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Abstract 

This roadmap will examine the present condition of battery technology, prospective future 
advancements—emphasizing digital twin innovations—critical stressors, and suggestions for 
governments and industry stakeholders. It functions as a framework for traversing the dynamic battery 
landscape and actualising the complete potential of digital twin technology for battery management 
systems. The Battery Technology Roadmap (BTR) will assemble a comprehensive evaluation of battery 
technology, encompassing an analysis of stress variables and their significance. The rapidly evolving 
battery market necessitates a comprehensive understanding of current technologies and potential 
future developments to facilitate informed decision-making. The objective is to delineate the present 
state of battery technology and their potential future advancements to provide policymakers, industry 
stakeholders, and researchers with a strategic framework. The deliverable will encompass an analysis 
of the present state of battery technology, an assessment of anticipated future developments, an 
exploration of critical stress elements and their significance, as well as recommendations for 
lawmakers and industry stakeholders. WP7's objectives of establishing key performance indicators for 
Battery Management Systems (BMS), developing a comprehensive battery technology roadmap that 
considers diverse use cases, and evaluating stress factors within those use cases are all facilitated by 
BTR. 

 

Summary 

The current state of battery technology and potential future developments are outlined in the BTR. It 
functions as a resource for policymakers, industry participants, and scholars. The BTR is structured into 
three divisions: 
 

• Battery market trends: This part will delineate the trends pertaining to electric vehicles, heavy-
duty vehicles, and residential energy storage. It will also offer a comprehensive review of 
market expansion, principal participants, and the problems confronting these markets. 

• Current State of Battery Technologies: This part offers a comprehensive analysis of the various 
battery technologies, their applications, and performance attributes. This section will provide 
an overview of the upcoming technology of Digital Twin for Battery Management Systems 
(BMS), which is the core emphasis of BATMAX. 
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• Potential Future Developments: This section examines the current research and development 
efforts aimed at advancing battery technology. It includes both chemical innovations and 
insights from the Digital Twin field. 

• Recommendations for Policymakers and Industry Stakeholders: This part addresses the 
policies and investments required to facilitate the advancement and implementation of 
sophisticated battery technology. 

 
The BTR's principal findings encompass: 
 
The battery industry is ever evolving, propelled by swift breakthroughs in technology and chemistry. 
This evolution requires a robust tool for controlling the intricacies of contemporary battery systems, 
which is where the digital twin for Battery Management Systems (BMS) is essential. A digital twin, a 
virtual representation of a physical battery system, facilitates real-time monitoring, analysis, and 
optimisation of performance, longevity, and safety across diverse chemistries and cell configurations. 
Ongoing research and development is essential, concentrating on novel materials and advanced cell 
architecture. Nonetheless, actualising that research into practical enhancements necessitates the 
predictive and analytical functionalities of a BMS digital twin. Consequently, policies and investments 
must endorse foundational research and the advancement and implementation of these sophisticated 
digital twin technologies, promoting a resilient domestic battery manufacturing sector and expediting 
the incorporation of state-of-the-art battery solutions. The BTR functions as a dynamic document and 
an essential resource for policymakers, industry stakeholders, and scholars. 
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Battery Market Trends 

The battery industry is experiencing substantial growth and innovation, driven chiefly by the escalating 
demand for EVs, the proliferation of renewable energy storage systems, and the heightened necessity 
for dependable power solutions across diverse applications (Figure 1). 
 

 
Figure 1 - Geographical distribution of production/capacity by element of the supply chain in 2021. - Source: IEA Global 

Electric Vehicle Outlook 2022. 

 
This battery market trend will focus on three key sectors: EVs, Heavy Duty and Home Energy storage. 
 
 

EVs 

EV Battery Market 
The electric vehicle battery market is experiencing significant expansion, driven by the worldwide 
transition to electric mobility. The EV battery market is undergoing substantial expansion, propelled 
by the worldwide shift towards electric mobility. Governments globally are implementing stringent 
pollution laws and offering incentives to promote the adoption of electric vehicles. This has led to a 
significant surge in demand for high-performance batteries, particularly lithium-ion batteries. Global 
governments are enacting rigorous emission restrictions and providing incentives to encourage the 
adoption of electric vehicles, resulting in a significant increase in demand for high-performance 
batteries, especially lithium-ion batteries1. 
 

 

 
1 Electric Vehicle (EV) Relay Market Size, Report By2032. https://www.autoindustrybulletin.com/electric-vehicle-ev-relay-market/ 
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Figure 2 - Electric vehicle battery demand by region, 2016-20232 

 

Market Size and Growth 
In 2022, battery costs experienced their inaugural increase of 7% attributed to volatility in the battery 
metal markets. In 2023, this trend flipped, with an approximate 14% decline as metal prices, excluding 
lithium, dropped below historical averages. Despite elevated lithium prices, the cost advantage of LFP 
batteries, influenced by lithium expenses, diminished in 2023 relative to 2021; nonetheless, LFP 
batteries remain considerably more economical. Innovations in battery pack design, such as cell-to-
pack technology, along with manufacturing advancements, persist in improving the performance of 
both LFP and NMC chemistry batteries. 
 
Battery prices are converging on a global scale regionally. China presently enjoys the lowest production 
prices, particularly for LFP batteries, affording it a competitive advantage over Europe and North 
America, where manufacturing expenses are higher and NMC chemistries are predominantly utilised. 
 

 

 
Figure 3 - Price of selected battery materials and lithium-ion batteries, 2015-20243 

 

Key Players 
The EV battery market is marked by fierce competition among major players. Below is a table 
summarising the top five EV battery manufacturers by market share as of January to October 2024: 
 
Table 1 - Key players in EV battery market4 

Company Description 

CATL A Chinese company and the leading brand in EV battery 
manufacturing. It supplies batteries to automakers, 
including Tesla, BMW, and Toyota. 

 
2 IEA (2024), Electric vehicle battery demand by region, 2016-2023, IEA, Paris https://www.iea.org/data-and-statistics/charts/electric-vehicle-
battery-demand-by-region-2016-2023, Licence: CC BY 4.0 
3 IEA (2024), Price of selected battery materials and lithium-ion batteries, 2015-2024, IEA, Paris https://www.iea.org/data-and-
statistics/charts/price-of-selected-battery-materials-and-lithium-ion-batteries-2015-2024, Licence: CC BY 4.0 
4 Global EV battery market share in Jan-Oct 2024: CATL 36.8%, BYD 16.8% - CnEVPost 

https://cnevpost.com/2024/12/05/global-ev-battery-market-share-jan-oct-2024/
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BYD Another Chinese company that has experienced rapid 
growth in recent years. It supplies batteries to Tesla and 
other leading automakers. 

LG Energy Solution A South Korean company that remains a major player 
despite recent challenges. 

CALB A Chinese company that is among the top five EV battery 
manufacturers. 

SK On A South Korean company with ambitious plans to become 
the biggest EV battery producer by 2030. 

 

Challenges and Opportunities 
The EV battery market encounters numerous problems and opportunities. 

• Significant Expense: Although costs are decreasing, the substantial cost of EV batteries 
remains an obstacle to mainstream adoption. The electric vehicle sector is significantly 
dependent on essential minerals like lithium, cobalt, and nickel, which are vulnerable to 
geopolitical conflicts and environmental issues. 

• Safety Concerns: Safety considerations, especially the potential for thermal runaway, continue 
to be a major worry. Current initiatives seek to augment battery safety by advanced 
technology and regulatory measures. 

• Recycling Challenges: The recycling of batteries encounters obstacles stemming from elevated 
costs and insufficient infrastructure. 

• Technological Advancements: Innovations in battery technology, like as solid-state batteries, 
offer extended ranges, expedited charge times, and improved safety. 

• Emerging Markets: There is significant untapped potential in emerging markets such as India, 
Southeast Asia, and Africa, especially with the advancement of cost-effective electric vehicle 
models. 

 

Heavy Duty 

Heavy Duty Battery Market 
The heavy-duty battery sector encompasses batteries designed for electric trucks, buses, and off-road 
vehicles. This market is expanding swiftly owing to the increasing demand for electric mobility in 
commercial and industrial contexts. 
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Figure 4 - Electric truck registrations and sales share by region, 2015-20235 

 

Market Size and Growth 
The Heavy-Duty Vehicle Batteries market is projected to expand significantly, rising from $15.45 billion 
in 2024 to $23.4 billion by 2031, with a CAGR of 7.16%. This rise is propelled by technological 
improvements, increasing worldwide demand, and the broadening uses across many industries.  
 
Principal elements driving this expansion encompass heightened investment in research and 
development, product innovation, and an escalating preference for sustainable solutions, especially in 
emerging markets.  
 
In spite of regulatory restraints and fierce competition, the industry is anticipated to address these 
challenges through product diversification, optimised production techniques, and strategic alliances. 
The market's future will be determined by enterprises emphasising innovation, durability, and 
customer-centric solutions6. 
 

Key Players 
The heavy-duty battery market is dominated by major players such as: 
 
 

 
5 IEA (2024), Electric truck registrations and sales share by region, 2015-2023, IEA, Paris https://www.iea.org/data-and-
statistics/charts/electric-truck-registrations-and-sales-share-by-region-2015-2023, Licence: CC BY 4.0 
6 Global Heavy-Duty Vehicles Batteries Market Size, Scope And Forecast Report, Report ID: 998613 | Published : February 2025 | Study Period 
: 2023-2032 
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Table 2 - Key players for Heavy Duty Vehicles battery7 

Company Description 

Exide A leading global player in the industrial batteries 
market with a strong product portfolio and a 
long history of providing energy products to 
various sectors. 

EnerSys Another leading player in the industrial batteries 
market with a focus on innovation and a wide 
range of battery solutions. 

Amara Raja Batteries A major player in the Indian industrial batteries 
market, actively involved in setting up giga-scale 
battery manufacturing plants. 

 

Challenges and Opportunities 
The heavy-duty battery business encounters challenges in attracting trained labour and mitigating 
current skills deficiencies. 

• Cost Reduction: Decreasing the expense of heavy-duty batteries is crucial for their broader use 
across diverse applications. 

• Safety and Durability: Ensuring the safety and durability of heavy-duty batteries is essential, 
especially in rigorous working conditions. 

• Government Support: Government activities and policies are crucial in promoting the 
development and acceptance of heavy-duty batteries. 

• Recycling Challenges: The recycling of batteries is impeded by elevated costs and inadequate 
infrastructure, posing considerable obstacles. 

 

Home Energy Storage 

Home Energy Storage Battery Market 
The residential energy storage battery market is driven by the rising adoption of renewable energy 
sources, the escalating demand for energy autonomy, and the imperative for backup power solutions. 
 

 
7 Industrial Batteries Market Size, Share & Industry Analysis, By Type (Lead Acid Battery, Lithium-Ion Battery, and Others), By Application 
(Forklift, UPS/Data Centers, Telecom, Energy Storage System (ESS), and Others), and Regional Forecast, 2024-2032; 
https://www.fortunebusinessinsights.com/industrial-batteries-market-110549 
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Figure 5 - Europe Annual Battery Storage Segmentation Shares 2019-20238 

 

Market Size and Growth 
The European household BESS industry is set for substantial and swift expansion, propelled by elevated 
power prices, rising self-consumption of solar energy, and governmental subsidies. Although still in its 
infancy, it is anticipated to evolve into a multi-billion-euro sector by 2030. 
 

 
Figure 6 - European annual BESS capacity additions9 

 

 
8 European Market Outlook for Battery Storage 2024-2028, SOLARPOWER Europe 
9 European residential BESS industry | McKinsey 

https://www.mckinsey.com/industries/industrials-and-electronics/our-insights/how-europes-residential-bess-industry-can-navigate-global-competition
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Key Players 
The home energy storage battery market is dominated by major players such as: 
 
Table 3 - Key Players in HESS market 

Company Description 

Tesla 
Tesla is a leading player in the residential solar-
plus-storage market. 

LG 
LG is another major player in the residential 
battery market, offering a wide range of energy 
storage solutions. 

Enphase 

Enphase is a key player in the home energy 
storage market and is known for its 
microinverter-based systems and energy 
management solutions. 

Sunrun 
Sunrun is a leading residential solar and storage 
installer with a significant market share. 

SunPower 

SunPower is a major player in the residential 
solar and storage market, offering high-
efficiency solar panels and integrated storage 
solutions. 

 

Challenges and Opportunities 
• Significant Upfront Expenses: The substantial upfront expenditure associated with household 

energy storage devices may impede their adoption. 
• Safety Concerns: It is imperative to ensure the safety of residential battery systems, 

particularly with fire threats. 
• Recycling and End-of-Life Management: Effective recycling and end-of-life management of 

residential batteries are crucial for environmental sustainability. 
• Enhanced Energy Autonomy: Home battery solutions provide augmented energy 

independence and resilience during power outages. 
• Decentralized Grid: Residential battery systems enhance the decentralisation and resilience 

of the energy grid. 
• Financial Incentives: Government subsidies and rebates can enhance the affordability of home 

energy storage systems. 
• Recycling Challenges: The recycling of batteries encounters difficulties stemming from 

elevated costs and inadequate infrastructure. 

 

Maritime 

Maritime Battery Market Overview 

The worldwide marine battery market is trending strongly higher. One study suggested the market size 
was about €0.95 billion (USD 1.06 billion) in 2023 and is expected to increase from about €1.19 billion 
(USD 1.33 billion) in 2024 to about €4.84 billion (USD 5.40 billion) by 2032, at a Compound Annual 
Growth Rate (CAGR) of 19.10% during this time.10 

 

 

 
10 https://www.skyquestt.com/report/marine-battery-market 
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With a CAGR of 16.1%, another study projected the market at about €607.3 million (USD 677.82 
million) in 2024 and anticipates reaching around €1.49 billion (USD 1,662.20 million) by 2030.11 

A third analysis estimates the market to be worth around €789.6 million (USD 881.2 million) in 2024 
and forecasts it to increase at a CAGR of 9.50% between 2025 and 2035, reaching about €2.14 billion 
(USD 2393.3 million).12 

According to one report, Europe had a leading market share in 2023 with 39.62%13. Asia-Pacific is also 
a key market; China has a notable share.  
Government programs supporting cleaner maritime technologies, applying laws such as the IMO 2020 
Sulphur Regulation, rising maritime tourism, expanding seaborne trade, and others are major 
contributors to this increase.  
 

 

 
11 https://www.grandviewresearch.com/industry-analysis/marine-battery-market-report 
12 https://www.globenewswire.com/news-release/2023/09/18/2744561/0/en/Marine-Battery-Market-Size-Share-

to-Surpass-1-9-Billion-by-2030-Vantage-Market-Research.html 
13 Idem 10 
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Market Size and Growth 

The global marine battery market is demonstrating a significant upward trend, indicative of a robust 
expansion phase. Projections from industry analyses consistently point towards substantial growth in 
the coming years. For instance, Fortune Business Insights reported the market at approximately €0.95 
billion in 2023, forecasting an increase from approximately €1.19 billion in 2024 to approximately 
€4.84 billion by 2032, which represents a notable Compound Annual Growth Rate (CAGR) of 19.10% 
over this period. 

