. Policymakers must 

prioritize stricter regulations on battery recycling and support innovations in alternative 

chemistries, such as solid-state batteries, to mitigate the ecological and social impacts of LIB 

production. 

The direct environmental impact of the LIBs is the emissions. Emissions from LIBs in 

Sweden (Northvolt Swedish manufacturer) are carbon dioxide emissions (CO2), Methane 

(CH₄), nitrous oxide (N₂O), and nitrogen oxides (NOₓ) and sulfur dioxide (SO₂). Pollutants 

from LIBs include also heavy metals such as zinc Zn, lead Pb, mercury Hg, cadmium Cd. The 

indirect environmental impacts of lithium-ion battery (LIB) are the generated waste, safety of 

the workers in the mining sites, batteries factories, possible explosions of batteries, leakage of 

metals to water and soil.  

Lithium-ion batteries (LIBs) can only be considered a truly green energy storage solution if: 

1. Renewable energy (RE) powers their manufacturing processes and charging stations, 

2. Mining and production facilities strictly adhere to safety regulations to prevent 

accidents and hazardous material leaks, and 

3. End-of-life LIBs are systematically recycled. 

4. Mining and production waste are recycled throughout all steps,  

Additionally, material scientists designing LIBs must account for resource scarcity by 

developing alternatives to critical metals, ensuring long-term sustainability. 

Electrification, powered by lithium-ion batteries (LIBs), is central to reducing greenhouse gas 

emissions in the transportation sector and achieving net-zero goals. However, the 

environmental benefits of LIB-powered electric vehicles (EVs) depend on several key 

conditions. These include sourcing raw materials responsibly, utilizing fossil-free energy 

throughout the battery lifecycle, incorporating recycled materials, and minimizing emissions 

at every stage. Notably, the carbon footprint varies across the LIB value chain: (1) mining and 

active material production is the most emission-intensive stage, contributing up to 60% of 

total emissions per kWh; (2) battery cell manufacturing also results in significant emissions, 

especially if powered by fossil-based electricity; (3) emissions during battery usage are 

mainly dependent on the energy mix used for charging; and (4) recycling, while less carbon-

intensive, offers substantial opportunities for emission reduction, with potential to lower the 

footprint of cathode production by up to 80%. Therefore, LIB deployment must be 

approached holistically to ensure sustainable electrification. 
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8  SUGGESTIONS FOR FURTHER WORK 

Future research should explore emerging battery chemistries—such as high-nickel NMC 

variants, sodium-ion, and solid-state designs—to compare lifecycle trade-offs in energy 

density, resource demand, and safety. Scenario modeling of grid decarbonization pathways 

could clarify how shifting to 100 percent renewable electricity would alter EV lifecycle 

emissions and payback periods. Deeper supply-chain studies are also warranted to integrate 

the social and ecological risks of raw-material extraction, particularly in vulnerable mining 

regions. On the recycling front, pilot-scale trials of direct cathode recovery and closed-loop 

hydrometallurgical processes would help validate their economic and environmental 

performance. Research into second-life applications of spent EV batteries—such as stationary 

storage—could reveal additional carbon savings before end-of-life recycling. Finally, 

developing comprehensive circular-economy models that couple material flows with 

techno-economic analysis would guide policies and investments toward a fully sustainable 

battery ecosystem. 
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