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Chapter 1

Introduction

1.1 Background

The shift in the global energy trend towards renewable energy and electrification of
multiple sectors has intensified the demand for efficient, scalable, and environmen-
tally responsible energy storage systems|[1][2][3]. Batteries are really at the core
of the changes we are seeing in energy today. They play a crucial role in making
renewable energy sources work together, help us create more decentralised power
systems, and drive the shift towards electric transportation[4]. For over thirty
years, lithium-ion batteries (LIBs) have led the way in this journey, due to their
impressive energy efficiency and dependable performance. However, the success of
LIBs has brought new challenges[5].

Lithium is a scarce element which is predominantly concentrated in production
areas of South America and Australia, being most prominent[6]. Lithium production
requires high-energy and water inputs, and it tends to occur in environmentally sen-
sitive areas, raising concerns about environmental degradation and socioeconomic
conflicts[7]. Apart from lithium, the supply chain of other critical LIB ingredients,
such as cobalt, is also associated with other sustainability concerns|[8]. These inter-
twined challenges raise valid questions about the scalability and ethical feasibility
of lithium-ion battery technologies as the foundation for future global electrification.

Amid these difficulties, sodium-ion batteries (SIBs) have emerged as a compelling
alternative. Sodium is the sixth most abundant element in the environment, and
can even be economically recovered from seawater[9]. Unlike lithium, sodium is
not classified as a critical raw material and is not subject to the same geographical
or geopolitical supply constraints[10]. Although current SIBs tend to display lower
theoretical energy densities than their lithium-ion counterparts, their material
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abundance, lower cost, and improved sustainability make them especially promising
for stationary grid storage and other mass-market energy uses where weight is less
critical[11]. For these applications, resource security and lifetime cost can outweigh
moderate compromises in volumetric or gravimetric energy density.

Recent studies in SIBs, particularly cathode, anode, and electrolyte design,
have brought these technologies to the verge of large-scale commercialisation[10][2].
Business giants CATL and Faradion have announced the use of prototype SIB cells
in stationary storage applications, which indicates robust development towards
practical applications. These developments highlight the need to integrate systemic
sustainability assessments into the advancement and upscaling of alternative battery
chemistries, so that technological potential is weighed against real, sustainable
environmental benefits[12][13].

1.2 Importance of Anode Materials in Sodium-
Ion Batteries

Sodium-ion battery (SIB) performance is characterised by the electrochemical
properties of anode and cathode materials. Although cathode design has often
been in focus due to its influence on nominal cell voltage and accessible capacity,
anode material characterises equally significant functionality[14][15].

Anode material in SIBs has an impact on a range of significant performance
parameters:

o Reversible capacity and energy density: The capacity of the anode to accom-
modate sodium defines the total cell storage energy, where the carbon-type
and alloy-type anodes store sodium in different ways[15].

« Working voltage and efficiency: The electrochemical potential of the anode
relative to sodium metal defines the total output voltage and energy efficiency
of the battery.

o Cycle stability and safety: Anode structural stability, resistance to volume
expansion, and suppression of undesirable side reactions determine the safety
of operation and the cycle lifespan.

o Cost and sustainability: Synthesis energy consumption, processing complexity,
and raw material needs play immense roles in SIB economic and environmental
costs[16].
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Hard carbon remains the benchmark SIB anode material to date, valued for mod-
erate capacity, high cycling stability, and precursor availability. Nonetheless, hard
carbon anodes show poor initial Coulombic efficiency and need high-temperature
pyrolysis, which is energy-intensive and costly. Alloy-type anodes, made from tin,
antimony, or phosphorus, can provide significantly higher theoretical capacities due
to the potential for Na-rich alloy formation; however, they suffer from high volume
change during cycling, resulting in rapid capacity loss and mechanical distortion.
Transition metal oxides and sulfides, as well as high-performance carbon-based
nanostructures, also present pathways to higher capacity, but often with greater
environmental consequences, notably through the adoption of energy-intensive
synthesis methods or toxic precursors|[16][17][18][19][20].

The environmental effects of many anode materials are severe. High-temperature
calcination, extensive use of solvents (e.g., N,N-dimethylformamide), and the use
of precursors such as red phosphorus or antimony oxide can lead to severe resource
utilisation and toxicity problems. For some SIB chemistries, the environmental
burden associated with anode production may be as much as, or even more than,
that of cathode synthesis; consequently, anode selection becomes not only critical
to maximise electrochemistry but also to render sodium-ion battery technology
sustainable overall[17][21][22].

1.3 Research Gap

While more attention has recently been given to sodium-ion technology, by far
the majority of the published sustainability research until now has been cathode-
focused or substantially based on lithium-ion battery (LIB) data[23]. The majority
of life cycle assessment (LCA) studies for sodium-ion batteries (SIBs) currently
available either allocate the anode as model carbon or use proxy data sets with no
resemblance to the synthesis conditions or precursors reported in the literature[24].

There are several recent reviews describing the electrochemical properties of dif-
ferent anode classes in SIBs, but not quantifying environmental effects or compiling
standardised life cycle inventories[25][26]. For instance, the 2025 Royal Society of
Chemistry review of ball-milling synthesis routes does not mention process design
optimisation but lacks standard inventory data that can be applied for LCA[25].
Therefore, data on the environmental effects of producing possible anode materials,
such as phosphorus composites, antimony oxides, and graphene-based nanostruc-
tures, is dispersed, inconsistent, and difficult to compare across research[17].
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This data shortfall is necessary. Without consolidated and standardised life
cycle inventory (LCI) data, upcoming LCAs for sodium-ion batteries can provide
incomplete or inaccurate results[24]. Researchers and policymakers are hindered
from comparing trade-offs among various anode chemistries or process "hotspots"
that disproportionately contribute to environmental concerns[17]. Industry players
also lack readily available data upon which to base decisions on whether commercial-
scale commercialisation of new anode technologies is environmentally justified[27].

1.4 Objectives and Scopes

This thesis addresses the above research gap by developing a comprehensive life
cycle inventory (LCI) database for nine prominent sodium-ion battery anode active
materials. Building on a systematic meta-analysis of the scientific literature, the
work compiles synthesis routes, precursor requirements, and processing energy
into standardized gram-based inventories that can be mapped onto existing LCI
databases such as ecoinvent.

The objectives of this thesis are therefore:

o To conduct a meta-analysis of published studies on the synthesis of sodium-ion
battery anode active materials, extracting consistent data on inputs, energy
use, yields, and by-products.

o To identify hotspots and gaps in terms of environmental burden, resource
depletion potential, and data availability, thereby informing both future LCA
studies and research directions in sodium-ion battery development.

The scope of this thesis is limited to covering the production of anode active
materials only. Downstream processes such as electrode fabrication, full-cell assem-
bly, and end-of-life recycling are beyond the scope of this work, as they are better
addressed in holistic battery-level analysis. Similarly, this work focuses exclusively
on sodium-ion battery chemistries and does not attempt to make detailed compar-
isons with lithium-ion systems.

By developing the consolidated LCI database for a various sodium-ion anode
active materials, this thesis contributes to closing a gap in the sustainability
assessment of emerging energy storage technologies. The results are intended
to serve as a foundation for future life cycle assessments, enabling researchers,
industry, and policymakers to make more informed decisions about the trade-offs
and prospects of sodium-ion batteries in the global energy transition.



Chapter 2

Literature Review

2.1 Overview of Sodium-Ion Batteries

2.1.1 Operating Principles

Sodium-ion batteries (SIBs) are rechargeable electrochemical energy storage devices
involving the reversible intercalation of sodium ions (Na™) into electrode materials,
fundamentally equivalent to lithium-ion technology but using earth-abundant
sodium resources[28]. The electrochemical principle is the shuttling of sodium ions
in an electrolyte medium between cathode and anode materials while electrons
are transferred through an outside circuit to maintain charge balance[29]. Upon
discharge, the ions of sodium flow from the anode to the cathode through the
electrolyte as electrons flow around the outside circuit to generate electricity to
supply devices[30]. Discharging is the reverse of the process where external electrical
energy drives the ions of sodium back to the anode and stores chemical energy in
the electrode structures. A representation of charge transfer in sodium-ion batteries
is shown in the Figure 2.1.

The redox chemistry is during charging cathode oxidises, when sodium ions are
removed and released into the electrolyte, and anode reduction, where the ions
are intercalated or stored. The cell voltage is determined by the electrochemical
potential difference between electrode materials, typically ranging between 2.5 and
3.7 V.