Further market assessments provide varied but similarly positive outlooks. Grand View Research 
valued the market at approximately €607.3 million in 2024, with an anticipated rise to approximately 
€1.49 billion by 2030, reflecting a CAGR of 16.1%. Another perspective from Vantage Market Research 
estimated the 2024 market value at approximately €789.6 million, projecting it to reach approximately 
€2.14 billion by 2035, driven by a CAGR of 9.50% for the 2025-2035 timeframe. 

Geographically, Europe emerged as the dominant market force in 2023, commanding a 39.62% share 
according to Fortune Business Insights. The Asia-Pacific region also constitutes a significant market, 
with China notably contributing to its substantial share, as highlighted by Grand View Research. This 
pronounced market expansion is propelled by several key factors, including the enforcement of 
stringent environmental regulations such as the IMO 2020 Sulphur Regulation, a burgeoning maritime 
tourism sector, consistent growth in global seaborne trade, and proactive government policies aimed 
at fostering the adoption of cleaner maritime technologies. 

 

 
Figure 7 - Global Marine Market Size and Growth14 

 

Key Players 
Several businesses are operating in the maritime battery sector, ranging from well-known industrial 
firms to specialised battery makers.  Among the often-cited leading players are: 
 

Company Description 

Corvus Energy  A leading specialist supplier of zero-emission solutions, 
including modular lithium-ion battery systems, for diverse 

 
14 https://www.sphericalinsights.com/press-release/marine-battery-market 
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maritime, offshore, and port applications. They report that a 
significant percentage of global vessels with zero-emission 
technology utilize their systems, highlighting their strong 
market penetration and focus on safety and efficiency with 
type-approved energy storage systems like the Dolphin 
NxtGen. 

Wärtsilä A major marine technology provider offering hybrid battery 
solutions designed to enhance vessel efficiency, reduce 
emissions, and lower operational noise. Their systems 
typically integrate conventional marine engines with 
advanced battery technology for optimized performance in 
applications such as hybrid ferries. 

ABB Ltd. Delivers comprehensive integrated power and propulsion 
systems for the marine industry. A key offering includes 
containerized maritime Energy Storage Solutions (ESS) that 
are designed for both retrofits and newbuilds. These systems 
enable functionalities like peak shaving, enhanced dynamic 
performance, and spinning reserve, contributing to fuel 
savings and reduced maintenance. 

Saft (a subsidiary of TotalEnergies) Specializes in developing and integrating advanced, high-tech 
nickel and lithium-ion battery systems for a wide array of 
marine applications, including critical control boards and full 
or hybrid-electric propulsion. Their marine battery solutions 
are designed to meet stringent environmental and safety 
standards (DNV, BV, Lloyd's Register) and are used in various 
vessels, from ferries to specialized barges. 

 

Challenges 
Wider adoption of the maritime battery market is hampered by various obstacles that must be 
resolved: 

• High Initial Investment: Marine battery solutions' upfront cost might be significant compared 
to traditional power sources.   

• Infrastructure: Insufficient shoreside charging infrastructure and port power grid 
modifications are significant obstacles. 

• Safety and Regulatory Compliance: Regulatory Compliance and Safety:  Critical guarantees 
the safety of large-scale battery installations on ships and negotiating complex, changing 
battery transportation and operation rules.  This covers strong battery management systems 
and the fire danger connected with Li-ion batteries. 

• Energy Density and Range Limitations: Though getting better, the energy density of present 
battery technology might restrict the range and use for big, long-haul ships.  

• Talent and Knowledge Gap: More trained people with knowledge of maritime electrification 
and battery systems are required.  

• Extraction of Raw Materials: Concerns about the environmental and ethical sourcing of raw 
materials for batteries, lithium and cobalt, abound. 

• Stability and Temperature Control: Keeping ideal operating temperatures for batteries during 
transit and operation can be difficult.  

 

Opportunities 
The maritime battery business offers great possibilities despite the difficulties. 
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• Decarbonization and Emission Reduction: Batteries are essential for achieving IMO and 
regional authorities' emission reduction goals, enabling decarbonisation of other pollutants 
and greenhouse gases (CO2, NOx). SkyQuest Technology's Marine Battery Market Size and 
Forecast to 2032 

• Fuel Cost Savings and Operational Efficiency: Electric and hybrid propulsion systems can 
significantly save fuel and reduce maintenance expenses. Marine Battery Market - Industry 
Analysis 2032 - Stellar MR, Marine Battery Market Size and Forecast to 2032 - SkyQuest 
Technology 

• Growing Maritime Tourism and Freight: Increasing Freight and Maritime Tourism Growing 
demand for maritime tourist and freight transportation drives the need for more ships, 
especially those with modern battery systems. Vantage Market Research, Marine Battery 
Market Size, Trends, Share | Analysis—2030—Allied Market Research estimates the Marine 
Battery Market Size at USD 2393.3 million by 2035. 

• Hybridization of Vessels: Retrofitting current ships with hybrid battery systems is a rising 
trend, particularly in the ferry sector. Here are seven intriguing hybrid ship trends everyone 
should be aware of. 

• New Vessel Types: Demand for fully electric ferries, offshore support vessels, and uncrewed 
marine vessels pushes battery adoption. Marine Battery Market Share, Trends & Growth 
Insights 2032 - Sources & Data 

• Technological developments: Continuous increases in battery energy density, safety features, 
charging rates, and lifetime make batteries more feasible for a broader spectrum of marine 
uses. Marine Battery Market Size USD 2393.3 Million by 2035 - Vantage Market Research 

• Government Support and Incentives: Policies encouraging clean maritime technologies and 
investments in port infrastructure are generating a good market climate. Marine Battery 
Market Size, Growth & Global Report [2032] - Fortune Business Insights 

Current State of Battery Technology 

The worldwide shift to EVs and renewable energy sources has markedly highlighted the advancement 
of sophisticated battery technologies, a trend greatly supported by the substantial reduction in 
lithium-ion battery prices—approximately a 90% decline—from 2013 to the present (Figure 7). This 
change is mostly motivated by the necessity to diminish carbon emissions and attain sustainability 
objectives. Battery Management Systems (BMS) guarantee the safety and operational efficiency of the 
battery. The integration of digital twin technology has shown to be transformative in enhancing BMS 
functionalities. Notwithstanding the advancements, there presently exists an absence of a definitive, 
publicly accessible roadmap that explicitly delineates the integration of digital twin technology inside 
the overarching framework of battery technologies. This roadmap seeks to bridge this gap by 
examining the future of battery technologies, emphasising the incorporation of digital twins for battery 
management systems, and analysing their prospective influence on the automotive sector, while 
maintaining a sustained emphasis on sustainability. 
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Figure 8 - Lithium-ion battery price worldwide from 2013 to 2024(in 2024 U.S. dollars per kilowatt-hour) 15 

 
As of early 2025, eight secondary battery technologies are available in the market, each with 

advantages and drawbacks (Table 4). 

 
Table 4 - Li-ion battery overview (TRL = technology readiness level). 16 

 
 

This document will concentrate on four primary applications: electric vehicles, heavy-duty vehicles, 
buses, waterborne applications and residential energy storage. The foremost technologies identified 
as the present state of the art are LMO, LTO, LFP, and NMC.  

 

Battery Technologies 
 

 
15 Battery price per kwh 2024 | Statista 
16 Tidblad, A.A.; Edström, K.; Hernández, G.; de Meatza, I.; Landa-Medrano, I.; Jacas Biendicho, J.; Trilla, L.; Buysse, M.; Ierides, 
M.; Horno, B.P.; et al. Future Material Developments for Electric Vehicle Battery Cells Answering Growing Demands from an 
End-User Perspective. Energies 2021, 14, 4223. https://doi.org/10.3390/en14144223 

https://www.statista.com/statistics/883118/global-lithium-ion-battery-pack-costs/
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LMO (LiMn2O4) 
Lithium-ion batteries have emerged as the preeminent energy storage technology for portable 
gadgets, electric cars, and various applications owing to its high energy density, extended cycle life, 
and comparatively low self-discharge rate (Table 5). Lithium-ion batteries operate by transferring 
lithium ions between a positive electrode (cathode) and a negative electrode (anode) via an 
electrolyte. 

LMO batteries are a kind of LIB that utilise LiMn2O4 as the cathode material. This material possesses 
a spinel structure, providing numerous benefits, such as elevated power output and excellent thermal 
stability. LMO batteries were initially commercialised in 1996 and have subsequently been utilised 
across many sectors. 

 
Figure 9 - Snapshot of a pure Li-manganese battery. Although moderate overall performance, newer Li-manganese designs 

offer specific power, safety, and life span improvements. Source: Boston Consulting Group 

Main Characteristics 
 
Table 5 - Characteristics of Lithium Manganese Oxide 

Voltages 3.70V (3.80V) nominal; typical operating range 3.0–4.2V/cell 

Specific energy (capacity) 100–150Wh/kg 

Charge (C-rate) 0.7–1C typical, 3C maximum, charges to 4.20V (most cells) 
Charge must be turned off when current saturates at 0.05C. 

Discharge (C-rate) 1C, 10C possible with some cells, 30C pulse (5s), 2.50V cut-off 

Cycle life 300–700 (related to depth of discharge, temperature) 

Thermal runaway 250°C (482°F) typical. High charge promotes thermal runaway 

 

Advantages and Disadvantages of LMO Batteries 
LMO batteries provide a distinctive amalgamation of characteristics that render them appropriate for 
particular applications. Nonetheless, they possess limitations that warrant consideration. The Table 6 
delineates the principal advantages and downsides of LMO batteries: 

Table 6 - Advantages and disadvantages of LMO batteries 

Advantage Disadvantage 

High Power Density:  Limited Cycle Life:  
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The three-dimensional spinel structure allows 
rapid lithium-ion movement, enabling high 
charge and discharge rates. 

LMO batteries generally have a shorter life cycle 
than other LIB chemistries, particularly at high 
temperatures. This is due to instability of the 
spinel structure during cycling, which leads to 
capacity fade. 

Safety:  

LMO batteries exhibit good thermal stability, 
reducing the risk of overheating and fire 
compared to other Li-ion chemistries. This is due 
to the strong Mn-O bond in the spinel structure, 
which makes it less prone to oxygen release at 
high temperatures. 

Manganese Dissolution:  

Manganese ions (Mn2+) can dissolve into the 
electrolyte during operation, hindering lithium 
extraction and further reducing capacity 
retention. This dissolution process is 
exacerbated at elevated temperatures and high 
voltages. 

Cost-Effectiveness:  

Manganese is relatively abundant and 
inexpensive compared to other cathode 
materials like cobalt and nickel. This makes LMO 
batteries a cost-competitive option, especially 
for large-scale applications. 

Lower Energy Density:  

While LMO batteries offer high power density, 
their energy density (100-150 Wh/kg) is lower 
than other LIB chemistries like NMC. This limits 
their use in applications where energy storage 
capacity is paramount. 

High Operating Voltage:  

LMO operates at higher voltages (>4.0V) than 
other cathode materials, contributing to higher 

energy output. 

 

Fast Charging:  

LMO batteries can typically be charged at rates 
of 0.7-1C, with some cells capable of 3C charging. 

 

Good Thermal Runaway Characteristics:  

LMO batteries have a typical thermal runaway 
temperature of 250°C, which is relatively high 
compared to other LIB chemistries. 

 

 

 

 

Trade-offs and Considerations 
The elevated power density of LMO batteries compromises their cycle life. This trade-off is an essential 
factor when choosing LMO batteries for particular applications. In power tools requiring high power 
output for brief operational intervals, the reduced cycle life may be of lesser significance. In electric 
vehicles, where prolonged battery life is essential, the cycle life constraints of LMO must be 
meticulously assessed. 
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Manufacturing Process 
The production process of LMO batteries encompasses multiple stages, each incurring specific prices 
and energy usage. Research concentrates on improving these processes to minimise expenses and 
environmental effects. 

Materials and Components 
LMO is among the cathode materials utilised in lithium-ion batteries. Additional cathode materials 
comprise LFP, NMC, and NCA. The selection of cathode material affects the battery's performance 
attributes, expense, and safety. Likewise, diverse anode and electrolyte materials are employed in LIBs, 
each possessing distinct characteristics. 

Environmental Impact and Sustainability 
The ecological consequences of LMO batteries, akin to other LIBs, are chiefly linked to the extraction 
and processing of raw materials, notably lithium and manganese. These processes may facilitate: 

• Mining activities can lead to land degradation, resulting in deforestation, soil erosion, and 
habitat loss, which adversely affects biodiversity and ecosystem services. 

• Water Pollution: The extraction of lithium, frequently utilising extensive evaporation ponds, 
can lead to the contamination of water supplies with chemicals and heavy metals, thereby 
impacting human health and aquatic ecosystems. 

The creation of LMO batteries entails energy-intensive operations, including mining, refining, and cell 
manufacturing, which contribute to greenhouse gas emissions and climate change. 

Hazards of Spent LMO Batteries 
Inadequate disposal of depleted LMO batteries might provide environmental and health risks. These 
encompass: 

• Fire and Explosion: Compromised or mishandled batteries may overheat, resulting in fires and 
explosions. 

• The degradation of battery components may emit hazardous gases such as HF and HCN. 

• Leaching of Hazardous Substances: Toxic metal oxides and electrolyte constituents may leach 
from depleted batteries, polluting soil and water resources. 

LMO Batteries and Green Energy 
Notwithstanding the environmental issues linked to their production, LMO batteries are essential for 
advancing the shift to sustainable energy sources. They are crucial elements of: 

• Electric Vehicles: LMO batteries energise electric vehicles, diminishing dependence on fossil 
fuels and mitigating greenhouse gas emissions from the transportation sector. 

• Renewable Energy Storage: LMO batteries facilitate the storage of energy from renewable 
sources such as solar and wind power, hence enhancing the stability and reliability of grid 
integration for these intermittent resources. 

Efforts to Improve Sustainability 
In acknowledgement of the environmental consequences of LMO batteries, substantial initiatives are 
in progress to enhance their sustainability across their whole lifecycle: 

• Responsible Sourcing: Acquisition of raw materials from environmentally sustainable mines 
and suppliers that comply with rigorous environmental and social criteria. This includes the 
reduction of water consumption, the minimisation of waste production, and the safeguarding 
of local communities. 
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• Recycling: Establishing effective recycling methodologies to extract valuable materials from 
depleted LMO batteries and minimise landfill waste. This entails the segregation and 
reclamation of elements like as lithium, manganese, and cobalt for repurposing in new 
batteries or alternative applications. 

• Closed-Loop Manufacturing: Employing closed-loop manufacturing systems to reduce waste 
and resource utilisation. This entails repurposing resources and byproducts during the 
manufacturing process, hence diminishing the necessity for raw materials. 

• Alternative Technologies: Investigating battery chemistries and technologies that possess 
reduced environmental impacts. This encompasses the investigation of novel materials, 
enhancement of battery design, and the advancement of more sustainable manufacturing 
methodologies. 

Comparing Environmental Impact 
It is crucial to evaluate the comprehensive environmental effects of LMO batteries in relation to 
traditional ICE vehicles. Although the manufacture of LMO batteries incurs ecological costs, research 
indicates that the lifecycle emissions of electric vehicles utilising LMO batteries are typically lower than 
those of internal combustion engine vehicles. This underscores the significance of ongoing 
enhancement in battery sustainability to mitigate their environmental impact. 

Companies and Research Institutions Involved 
Numerous companies and research institutions are involved in developing and producing LMO 
batteries. Some of the key players17 include: 

Table 7 - LMO key research and companies 

Company Description 

BYD 
Leading manufacturer of lithium-ion batteries and key player in 
new energy and rail transit sectors. 

Automotive Energy Supply 
Corporation (AESC) 

Nissan and NEC’s Automotive Energy Supply Corporation make 
combined LMO-lithium nickel oxide cells. 

Saft 

Veteran French battery maker Saft makes LMO batteries and 
what it calls "Super Lithium Iron Phosphate’ cells, which it says 
have a superior performance compared to standard products. 
Saft’s LFP-based Flex’ion systems can scale up to 2.3 megawatts 
and 500 kilowatt-hours. 

 

LTO (Li4Ti5O12) 
LTO batteries constitute a unique category of rechargeable battery technology, providing a notable 
alternative to traditional lithium-ion batteries. Principal benefits comprise markedly accelerated 
charging, prolonged lifespans, and improved safety (Figure 11). A significant differentiation of LTO 
batteries resides in their electrode composition. In contrast to numerous lithium-ion batteries that 
have a lithium-metal oxide cathode, LTO employs lithium titanate as the anode material. This intrinsic 
distinction in chemistry significantly influences the distinctive performance attributes of LTO cells. This 
essay will examine the complexities, benefits and drawbacks, many uses, present market conditions, 

 
17 Top 17 Lithium-ion Battery Companies/Manufacturers in the World 

https://www.credenceresearch.com/news/top-17-lithium-ion-batteries-companies-in-the-world


                  

                                                                                                                                                               

Page 24 of 59 

projected development trends, environmental implications, cost factors, and the principal firms 
engaged in LTO research, development, and production.  

 
Figure 10 - Snapshot of Li-titanate. Li-titanate excels in safety, low-temperature performance and life span. Efforts are being 

made to improve the specific energy and lower cost. Source: Boston Consulting Group 

Main Characteristics 
 
Table 8 - Main characteristics of Li-titanate 

Voltages 2.40V nominal; typical operating range 1.8–2.85V/cell 

Specific energy (capacity) 50–80Wh/kg 

Charge (C-rate) 1C typical; 5C maximum, charges to 2.85V 
Charge must be turned off when current saturates at 0.05C. 

Discharge (C-rate) 10C possible, 30C 5s pulse; 1.80V cut-off on LCO/LTO 

Cycle life 3,000–7,000 

Thermal runaway One of the safest Li-ion batteries 
 

Advantages and Disadvantages of LTO Batteries 
 
Table 9 - Advantages and Disadvantages of LTO batteries 

Advantages Disadvantages 

High Safety:  

LTO batteries are regarded as one of the safest 
types of batteries available. They exhibit a 
reduced susceptibility to thermal runaway, a 
phenomenon in which the battery overheats and 
may lead to an explosion. This renders them very 
appropriate for applications where safety is 
critical, such as electric automobiles and medical 
devices. 
o Moreover, LTO batteries provide enhanced 

safety compared to conventional lithium-

Low Energy Density:  

LTO batteries exhibit a reduced energy density 
(60–110 Wh/kg) compared to other lithium-ion 
batteries, indicating they retain less energy per 
unit of weight or volume. This may pose a 
drawback in applications with constrained area 
and weight, such as portable electronic gadgets. 
It is important to acknowledge that certain LTO 
batteries possess a volumetric energy density of 
up to 177 Wh/L. 
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ion technologies, as their higher potential 
than pure metal lithium reduces the 
likelihood of lithium dendrite formation, 
which can lead to short circuits. This results 
in stable discharge voltages and markedly 
enhanced safety performance. 
Comprehensive testing, encompassing 
puncture, crush, and short-circuit 
evaluations, has demonstrated that LTO 
batteries do not release smoke, ignite, or 
detonate, signifying a significant safety 
benefit.18. 

The thermal efficiency of LTO batteries is very 
significant. Research indicates that the 
temperature increase of an LTO battery may be 
precisely anticipated by computing the 
corresponding internal resistance at various 
discharge rates19. 

High Efficiency:  
LTO batteries provide tremendous efficiency in 
charging and discharging, enabling energy 
storage and release with low loss. This renders 
them optimal for high-efficiency applications like 
as grid energy storage systems. 

High Cost:  
LTO batteries are costlier than regular lithium-
ion batteries, mostly because of the elevated 
expenses associated with raw ingredients and 
production methods. This may impede wider 
adoption, particularly in price-sensitive sectors. 

Fast Charging:  
LTO batteries can be charged far more rapidly 
than other battery kinds. They can get 80% of 
their capacity within about 10 minutes, 
rendering them optimal for electric vehicles and 
other scenarios where rapid charging is crucial. 
o The distinctive cell chemistry and 

enhanced surface area of LTO batteries 
markedly expedite charging durations. LTO 
cells can be charged tenfold more rapidly 
than conventional batteries. 

o Data indicates that these batteries may be 
securely charged at rates above 10C, 
allowing for a complete charge in under 6 
minutes. 

o In heavy-duty applications, fast recharging 
during three-minute loading intervals 
necessitates a C-rate of 8.3C20. 

Limited Cycle Life in High-Temperature 
Applications:  

LTO batteries often possess an extended cycle 
life; nevertheless, this may be diminished in 
high-temperature applications. 

 

Long Life:  - 

 
18 Liu, Z.; Gao, Y.; Chen, H.; Wang, C.; Sun, Y.; Yan, P. Thermal Performance of Lithium Titanate Oxide Anode Based Battery Module under 
High Discharge Rates. World Electr. Veh. J. 2021, 12, 158. https://doi.org/10.3390/wevj12030158 
19 LTO batteries are one of the safest types of batteries available. 
20 LTO batteries: The future of heavy-duty commercial vehicles | Global Mining Review 

https://www.neexgent.com/article/what-is-lto-battery.html
https://www.globalminingreview.com/mining/10122024/lto-batteries-the-future-of-heavy-duty-commercial-vehicles/
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This durability is attributable to their stable 
chemistry and resistance to deterioration. 
o LTO batteries can endure over 25,000 

charge/discharge cycles without significant 
performance deterioration, in contrast to 
ordinary lithium-ion batteries, which may 
exhibit performance decline after 
approximately 1,000 cycles. 

o LTO batteries can retain 80% or more of 
their discharge capacity after 25,000 
cycles. 

o A simulation of a 20-year operation 
indicated that a 920 kWh LTO battery 
utilising 20 Ah high-power cells retained 
83% capacity after 138,000 cycles21. 

Wide Operating Temperature Range:  
LTO batteries function efficiently across a broad 
temperature spectrum, ranging from -30°C to 
70°C. This renders them appropriate for 
application in harsh settings, including outer 
space or frigid climes. 

- 

Environmentally Friendly:  
LTO batteries are ecologically sustainable, as 
they lack harmful or hazardous substances like 
lead or cadmium. 

- 

Self-Discharge Duration:  
LTO batteries outperform EDLCs in terms of 
capacity, discharge duration, and self-discharge 
duration. 

- 

Voltage Drop to 0V for Storage:  

LTO batteries can be discharged to 0V for storage 
and transportation without any capacity loss. 

- 

 

Environmental Impact of LTO Battery Technology 

LTO batteries are regarded as more environmentally sustainable than alternative battery technologies 
for various reasons: 

• LTO batteries are devoid of hazardous materials, including heavy metals like lead and 
cadmium, which pose environmental risks. 

• Extended Longevity: The prolonged lifespan of LTO batteries diminishes the necessity for 
frequent replacements, hence decreasing waste production and resource utilisation. 

LTO batteries are recyclable, hence diminishing their environmental impact. 

Nonetheless, the ecological ramifications of LTO battery manufacturing must also be taken into 
account. The extraction of raw materials and the production process may result in ecological 

 
21 Dr. MuMuMoorthi, White paper - “Lithium Titanate Based Batteries for High Rate and High Cycle Life Applications”, NEI Corporation 
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repercussions. Consequently, it is imperative to guarantee ethical material procurement and 
sustainable manufacturing processes. 

Companies Developing and Manufacturing LTO Batteries 
Several companies are involved in the development and manufacturing of LTO batteries: 

Table 10 - Key LTO companies and research institutions 

Company Description 

Toshiba Corporation 

A prominent producer of LTO batteries, providing an extensive 
array of products for many applications, including the SCiB™ 
product line featuring High Power, Combination, and High 
Energy cells. 

Microvast Holdings, Inc. 
Company specialised in the design, development, and 
production of LTO batteries for electric vehicles, energy storage 
systems, and maritime boats. 

Nichicon Corporation 
Manufactures cylindrical, board-mount secondary LTO 
batteries for automotive, consumer electronics, IoT, and other 
space-restricted applications. 

Leclanché SA 
Develops and manufactures LTO batteries and modules for 
various applications, including e-transport and energy storage. 

Gree Altairnano New Energy Inc. 
Provides sophisticated LTO battery modules for rigorous 
applications necessitating abuse tolerance, safety, and 
extended operating lifespan. 

Saft 
Specialises in sophisticated battery technology solutions, 
encompassing LTO batteries for satellite and industrial 
applications 22. 

Yinlong Energy (Gree) 
Engineered a rapid-charging LTO battery with a decade-long 
lifespan, designed for harsh temperature conditions. 

ELB Energy Group 
A prominent supplier and manufacturer of lithium-ion 
batteries, encompassing LTO batteries. 

 

 

LFP (LiFePO4)  
LFP batteries have emerged as a very promising energy storage solution owing to their superior safety, 
extended cycle life, and eco-friendliness (Figure 11). This article thoroughly examines LFP batteries, 
highlighting their benefits, drawbacks, applications, and future potential. 

 
22 Saft delivers innovative LTO traction batteries to power Siemens Mobility’s hydrogen trains | Saft | Batteries to energize the world 

https://saft.com/en/media-resources/press-releases/saft-delivers-innovative-lto-traction-batteries-power-siemens


                  

                                                                                                                                                               

Page 28 of 59 

 

Figure 11 - Snapshot of a typical Li-phosphate battery. Li-phosphate has excellent safety and long-life span but moderate 

specific energy and elevated self-discharge. Source: Cadex 

Main Characteristics 
 
Table 11 - Li-phosphate main characteristics 

Voltages 3.20, 3.30V nominal; typical operating range 2.5–3.65V/cell 

Specific energy (capacity) 90–120Wh/kg 

Charge (C-rate) 1C typical, charges to 3.65V; 3h charge time typical 
Charge must be turned off when current saturates at 0.05C. 

Discharge (C-rate) 1C, 25C on some cells; 40A pulse (2s); 2.50V cut-off (lower that 
2V causes damage) 

Cycle life 2000 and higher (related to depth of discharge, temperature) 

Thermal runaway 270°C (518°F) Very safe battery even if fully charged 

 

Advantages and Disadvantages of LFP Batteries 
 
Table 12 - Advantages and disadvantages of LFP batteries 

Advantages Disadvantages 
Safety: 
LFP batteries possess a superior safety profile 
compared to other lithium-ion batteries, 
exhibiting a less danger of overheating and 
ignition. This results from the stable chemistry of 
the cathode material, which does not emit 
oxygen when the battery is compromised or 
overcharged23. 

Low Energy Density: 
LFP batteries possess a diminished energy 
density compared to other lithium-ion batteries, 
indicating their reduced capacity to store energy 
inside an equivalent volume. This may provide a 
disadvantage in space-constrained applications, 
such as electric vehicles, leading to larger battery 
packs and potentially diminished range. 

Cost-Effective: 
LFP batteries are often more cost-effective to 
manufacture than other lithium-ion batteries, 
owing to the reduced expense and enhanced 
availability of the raw components. 

Poor Cold Weather Performance: 
LFP batteries may exhibit diminished 
performance in frigid temperatures, potentially 
restricting their applicability in specific climates. 
The chemical reactions within the battery 
diminish at lower temperatures, impairing their 
power delivery capability. 

 
23 4 Benefits of LFP Batteries for EVs 

https://www.visualcapitalist.com/sp/4-benefits-of-lfp-batteries/
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Environmentally Friendly: 
LFP batteries are more ecologically sustainable 
than other lithium-ion batteries, as they lack 
harmful heavy metals such as cobalt or nickel. 

Limited Charging and Discharging Rates: 
Despite progress in fast-charging LFP batteries, 
they often exhibit inferior charging and 
discharging speeds compared to NMC or NCA 
batteries. This may affect their appropriateness 
for high-power applications necessitating fast 
energy delivery or absorption. 

Good Power Density: 
LFP batteries possess commendable power 
density, rendering them appropriate for 
applications necessitating modest power 
output, including electric automobiles and 
power tools. Although not as elevated as other 
lithium-ion chemistries, their power density is 
adequate for several applications. 

Higher Initial Costs: 
LFP batteries, although typically more 
economical to manufacture over time, may 
occasionally incur a greater initial expense 
compared to comparable lithium-ion batteries. 
This may impede adoption for certain customers 
or enterprises. 

Wide Temperature Range: 
LFP batteries function well throughout an 
extensive temperature spectrum, rendering 
them appropriate for diverse situations. 

SoX prediction difficult: 
Intermittent or restricted access to reliable 
charging infrastructure, leading to incomplete 
battery replenishment, poses substantial 
operational challenges. 

Low Maintenance: 
LFP batteries necessitate minimal maintenance, 
rendering them a convenient and effortless 
energy storage option. 

 

Low Self-Discharge Rate: 
LFP batteries exhibit a minimal self-discharge 
rate, indicating they maintain their charge for 
extended periods when not in use. This presents 
a considerable benefit over lead-acid batteries, 
which exhibit a far higher self-discharge rate. 

 

More Resistant to Aging from Fast Charging: 
LFP batteries have substantial benefits in terms 
of longevity and durability relative to other 
lithium-ion chemistries. Their intrinsic design 
leads to a reduced deterioration rate and the 
capacity to endure a greater number of charge 
and discharge cycles, hence enhancing longevity. 
Additionally, LFP batteries demonstrate 
enhanced resilience to degradation resulting 
from rapid charging, a prevalent issue associated 
with chemistries such as NCA or NMC. The 
improved resilience to quick charging renders 
LFP batteries especially suitable for applications 
requiring swift charging, such as electric 
automobiles and other high-demand energy 
storage systems24. 

 

 

 
24 Why We're Excited about LFP Batteries for Electric Cars 

https://www.recurrentauto.com/research/lfp-battery-in-your-next-ev-tesla-and-others-say-yes
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Environmental Impact of LFP Batteries 
LFP batteries are typically regarded as more environmentally sustainable than conventional lithium-
ion batteries. They lack harmful heavy metals such as cobalt or nickel, and their manufacturing process 
has a reduced environmental impact. It is crucial to evaluate the complete life cycle of LFP batteries to 
fully estimate their environmental impact. 