2.1.2 Components and Functionality

The architectural functionality of sodium-ion batteries has different crucial com-
ponents enabling the electrochemical conversion of energy. The cathode provides
the sodium ions within the initially discharged cell state, which are composed of
intercalated sodium ions that are reversibly extracted under charging conditions.
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Figure 2.1: Sodium ion battery working principle
[31]

During operation, the cathode undergoes processes of oxidation, where sodium
ions are emitted into the electrolyte and concurrently receive electrons from the
external circuit. The specific electrochemical behaviour depends on the crystal
structure of the host material and the sodium diffusion channels[32].

The anode is the storage reservoir for sodium ions, initially free from sodium
ions in the discharged state. During the charging process, it accommodates the
incoming sodium ions through intercalation, alloying, or conversion-type processes.
The anode material must provide sufficient sodium storage capacity with structural
stability to prevent capacity loss caused by volume expansion or side reactions|28].

The electrolyte conducts sodium ions between electrodes, yet it is electronically
insulating. It is typically designed by dissolving sodium salts in organic solvents
containing carbonates, which enables ionic conductance and forms protective inter-
phase layers at electrode surfaces. Critical to battery operation is the formation
of solid-electrolyte interphase (SEI) layers on the anode and cathode-electrolyte
interphase (CEI) layers on the cathode that prevent incessant electrolyte decompo-
sition and enable stable cycling performance[28].

The separator provides physical separation of electrodes by ionic transport with
safety through the avoidance of internal short circuits with low ionic resistance for
effective battery operation[29]. Current collectors, typically aluminium and copper
foil, enable electronic conductivity and mechanical support for the active material
while enabling effective charge collection upon operation[24].
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2.1.3 Current Commercialisation Status

Sodium-ion battery technology has evolved from laboratory development to its first
commercial use, with 2025 marking a milestone in transitioning to industrial-scale
production[33]. The global sodium-ion battery market is expected to grow from
USD 307.4 million in 2025 to USD 2,932 million by 2035, at a compound annual
growth rate (CAGR) of 25.3%, indicating robust commercial traction[34].

CATL has achieved commercial milestones with second-generation sodium-ion
batteries at 200 Wh/kg energy density and operational capability at -40°C, with
mass production already underway for late 2025[33][35]. HiNa Battery Technology
demonstrated commercial achievement with the world’s first 100 MWh sodium-ion
energy storage project and built manufacturing capabilities in multiple cell formats,
including cylindrical, prismatic, and blade shapes[33].

Current commercial applications are centered in stationary energy storage and
grid-scale integration of renewable sources, where cost advantages due to sodium-ion
technology relative to energy density limitations are balanced over lithium-ion
technology. Use in the electric automobile industry is currently limited to small-
sized automobiles in China’s A00-class segment by virtue of available sodium-ion
technology energy density levels, at 160-165 Wh/kg[36].

The capacity for production is rapidly growing, with currently only a few
hundred gigawatt-hours (GWh) of yearly capacity, but large-scale future growth is
in the pipeline as manufacturers prepare for greater market penetration[37]. The
technology is expected to achieve cost parity with lithium iron phosphate batteries
in the late 2020s, thanks to material cost advantages, where sodium is available
at approximately $0.05 per kilogram, compared with lithium at $15 per kilogram.
Support from governments, such as that of the U.S. Department of Energy’s $50
million LENS consortium, is supporting in technological progress and commercial
deployment to reduce reliance on lithium supply chains and enhance energy storage
sustainability[33].

2.2 Anode Materials for Sodium-Ion Batteries

2.2.1 Importance of Anode Selection in Sodium-Ion Bat-
teries
For sodium-ion battery (SIB) systems, the anode material determines fundamentally

critical performance attributes such as working voltage, reversible capacity, rate
capability, initial coulombic efficiency (ICE), and long-term cycling stability. Unlike
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for lithium-ion batteries where stage-I intercalation (LiCg) graphite has been the
default anode material, SIBs have yet to converge on a standard anode material.
This deviation is primarily caused by the larger ionic radius of Nat (1.07 A)
compared to Li* (0.76 A), which discourages good graphite intercalation and creates
kinetic impediments through reduced diffusion kinetics and increased structural
stress during cycling. The absence of a single "default" anode maintains the SIB
anode space pluralistic and competitive, presenting opportunities and challenges
for technology innovation and sustainability tuning[38][39][40].

2.2.2 Mechanistic Classification Framework

Contemporary research categorises SIB anode materials based on their intrinsic
sodium storage mechanisms as showin in the Figure 2.2, which share distinguishing
electrochemical characteristics as well as sustainability issues[38]:

« Intercalation/Insertion Mechanisms allow Na% insertion into host lattices
with minimal structural disturbance, typically resulting in small volume
changes (<10%) and higher structural stability during long-term cycling.
Examples include hard carbons, soft carbons, certain polyanionic hosts, and
MXenes[41][40].

o Conversion Mechanisms consist of Na™ reactions that form new phases with
high theoretical capacities (400-1000 mAh g!) but are associated with high
volume expansion (>100%) and resistive product growth. Transition-metal
oxides, sulfides, and phosphides are the best first-charge primary examples[42].

o Alloying Mechanisms consist of the formation of Na-metal alloys, offering
excellent theoretical capacities (400-2590 mAh g~!) but inducing unacceptable
volumetric expansion (>200%) that causes extreme mechanical instability and
pulverisation pressures|43][44][45].

2.2.3 Intercalation/Insertion Anodes

Hard Carbon Materials are the technologically most sophisticated SIB anode re-
placement, functioning through a double-mechanism mechanism: Na™ adsorption
at defective sites and intercalation into disordered graphene planes in the sloping
region (2.0 to 0.15 V), supplemented by micropore filling in the low-voltage plateau
region (approx. 0.1 V). Current hard carbon anodes achieve reversible capacities of
200 to 350 mAhg~! with relatively moderate volume expansion (<10%)[47][48][41].

There are critical performance problems, particularly with the initial Coulombic
efficiency. ICE values are usually less than 80% in the absence of electrolyte
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Figure 2.2: Types of anode materials
[46]

optimisation or pre-sodiation strategies. This is limited by permanent pore filling
and irreversible Nat consumption as the solid electrolyte interphase (SEI) forma-
tion occurs. Recent work has demonstrated improvements in ICE to >90% by
phosphorus doping strategies and optimised synthesis protocols[49].

MXenes (TizCyT, and counterparts) have a metallic conductivity and surface
terminations, which are tunable, allowing the theoretical capacity in the range of
200-400 mAhg~!. Practical application, however, is restricted due to the challenges
such as interlayer restacking, surface termination complexity, and the constraints
of synthesis in terms of etching operations and MAX phase availability[50].

2.2.4 Conversion Anodes

Conversion-type anodes permeate Na™ through redox reactions to produce metal
nanoparticles dispersed in NayO/NayS/NagP matrices. While allowing for a higher
theoretical capacity than intercalation materials, conversion anodes are lowered
by inherent challenges, including high volume expansion (typically >100%), low
electronic conductivity, and unstable SEI formation at the conversion potential[42].

Antimony conversion materials are an excellent example, as SboO3 microbelts
exhibit quasi one-dimensional volume expansion mechanisms that improve cycling
stability with capacities of 473.9 mAhg~! after 100 cycles. However, conversion

9
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reactions remain only partially reversible, which causes first-cycle irreversible
capacity loss as well as long-term stability problems[51].

2.2.5 Alloying Anodes

Alloying elements like Sn, Sb, Bi, and P form Na-rich phases (NagSb, NagP) with
theoretical capacities ranging from 100 -1000 mAhg~!. The highest-capacity is with
phosphorus, with a theoretical capacity of 2590 mAhg~!, but practical application
requires high amount of nanostructuring and carbon matrix incorporation[43].

The most significant challenge for alloying anodes is the colossal volume expan-
sion that occurs upon cycling. Tin-based systems experience over 400% volume
expansion throughout a full sodiation, and phosphorus anodes have 300-500% ex-
pansion. These expansions result in pulverisation of the particles, loss of electrical
contact, and continuous SEI formation, which necessitate architectural designs,
such as yolk-shell morphologies, carbon matrices, and nanosize active particles[43].

2.2.6 Challenges with existing anodes with sodium batter-
ies

Low Initial Coulombic Efficiency in every anode class requires compensatory
steps in the form of pre-sodiation additives (such as sodium acetate or sodium
oxalate) or special proprietary electrolyte formulations. Every mitigation step in-
corporates materials, processing steps, and associated environmental footprints[52].

High-Temperature Processing requires control of energy use profiles. Certain
hard carbon synthesis normally requires carbonisation at temperatures > 800°C for
2 to 4 hours, while conversion material preparation normally consists of calcination
at 400-800°C. Metal phosphide synthesis may entail additional high-energy ball
milling or chemical vapour deposition processes[53].