The extraction of lithium and other raw materials for LFP batteries may still result in environmental 
repercussions, including land degradation, water depletion, and habitat destruction. Furthermore, the 
production process requires substantial electricity, which may lead to greenhouse gas emissions 
contingent upon the energy source utilised25. 

To alleviate these effects, continuous research is underway to devise more sustainable techniques for 
the extraction and processing of LFP battery components. Recycling LFP batteries is essential for 
reducing environmental impact and preserving precious materials. Recycling retrieves essential 
elements such as lithium, phosphorus, and graphite, thereby diminishing the necessity for fresh mining 
and decreasing waste. 

Safety of LFP Batteries 

LFP batteries are recognised for their superior safety characteristics. They possess a stable cathode 
material that is resistant to thermal runaway, even in harsh conditions. This stability arises from the 
robust iron phosphate-oxide link, which retains structural integrity even under conditions of 
overcharging or physical damage. 

Besides its intrinsic chemical stability, LFP batteries are equipped with protective circuits that avert 
overcharging, over-discharging, and short circuits. The safety features provide LFP batteries a desirable 
option for applications where safety is critical, such as electric vehicles and energy storage systems in 
residential and commercial settings. 

NMC (LiNiMnCoO2) 
LIBs are widely utilised in EVs and portable electronic devices. Among the diverse lithium-ion battery 
chemistries, NMC has emerged as a prominent option owing to its elevated energy density, 
comparatively inexpensive cost, and commendable performance (Figure 12).  

 
25 Lin Xin, Meng Wenchuan, Yu Ming , Yang Zaimin , Luo Qideng , Rao Zhi , Zhang Tiangang , Cao Yuwei – “Environmental impact analysis of 
lithium iron phosphate batteries for energy storage in China”, Frontiers in Energy Research, Volume 12, 2024 - 
DOI=10.3389/fenrg.2024.1361720 
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Figure 12 - Snapshot of NMC. NMC has good overall performance and excels on specific energy. This battery is the 

preferred candidate for the electric vehicle and has the lowest self-heating rate. Source: Boston Consulting Group 

Main Characteristics 
 
Table 13 - Main characteristics of NMC batteries 

Voltages 3.6-3.7V nominal; typical operating range 2.5-4.2V/cell 
(depending on specific NMC chemistry) 

Specific energy (capacity) 
150-220 Wh/kg (can exceed 250Wh/kg with advanced 
formulations) 

Charge (C-rate) 

1C typical, charges to 4.2V (or higher depending on 
formulation). Charge termination at ~0.05C. 2–3-hour charge 
time typical. Some advanced NMC formulations can handle 
higher C rates. 

Discharge (C-rate) 
1C typical, some high-power cells can handle 10C or higher. 
Cut-off voltage typically 2.5-3.0V (avoiding discharge below 
this range is crucial to prevent damage). 

Cycle life 

1000-3000 cycles (depending on depth of discharge, 
temperature, and specific formulation). Higher cycle counts 
possible with shallower discharges and controlled 
temperature. 

Thermal runaway 

~210-270°C (392-518°F) (varies with NMC chemistry and cell 
design). Thermal stability is generally good, but safety 
measures are still essential, especially at high temperatures or 
in abuse conditions. 

 

Types of NMC Batteries and Their Applications 
NMC batteries are classified according to their chemical makeup, particularly the ratio of nickel, 
manganese, and cobalt in the cathode material. Several prevalent categories encompass: 

• NMC 111: This variety contains an identical ratio of nickel, manganese, and cobalt (1:1:1). It 
equilibrates energy density, power, and stability. 

• NMC 532: This variety, characterised by a 5:3:2 ratio, possesses a higher nickel content, resulting in 
enhanced energy density and superior performance. 

• NMC 622: This variant elevates the nickel content to a ratio of 6:2:2, hence enhancing energy density 
and rendering it appropriate for rigorous applications such as electric automobiles. 
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• NMC 811: This variety possesses the highest nickel content (8:1:1) among prevalent NMC types, 
offering superior energy density, however with a potential compromise in stability and cycle 
longevity 26. 

 

Advantages and Disadvantages of NMC Batteries 
 
Table 14 - Advantages and disadvantages of NMC batteries 

Advantages Disadvantages 
High Energy Density:  
NMC batteries have a high energy density, 
allowing for greater energy storage per unit of 
space or mass. This represents a significant 
benefit for applications constrained by weight 
and space, such as electric automobiles. They 
possess an energy density ranging from 150 to 
250 Wh/kg, with a maximum of 300 Wh/kg. 

Shorter Lifespan:  
NMC batteries possess a reduced lifespan 
compared to alternative technologies, such as 
LFP batteries, which provide a considerably 
extended cycle life. This is particularly accurate 
at elevated temperatures. 

Good Performance:  
NMC batteries provide an optimal balance of 
power and energy, rendering them appropriate 
for diverse applications. 

Thermal Management Requirements:  
NMC batteries, although often safer than certain 
other lithium-ion chemistries, necessitate 
efficient thermal management systems to avert 
overheating and thermal runaway. 

Relatively Low Cost:  
The price of NMC batteries has lately declined 
owing to decreasing cobalt content. 

Environmental Impact:  
The mining and processing of cobalt, an essential 
component in NMC batteries, presents 
significant environmental and ethical issues. 

Improved Safety:  
NMC batteries typically have superior thermal 
stability compared to other lithium-ion 
chemistries, hence diminishing the likelihood of 
thermal runaway. 

 

Versatility:  
NMC chemistries provide compositional 
versatility, enabling producers to customise the 
battery's performance attributes for particular 
applications. 

 

 

 

Current State of NMC Battery Technology 
The advancement of NMC battery technology has concentrated on augmenting nickel content to 
enhance energy density while diminishing cobalt content to lessen expenses and environmental 
repercussions. This has resulted in a transition from NMC 111 to formulations with increased nickel 
content, including NMC 532, NMC 622, and NMC 811. The tendency favours Ni-rich NMC, specifically 
NMC 955 (90% Ni, 5% Mn, 5% Co) and NMC 9525 (95% Ni, 2.5% Mn, 2.5% Co). It is crucial to 

 
26 Krystal Davis, George P. Demopoulos – “Hydrometallurgical recycling technologies for NMC Li-ion battery cathodes: current industrial 
practice and new R&D trends” - RSC Sustain., 2023, 1, 1932-1951, DOI: 10.1039/D3SU00142C 

 

https://doi.org/10.1039/2753-8125/2023
https://doi.org/10.1039/D3SU00142C
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acknowledge that augmenting the nickel content, although resulting in enhanced energy density, may 
also diminish the battery's longevity in certain instances. 

A significant reason propelling the advancement of NMC battery technology is the anticipated cobalt 
scarcity. Projections indicate a cobalt deficit by 2028, exacerbated by the rising demand for cobalt in 
electric vehicles and battery energy storage systems. 

Environmental Impact of NMC Batteries 
The ecological ramifications of NMC batteries present a multifaceted challenge. Although they provide 
substantial advantages in mitigating greenhouse gas emissions from transportation, the production 
and disposal of these batteries may result in adverse environmental effects. 

A research investigation revealed that the production methods of NMC111 batteries exert a 
considerable environmental impact in comparison to sodium-nickel-chloride (ZEBRA) batteries27. A 
separate research paper emphasised the essential components utilised in the production of various 
NMC batteries, comprising lithium, nickel, cobalt, manganese, aluminium, copper, and graphite 28. 

Key environmental concerns related to NMC batteries include: 

• Cobalt Mining: Cobalt extraction, especially in the Democratic Republic of Congo, has been linked 
to human rights violations, environmental harm, and health risks. 

• Toxic Metals: NMC batteries have metals like nickel, manganese, and cobalt, which pose a risk of 
contaminating water sources and ecosystems if they drain from landfills. Inadequate disposal of 
depleted NMC batteries can result in contamination of land, water, and air, hence threatening 
human and environmental health29. 

• Recycling Challenges: Notwithstanding the environmental repercussions of improper disposal, the 
recycling rate for lithium-ion batteries, especially NMC batteries, remains comparatively low due to 
the intricacy and expense of recycling procedures. 

Safety of NMC Batteries 
NMC batteries are typically regarded as safe when utilised and managed appropriately. Nonetheless, 
as to other lithium-ion batteries, they may provide safety risks under specific circumstances 30. 

• Thermal Runaway: NMC batteries may undergo thermal runaway, a chain reaction resulting 
in a swift rise in temperature and the possibility for fire or explosion, if subjected to 
overcharging, damage, or elevated temperatures. 

• Li-Plating: NMC batteries exhibit a higher susceptibility to lithium plating, which can lead to 
internal short circuits and elevate the danger of thermal runaway, in contrast to LFP batteries. 

The industry is diligently striving to enhance the safety of NMC batteries, specifically by mitigating 
thermal runaway. This entails the development of more stable chemistry and sophisticated BMS. 

 
27 Accardo, A., Dotelli, G., Musa, M. L., & Spessa, E. (2021). Life cycle assessment of an NMC battery for application to electric light-duty 
commercial vehicles and comparison with a sodium-nickel-chloride battery. Applied Sciences (Switzerland), 11(3), 1–32. 
https://doi.org/10.3390/APP11031160 
28 Krystal Davis, George P. Demopoulos, Hydrometallurgical recycling technologies for NMC Li-ion battery cathodes: current industrial practice 
and new R&D trends, RSC Sustain., 2023,1, 1932-1951 

 
29 Wojciech Mrozik, Mohammad Ali Rajaeifar, Oliver Heidrich and Paul Christensen – “Environmental impacts, pollution sources and 
pathways of spent lithium-ion batteries”, Energy Environ. Sci., 2021, 14, 6099-6121, DOI: 10.1039/D1EE00691F 
30 NMC vs LFP: safety and performance in operation - PowerUp 

https://doi.org/10.1039/1754-5706/2008
https://doi.org/10.1039/D1EE00691F
https://powerup-technology.com/nmc-vs-lfp-safety-and-performance-in-operation/
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To guarantee the secure functioning of NMC batteries, it is essential to employ a suitable BMS to 
oversee and regulate the battery's operational parameters. 

• Avoid excessive charging or discharge of the battery. 
• Safeguard the battery against physical harm and severe temperatures. 
• Adhere to the manufacturer's guidelines for management and storage. 

 

Raw Materials 
The advancement of batteries is intricately connected to the materials employed in cathodes, anodes, 
and electrolytes. Table 15 presents a summary of the principal raw materials utilised in each previously 
examined technique. 
 
Table 15 - Raw materials usage for each Battery Chemistry 

Battery Chemistry Raw Materials Active Electrode Material 

LCO Lithium, Cobalt, Oxygen Lithium Cobalt Oxide (LiCoO₂) 
(Cathode) 

NCA Lithium, Nickel, Cobalt, 
Aluminum, Oxygen 

Lithium Nickel Cobalt 
Aluminum Oxide (LiNiCoAlO₂) 

(Cathode) 

NMC Lithium, Nickel, Manganese, 
Cobalt, Oxygen 

Lithium Nickel Manganese 
Cobalt Oxide (LiNiMnCoO₂) 

(Cathode) 

LMO Lithium, Manganese, Oxygen Lithium Manganese Oxide 
(LiMn₂O₄) (Cathode) 

LFP Lithium, Iron, Phosphorus, 
Oxygen 

Lithium Iron Phosphate 
(LiFePO₄) (Cathode) 

LTO Lithium, Titanium, Oxygen Lithium Titanate Oxide 
(Li₄Ti₅O₁₂) (Anode) 

Si-C Silicon, Carbon Silicon-Carbon composite 
(Anode) 

 
 

Lithium 

Lithium Content in Different Battery Chemistries 
The quantity of lithium utilised each production unit varies considerably among battery chemistries. 
Although exact values are typically confidential and contingent upon specific formulas, the subsequent 
table offers a basic overview of lithium concentration across different battery types: 
 
Table 16 - Lithium content for each Battery Chemistry 

Battery Chemistry Lithium Content 

LCO 20-25% of cathode weight 

NCA 15-20% of cathode weight 

NMC 15-20% of cathode weight 

LMO 12-18% of cathode weight 

LFP 10-15% of cathode weight 

LMP 10-15% of cathode weight 
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Cost Impact of Lithium 
The price of lithium is a crucial determinant in the total cost of lithium-ion batteries. The quantity of 
lithium utilised per kWh of battery capacity fluctuates according on the battery chemistry. An NCA 
lithium-ion battery necessitates approximately 0.1 kg of lithium per kilowatt-hour. The present market 
price of lithium results in a little cost contribution. Nonetheless, with battery systems with elevated 
lithium content, the expense of lithium may constitute a more substantial consideration31. 

Lithium Extraction Technologies 
Lithium extraction technologies are continually advancing to satisfy the increasing demand for lithium 
and mitigate environmental issues. This section presents a summary of the contemporary 
advancements in lithium extraction: 

Brine Extraction 
Brine extraction entails the extraction of lithium-enriched brine from subterranean reservoirs, 
followed by the concentration of lithium via a sequence of evaporation ponds. This technique is 
frequently employed in South America, where extensive lithium deposits are located in salt flats32. 

Hard Rock Mining 
Hard rock mining entails the extraction of lithium-containing ores from subterranean or open-pit 
mines. This technique is employed in Australia, a prominent lithium producer from spodumene ore 33. 

DLE 
DLE technologies seek to directly extract lithium from brine or geothermal waters via selective 
membranes or adsorbents. These technologies can mitigate the environmental impact of lithium 
extraction and enhance production efficiency34. 

Manganese 

Cost Impact of Manganese 
The expense of manganese is a crucial element in battery manufacturing, particularly for chemistries 
in which it serves as a major constituent, such as LMO. The price of manganese has varied in recent 
years. As of January 23, 2025, the cost of manganese is $29.25 per metric tonne unit35. Additional 
research is required to evaluate the precise financial implications of manganese on each battery 
technology, taking into account variables such as the quantity of manganese utilised per production 
unit and the total battery chemistry. 

Manganese Extraction Technologies 
Manganese is predominantly obtained from manganese ores. Diverse techniques are utilised for the 
extraction of manganese, encompassing: 

 
31 Varsha Srivastava, Venla Rantala, Parisa Mehdipour, Toni Kauppinen, Sari Tuomikoski, Anne Heponiemi, Hanna Runtti, Pekka Tynjälä, 
Glaydson Simões Dos Reis, Ulla Lassi, “A comprehensive review of the reclamation of resources from spent lithium-ion batteries, Chemical 
Engineering Journal”, Volume 474, 2023, 145822, ISSN 1385-8947, https://doi.org/10.1016/j.cej.2023.145822. 
32 Yang, S., Wang, Y., Pan, H. et al. Lithium extraction from low-quality brines. Nature 636, 309–321 (2024). https://doi.org/10.1038/s41586-
024-08117-1 
33 Renjith Krishnan, Gokul Gopan, A comprehensive review of lithium extraction: From historical perspectives to emerging technologies, 
storage, and environmental considerations, Cleaner Engineering and Technology, Volume 20, 2024, 100749, ISSN 2666-7908, 
https://doi.org/10.1016/j.clet.2024.100749 
34 Ibid 
35 Manganese Ore - Price - Chart - Historical Data - News 

https://tradingeconomics.com/commodity/manganese
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• Pyrometallurgical methods entail the smelting of manganese ores at elevated temperatures to 
yield ferromanganese 36. 

• Hydrometallurgical methods entail the leaching of manganese ores using acids to extract 
manganese in solution 37. 

• Electrolytic procedures utilise electrolysis to recover manganese from manganese solutions 38. 
 
Research is being underway to create more efficient and eco-friendly manganese extraction processes. 
The expense of constructing a manganese processing facility might fluctuate considerably based on 
the operational scale. 
 

Nickel 

Cost Impact of Nickel 
The price of nickel substantially influences the total expense of battery manufacturing. Roskill research 
indicates that nickel will soon become the second most significant metal following lithium-ion 
batteries. Consequently, the cost of nickel will increase, imposing a burden on consumers. Escalating 
nickel prices may result in heightened expenses for electric vehicles and energy storage systems, 
thereby influencing market acceptance. Rising nickel prices have compelled automakers to elevate the 
sale prices of numerous electric vehicles available in the industry39. 
 

Nickel Extraction Technologies 
Innovations in nickel extraction technology aim to enhance efficiency and minimise environmental 
effect. 

There are two main methods for extracting nickel from its ore: 

• Pyrometallurgical processes: These techniques employ elevated temperatures to isolate 
nickel from the other metals present in the ore. The predominant pyrometallurgical process is 
smelting, which entails heating the ore in a furnace to yield a molten amalgam of nickel and 
other metals. The nickel is subsequently isolated from the other metals by various 

processes40.    

• Hydrometallurgical processes: Utilise aqueous solutions to extract nickel from the ore. The 
predominant hydrometallurgical process is leaching, which is the dissolution of nickel in an 
acidic or chemical solution. The nickel is subsequently extracted from the solution by various 
processes41.  

 

 
36 Behera, A & Patel, Parth & Ghosh, Arka & Tripathy, A & Sahoo, S. (2024). Pyrometallurgical processing of manganese ore. Engineering 
Research Express. 6. 10.1088/2631-8695/ad70f2. 
37 Baba, Alafara & Adekola, Folahan & Adesina Ibrahim, Lateef & Ghosh, Malay & Sheik, Abdul & PRADHAN, Sangitarani & Ayanda, Olushola 
& Bale, Rafiu & Folorunsho, Ismail. (2011). Hydrometallurgical Processing of Manganese Ores: A Review. Journal of Minerals, Materials 
Characterization and Engineering. 10. 10.4236/jmmce.2014.23028. 
38 Tianyi Wu, Baozhong Ma, Yarui An, Yongqiang Chen, Chengyan Wang, Improvement of manganese electrolytic process and secondary 
resources recovery of manganese: A review, Process Safety and Environmental Protection, Volume 186, 2024, Pages 895-909, ISSN 0957-
5820, https://doi.org/10.1016/j.psep.2024.03.097. 
39 Meeting Nickel Demand for Lithium-ion Batteries Will Be a Challenge 
40 Diaz, C. & Landolt, C. & Vahed, Ahmed & Warner, Anthony & Taylor, J.. (1988). A Review of Nickel Pyrometallurgical Operation. JOM. 40. 
10.1007/BF03258548. 
41 Kursunoglu, Sait & Kaya, Muammer. (2019). Hydrometallurgical Processing of Nickel Laterites—A Brief Overview On The Use of Solvent 
Extraction and Nickel/Cobalt Project For The Separation and Purification of Nickel and Cobalt. Madencilik. 

https://feeco.com/meeting-nickel-demand-for-lithium-ion-batteries-will-be-a-challenge/
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Phosphate 

Cost Impact of Phosphate 
The cost of phosphate is a crucial component of the total production expense of LFP batteries. The 
cost of phosphate rock, the primary resource for phosphate manufacturing, fluctuates according on 
quality and market dynamics. 

The anticipated cost of LFP as a cathode material is approximately $15 to $20 per kilogramme. Given 
that phosphate frequently constitutes a substantial portion of the LFP cathode, its raw material 
expense considerably impacts the overall cost. Moreover, the expense of pure phosphoric acid, an 
essential component obtained from phosphate rock, also affects the ultimate battery cost. 

Given the rigorous refining standards necessary for battery-grade materials, it is noteworthy that 
merely a small fraction (about 3%) of the overall phosphate product supply is appropriate for lithium-
ion battery applications. The restricted availability of high-purity phosphate can affect its pricing and 
accessibility. 

The cost of phosphate may vary due to market dynamics, supply chain interruptions, and geopolitical 
influences. Countervailing taxes on phosphate imports can influence prices, exemplified by the 
substantial increase in phosphate prices in 2021. Although not expressly stated in the research 
material, historical price trends for phosphate are likely affected by factors including global demand, 
production expenses, and geopolitical occurrences42. 

Phosphate Extraction Technologies 
Phosphate rock serves as the principal supply of phosphate, and its mining employs many processes, 
each accompanied by distinct environmental and economic implications. Presented herein are some 
fundamental strategies: 

• Direct Positive Flotation: This technique is appropriate for high-quality phosphate ores and 
entails the separation of phosphate minerals from undesirable substances by flotation agents. 
During this process, phosphate minerals are preferentially adhered to air bubbles and rise to 
the surface, whereas undesired materials descend43. 

• Reverse Flotation: This process selectively floats dolomite, the primary contaminant in ores, 
while retaining the phosphate concentration. This technique is especially efficient in eliminating 
dolomite, with a clearance rate of 70-80%44. 

• Combined Techniques: Some processes combine gravity separation or magnetic separation 
with flotation to enhance the efficiency of phosphate extraction. Gravity separation utilises the 
differences in density between phosphate minerals and impurities, while magnetic separation 
exploits the magnetic properties of certain minerals45. 

• Acid Extraction: At ambient temperature, dilute mineral acids can extract phosphorus 
compounds from phosphate ores. This procedure frequently includes neutralisation processes 
to precipitate high-purity calcium hydrogen phosphate, which can subsequently be processed 
into phosphoric acid46. 

 
42 Lithium Iron Phosphate Battery Market Size & Growth [2032] 
43 Alsafasfeh, A.; Alagha, L. Recovery of Phosphate Minerals from Plant Tailings Using Direct Froth Flotation. Minerals 2017, 7, 145. 
https://doi.org/10.3390/min7080145 
44 Yu, L.; Yu, P.; Bai, S. A Critical Review on the Flotation Reagents for Phosphate Ore Beneficiation. Minerals 2024, 14, 828. 
https://doi.org/10.3390/min14080828 
45 Hartmann, T.E.; Wollmann, I.; You, Y.; Müller, T. Sensitivity of Three Phosphate Extraction Methods to the Application of Phosphate Species 
Differing in Immediate Plant Availability. Agronomy 2019, 9, 29. https://doi.org/10.3390/agronomy9010029  
46 Gaia Boniardi, Elia Paini, Tine Seljak, Arianna Azzellino, Alessandro Volonterio, Roberto Canziani, Andrea Turolla, Optimization of 
phosphorus wet acid extraction from sewage sludge ashes: Detailed process insight via multi-variate statistical techniques, Journal of Cleaner 
Production, Volume 458, 2024, 142491, ISSN 0959-6526, https://doi.org/10.1016/j.jclepro.2024.142491 

https://www.fortunebusinessinsights.com/lithium-ion-li-ion-phosphate-batteries-market-102152
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• Olsen Method: This technique is frequently employed for calcareous soils with substantial 
quantities of calcium carbonate. The process entails the extraction of plant-available 
phosphorus via a sodium bicarbonate solution47. 

 

Cobalt 

Cost Impact of Cobalt 
Cobalt substantially impacts the total expense of lithium-ion batteries, particularly those with elevated 
cobalt concentrations such as LCO and some NCA formulations. In 2021, cobalt constituted around 
25% of the expense of an electric vehicle battery, with prices peaking at $40 per pound in 2018. Cobalt 
prices have recently decreased due to overstock and a transition towards lower-cobalt and cobalt-free 
battery technologies. In 2024, cobalt prices declined to a seven-year low of $12.75 per pound. 
Notwithstanding the price decline, cobalt continues to be a comparatively costly battery ingredient, 
and its price volatility can influence battery costs and the financial viability of electric vehicle 
adoption48. 

Cobalt Extraction Technologies 
Cobalt is predominantly obtained as a byproduct of copper and nickel extraction. The extraction 
procedure encompasses multiple stages, including: 

• Mining: Cobalt ores are obtained from subterranean or surface mining operations. Deep-sea 
mining is being investigated as a possible source of cobalt 49. 

• Concentration: The extracted ore is refined to yield a cobalt-enriched concentrate 50. 
• Refining: The concentrate undergoes refinement by pyrometallurgical or hydrometallurgical 

methods to obtain cobalt metal 51. 
 
Conventional cobalt extraction techniques are energy-demanding and pose environmental 
consequences. Research and development initiatives are concentrated on enhancing the efficiency 
and sustainability of cobalt extraction. Notable advancements encompass: 

• Hydrometallurgical Processes: These procedures utilise aqueous solutions to extract cobalt 
from ores, presenting the possibility for decreased energy consumption and emissions relative 
to pyrometallurgical approaches 52. 

• Solvent Extraction: This method employs certain solvents to selectively recover cobalt from 
leach solutions, enhancing efficiency and minimising waste53. 

• Sulphur Dioxide Gas Leaching: This process employs sulphur dioxide gas to extract cobalt from 
ores and concentrates, presenting a potentially more sustainable alternative to traditional 
procedures54. 

 
47 Mitra Amini, Juan Antelo, Sarah Fiol, Rasoul Rahnemaie, Estimation of phosphate extractability in flooded soils: Effect of solid-solution 
ratio and bicarbonate concentration, Chemosphere, Volume 303, Part 3, 2022, 135188, ISSN 0045-6535, 
https://doi.org/10.1016/j.chemosphere.2022.135188. 
48 Cobalt Market Report 2023, Cobalt Institute 
49 Farjana, Shahjadi Hisan; Huda, Nazmul; and Parvez Mahmud, M. A. (2019) "Life cycle assessment of cobalt extraction process," Journal of 
Sustainable Mining: Vol. 18: Iss. 3 , Article 
50 Recep Ali Kumbasar, Extraction and concentration of cobalt from acidic leach solutions containing Co–Ni by emulsion liquid membrane 
using TOA as extractant, Journal of Industrial and Engineering Chemistry, Volume 16, Issue 3, 2010, Pages 448-454, ISSN 1226-086X, 
https://doi.org/10.1016/j.jiec.2010.01.045. 
51 Abo Atia, Thomas & Deferm, Clio & Machiels, Lieven & Khoshkhoo, Mohammad & Riaño, Sofia & Binnemans, Koen. (2023). Solvent 
Extraction Process for Refining Cobalt and Nickel from a “Bulk Hydroxide Precipitate” Obtained by Bioleaching of Sulfidic Mine Tailings. 
Industrial & Engineering Chemistry Research. 62. 10.1021/acs.iecr.3c02612. 
52 Mira, A.A.; Huang, Q. Development of a Hydrometallurgical Process for the Extraction of Cobalt, Manganese, and Nickel from Acid Mine 
Drainage Treatment By-Product. Environments 2024, 11, 194. https://doi.org/10.3390/environments11090194 
53 Sait Kursunoglu, Zela Tanlega Ichlas, Muammer Kaya, Solvent extraction process for the recovery of nickel and cobalt from Caldag laterite 
leach solution: The first bench scale study, Hydrometallurgy, Volume 169, 2017, Pages 135-141, ISSN 0304-386X, 
https://doi.org/10.1016/j.hydromet.2017.01.001. 
54 Liwen Ma, Zuoren Nie, Xiaoli Xi, Xin'gang Han, Cobalt recovery from cobalt-bearing waste in sulphuric and citric acid systems, 
Hydrometallurgy, Volume 136, 2013, Pages 1-7, ISSN 0304-386X, https://doi.org/10.1016/j.hydromet.2013.01.016. 
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• Biomining: This novel approach employs microorganisms to extract cobalt from ores or mining 
waste, potentially mitigating the environmental consequences of mining 55. 

 

Iron 

Cost Impact of Iron 
The prevalence and cost-effectiveness of iron relative to metals such as cobalt and nickel render it 
appealing for minimising production expenses in diverse technologies. Iron-based cathodes can result 
in considerable cost reductions in battery manufacturing, as the cathode often constitutes a major 
fraction of the total expense. This cost advantage is especially pertinent as the need for batteries 
escalates alongside the proliferation of electric vehicles and renewable energy storage56. 

Iron Extraction Technologies 
Iron is predominantly obtained from iron ore, which is widely available in numerous regions 
throughout. The extraction procedure entails the reduction of iron oxides to metallic iron. Two 
principal methodologies prevail in the sector: 

• Blast Furnaces: This conventional technique uses a blast furnace to smelt iron ore utilising coke 
and limestone. The elevated temperatures in the furnace promote the reduction of iron oxides 
to liquid iron57. 

• Direct Reduction: This alternate process employs reducing gas, usually sourced from natural gas 
or coal, to transform iron oxides into metallic iron without the need for ore melting58. 

Innovations in iron extraction technologies aim to enhance efficiency, decrease energy consumption, 
and mitigate environmental impact. 

Silicon 

Cost Impact of Silicon 
The expense of silicon in battery manufacturing is affected by various factors, including the silicon type, 
the production method, and the overall battery chemistry. 

• Silicon vs. Graphite: Silicon has superior energy density but is costlier than graphite. 
Nonetheless, the costs of silicon diminish with more production and the advent of new 
technologies. 

• Silicon Nanowires: A promising method for cost reduction is the direct fusion of silicon 
nanowires onto commercial graphite. This approach can substantially decrease production 
expenses while enhancing battery efficacy. 

• Composite Anodes: Integrating silicon with graphite in composite anodes can optimise cost and 
performance. Manufacturers can attain the desired energy density by optimising the silicon-to-
graphite ratio while controlling expenses. 

The financial implications of silicon are anticipated to diminish as technological advancements occur 
and production quantities grow 59. 