Nanostructuration and Architectural Complexity improve electrochemi-
cal performance, but at twice the processing requirement. Advanced architectures,
such as core-shell geometries, hierarchical porosity, heteroatom doping, and com-
posite formation, require additional precursors, solvents, and multi-step processing
routes[43].

Critical Element Dependencies vary by mechanism class. Conversion anodes
will involve transition metals (Ni, Co, Fe, Mn), which have supply chain and toxicity
issues. Alloying anodes depends on elements with limited availability, such as
antimony and bismuth, which would preclude large-scale deployment.

10
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Table 2.1: Summary of Key Challenges by Anode Type

Anode Type Key Challenges Source

« Severe volume expansion (>200%) causes electrode

pulverisation and low ICE.

Alloy-based
« Slow alloying kinetics limit rate performance, requir-

ing nanosizing/carbon composites to buffer strain.

o Large volume swings (>100%) and unstable SEI
drive capacity fade and low ICE.

Conversion-
based e Poor conductivity and multi-phase conversion path-
ways cause voltage hysteresis and polarisation.
o Low theoretical capacities (< 350 mAhg™!) and
Intercalation- limited conductivity hinder rate capability.
based

« Side reactions (Hjy evolution, dissolution), finite Na™
sites, and heavy polyanions reduce energy density.

2.3 Life-cycle assessment results and implications
for the LCA community

The evolution of sodium-ion batteries must be accompanied by thorough life-cycle
assessments (LCAs) to ensure that the transition away from lithium does not
simply shift impacts to other parts of the supply chain. Preliminary LCAs of SIBs
already single out the negative electrode as a major hotspot, yet most studies to
date consider a narrow set of anode materials-typically hard carbons-and make
simplifying assumptions for the other cell components. This thesis closes that gap
by providing a broader, data-heavy list of nine anode materials [23].

2.3.1 Available LCA results for sodium-ion battery anodes

The statement of the first cradle-to-gate LCA of a sodium-ion cell by Peters et
al. (2016) [23] modelled a battery with a layered oxide cathode and a hard-carbon
anode derived from sugar. Their open inventory revealed that anode production
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was one of the highest contributors to several impact categories, accounting for
roughly 24% of the global warming potential of the entire cell. The sugar precursor
contributed around 17% of total GWP owing to the energy and land intensity
of sugar production. The inert pyrolysis atmosphere (achieved using nitrogen
gas) and use of aluminium current collectors also represented notable burdens. A
sensitivity analysis showed that substitution of the sugar with organic waste or
petroleum coke could greatly reduce impacts; use of organic waste lowered GWP
by approx. 16% and marine eutrophication by up to 62%. The authors summarised
that the synthesis of low impact hard carbon and developing energy efficiency in
cell manufacturing are high priorities.

More recently, Wickerts et al. (2024)[24] performed a prospective LCA on two
sodium-ion cells that had been designed for large-scale manufacture. Both cells
featured a Prussian-white cathode and hard-carbon anode, but differed in that
the first contained a phenolic-resin hard carbon and the second a lignin-based
hard carbon. They concluded that no single hotspot is dominating; instead, the
impacts are spread throughout anode and cathode production, gigafactory energy
usage, electrolyte production and current collectors, whereas binders and separators
contribute negligibly. The lignin-based anode was found to have lower global
warming and fossil resource depletion than the phenolic-resin anode when mass
allocation was applied. The investigation did, however, emphasise that allocation
choices (mass-based or "main-product-bears-all-burden") significantly influence
the determined hard carbon contribution. If the lignin-based anode carries all
pyrolysis and pulp production burdens, its impact is near that of the phenolic resin
anode. The authors therefore proposed the supply of fossil-free electricity for cell
manufacturing and further investigation of low-impact electrolytes[24].

Additional evidence comes from a comparative LCA of bio-derived hard carbon
anodes published by Liu et al. (2021). Two routes were compared: hydrothermal
carbonisation and pyrolysis versus direct pyrolysis of biomass. Both routes lowered
environmental impacts considerably compared to conventional hard carbon: the
hydrothermal route lowered global warming potential by around 30%, while the
direct-pyrolysis route lowered it by approx. 21%. Toxicity, photochemical oxidant
formation, acidification and eutrophication also improved. These results illustrate
the potential to mitigate impacts without compromising good electrochemical
performance through the use of bio-derived precursors and enhanced processing[56].
Various current LCAs on the sodium battery are compiled in the below Table 2.2[57].
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Table 2.2: Global Warming Impact of Different Battery Materials (CO; eq)
Reference Active Material Functional Global Warming
Unit Potential
Peters et al.,| Cathode: kW storage ca-| 140.33 kg COgeq/kW
2016 [23] Nal,1Nio,gMn0.5Mg0_05Ti0.05Og\ pamty
Anode: Hard carbon
Peters et al., | Anode 1: Hard carbon from | kg hard carbon | 6.27 kg COseq
2019 [58] waste tires
Anode 2: Hard carbon from | kg SIB cell 10.41 kg COseq
apple pomace
2.69 kg COqeq (hard
carbon from apple po-
mace)
Anode 3: Hard carbon from 9.42 kg COseq (SIB
phenolic resins cell)
14.85 kg COqeq (hard
carbon)
12.78 kg COqeq (SIB
cell)
Peters et al.,| Cathode 1: | kWh of battery | 50.6 kg COqeq
2021 [54] NamNiOI3Mn0.5Mg0.05TiO,05Og\ cell Capacity
(NaNMMT)
Cathode 2: 52.3 kg COqeq
Naz/s(Mno.95Mg0.o5)O2
(NaMMO)
Cathode 3: 86.7 kg COseq
Nal.os(Nio.33Mno.33000.33)0.95 2\
(NaNMC)
Cathode 4: Nay[Fe(CN)g] 87.0 kg COqeq
(NaPBA)
Cathode 5: 89.7 kg COqeq
Na,[MnV(POy);] (NaMVP)
Anode: Hard carbon
Malara et al.,| Anode 1: Electro-spun | storage capacity | -

2021 [59]

Fe,O3:Si-based fibers

Anode 2: Electro-spun
Fe,O3-based fibers

delivered by the
anode
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Reference

Active Material

Functional
Unit

Global
Potential

Warming

Liu et al., 2021
[56]

Anode 1: HTC + pyrolysis

Anode 2: Direct pyrolysis

kg hard carbon

4.07 kg COqeq

4.61 kg COqeq

Mozaffarpour et
al., 2022 [60]

Cathode 1: NagMnCO3POy
(ball milling)

Cathode 2: NagMnCO3PO,4
(hydrothermal)

Cathode 3: NagMnCO3PO,
(stirring-assisted hydrother-

kg hard cathode

15.3 kg COseq
14.2 kg COqeq

20.0 kg COqeq

mal)
Carvalho et al.,| Na_Laband Na_ Ind - Cath- | kWh coin cell ca- | 5.56 x 10* kg COseq
2022 [61] ode:  Nag4MnO,y/Anode: | pacity (Na_ Lab)

Mxene-Til Ah T101,85

6.98 kg COeq/kg coin
Na Lab

5.15 x 103 kg COqeq
(Na_Ind)

2.21 kg COqeq/kg coin
Na_ Ind

2.3.2 Current studies’ limitations and data gaps remaining

Informative though they are, LCAs currently available lack from the following

shared limitations:

o Narrow scope of anode materials. The majority currently evaluate only hard-
carbon anodes, with alloying and conversion materials remaining unstudied.
For instance, neither the 2016 nor the 2024 LCAs include tin, antimony;,
phosphorus, iron oxide, or MXene anodes, which prevail in current laboratory

studies.

e Generic or simplified inventories. The process data from the lab scale and
generic proxies for some chemicals were used in the 2016 study, while the future
2024 LCA relied heavily on projected gigafactory data and general assumptions
about the upstream processes. Functional units or anode production system

boundaries are not consistent across studies.

« Energy sourcing and allocation sensitivity. Wickerts et al. [24] showed that
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allocation rules and power mixes can shift the relative importance of the anode.
In the absence of standard inventories, it is challenging to scale results to new
cases or compare different alternative anode materials.

o Lack of manufacturer data. With the exception of the Prussian-white cathode
data in this 2024 study, no LCA has utilised direct data from industrial
sodium-ion anode manufacturing. This excludes providing assurance for
comparison reliability as well as hotspot identification in the real world.