 
55 Kukkala, Prasad & Jangili, Srinivasa. (2024). Biomining -A Useful Approach Toward Metal Extraction. 
56 Using Iron as a Cathode Material in Lithium-Ion Batteries 
57 Verdeja González, José & Fernández González, Daniel & Verdeja, Luis. (2020). Production of Iron in the Blast Furnace. 10.1007/978-3-030-
54606-9_6. 
58 Comfort Ramakgala, Gwiranai Danha, A review of ironmaking by direct reduction processes: Quality requirements and sustainability, 
Procedia Manufacturing, Volume 35, 2019, Pages 242-245, ISSN 2351-9789, https://doi.org/10.1016/j.promfg.2019.05.034. 
59 Dash R, Pannala S. Theoretical Limits of Energy Density in Silicon-Carbon Composite Anode Based Lithium Ion Batteries. Sci Rep. 2016 Jun 
17;6:27449. doi: 10.1038/srep27449. Retraction in: Sci Rep. 2019 Nov 4;9(1):16142. doi: 10.1038/s41598-019-51047-6. PMID: 27311811; 
PMCID: PMC4911546. 

https://www.powderbulksolids.com/chemical/using-iron-as-a-cathode-material-in-lithium-ion-batteries
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Silicon Extraction Technologies 
Silicon is predominantly derived from silica (SiO2), which is plentiful in quartz sand and quartzite. The 
predominant technique for generating metallurgical-grade silicon entails the reduction of silica with 
carbon in a submerged arc furnace at elevated temperatures. This procedure is energy-demanding and 
possesses a considerable ecological impact. 
Innovations in silicon extraction technologies aim to enhance efficiency, decrease energy 
consumption, and mitigate environmental impact. Several auspicious advancements encompass: 

• Electrochemical Processes: These technologies utilise electricity to extract silicon from silica, 
perhaps providing a more sustainable and energy-efficient solution 60. 

• Fluidized Bed Reactors: These reactors enhance heat and mass transport, potentially 
augmenting the efficiency of silicon manufacture 61. 
 

Titanium 

Cost Impact of Titanium 
The price of titanium can substantially affect the total production cost of batteries. The prices of 
titanium fluctuate according on its quality, form, and prevailing market conditions. For instance, 
premium titanium alloys utilised in aerospace applications might be significantly more costly than 
commercially pure titanium or titanium waste. TrendForce offers comprehensive pricing information 
for many titanium goods utilised in the battery sector, including titanium foil62. 

Titanium Extraction Technologies 
This section offers a comprehensive analysis of titanium extraction techniques, contrasting the 
traditional Kroll procedure with innovative, ecological alternatives. 

Kroll Process 
The Kroll process, the primary technique for titanium synthesis, entails the chlorination of titanium 
dioxide, succeeded by reduction using magnesium. This procedure is energy-demanding and has 
mostly remained unaltered for decades. It entails multiple stages: 

1. Chlorination: Titanium dioxide (TiO2) undergoes a reaction with chlorine gas (Cl2) and carbon 
at elevated temperatures to yield titanium tetrachloride (TiCl4)63. 

2. Reduction: Titanium tetrachloride (TiCl4) is reduced with molten magnesium (Mg) in an inert 
environment to yield titanium sponge and magnesium chloride (MgCl2)64. 

3. Vacuum Distillation: The titanium sponge is refined by eliminating residual magnesium and 
magnesium chloride 65. 

4. Crushing and Grinding: The refined titanium sponge is pulverised and milled into a functional 
state 66. 

 
60 Yasuda, Kouji & Nohira, Toshiyuki. (2022). Electrochemical production of silicon. High Temperature Materials and Processes. 41. 247-278. 
10.1515/htmp-2022-0033. 
61 W.O. Filtvedt, M. Javidi, A. Holt, M.C. Melaaen, E. Marstein, H. Tathgar, P.A. Ramachandran, Development of fluidized bed reactors for 
silicon production, Solar Energy Materials and Solar Cells, Volume 94, Issue 12, 2010, Pages 1980-1995, ISSN 0927-0248, 
https://doi.org/10.1016/j.solmat.2010.07.027. 
62 The Cost of Titanium Per Pound: A Guide for Exploration | VMT 
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The Kroll process is energy-demanding and produces considerable waste, including chlorine gas and 
magnesium chloride. 

Alternative Extraction Technologies 
Researchers are investigating alternate titanium extraction processes to decrease prices, enhance 
efficiency, and mitigate environmental impact. Several auspicious advancements encompass: 

CSIR-Ti Process 
The CSIR-Ti process seeks to generate high-purity titanium powder via a continuous reduction method. 
This method presents possible benefits for energy efficiency and less waste production in comparison 
to the Kroll procedure67. 

TiRO Process 
The TiRO process employs titanium tetrachloride and magnesium powder in a continuous reactor to 
manufacture titanium with enhanced efficiency. This technique provides prospective advantages 
regarding scalability and diminished production expenses68. 

PRP 
The Preform Reduction Process entails the direct reduction of titanium dioxide utilising calcium, 
potentially providing a more sustainable and economically viable method. This technique circumvents 
the chlorination phase of the Kroll process, thereby lowering energy usage and waste production69. 

HAMR 
The HAMR method employs hydrogen to augment the magnesiothermic reduction of titanium dioxide, 
potentially reducing energy usage and enhancing product purity. This procedure provides an eco-
friendlier alternative to the traditional Kroll process70. 

Digital Twin for BMS 
 
DT technology originated in the aerospace industry, where it was utilised to create virtual replicas of 
physical assets, enabling real-time monitoring and predictive maintenance71 72. This topic has been 
explored in many areas, including maintenance, product optimization, and production planning. As 
technologies like big data, cloud computing, AI, and IoT evolve, new features are being added to 
battery Digital Twins. Today, various models and algorithms use real-time data to evaluate battery 
status though not all qualify as full Digital Twins. While not critical in the early stages of product 
development, Digital Twins play a key role in achieving long-term business success and profitability. 
This approach allowed for enhanced performance analysis and lifecycle management of complex 

 
67 Oosthuizen, Shaan & Swanepoel, J. (2018). Development status of the CSIR-Ti Process. IOP Conference Series: Materials Science and 
Engineering. 430. 012008. 10.1088/1757-899X/430/1/012008. 
68 Doblin, Christian & Freeman, David & Richards, Matthew. (2013). The TiRO™ Process for the Continuous Direct Production of Titanium 
Powder. Key Engineering Materials. 551. 37-43. 10.4028/www.scientific.net/KEM.551.37. 
69 Okabe, Toru & Oda, Takashi & Mitsuda, Yoshitaka. (2004). Titanium powder production by preform reduction process (PRP). Journal of 
Alloys and Compounds. 364. 156-163. 10.1016/S0925-8388(03)00610-8. 
70 Yang Xia, Hyrum D. Lefler, Ying Zhang, Pei Sun, Zhigang Zak Fang, Chapter 9 - Hydrogen assisted magnesiothermic reduction (HAMR) of 
TiO2 to produce titanium metal powder, Editor(s): Zhigang Zak Fang, Francis H. Froes, Ying Zhang, Extractive Metallurgy of Titanium, Elsevier, 
2020, Pages 165-179, ISBN 9780128172001, https://doi.org/10.1016/B978-0-12-817200-1.00009-0. 
71 Tuegel, E.J.; Ingraffea, A.R.; Eason, T.G.; Spottswood, S.M. Reengineering Aircraft Structural Life Prediction using a Digital Twin. Int. J. 
Aerosp. Eng. 2011, 2011, 154798,  
https://doi.org/10.1155/2011/154798 
72 Gockel, B.T.; Tudor, A.H.; Brandyberry, M.D.; Penmetsa, R.C.; Tuegel, E.J. Challenges with Structural Life Forecasting using Realistic 
Mission Profiles. In Proceedings of the 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 
Honolulu, HI, USA, 22–26 April 2012, https://doi.org/10.2514/6.2012-1813 
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systems. Adopting DT in battery systems has revolutionised BMS by providing detailed modelling and 

real-time state estimation73.  
 

 
Figure 13 - Share of battery DT use cases.73 

 
The convergence of IoT and AI with BMS has led to significant battery monitoring and management 
advancements. IoT devices enable continuous data collection from battery systems, while AI 
algorithms process this data to predict performance metrics such as SOC and SOH. This integration 
allows for dynamic control strategies, including optimised charging and discharging cycles, improving 
efficiency and safety74. These models enhance the accuracy of SOC and SOH estimations, leading to 
better resource allocation and extended battery life75. 
 

 
73 F. Naseri, S. Gil, C. Barbu, E. Cetkin, G. Yarimca, A.C. Jensen, P.G. Larsen, C. Gomes, Digital twin of electric vehicle battery systems: 
Comprehensive review of the use cases, requirements, and platforms, Renewable and Sustainable Energy Reviews, Volume 179, 2023, 
113280, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2023.113280. 
74 Xiong, R.; Li, L.; Tian, J. Towards a smarter battery management system: A critical review on battery state of health monitoring methods. 
J. Power Source 2018, 405, 18–29. https://doi.org/10.1016/j.jpowsour.2018.10.019 
75 Hossain Lipu, M. S., Karim, T. F., Ansari, S., Miah, M. S., Rahman, M. S., Meraj, S. T., Elavarasan, R. M., & Vijayaraghavan, R. R. (2023). 
Intelligent SOX Estimation for Automotive Battery Management Systems: State-of-the-Art Deep Learning Approaches, Open Issues, and 
Future Research Opportunities. Energies, 16(1), 23. https://doi.org/10.3390/en16010023 
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Figure 14 - The flow chart for the current research 76 

 

 
Figure 15 - Cyber-physical elements of a battery digital twin77 

 
Collecting high-quality, labelled data for training these models can be resource intensive. Moreover, 
deploying complex algorithms in real-time BMS applications demands efficient computational 

strategies to ensure responsiveness and reliability77.  
Integrating DT, IoT, and AI technologies into existing BMS frameworks poses challenges related to 
interoperability and standardisation. Ensuring seamless communication between diverse devices and 
systems requires the development of universal protocols and standards. Additionally, maintaining 

 
76 M. Waseem, G. Sree Lakshmi, M. Amir, M. Ahmad, M. Suhaib, Advancement in battery health monitoring methods for electric vehicles: 
Battery modelling, state estimation, and internet-of-things based methods, Journal of Power Sources, Volume 633, 2025, 236414, ISSN 
0378-7753, https://doi.org/10.1016/j.jpowsour.2025.236414. 
77 Billy Wu, W. Dhammika Widanage, Shichun Yang, Xinhua Liu, Battery digital twins: Perspectives on the fusion of models, data and 
artificial intelligence for smart battery management systems, Energy and AI, Volume 1, 2020, 100016, ISSN 2666-5468, 
https://doi.org/10.1016/j.egyai.2020.100016.  
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cybersecurity and data privacy in interconnected systems is a critical concern that needs to be 
addressed. 
 

Digital Passport 
A Digital Battery Passport (DBP) is a digital record that provides comprehensive information about a 
battery’s entire lifecycle. It is a digital representation of the physical battery, capturing data on its 
origin, composition, manufacturing process, performance, environmental impact, and end-of-life 
options. This information is typically stored in a secure and accessible format, such as a blockchain-
based system, and can be accessed through a unique identifier, such as a QR code. 
DBPs are closely associated with the broader concept of DPPs, which are digital records that track 
products throughout their entire lifecycle. The EU is at the forefront of developing and implementing 
Digital Product Passports (DPP), with batteries being the initial product category for which DPPs will 
be legally mandated. 
 

European Union Battery Regulation and Associated Initiatives 
The EU has mandated the use of Degradable Batteries for all EVs, LMT, and industrial batteries with a 
capacity more than 2 kWh by 2027. This rule seeks to reduce the environmental and social 
repercussions linked to battery manufacture, use, and disposal, thereby promoting sustainability 
throughout the whole lifecycle of batteries in the EU market. 
The EU Battery Regulation establishes the notion of "tiers" in the battery supply chain. A tier 3 provider 
delivers cells and screws, along with their corresponding Degradable Batteries, to a tier 2 supplier. The 
tier 2 supplier subsequently constructs a battery module by incorporating a casing. Thereafter, the tier 
2 supplier produces a DPP for the module, linking it to the DPP of the tier 3 supplier. This procedure 
persists across the supply chain, guaranteeing total traceability and transparency. 
The EU Battery Regulation serves as the principal regulatory impetus for Degradable Batteries. It 
requires DBPs for EV, LMT, and industrial batteries exceeding 2 kWh by 2027 and specifies particular 
data requirements. The following table summarises these needs, derived from industry reports. 
 
Table 17 - Digital Battery Passport Requirements78 

Data Element Description 

Manufacturer Information Name, address, contact details of the battery manufacturer 

Battery Identification Category, model, batch/serial number 

Place and Date of Manufacture Location and date of battery production 

Battery Characteristics Weight, chemistry, hazardous substances 

Critical Raw Materials List of critical raw materials present 

Carbon Footprint Carbon footprint of the battery throughout its lifecycle 

Responsible Sourcing Information on the sourcing of materials 

Recycled Content Percentage of recycled materials used 

Technical Indicators Capacity, voltage, power, lifetime, efficiency 

Disposal Information Instructions for disposal, reuse, and recycling 

Conformity Declaration Declaration of conformity with EU regulations 

 

 
78 https://piconext.com/article/digital-battery-passport/ 
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Alongside the European Union Battery Regulation, other standards are being formulated to facilitate 
the execution of DBP, including the DIN DKE SPEC 99100 standard, which delineates the data required 
to be documented inside battery passports. 
 

Technologies for Creating and Managing DBPs 
A variety of technologies are employed to develop and oversee DBPs, including: 

• Blockchain Technology: Blockchain offers a safe, decentralised, and transparent framework for 
the storage and dissemination of battery data. Its immutability guarantees data integrity, while 
its distributed architecture improves security and accessibility. 

• Cloud Computing: Cloud-based technologies provide scalability and accessibility for the 
management of extensive battery data. They offer adaptable storage and computational 
resources, facilitating effective data processing and analysis. 

• IoT: IoT devices are capable of gathering real-time data about battery performance and usage. 
This data can be incorporated into the DBP, yielding significant insights regarding battery 
health and performance. 

• AI: Artificial intelligence can assess battery data and yield insights regarding performance, 
longevity, and potential complications. This can aid in optimising battery utilisation, 
forecasting repair needs, and enhancing recycling procedures. 

• PLM: PLM systems can oversee battery data over the whole lifecycle, from design to disposal. 
They offer a single platform for managing product information, maintaining data consistency 
and promoting stakeholder collaboration. 

These technologies are integrated to create comprehensive DBP solutions that address the varied 
needs of multiple stakeholders. 

Ethical Implications of DBPs 
The use of DBP presents significant ethical issues, especially with the responsible sourcing of materials 
and labour methods in the battery sector. By promoting transparency and traceability, DBPs can 
enhance the assurance that batteries are produced ethically and sustainably. For example, DBPs may 
trace the provenance of resources, such as cobalt, and ensure they are not obtained from conflict 
regions or through exploitative labour practices. This methodology can promote human rights and 
environmental safeguarding across the battery supply chain, thereby augmenting the industry's social 
and environmental accountability. 

Future Developments 

Emerging cell chemistries, including solid-state and lithium-sulphur, are being rigorously explored to 
address the constraints of existing lithium-ion technology79. These initiatives emphasise significant 
improvements in energy density, cycle longevity, and safety using new material design and 
electrochemical engineering. The integration of digital twin technologies within BMS frameworks 
represents a significant transformation in battery management. Digital twins enable predictive 
diagnoses, optimised performance management, and improved safety measures through high-fidelity 
simulations and real-time data integration. This integration facilitates a shift from reactive to proactive 
battery management, crucial for high-demand applications like electric automobiles and grid-scale 

 
79 Vedhanarayanan Balaraman, Seetha Lakshmi K. C., Beyond lithium-ion: emerging frontiers in next-generation battery technologies, 
Frontiers in Batteries and Electrochemistry, 3, 2024, DOI=10.3389/fbael.2024.1377192, ISSN=2813-4974 
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energy storage. This chapter will examine these improvements, highlighting their crucial significance 
in the forthcoming generation of electrochemical energy storage devices. 

LMO 

Future Developments in LMO Battery Technology 
Research and development efforts in LMO battery technology are deliberately focused on addressing 
inherent performance constraints and broadening its application range. Current enquiries concentrate 
on two principal objectives: improving cycle longevity and increasing energy density. 

Cycle Life Enhancement: 
Enhancing the cycle life of LMO batteries is a vital research focus, with ongoing initiatives centred on 
three main methodologies. Elemental doping entails the incorporation of dopant elements into the 
LMO crystal lattice, hence stabilising the structure and alleviating capacity degradation by diminishing 
manganese dissolving and improving overall electrochemical stability. Surface modification via 
protective coatings is being explored to inhibit manganese dissolution and enhance structural integrity 
by establishing a barrier layer that reduces interfacial reactions and maintains the electrochemical 
characteristics of the active material. Ultimately, electrolyte optimisation is undertaken to refine 
formulations, reduce adverse side reactions, and enhance lithium-ion transport kinetics, thereby 
improving the electrochemical stability of the electrolyte/electrode interface and facilitating efficient 
ion conduction, as outlined in the existing literature.80 
Energy Density Augmentation: 
Enhancing the energy density of LMO batteries is essential for improving their competitiveness in the 
lithium-ion battery market. Research initiatives are deliberately concentrated on two principal 
domains. The primary objective of creating advanced cathode materials is to synthesise innovative 
LMO compounds with increased lithium content and enhanced structural stability, hence maximising 
electrochemical capacity and improving the reversible intercalation of lithium ions. Secondly, optimal 
cell architecture is sought to enhance cell design and maximise the use of active materials while 
limiting inactive components. This technique aims to enhance volumetric and gravimetric energy 
density by improving the cell's internal architecture and minimising parasitic mass, as detailed in recent 
extensive study reviews81. 

 

LTO 

Future Developments in LTO Battery Technology 

The advancement of LTO battery technology is purposefully aimed towards overcoming current 
constraints and broadening its use. Future development initiatives focus on four primary areas: energy 
density increase, cost reduction, performance optimisation, and safety improvement82. 

 
Augmentation of Energy Density: 
Improving the energy density of LTO batteries is a crucial goal for increasing their competitiveness in 
the lithium-ion battery market. This strategic emphasis is on the development of new materials and 
electrode configurations to enhance lithium storage capacity. Research focusses on exploring high-

 
80 Naoki Nitta, Feixiang Wu, Jung Tae Lee, Gleb Yushin, Li-ion battery materials: present and future, Materials Today, Volume 18, Issue 5, 
2015, Pages 252-264, ISSN 1369-7021, https://doi.org/10.1016/j.mattod.2014.10.040. 
81 Gianvincenzi, M.; Marconi, M.; Mosconi, E.M.; Favi, C.; Tola, F. Systematic Review of Battery Life Cycle Management: A Framework for 
European Regulation Compliance. Sustainability 2024, 16, 10026. https://doi.org/10.3390/su162210026 
82 Grobler, Inus. (2022). Performance and Applications of Lithium Titanite Oxide Cells. 
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capacity, high-potential solutions and including superior anti-oxidation diaphragms, as emphasised in 
significant studies on high-power LTO applications83. 
Cost Reduction Through Manufacturing and Material Optimization: 
Realising significant cost reductions in LTO battery manufacturing is a primary strategic goal. This 
initiative is being pursued through two principal avenues: the optimisation of manufacturing processes 
to improve efficiency and decrease production costs, and the investigation of alternative materials 
aimed at discovering and utilising cost-effective options without sacrificing performance or safety, as 
outlined in research on cost reduction strategies in battery manufacturing84. 
 

 
Figure 16 - Shifting a simplified yield-quality line using advanced process control (APC).85 

Performance Optimization Across Critical Parameters: 
The optimisation of LTO batteries concerning essential parameters is a primary focus of research 
efforts. This entails augmenting durability via advancements in materials and design to prolong cycle 
life, optimising electrode and electrolyte characteristics to facilitate accelerated charging kinetics and 
broadening the operational temperature range to enhance versatility in various environments, as 
emphasised in research focusing on optimisation strategies for lithium-ion batteries in electric vehicle 
powertrains86. 
Enhanced Safety Through Advanced Design and Thermal Management: 
Research endeavors are persistently directed at enhancing the intrinsic safety of LTO batteries. This is 
primarily achieved by incorporating innovative safety features to avert thermal runaway and other 
potential dangers, alongside the development of advanced thermal management systems that 
optimise temperature regulation and mitigate risks related to heat generation, as emphasised in recent 
studies on battery thermal management for electric vehicles87. 
 

LFP 

Future Developments in LFP Battery Technology 
LFP battery technology is perpetually advancing, with sustained research and development initiatives 
aimed at improving performance, reducing costs, and increasing safety. Recent advancements 
encompass: 

 
83 Norio Takami, Hiroki Inagaki, Yoshinao Tatebayashi, Hidesato Saruwatari, Keizoh Honda, Shun Egusa, High-power and long-life lithium-ion 
batteries using lithium titanium oxide anode for automotive and stationary power applications, Journal of Power Sources, Volume 244, 2013, 
Pages 469-475, ISSN 0378-7753, https://doi.org/10.1016/j.jpowsour.2012.11.055. 
84 Asif, A.A.; Singh, R. Further Cost Reduction of Battery Manufacturing. Batteries 2017, 3, 17. https://doi.org/10.3390/batteries3020017 
85 Bauer, M.; Craig, I.K. Economic Assessment of Advanced Process Control—A Survey and Framework. J. Process Control 2008, 18, 2–18. 
86 Meddour, A.R.; Rizoug, N.; Leserf, P.; Vagg, C.; Burke, R.; Larouci, C. Optimization Approaches for Cost and Lifetime Improvements of 
Lithium-Ion Batteries in Electric Vehicle Powertrains. Energies 2023, 16, 6535. https://doi.org/10.3390/en16186535 
87 Manisha, Sumit Tiwari, Ravinder Kumar Sahdev, Deepak Chhabra, Meena Kumari, Arshad Ali, Ravin Sehrawat, Prabhakar Tiwari, 
Advancements and challenges in battery thermal management for electric vehicles, Renewable and Sustainable Energy Reviews, Volume 
209, 2025, 115089, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2024.115089. 
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Improved Cathode Materials 
A primary emphasis in LFP battery advancement is the development of innovative cathode materials 
aimed at attaining superior energy density and improved low-temperature efficacy. This research 
tackles a significant drawback of LFP batteries: their relatively lower energy density compared to other 
lithium-ion chemistries, with the objective of broadening their usability across various operating 
settings and conditions88. 
Nanotechnology 
The utilisation of nanotechnology in the production of LFP cathode materials, shown by firms like Nano 
One Materials Corp., is producing substantial enhancements in purity and performance, leading to 
more efficient and durable batteries. This application of nanotechnology underscores its capacity to 
significantly improve the essential characteristics of LFP batteries, propelling breakthroughs in their 
overall performance89. 
 

 
Figure 17 - Various types of nanosized materials for enhancing the functions of batteries with Li-ion.90 

 
Fast-Charging LFP Batteries 
CATL's launch of a rapid-charging LFP battery, which can be charged in 10 minutes, signifies a 
substantial technological breakthrough that could transform the electric vehicle industry. This 
innovation tackles a significant issue obstructing the extensive adoption of electric vehicles by 
substantially decreasing charge durations, as evidenced by research centered on cell architecture 
design for rapid-charging lithium-ion batteries91. 
Standardised Battery Swapping 
CATL's promotion of battery swapping technology standardisation is a strategic initiative aimed at 
expediting the deployment of LFP batteries in electric vehicles. This standardised method enables 
electric vehicle owners to promptly replace exhausted batteries with fully charged ones at specified 
stations, thereby eliminating protracted charging durations and mitigating range anxiety, as evidenced 
by CATL's initiative to create a battery swap ecosystem in collaboration with various partners92. 
Improving Discharge Rate 
Research by Gerbrand Ceder at MIT has revealed the potential for markedly accelerated charging and 
discharging rates in LFP batteries through a focus on the cathode material. This discovery indicates a 

 
88 Chen, T.; Li, M.; Bae, J. Recent Advances in Lithium Iron Phosphate Battery Technology: A Comprehensive Review. Batteries 2024, 10, 424. 
https://doi.org/10.3390/batteries10120424 
89 Asamoah, G.A.; Korsah, M.; Jeyasundar, P.G.S.A.; Ahmed, M.; Lau, S.Y.; Danquah, M.K. Nanotechnology-Based Lithium-Ion Battery Energy 
Storage Systems. Sustainability 2024, 16, 9231. https://doi.org/10.3390/su16219231 
90 Ibid 
91 Yeganehdoust, F.; Madikere Raghunatha Reddy, A.K.; Zaghib, K. Cell Architecture Design for Fast-Charging Lithium-Ion Batteries in Electric 
Vehicles. Batteries 2025, 11, 20. https://doi.org/10.3390/batteries11010020 
92 CATL Launches Battery Swap Ecosystem with Nearly 100 Partners 
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potential solution to the constraints of LFP batteries concerning power output and charging speed, as 
evidenced by their research on battery materials for ultrafast charging and discharging93. 

 

NMC 

The advancement of NMC battery technology is deliberately focused on meeting essential 
performance and sustainability requirements. Future research and development endeavours 
concentrate on three primary domains: safety enhancement, energy density augmentation, and 
sustainability breakthroughs. 

 
Enhanced Safety Through Material and Design Innovation 
Ongoing improvement of NMC battery safety is an essential objective. This is achieved by developing 
thermally stable materials, focussing on the synthesis and integration of innovative substances that 
exhibit enhanced resistance to thermal runaway. Simultaneously, innovations in cell design and 
engineering are being explored to mitigate the spread of thermal incidents and enhance overall safety 
attributes94. 
Augmentation of Energy Density for Extended Application Performance 
The pursuit of enhanced energy density in NMC batteries continues to be a pivotal priority, propelling 
breakthroughs in various essential domains. Research focusses on synthesising high-capacity NMC 
cathode materials with optimum nickel content and customised microstructures. Simultaneously, 
efforts are focused on optimising electrolyte compositions and creating high-capacity anode materials 
to enhance overall cell energy density. These developments are essential for augmenting the range of 
electric vehicles and improving the performance of other energy-intensive applications95. 
Advancing Sustainability Through Material and Process Innovation 
Reducing the environmental impact of NMC batteries is a primary objective. This issue is being tackled 
through multiple techniques, including research aimed at reducing and eliminating cobalt from NMC 
formulations to alleviate supply chain risks and environmental issues. Moreover, prioritising the 
development of advanced recycling methods and emphasising recyclability design is essential for the 
efficient recovery of precious resources. Efforts focus on adopting ecologically sustainable 
manufacturing processes that minimise waste and decrease the carbon footprint linked to NMC 
battery production96. 

 

Si-C 
Si-C battery technology is swiftly emerging as a prospective alternative to traditional lithium-ion 
batteries, with substantial enhancements in energy density, charging speed, and longevity. This 
detailed paper examines the complexities of Si-C battery technology, including its current status, 
benefits, drawbacks, prospective applications, major stakeholders, and recent advancements. It also 
analyses the obstacles and opportunities this promising technology offers and its potential to 
transform the energy storage sector. 

 
93 Kang, Byoungwoo & Ceder, Gerbrand. (2009). Battery materials for ultrafast charging and discharging. Nature. 458. 190-3. 
10.1038/nature07853. 
94 Comanescu, C. Ensuring Safety and Reliability: An Overview of Lithium-Ion Battery Service Assessment. Batteries 2025, 11, 6. 
https://doi.org/10.3390/batteries11010006 
95 F.M. Nizam Uddin Khan, Mohammad G. Rasul, A.S.M. Sayem, Nirmal Mandal, Maximizing energy density of lithium-ion batteries for electric 
vehicles: A critical review, Energy Reports, Volume 9, Supplement 11, 2023, Pages 11-21, ISSN 2352-4847, 
https://doi.org/10.1016/j.egyr.2023.08.069. 
96Antony Jose, S.; Dworkin, L.; Montano, S.; Noack, W.C.; Rusche, N.; Williams, D.; Menezes, P.L. Pathways to Circular Economy for Electric 
Vehicle Batteries. Recycling 2024, 9, 76. https://doi.org/10.3390/recycling9050076 
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Advantages and Disadvantages of Si-C Battery Technology97 
 
Table 18 - Advantages and disadvantages of Si-C battery technology 

Advantages Disadvantages 

Improved Battery Life:  
The carbon component in Si-C anodes alleviates 
silicon's volumetric fluctuations during charge-
discharge cycles, hence improving structural 
integrity and prolonging battery longevity. Si/C 
composite anode technologies utilise the 
substantial theoretical capacity of silicon while 
mitigating its volumetric fluctuations during 
charge cycles, leading to enhanced structural 
stability and an extended battery lifespan. 
 

Volume Expansion and SEI Formation:  
Silicon undergoes considerable volumetric 
expansion during lithiation, resulting in 
electrode deterioration and capacity loss. The 
alteration in volume generates an unstable SEI 
layer on the silicon surface, which can deplete 
lithium ions and reduce battery efficiency. 
Researchers are investigating diverse techniques 
to alleviate these problems, including 
nanostructures, binders, and electrolyte 
additions. 

Faster Charging:  
Si-C anodes facilitate expedited charging due to 
the enhanced electrical conductivity and 
structural stability of the carbon matrix. Si/C 
composite anode materials promote accelerated 
lithium-ion migration, enabling faster charging. 

Low Initial Coulombic Efficiency:  
Si-C anodes frequently exhibit diminished initial 
coulombic efficiency, indicating that a fraction of 
the lithium ions is irrevocably lost during the 
inaugural charge cycle. This may impact the 
battery's overall energy efficiency. 

Enhanced Safety:  
Carbon's presence improves the thermal 
stability of the anode, thereby reducing the 
likelihood of overheating or thermal runaway, 
particularly during rapid charging or high-
demand scenarios. Si/C composite anode 
materials enhance the thermal stability of the 
anode, hence augmenting safety by reducing the 
dangers of overheating or thermal runaway. 

Calendar Life:  
Silicon-based lithium-ion batteries possess a 
calendar lifespan of less than two years, falling 
short of the DOE ten-year objective. This 
constraint impedes extensive adoption, 
particularly in applications requiring long-term 
dependability. 

Sustainability: 
Silicon is a plentiful and readily accessible 
material, making Si-C batteries a more 
sustainable option compared to lithium-ion 
batteries, which rely on less accessible elements 
such as cobalt. 

Binders: The selection of binder is essential for 
the efficacy of Si-C anodes. Diverse binders, such 
as stretchy conductive adhesive, slide-ring PR-
PAA, and PDA-PAA-PEO, have been investigated 
to improve cycle performance and address the 
issues related to volume growth. 