2.3.3 Relevance of this study

This thesis directly addresses these gaps. Through combining process data from a
broad range of experimental investigations and constructing a normalised life-cycle
inventory (LCI) for nine anode materials, it will enable more comprehensive LCAs
of sodium-ion batteries. In contrast to earlier work focusing on hard carbon only,
the proposed LCI will encompass intercalation, conversion and alloying anodes-from
hard and soft carbons to red phosphorus, tin and antimony composites. All inputs
(precursors, solvents, energy needed) will be normalised to a gram-based functional
unit and converted to ecoinvent proxies where necessary, with open data accessible
for LCA practitioners to convert to alternative system boundaries and allocation
methods. In the ambit of existing LCAs, this meta-analysis will therefore:

o Expanding the environmental knowledge base beyond hard carbon, allowing
future LCAs to compare anodes on a level playing ground and outline truly
sustainable choices.

o Improve data quality and consistency via documentation of assumptions, yields
and uncertainties, to enable sensitivity analysis and harmonisation of studies.

» Facilitate modelling in the future of industrial-scale anode production, by en-
abling input—output datasets that can be integrated with renewable electricity
scenarios and models of manufacturing energy.

In brief, present LCAs emphasise that anode production can be a profitable
environmental hotspot but do little to inform how comparative alternative anode
chemistries and synthesis routes correlate with each other. By compiling an
exhaustive and harmonised database of sodium-ion anode inventories, this thesis
will provide the LCA community with the means needed to make more accurate
judgements of sustainability and guide the development of future batteries.
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Chapter 3

Methodology

3.1 Compilation of Anode Active Material Inven-
tory Dataset

The inventory compilation of the anode active material inventory is an important
step in this study, as it builds the foundation for the subsequent life cycle inventory
(LCI) construction and environmental impact assessment. This section ensures that
the selected anode materials are not only high-performing from an electrochemical
standpoint.

3.1.1 Selection of anode active materials

The anode materials chosen for this research represent some of the leading classes
of sodium-ion battery (SIB) negative electrodes, selected through a literature
review and the comparison across the articles according to the following crite-
ria[46][14][62][63]:

1. High Theoretical capacity: Ensures competitive energy storage potential and
informs the upper bound of device performance;

2. Good reversible capacity: Demonstrates practical and stable Na*t storage over
repeated cycles, confirming material utility in real-world scenarios;

3. Cycling stability: Reflects long-term durability, frequently validated over 500
or more cycles, and is essential for commercialisation.

From the insights gained from the work of Peters et al. 2016[23], Peters et al,
2021[54], Sharmin et al, 2024 [46] and Wand et al, 2024[14] the anodes selected for
this study exemplify the most relevant advances for practical, high-performance
sodium-ion energy storage.

16



Methodology

Hard Carbon (Biomass and Petroleum Coke-Derived)

Hard carbon (HC) is the reference anode for sodium-ion batteries (SIBs) due
to its low sodiation potential (<0.2 V vs Na/Na'), viable reversible capacity
(250-350 mAhg™!), and documented lifespan of 1000-2000 cycles under optimised
conditions. Biomass-derived hard carbons produced from renewable feedstocks,
such as lignin or nutshells, offer both lower environmental impacts and high
electrochemical performance. The hierarchical porosity enables both adsorption
of Na* and pore-filling, resulting in high capacities and high rate performance.
Petroleum coke-based HC provides robust, industrially significant baselines and
robust, reproducible synthesis conditions, as evidenced by life cycle analysis by
Peters et al. The scalability of both approaches either industrial waste or sustainable
places hard carbon ideally for the economically feasible mass production of SIB
anodes[64][57][54][23].

Sb2O3

Antimony oxide (SbyO3) operates in a conversion mode, reducing with sodium to
produce NasSb, with a theoretical capacity of 660 mAhg~!. Usual drawbacks are
large volume change and mechanical degradation; despite this, recent advances
in nanoengineering and carbon compositing have provided reversible capacities
of approximately. 450 mAhg~! with cycling stability of over 200 cycles with
improved retention. The ongoing progression of composite and nanostructured
ShoO3 arrangements makes this material a tunable, high-capacity anode, ready for
further upscaling[24][55].

Fe;O; and Fe;0,4

Iron oxides, e.g., Fe;O3 (hematite, 1007 mAhg™!) and Fe3O, (magnetite, approx.
926 mAhg™'), possess natural abundance, low toxicity, and costliness, and are,
therefore, extremely desirable for green and sustainable storage. Key issues, low
electronic conductivity and unstable SEI are increasingly overcome by materials
strategies such as hollow /multishelled morphologies and graphene integration, which
now routinely register reversible capacities of 400-500 mAhg~! along with cycling
stabilities of over 500 cycles. Their eco-friendly nature and versatility make it easier
to transition from laboratory prototype to large-scale SIB production.[59][65]

Bi»Sbg

Bismuth—antimony alloys such as BiySbg leverage the mechanical strength of Bi
and the superior sodium-storage property of Sb to achieve synergetic improvement
in cycle life and capacity retention relative to pure Sb. The alloys demonstrate
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reversible capacity stability ( 400 mAhg™') and approximately 85% capacity reten-
tion at 300 cycles, which suggests a potential for commercial cells where energy
density, along with durability, is of prime concern. Alloy design versatility favours
subsequent optimisation and scale-up opportunities.[66]

Multi-Channel Red Phosphorus Nanotubes (MCRPNTSs)

Red phosphorus features a record-high theoretical capacity (2596 mAhg™!) but
is hindered by extreme critical issues like extremely low electrical conductivity
and catastrophic (approx. 300%) volume expansion. Multi-channel nanotube
structures alleviate the mechanical accommodation and electrical connectivity
problems needed to deliver useful capacities (1000-1500 mAhg™!) with decent
stability (>200 cycles). These results shows that despite synthetic complexity,
next-generation phosphorus architectures hold promise for disruptive, high-capacity
SIB anodes.[67]

MXenes (Ti3C,T, and related)

MXenes belong to a family of 2D transition metal carbides/nitrides with high
electronic conductivity and tunable surface properties. Specifically, Ti-based MX-
enes (e.g., TizCyT,) support rapid sodium-ion intercalation and pseudocapacitive
storage, with capacities of 200-400 mAhg~! and extremely long lifetimes (>1000
cycles) reported. The solution-processability, high rate performance, and chemical
modifiability of MXenes make them especially attractive electrodes for fast-charging,

scalable SIBs.[68]

Sn with Carbon Nanofibers (Sn@QCNF)

Tin (Sn) anodes possess high theoretical capacity ( 847 mAhg™') but are inher-
ently plagued by extensive volume changes during cycling. Submergence of Sn
nanoparticles in flexible carbon nanofibers mitigates these mechanical stresses,
suppresses pulverisation, and maintains electronic connectivity. Composites such
as these spontaneously deliver stable, reversible capacities of 400-500 mAhg~" for
over 500 cycles and therefore introduce SnQCNF hybrids as a scalable and feasible
alloy—carbon anode proof-of-concept for SIBs.[69][70]

SH4P3

The Sn-P alloy SnyP3 combines the high theoretical capacity of phosphorus (2596
mAhg~!) with tin’s improved conductivity, achieving a balanced theoretical capacity
of 1132 mAhg~!. Reversible capacities of 700-800 mAhg~! were realised over
3004 cycles, and the relatively low sodiation potential enhances SIB cell voltages.
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Scalability and performance of this alloy structure position SnyP3 as a top contender
for future SIB anodes|71].

To make it easier to compare the selected anodes, a comparison table has been put
together, with a summary as shown in Table 3.1. This table shows their theoretical
capacities, reported reversible capacities, cycle stability, and key references. It
is interesting to note that while the various materials have their own strengths
and weaknesses, such as some having high energy density and others excelling in
structural stability, each anode included has the potential to scale up to the next
stage from the lab scale level. There are many other anode active material research
available, given the scope, these anode materials were analysed for the database
development.
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Table 3.1: Performance of Sodium-Ion Battery Anodes

Anode Type Voltage vs Theoretical‘ Reversible | Cycling Source
Material Na/Na™* Capacity | Capacity | Stability
(V) (mAh g!) | (mAh g™)

Hard Intercalation | <0.2 300-350 250-350 >2000 cy- | [46]

Carbon cles (opti-

(biomass) mized)

Hard Intercalation | <0.2 300-350 250-300 >1000 cy- | [46]

Carbon cles

(petroleum

coke)

Sh@C- Conversion | 0.01-2.5 ~660 200~450 >200 cy-| [72]

composite cles (with
carbon
composite)

Fey O3 Conversion | 0.01-3.0 ~1007 400-500 >500 cy-| [59]
cles (with
nanostruc-
turing)

Fe304 Conversion | 0.01-3.0 ~926 200-500 >1000 [73]
cycles
(graphene/hol4
low struc-
tures)

BiyShg Alloy 0.01-2.5 150-300 ~400 ~2000 cy- | [66]
cles, ~85%
retention

Multi- Alloy (P-]0.01-2.0 2596 1000-1800 | >100 cy-| [74]

Channel based) cles

Red P

Nanotubes

MXenes Intercalation‘ 0.01-3.0 200-400 200400 >1000 cy-| [61]

(Ti3C,T,) cles

Sn@QCNF | Alloy 0.01-2.5 847 200-400 >1000 cy- | [75]
cles

SnyP3 Alloy 0.01-2.5 1132 700-800 >300 cy-| [76]
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3.1.2 Electrochemical Parameters for Anodes

To enable systematic comparison between the different anode materials and to
ensure consistency in LCI preparation, an index list of electrochemical parameters
was created. SIB anode research is reported in different forms across the litera-
ture with a variety of testing conditions, cut-off voltages, current densities, and
reporting formats. This diversity both complicates performance benchmarking and
sustainability analysis in the absence of harmonisation. The index list thus provides
a harmonised set of electrochemical data as a bridge between meta-analysis of
experimental studies and LCI database creation.

Parameters addressed by the index list

1. Theoretical capacity (mAhg=!): Theoretically absolute maximum of electrical
charge that active materials of a battery can store and deliver under ideal,
perfect circumstances, calculated according to Faraday’s law and under the
assumption that all active particles participate fully in the electrochemical
reaction. Calculated from the mechanism of the chemical reaction, showing
the theoretical maximum Na' storage per unit mass.

2. Reversible (practical) capacity (mAhg™'): The energy that is available to be
stored in repeated charge-discharge cycles, and which is the repeatable, stable
energy available from an electrode after initial formation cycles. Measured
experimentally by standard cycling conditions.

3. Initial Coulombic Efficiency (ICE, %): First-discharge charge extracted over
first-charge charge delivered, in terms of ampere-hours (Ah). Measure of
first-discharge capacity compared to first charge capacity to reveal initial loss
of Na™ and SEI formation.

4. Average potential vs. Na/Na™ (V): Average working voltage, which has a
significant effect on the overall energy density of a full cell.

5. Cycling stability (cycle number and retention): The ability of a battery to
maintain performance, specifically capacity and life, following many charge/dis-
charge cycles. Tendency to be expressed as % retention following the number
of cycles.

3.2 Anode Inventory Compilation

Building a detailed inventory database for sodium-ion battery (SIB) anode ma-
terials is essential due to the diversity of novel anode chemistries and the lack
of existing life-cycle data. Unlike lithium-ion batteries (LIBs), SIBs cannot use
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graphite effectively, so researchers are exploring a wide range of alternative anodes
including intercalation types hard carbon and novel 2D materials like MXenes,
alloying metals (Sn, Sb, Bi), conversion-type oxides/sulfides/phosphides (FesOs,
Fe304, SnyP3, etc.). Studies to date have focused on electrochemical performance,
often neglecting environmental aspects; consequently, LCA studies on the produc-
tion of these SIB anode materials are limited. Establishing an inventory of lab-scale
synthesis processes allows for evaluating and comparing the environmental impacts
of these materials and supporting future eco-design of SIB cells.

To compile the anode inventory dataset, synthesis data have been gathered for
selected anode materials from experimental literature (lab-scale studies). Each
material’s preparation route was carefully reconstructed from reported procedures,
including all input materials (precursors, solvents, reagents), process conditions
(atmosphere, temperature, duration), equipment and energy-intensive steps, and
output yields or losses. When specific details did not explicitly report certain
information (e.g. exact yields, energy usage, or minor inputs), reasonable estimates
were made, such as assuming complete conversion of limiting reagents if yields were
not given, or calculating furnace energy consumption based on temperature profiles
and batch size.

Although there are various synthesis methods and approaches for a particular
chemistry, in this section, an explanation of the procedure is given for the methods
that the scientific article proposed.

Each inventory line item was then mapped to an appropriate process in the
ecoinvent v3.11 LCI database for consistency in LCA modelling, if an exact match
was unavailable, an upstream production proxy was created using available ecoin-
vent flows. The compiled data were checked in LCA software (openLCA) to ensure
all flows are valid. In the following, the anode materials are grouped by their
primary synthesis method: pyrolysis, mechanochemical ball milling, solvother-
mal/hydrothermal synthesis, electrospinning, chemical dealloying, and selective
etching — and the details of each synthesis procedure are described. Also, highlight-
ing any process-specific emissions or hazards (e.g. HF usage, phosphorus vapours,
solvent losses) that were accounted for in the inventory.

3.2.1 Pyrolysis-Derived Anode Materials
Carbon based anodes

Pyrolysis (thermal decomposition under an inert or controlled atmosphere) is the
predominant method to synthesise carbon based SIB anodes and certain composite
materials. Hard carbon, the standard SIB anode, is typically synthesised via pyrol-
ysis of organic precursors (biomass, polymers, resins, etc.) under high-temperature
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conditions (generally 800-1200°C) under an argon or nitrogen environment. This
operation volatilises the volatile constituents and yields a carbon-rich char[77].
The significant inputs are the precursor (which is typically dried out to remove
moisture) and a flowing inert gas stream (to prevent oxidation). The process is
energy-intensive due to the high furnace temperatures and long dwell times (hours)
that we account for in the inventory, which result in significant electricity or fuel
demand. The product is typically a hard, powdered carbon, with yields dependent
on the precursor. Carbon yield in the case of biomass precursors can be of the order
of 20-40% of weight; the yield could be lower or higher percentages depending on
their construction and ash content. For instance, in the manufacturing of 1 kg
hard carbon from phenolic resin, it has been found to emit a much larger GHG
footprint ( 14.85 kg COs-eq) than that from an amount of biomass-based feedstock
like apple pomace ( 2.69 kg COs-eq), suggesting differences in the yield of carbon
and energy consumption during the process|[78][61][79)].

In some biomass-based anodes, a two-step process is used: e.g., hydrothermal
carbonisation of biomass at 200°C in an autoclave to yield a hydrochar, followed
by high-temperature pyrolysis to yield a hard carbon. These integrated routes can
enhance carbon yield and mitigate environmental impact over single-step direct
pyrolysis. Liu et al. (2021)[56] demonstrated that HTC + pyrolysis of biomass
resulted in lower GHG emissions, human toxicity, and photochemical ozone forma-
tion compared to direct pyrolysis of the same biomass|79].

3.2.2 Solvothermal derived anode materials
Red Phosphrous

In the synthesis of phosphorus-based anodes, anodes are prepared through solution-
mediated reactions under controlled conditions. A well-known example is the
preparation of multi-channel red phosphorus nanotubes (MCRPNTs) in recent
work. Here, first a 0.04 M dispersion of phosphorus triiodide (PI3) is dissolved in
5 mL iodobenzene. In the same time 0.02 M cetyltrimethylammonium bromide
(CTAB) is dissolved in ethylene glycol. Iodobenxine is then added dropwise into
mixture of CTAB with constant agitation for approximately 15 minutes, which
causes the medium color to change from reddish-brown liquid to reddish-orange
precipitate. The so-obtained dispersion is filled in an autoclave and heat-treated at
180°C for varying times (typically 90 or 120 min), producing mid-term products
subsequently identified as MRPN-3 based on the treatment time. When cooled
to room temperature, through centrifuge precipitate is separated, washed several
times with acetone and ethanol to eliminate residual by-products, and re-dispersed
in absolute ethanol for further purification. The resultant end powders are obtained
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after vacuum drying at 200 °C for 5 hours and deliver multi-channel red phosphorus
nanotube anodes with high specific capacities as well as better cycling stability[74].

SH4P3

The inputs for the synthesis are SnCls - 2H,O, commercial red phosphorus powder,
rGO suspension, and ethanolamine as a solvent. The energy demand is dominated
by autoclave heating at 180°C for 15 h. The resultant suspension is transferred
into a Teflon-lined stainless steel autoclave, sealed airtight and then maintained at
180°C for 15 h under autogenous pressure conditions. Outputs are the SnyP3-—rGO
composite powder (with near-quantitative precursor to product conversion) and
liquid waste streams of ethanol and water used in washing. These losses of solvents
incurred during washing and ultrasonication are estimated as volatile organic
emissions|76).

3.2.3 Ball milling based anode materials

Mechanochemical synthesis via ball milling is another route used to create SIB anode
materials, especially alloy or composite anodes. High-energy ball milling involves
grinding powders together in a milling vessel, using hardened balls (e.g. tungsten
carbide or stainless steel) to impact and cold-weld /fracture the materials repeatedly.
This can induce chemical reactions or intimate mixing at room temperature without
the need for solvent or furnace steps.

Sb/C composites

The synthesis of Sb/C composites include antimony and CaC, powders which are
the main inputs are then combined in controlled mass ratios, with 1:1 with argon
for the protective milling environment, hydrochloric acid, water, and electricity for
prolonged high-speed milling. It is first subjected to a preliminary milling step
to reduce particle size and enhance reactivity with ball-to-powder weight ratio
of 20:1. The Sb/C composite is then synthesised in an aqueous waste streams
containing Ca*" and chloride ions, and the release of acetylene gas (CoHs) during
the hydrolysis of unreacted CaC, in acidic medium.[72]

Sn/C nano composite

The anode is synthesised in stages. First stage, the precursor powders were
mechanically processed to obtain the active negative material: tin metal powder for
the Sn anode, and a mixture of tin powder with carbon nanofibers for the Sn-NC
composites. The powders are placed in tungsten carbide jars and subjected to
high-energy ball milling, with an additional milling to ensure thorough mixing and

24



Methodology

homogenisation. In the second stage, the resulting active material was blended
with a polymeric binder dissolved in an appropriate solvent and supplemented
with carbon black (C65) as a conductive additive. Sn—-NC CMC, employing
carboxymethylcellulose (CMC) in water, is prepared[61].

3.2.4 Electrospun nanofiber anode materials

Electrospinning is used to create nanofiber mats that serve as anode materials
(often metal oxide or carbon nanofiber composites). The general procedure for
electrospun anodes involves[80][81]:

1. Preparing a viscous polymer solution containing the precursor of the active
material

2. Electrospinning the solution into fibre form

3. Post-treatment of the fibre mat (calcination or carbonisation) to obtain the
final active material embedded in or constituting the fibres.

F6203

Synthesis of Fe;O3 anode active material, the principal inputs include polyacry-
lonitrile (PAN), N,N-dimethylformamide(DMF'), FeAc,, tetraethyl orthosilicate
(TEOS) (the ratio of composition is as shown in the )with argon gas is magnetically
stirred and electrospun using high voltage spinner during which most of the solvent
rapidly evaporates to yield non-woven fibrous membranes, dilute hydrochloric acid
(for subsequent leaching), deionized water, and energy consumption associated with
high-voltage spinning and furnace operation, while outputs consist of the targeted
FeyO3-based nanofiber product, evaporated DMF and gaseous emissions, as well as
acid effluents containing dissolved calcium species.[65]

Fe3 04

For preparing transition-metal-oxide composite, the general process is to dissolve
polyvinylpyrrolidone (PVP) and metal chloride precursor (FeCls, ZnCly, or MnCl,)
in N,N-dimethylformamide (DMF), followed by stirring at 60°C for 2 h. Then,
polyacrylonitrile (PAN) is added, and the solution is stirred intensively for another
hours to get a homogeneous precursor solution for electrospinning. The solution
was subsequently electrospun with fibers collected on a rotating aluminum foil
collector. The as-spun membranes were peeled off immediately and carbonized in
600°C for 2 h in nitrogen (heating rate of 1°C min™1), leading to flexible nanofiber
termed as uf-Fe;O,@N-CNFs respectively[65].
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3.2.5 Chemical Dealloying Derived Anodes

Chemical dealloying is a method to produce nanoporous metal or intermetallic
anodes by selectively dissolving one element from an alloy.

Bi»Sbg

The nanoporous BisSbg alloy is generally produced by a melt-spinning and dealloying
path. A ternary precursor with the nominal composition is first created by melting
high-purity Mg, Bi, and Sb blocks (99.9 wt%) in concert in a graphite crucible
at 740°C for 30 min using an electric resistance furnace in a protective flux. The
molten alloy is then cast into a mold to create an ingot, which is after that shaped
by a single-roller melt spinner at 1000 rpm in an argon environment to obtain
rapid solidification into thin foils. The foils are after that treated with chemical
dealloying in 2 wt% tartaric acid at room temperature and the reaction continued
until gas evolution ceases, showing complete removal of Mg. Dealloyed samples
were thoroughly rinsed with deionised water and ethanol to eliminate the remaining
salts and acids and vacuum dried at 60°C for 5 h to yield the resultant nanoporous

BiQSbﬁ alloy[66] .

3.2.6 Selective etching method for Mxenes

MZXenes represent a family of two-dimensional materials comprising transition
metal carbides, nitrides, or carbonitrides with better electrical conductivity, surface
chemistry modifiability, and prospective electrochemical properties that render
them as favourable candidates to be employed in sodium-ion batteries. MXenes are
generally synthesised through selective etching of "A" layers, typically aluminium,
silicon, or gallium, in the precursors to layered MAX phases. This process produces
atomically thin nanosheets with a typical composition of Mn+1XnTx, where "M" is
a transition metal, "X" is carbon or nitrogen, and "Tx" is surface functional groups
of ~O, ~OH, and —F. The etching removes the weaker metal-A bonds of the MAX
phases but leaves the stronger metal-carbon or metal-nitrogen bonds that form
the MXene structure[50].

There are several etching methods for MXene synthesis, broadly classified
into "top-down" processes in which the "A" layers are removed chemically or
electrochemically and "bottom-up" processes, which encompass direct synthesis
methodologies such as chemical vapour deposition. The most common top-down
etching method is the use of hydrofluoric acid (HF) or fluoride-based counterpart
mixtures to dissolve the "A" layers to yield MXenes with surface terminations that
dictate their electrochemical characteristics. In response to issues of unsafe HF use,
various less reactive and fluorine-based etchants such as alkali solutions, halogens,
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molten salts, and electrochemical etching have been engineered. Every synthesis
route influences the structure, surface chemistry, interlayer spacing, and stability
of the obtained MXene. Such a synthesis route flexibility allows the capability
of designing MXenes for their best application in sodium-ion batteries and other
applications.[50]

3.3 Validation of Inventory data through simpli-
fied LCA

3.3.1 Goal and Scope definition

The primary goal of this study is to validate selected sodium-ion battery (SIB)
anode active material aggregated life cycle inventories (LCIs) through a condensed
life cycle assessment (LCA). Although comprehensive-scale anode and full cell
comparative life cycle assessment falls outside the present scope, preliminary vali-
dation is essential to determine the database’s validity, completeness, and internal
consistency developed in subsection 3.1.1. This step ensures that the compiled
lists are likely to be incorporated into future SIB system evaluations firmly and
contrasted on a variety of chemistries.

Since the present study is underway using laboratory-scale synthesis data, the
boundary is considered to be cradle-to-lab-gate. This boundary starts with raw
material excavation and processing (e.g., biomass feedstocks, metal precursors,
solvents) and includes all lab-scale processing operations like grinding, pyrolysis,
solvothermal processing, electrospinning, and after-synthesis washing or drying.
The boundary ends at the point where anode active material is produced and ready
to be utilised in downstream electrode preparation. The subsequent steps- cell
assembly, battery use, and end-of-life are out of scope of the existing analysis, as
per the future LCA’s strategy for novel battery technologies.

Data from the previous study from Peters et al. 2021[54] is also used for a
comparison, as a benchmark of this study. The inventory data from the previous
study is used with an updated LCA database, to observe how the environmental
impact would change with the same inventory but at a more modern production
scenario

Geographical scope of study

To evaluate the environmental impacts of sodium-ion battery production, three
different geographical contexts were selected: India, Europe, and a model without
a location. The selection was based on the following considerations:
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» India was chosen as a case of an emerging economy with a rapidly growing
energy demand and a high reliance on coal in its electricity mix[82]. Including
India highlights the effects of battery production in a carbon-intensive context.

o Furope was included with two scenarios: one using the regular energy mix
(representing the current grid average) and one with a renewable energy mix
(representing a low-carbon scenario). This allows for comparison between
present conditions and potential future improvements in energy sourcing.

o A case of 'no location’ is considered, allowing the model to run freely and
assess the impact with no constraints on the production of the anode active
material.

3.3.2 Functional Unit

The definition of a functional unit is a critical step in life cycle assessment (LCA),
as it establishes the reference against which all material and energy flows are
quantified. In this study, the functional unit was defined as 1 kg of sodium-ion
battery (SIB) anode active material produced at the laboratory scale, i.e., at the
cradle-to-lab-gate boundary.

3.3.3 Impact Assessment and LCI Database

Impact Assessment and LCI Database

The LCIA methodology, which has been selected for this research, is the ILCD
2011 Midpoint+ method. The ILCD was conceived by the European Commission
to provide harmonised guidance towards conducting LCA studies[83]. The ILCD
2011 Midpoint+ approach employs 16 categories at the midpoint level, i.e., it eval-
uates environmental interventions at a place somewhere between the cause—effect
sequence of elementary flows (e.g., CO5 emissions) and final damage categories
(e.g., human health, ecosystem quality) comparision |[84]. In practice, midpoint
categories correspond to specific environmental problems such as climate change,
acidification, or eutrophication, rather than endpoint aggregations.

Of the ReCiPe 2016 midpoint indicators, two were selected for this validation
step: abiotic depletion potential(ADP)/Resource depletion and global warming
potential (GWP). These indicators were also selected because they are of high
relevance to the environmental performance of battery technologies, and mostly
based on these parameters, scaling up of the technology is considered from the
current context of a net-zero emissions perspective. They also directly address the
most pertinent sustainability challenges of anode synthesis: the energy-intensive
character of dense lab-scale processes and raw material depletion through key
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critical raw materials.

Global Warming Potential (GWP) specifies the ability of greenhouse gas (GHG)
emissions (COy, CHy, N5O, etc.) to influence climate change, in kg COy-equivalents.

Abiotic Depletion Potential (ADP) is an expression of utilisation of non-
renewable abiotic materials, e.g., fossil fuels, minerals, metals, normalised against
an availability reserve, and expressed in units of kg Cu-equivalents[85].

The life cycle inventory (LCI) database employed throughout this work is Ecoin-
vent v3.11, which at the time of conducting this work (published November 2024)
was the most recent and largest LCI database available[86]. Ecoinvent includes
comprehensive process-level inventories of chemicals, energy carriers, and indus-
trial processes, and is therefore particularly well adapted to laboratory-scale data
mapping. A key update in this release is the inclusion of the 2021 dataset-based
electricity generation mix, which better reflects the carbon intensity of power
consumption than earlier releases[87].

All LCA calculations for model and validation were conducted using the
OpenLCA software, version 2.5[88], which is ReCiPe 2016, midpoint (H) and
Ecoinvent dataset supportive.

The approach taken in this simplified validation’s methodology is presented in
Table 3.2.

Table 3.2: Summary of LCA Methodological Setup

System Boundary Cradle-to-Lab-Gate (raw materials — lab-scale anode
synthesis)

Functional Unit 1 kg of anode active material produced

Impact Assessment | ReCiPe 2016, midpoint (H)

Method

1) Global Warming Potential (GWP)

Selected Impact Cate- 2) Abiotic Depletion Potential (ADP)

gories
LCI Database Ecoinvent v3.11 (released Nov 2024)
LCA Software OpenLL.CA version 2.5
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3.3.4 Data Collection

The life cycle inventory (LCI) data for the selected anode active materials mainly
follows the synthesis descriptions explained in the previous section 3.2. For hard
carbon, the inventory was developed using the study of Peters et al. (2021) [54]
as a key reference to assess and understand the environmental implications of
large-scale production. For the other anode materials, the inventory data were
compiled directly from the synthesis methodologies reported in research articles.

Where specific precursors or processing steps were not available in the ecoinvent
v3.11 database[87], the missing items were generalised to the closest available
proxies in order to enable this preliminary assessment. A full list of the inventory
data, including mapping to ecoinvent processes, is provided in the Appendix.

For energy inputs, electricity from a medium voltage supply was selected as
the reference source, while for thermal requirements, a small-scale central heat
source was adopted. To ensure geographical consistency, the entire inventory was
modelled under the European regional context, aligning with the electricity and
heat mixes available in the latest ecoinvent datasets.
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Chapter 4

Results and Discussions

4.1 LCI and LCA analysis

The results of the standardised life cycle assessment of the selected anode materials
are expressed on a global warming potential (GWP) and abiotic resource depletion
potential (ADP) basis. Figure 4.1 shows the relative performance of anodes for
different geographical and electricity-mix scenarios: India, Furope (mixed grid),
Europe (renewable-intensive grid), and a location that is not disclosed.

The rationale behind this decision is two-fold. India is added for the first time as
a proxy for the new manufacturing hubs, where the generation of electricity is still
largely fossil fuel-based, with the largest share accounted for by coal ( 45%)[82]. The
result clearly indicates that the Indian grid mix accounts for considerably higher
GWP values than the other components. On the other hand, Europe was chosen as
the reference due to its ongoing pursuit of self-sufficiency in battery manufacture
and its progressive use of renewable integration. The outcome shows that on the
basis of a renewable-dominant European grid mix, the GWP values of all the
anodes decrease substantially from the mixed European grid, which highlights the
contribution of decarbonising the electricity supply. The unannounced location
case was conducted as a sensitivity case with no geo-restrictions. Interestingly, the
result emphasised rather moderate differences from the European renewable case,
justifying that clean electricity mixtures are the most significant driver towards
lower GWP.

Even the anode material composition proved to be a significant driver for
environmental performance as shown in the Figure 4.1 for a case of Europe with
renewable energy. In particular, emissions of some solvents were revealed to
dominate the emission profile: the highest contribution of GWP in Fe;O3 and
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Fe30, synthesis routes was caused by dimethoxyethane (DME). Similarly, energy-
intensive and high-temperature synthesis routes, like that of hard carbon derived
from biomass and multi-channel red phosphorus nanotubes (MRPNs), increased
the GWP significantly due to electricity-consuming furnace operations.
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Figure 4.1: Comparison of Global Warming Potential of all anodes

In comparison with industrial-scale anode active material production based
on Peters et al. (2021) [54], the emissions are significantly reduced to produce
lkg of active material, with a ratio of 1:3.5, demonstrating the economies of scale
from laboratory to commercial-scale production expansion. Also, a detailed global
warming potential is shown in the Figure 4.2.
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GWP of Hard carbon Active Material from Biomass
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For abiotic depletion of resources, the conclusions between scenarios tended
to be quite similar, with comparatively small variations between anode types as
shown in the Figure 4.3. Even in this case, the electricity mix was found to be
the major driver for differences by region, and the contribution from an individual
precursor than in the case of GWP.
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Figure 4.3: Comparison of Global Warming Potential of all anodes

In general, the research demonstrates that geographical location and synthesis
pathway both bear effects on the environmental impact of emerging SIB anodes.
While greener energy blends such as renewable-abundant European grids radically
reduce GWP, process-specific considerations such as solvent choice and thermal
power demands remain considerable hotspots worthy of attention in future optimi-
sation studies.
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ADP of Hard carbon Active Material from Biomass
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4.2 QObservation on cathode and anode pairing

The selection of suitable cathode materials for each sodium-ion battery (SIB) anode
is crucial and directly impacts the resulting cell’s capacity, voltage, energy density,
and cycle life. In this study, we analysed combinations for a range of anodes
spanning metallic alloys, transition metal oxides, hard carbons, and advanced
composites, matching each with proven and next-generation sodium-ion cathodes
to maximise cell output and stability.

The pairing process for SIBs relies on aligning the voltage window and specific
capacity of the anode with those of the cathode. The cathode should provide a sta-
ble and sufficiently high operating voltage (typically >2V vs Na/Na™) and a robust
capacity to ensure a balanced and efficient full cell. For example, NagVy(POy)3
a widely adopted polyanionic cathode offers a high and stable voltage plateau
of 3.4 V and excellent cycling stability, making it favorable for high-capacity
anodes such as BiySbg, FeoO3, FesOy4, SnyP3, and MXene materials. Prussian Blue
Analogues (PBAs), with their open frameworks and multivalent redox, provide
moderate-to-high voltage (3.2-3.3 V) and outstanding Na™ mobility, allowing for
rapid charge/discharge, which is ideal for both hard carbon and alloying-type an-
odes (e.g., SbC, Sn@NC). Layered oxides cathodes are also viable, offering voltages
around 3 V and high capacities for full cells with oxide and alloy anodes, as well as
for novel phosphorus and carbon-based anodes.

Matching anode and cathode not only ensures a suitable operating cell voltage
but also manages

e The overlap of their reversible capacity windows

« Minimises irreversible capacity loss (especially important with conversion or
alloying anodes)

o Delivers a balanced energy/power density. For example, hard carbon paired
with PBAs yields cells with energy densities competitive with commercial
lithium-ion technology, while maintaining safer and more sustainable chemistry.

The probable anode-cathode combinations are shown in the Table 3.1
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Table 4.1: Anode-Cathode Combinations

Anode Cathode 1 Cathode 2 Cathode 3 Sources
BiQSbG Na3V2(PO4)3 Prussian Blue | — [89]
Analogues
FeqO4 Layered oxide — —
Fe30y Layered Oxide | — - [90]
HC_ Biomass Prussian  Blue | NagVy(POy); Nag 44MnO, [91][30]
Analogues
HC_ Pet Coke Prussian  Blue | Layered Oxide Polyanionic [91][30]
Analogues
MRPN Layered Oxides | Prussian Blue | — [62]
Analogues
SbC__composite | NazVa(POy)s Prussian  Blue | - [92]
Analogues
Sn@QCNF Nay.66MnOoNa | — - [61]
SH4P3 Na3VQ(PO4)3 - - [93]
Ti mxene NazVy(POy)s Mxene based [50]
cathodes

37




Chapter 5

Conclusion and Future
Scope

Conclusion

Sodium-ion batteries are also gaining increased interest as an alternative to lithium-
ion systems. Though several cathode chemistries are being explored and developed,
the majority of sodium-ion cells still rely on carbon-based anodes. Anode material
research has picked up significantly in the last few years, though, offering new
avenues for the improvement of battery performance.

This study contributes to the science community in designing and analysing an
inventory database of sodium-ion battery materials. The database not only enables
more thoughtful design of batteries and selection of materials but also enables life
cycle assessment (LCA) of different cathode—anode combinations. Although this
study focused on only two impact categories, this methodology can be extended to
other more environmental indicators and will provide more insights when applied
to full battery systems.

The LCA results demonstrate that energy consumption is the dominant driver
of environmental impacts, and the role of fossil fuel inputs to the energy system
is especially important. The mineral inputs critical to these technologies also
contribute to higher emissions. Furthermore, electrochemical properties are also a
critical factor: compounds with lower energy density in the anode require additional
active material to supply the same amount of energy, which equates to greater
material requirements and manufacturing energy consumption. These findings
highlight that sodium-ion batteries, especially with optimised anodes, carry a great
deal of environmental value if further optimised.
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Limitation of the research

As with many early-stage studies, this research also possessed several limitations.
The most pressing one was the unavailability of full inventory data. Certain pre-
cursors and intermediate products were missing in the LCA databases, so cautious
estimations and modelling assumptions had to be used. This introduces a certain
degree of uncertainty into the result. Another limitation is the unavailability of
primary industrial data. Since most of the sodium-ion chemistries are still in the
development phase, industry players keep process information secret. Therefore,
this study had to rely predominantly on research reports and pilot-scale publica-
tions, which may not reflect actual industrial conditions accurately.

Furthermore, the scope of this thesis was limited to the stage of lab-scale
synthesis of active materials. While this provides a necessary foundation, it doesn’t
account for the use-related impacts, charging cycles, or end-of-life processing such
as recycling and material recovery. Such stages should alter the global life cycle
profile of sodium-ion batteries, especially given that recycling approaches should
significantly reduce the need for primary raw materials. Extending the scope to
the whole life cycle would therefore provide a more realistic and holistic vision of
the sustainability potential of SIBs.

Future Work

This study is the first step toward creating an anode active material inventory for
sodium-ion batteries. The database must be updated and maintained regularly
to be reliable and accurate. Data are primarily derived from literature reporting
and calculation-based data, it is a starting point but with limited information on
industrial processes. As the technology continues to develop, future updates should
incorporate first-hand data from the industry, as well as improved methodologies
described in research studies.

Apart from updates, the scope of the dataset will need to expand. Though this
thesis focused on anode active materials, subsequent studies can include cathodes,
electrolytes, binders, separators, and current collectors and eventually allow for full
cell-level and system-level assessments. Expanded coverage like this would allow
for greater LCAs and better comparisons between battery designs.

Finally, accessibility improvements will be required. The current Excel format
is easy to use with small datasets but limiting for bigger inventories. A more user-
friendly interface with searching ability, efficient data retrieval, and exportability
to LCA packages would be time-efficient, error-reducing, and user-dataset friendly.
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Creating such a collaborative environment in which researchers and industry
partners can utilise data has the potential to make the dataset a robust, and
community-maintained resource for sustainable battery development.
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Appendix A

Anode Active Material
Inventory List

Table A.1: Inventory List for BisShg Active Material

Input Material Amount Unit
Antimony 1.2 g
Bismuth 0.6 g
Electricity 3.3 MJ
Heat 0.5 MJ
Magnesium 4.6 g
Output Material Amount Unit
np-BiyShg alloy | 1.7 g
(nanoporous), active

material

Hydrogen, gaseous, low | 0.1 g
pressure

Magnesium (recovered) | 4.6 g
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Table A.2: Inventory List for Fe;O3 Active Material

Input Material Amount Unit
Tetraethyl orthosilicate 0.25 g
Iron acetate (precursor for | 2.25 g
Fe,03)

Electricity 0.15 MJ
Heat 2.5 MJ
Acrylonitrile 6.5 g
Output Material Amount Unit
Fe,0O3 active material 2.5 g

Table A.3: Inventory List for Fe3O4 Active Material

Input Material Amount Unit
FeCl; (Ferric chloride) 0.486 g
PVP (Polyvinylpyrrolidone) | 0.6 g
DMF (N,N-| 10 ml
Dimethylformamide)

PAN (Polyacrylonitrile) 0.4 g
Electricity 0.35 MJ
Heat 2.5 MJ
Output Material Amount Unit
uf-Fe;O,QN-CNF mem- | 0.9 g
brane
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Table A.4: Inventory List for Red Phosphorus (MRPN) Active Material

Input Material Amount Unit
PI3 (Phosphorus Triiodide) | 0.0823 g
Iodobenzene 5.18 g
CTAB (Cetyltrimethylam- | 0.0364 g
monium bromide)

Ethylene Glycol 5.58 g
Electricity 0.1 MJ
Heat 2 MJ
Input Material Amount Unit
MRPN-3 Product 0.2 g
Solvent waste (iodobenzene, | 10 g
ethylene glycol)

Table A.5: Inventory List for Sb/C-Composite Active Material

Input Item Amount Unit
SboO3 powder 1.0 g
CaCy powder 1.0 g
Electricity 1.7 MJ
Heat 1.0 MJ
Input Material Amount Unit
Sb/C Composite 1.5 g

Table A.6: Inventory List for SngP3; Active Material

Input Material Amount Unit
Tin(II) chloride dihydrate | 9.01 g
Red Phosphorus (CRP) 7.43 g
Reduced Graphene Oxide | 0.05 g
(rGO)

Electricity 0.3 MJ
Heat 2.5 MJ
Output Material Amount Unit
SnyP3-rGO Composite (sam- | 14.5 g

ple 2)
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Table A.7: Inventory List for Sn/C-Nanofibers Active Material

Input Material Amount Unit
Carbon 0.12 g
Electricity 0.42 kWh
Tin 0.58 g
Output Material Amount Unit
Sn_ NC active material 0.7 g

Table A.8: Inventory List for Ti MXene Active Material

Input Material Amount Unit
Titanium 10.31 g
Aluminium 5.81 g
Titanium carbide 23.9 g
Electricity 0.4 MJ
Output Material Amount Unit
Ti;Al; TiCy g5 active mate- | 40.9 g

rial
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Table A.9: Inventory List for Industrial Production of Hard Carbon Active
Material from Biomass

Input Material Amount Unit
Carbohydrate 20 kg
Electricity 0.107 kWh
Heat 9.52 MJ
Water 0.178 1
Additives 0.267 kg
Inert atmosphere 6.99 kg
Transport, lorry 1.38 t-km
Transport, train 4.86 t-km
Infrastructure 4e-10 p
Dust 6.62e-05 kg
Output Material Amount Unit
COq 29.33 kg
CO 0.000353 kg
NO, 0.00616 kg
SO- 0.00117 kg
TOC 0.00011 kg
HF 8.89e-06 kg
HCI1 0.000508 kg
Waste heat 9.9 MJ
Waste water 0.0178 1
Solid waste 0.000444 kg
Hard carbon 1 kg
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Table A.10: Inventory List for Industrial Production of Hard Carbon Active
Material from Petroleum Coke

Input Material Amount Unit
Coke 1.14 kg
Electricity 0.0183 kWh
Heat 1.89 MJ
Water 0.178 1
Inert atmosphere 0.9 kg
Transport, lorry 0.159 t-km
Transport, train 0.777 t-km
Infrastructure 4e-10 p
Output Material Amount Unit
CO, 0.0839 kg
NO 0.0466 kg
NOo 0.00376 kg
SO, 0.0503 kg
Waste heat 1.95 MJ
Hard carbon 1 kg
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