Nanostructured Silicon:  

Researchers are investigating diverse 
nanostructures, such as silicon nanoparticles, 
nanowires, and nanotubes, to mitigate the 
volumetric expansion of silicon-based materials 
during lithiation. These nanostructures offer 
improved mechanical stability during cycling and 

Manufacturing Costs:  

The production procedure for Si-C anodes is 
generally more intricate and expensive 
compared to that of conventional graphite 
anodes. This complexity can influence the total 
cost of Si-C batteries and hinder their market 
penetration. 

 
97 Gazi Farhan Ishraque Toki, M. Khalid Hossain, Waheed Ur Rehman, Rana Zafar Abbas Manj, Li Wanga and Jianping Yang, Recent progress 
and challenges in silicon-based anode materials for lithium-ion batteries, Ind. Chem. Mater.,2024,2, 22, DOI: 10.1039/d3im00115f 
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can mitigate the scalability and affordability 
challenges associated with nanowire batteries. 

 

Future Developments in Si-C Battery Technology 
The domain of Si-C battery technology is undergoing continuous innovation and advancements. Recent 
developments include: 

Nano-structuring Techniques 
Researchers are exploring nano-structuring methods to reduce the dimensions of silicon particles, 
hence improving stability and mitigating expansion problems98. 
Innovative Coating Methods 
Innovative coating processes are being devised to enhance the stability and cycle longevity of silicon 
anodes99. 
Flexible Binders 
The utilisation of flexible binders enhances the mechanical integrity of Si-C anodes, allowing for volume 
fluctuations and improving cycle longevity100. 
Two-Way Coating Enhancements 
NEO Battery Materials has advanced its two-way coating for silicon anode technology, leading to 
superior capacity retention, increased Coulombic efficiency, and accelerated charging speeds101. 
Si/EG/C Anode 
Researchers have created a Si/EG/C anode that has a capacity retention of roughly 78.3% after 500 
cycles. This anode design exhibits enhanced cycling stability owing to the EG, which compresses or 
expands between the silicon particles and the carbon shell, thus regulating volume change and 
preserving the stability of the SEI film102. 
Modification of Silicon-Carbon Anode Materials 
Current research focusses on altering silicon-carbon anode materials to address issues including low 
initial discharge efficiency, insufficient conductivity, and poor cycling performance. These adjustments 
often entail utilising diverse nanostructures to accommodate volume fluctuations, augmenting 
conductivity by integrating conductive materials, and raising cycling stability via surface coatings and 
electrolyte optimisation103. 
Lithium Difluorophosphate 
Recent research suggests that the incorporation of an electrolyte addition, specifically lithium 
difluorophosphate, can improve the calendar life of silicon-carbon batteries. This additive promotes 
the development of stable interphase layers on electrodes, thereby minimising crosstalk between the 
cathode and anode while mitigating impedance increases during storage at high temperatures104. 

 

 
98 Chen, X.; Cheng, W.; Liu, H.; Chen, H.; Ma, J.; Zhang, Y.; Wu, Z.; Wang, C.; You, Y.; Xing, X.; et al. Research Progresses on Nano-Structured 
Silicon-Based Materials as Anode for Lithium-Ion Batteries. Materials 2025, 18, 830. https://doi.org/10.3390/ma18040830 
99 Nam, H.; Song, W.; Chae, O.B. Advances in Coating Materials for Silicon-Based Lithium-Ion Battery Anodes. Energies 2024, 17, 4970. 
https://doi.org/10.3390/en17194970 
100 Srivastava, M.; M. R., A.K.; Zaghib, K. Binders for Li-Ion Battery Technologies and Beyond: A Comprehensive Review. Batteries 2024, 10, 
268. https://doi.org/10.3390/batteries10080268 
101 Ibid 87 
102 Kong, X.; Xi, Z.; Wang, L.; Zhou, Y.; Liu, Y.; Wang, L.; Li, S.; Chen, X.; Wan, Z. Recent Progress in Silicon−Based Materials for 
Performance−Enhanced Lithium−Ion Batteries. Molecules 2023, 28, 2079. https://doi.org/10.3390/molecules28052079 
103 Mei, Y.; He, Y.; Zhu, H.; Ma, Z.; Pu, Y.; Chen, Z.; Li, P.; He, L.; Wang, W.; Tang, H. Recent Advances in the Structural Design of Silicon/Carbon 
Anodes for Lithium Ion Batteries: A Review. Coatings 2023, 13, 436. https://doi.org/10.3390/coatings13020436 
104 Wang, Aiping & Wang, Li & Liang, Hongmei & Song, Youzhi & He, Yufang & Wu, Yanzhou & Ren, Dongsheng & Zhang, Bo & He, Xiangming. 
(2023). Lithium Difluorophosphate as a Widely Applicable Additive to Boost Lithium‐Ion Batteries: a Perspective (Adv. Funct. Mater. 8/2023). 
Advanced Functional Materials. 33. 10.1002/adfm.202370044. 
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Solid-state Batteries 
Solid-state batteries (SSB) signify a significant leap in energy storage technology, offering advantages 
such as superior energy density, improved safety, and extended lifespan relative to traditional lithium-
ion batteries. Therefore, it is essential to comprehend the behaviour of solid-state batteries under both 
standard and abusive settings for their extensive adoption and efficient utilisation. 
Under typical working settings, SSBs display numerous beneficial attributes. Firstly, they offer superior 
energy density, facilitating enhanced energy storage capacity in a more compact and lightweight 
configuration. This renders them suitable for diverse applications, encompassing electric vehicles, 
portable gadgets, and renewable energy systems. Moreover, solid-state batteries provide expedited 
charging, mitigating a principal obstacle in the adoption of electric vehicles and providing users with a 
more pragmatic and efficient charging experience.  
Moreover, SSBs are distinguished by their enhanced safety characteristics. Unlike traditional lithium-
ion batteries that use flammable liquid electrolytes, solid-state batteries utilise solid electrolytes, 
which are intrinsically less prone to thermal runaway and fire risks. This reduces the likelihood of 
accidents and improves the safety of equipment or systems utilising SSBs.  
Moreover, SSBs exhibit superior thermal stability. They operate efficiently over a wider temperature 
spectrum than traditional batteries, making them appropriate for severe weather situations. This 
resilience ensures consistent performance, irrespective of scorching summers or frigid winters, and 
enhances the overall durability of electric vehicles in many climates.  
Furthermore, SSBs exhibit an enhanced cycle life, signifying their ability to withstand a greater number 
of charge and discharge cycles prior to substantial capacity deterioration. The prolonged lifespan 
enhances their reliability and endurance, rendering them an economically feasible and 
environmentally beneficial option105. 
 

 
Figure 18 - Diagram of (a) Lithium-ion Battery; (b) All Solid-State Battery106 

Nonetheless, similar to any energy storage technology, solid-state batteries may experience significant 
complications in conditions of misuse or abuse. Exceeding prescribed voltage limits during charging or 
discharging might result in electrolyte deterioration, electrode instability, and a consequent loss in 
performance. Manufacturers and users must comply with appropriate charging and discharging 
protocols to prevent issues linked to overuse.  
SSBs, owing to their solid-state electrolytes (SSE), have a diminished susceptibility to leakage, hence 
mitigating the risk of electrolyte-associated dangers. They are also less prone to thermal runaway, a 
phenomenon when a battery's temperature escalates rapidly, resulting in unpredictable responses and 
significant fire risks.  

 
105 Antony Jose, S.; Gallant, A.; Gomez, P.L.; Jaggers, Z.; Johansson, E.; LaPierre, Z.; Menezes, P.L. Solid-State Lithium Batteries: Advances, 
Challenges, and Future Perspectives. Batteries 2025, 11, 90. https://doi.org/10.3390/batteries11030090 
106 The Future of All Solid State Battery - Scientific Figure on ResearchGate. Available from: https://www.researchgate.net/figure/Diagram-
of-a-Lithium-ion-Battery-b-All-Solid-State-Battery 1_fig2_346206014 [accessed 16 Oct 2024] 

https://www.researchgate.net/figure/Diagram-of-a-Lithium-ion-Battery-b-All-Solid-State-Battery
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SSBs provide numerous benefits compared to traditional lithium-ion batteries, including enhanced 
energy density, superior safety, and extended longevity. Although they exhibit favourable 
performance under standard operating settings, appropriate usage, charging, and temperature 
regulation are essential to avert abuse-related complications107. 

 
Figure 19 - Performance of different solid electrolyte materials. Radar plots of the performance properties of oxide solid 

electrolytes (a), sulfide solid electrolytes (b), hydride solid electrolytes (c), halide solid electrolytes (d), thin-film electrolytes 

(e) and polymer solid electrolytes (f). Copyright (2017), Springer Nature108 

 

Types of Solid-State Cell Electrolytes  
A SSB is a conventional lithium-based battery that substitutes liquid electrolytes with solid electrolytes. 
Commercial lithium-ion batteries typically comprise lithium salt and carbonate-based organic solvents; 
nonetheless, the liquid electrolyte system may pose significant safety risks. The low ignition and boiling 
points of organic electrolytes may result in thermal runaway. Moreover, electrolyte leakage may exert 
harmful consequences on the human body. Moreover, the formation of dendrites on the anode 
resulting from the interactions between the anode and the electrolyte renders lithium-ion batteries 
inadequate as high-energy storage solutions.  
SSBs demonstrate significant thermal stability and necessitate less supervision in thermal 
management. The SSE is not only fireproof but also inhibits dendrite formation, hence diminishing the 
likelihood of short circuits. High ionic conductivity, electrochemical stability, thermal stability, and 
enhanced mechanical qualities can be achieved in the development of cathode materials for SSBs. The 
research and development of solid-state batteries can be fundamentally studied under three 
categories: 

• solid inorganic electrolyte,  

• solid polymer electrolyte, 

• solid composite electrolyte.  
 

 
107 Liu Yihe, Systematic comparison of solid-state batteries and lithium-ion batteries, IET Conference Proceedings, Volume 2024, Issue 19, 
https://doi.org/10.1049/icp.2024.3998 
108 Jonderian, Antranik & Mccalla, Eric. (2021). The role of metal substitutions in developing Li batteries, part II: Solid electrolytes. Materials 
Advances. 2. 10.1039/D1MA00082A. 
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Figure 20 - Solid Electrolytes109 

 

Solid Inorganic Electrolytes 
SIEs have considerable application potential owing to their enhanced safety, strong ionic conductivity 
at ambient temperature (>10-3 S cm-1), superior lithium-ion transport, and fire resistance. The 
elemental composition of SSEs indicates that the most essential inorganic electrolytes are oxide-based 
and sulphur-based structures. Moreover, borohydride and halide compounds have been thoroughly 
investigated in recent studies110. 
Oxide electrolytes typically demonstrate significant mechanical and chemical durability; however, they 
need high-temperature processing (sintering), are brittle, and display comparatively low ionic 
conductivity. Lithium metal exhibits superior electrochemical and thermal stability. 
Conversely, sulphide electrolytes exhibit more mechanical softness, facilitate machining, and eliminate 
the necessity for sintering. Contemporary research concentrates mostly on lithium metal and high-
potential glass. They demonstrate significant thermal stability; nevertheless, their commercialisation 
is hindered by the generation of poisonous by-products, including hydrogen sulphide, during 
manufacturing. Furthermore, borohydride electrolytes are solid electrolytes characterised by elevated 
ionic conductivity and an extensive potential range. 
 

Solid Polymer Electrolytes 
Solid polymer electrolytes can be considered solid solution systems consisting of polymer matrices and 
lithium salts, wherein the lithium salts are dissolved in the polymer matrix. Recent study domains for 
solid polymer electrolytes have arisen, positing that lithium salts could function as electrolytes for 
lithium-ion batteries through the formation of complexes with polymers. Frequently utilised salts 
comprise LiClO4, LiTFSI, LiFSI, LiCF3SO3, LiPF6, LiAsF6, and LiBF4. Notwithstanding the benefits of solid 
polymer electrolytes, certain drawbacks persist, including limited ionic conductivity, diminished 
chemical stability, and elevated interfacial resistance. PVDF, PAN, PMMA, and PEO are compounds 
utilised as electrolyte fillers. 
 

Solid Composite Electrolytes 
Some of the solid inorganic electrolytes mentioned above exhibit high ionic conductivity. However, 
they also have disadvantages, such as significant interface impedance and limited chemical stability. 
To address these issues, forming solid composite electrolytes and adding inorganic fillers to the 
polymer matrix can yield positive results. Inorganic fillers can diminish the crystallinity of the polymer 

 
109 Varzi, Alberto & Raccichini, Rinaldo & Passerini, Stefano & Scrosati, Bruno. (2016). Challenges and prospects of the role of solid 

electrolytes in the revitalization of lithium metal batteries. Journal of Materials Chemistry A. Accepted Manuscript. 10.1039/C6TA07384K. 
110 Jun Huang, Chen Li, Dongkai Jiang, Jingyi Gao, Lei Cheng, Guocheng Li, Hang Luo, Zheng-Long Xu, Dong-Myeong Shin, Yanming 
Wang, Yingying Lu, Yoonseob Kim, Solid-State Electrolytes for Lithium Metal Batteries: State-of-the-Art and Perspectives, Volume35, 

Issue1, January 2, 2025, 2411171, https://doi.org/10.1002/adfm.202411171 
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matrix and facilitate the transport of lithium ions by dissolving lithium salts within the matrix. 
Simultaneously, inorganic fillers, which serve as a rigid framework and potentially act as crosslinking 
agents, can enhance composite polymer electrolytes' mechanical properties and thermal stability. 
SiO2, TiO2, and Al2O3 are examples of inert fillers. They can influence the conduction of lithium ions 
and inhibit polymer crystallisation. Active fillers promote the efficient transport of lithium ions111. All 
SSB represent the next generation of energy storage devices, with solid electrolytes as the key 
component of all SSBs. 
 

Solid-State Battery Performance Characteristics 
The SSE must demonstrate elevated ionic conductivity, strong mechanical qualities, and compatibility 
with electrode materials. A commercial SSB will materialise if it is sufficiently constructed using optimal 
materials. Nonetheless, their exceptional attributes become readily apparent when evaluating the 
voltage range, current capacity, cycle longevity, and operational temperatures of SSBs. The following 
properties are delineated below:  

Voltage Range 
Lithium batteries have same issues as traditional batteries: the restricted electrochemical window of 
the liquid electrolyte constrains the battery's specific capacity. From a thermodynamic perspective, 
elevated operating voltage is associated with augmented specific capacity, hence extending the range 
of electric cars. All SSEs can function within a voltage range of 2.5V to 5.1V, contingent upon the 
cathode active material utilised. By partially substituting manganese cations in LMO with alternative 
transition metals, the working voltage can be elevated to 4.7V, 4.8V, and 5.1V for the Ni2+/Ni4+, 
Cr3+/Cr4+, and Fe3+/Fe4+ couples, respectively. The operating voltage can be optimised according to 
the selection of cathode active material. 

Current Range 
The literature does not specify a precise current range ratio for SSBs; however, all SSBs are capable of 
providing substantial capacities within elevated current ranges. Zhou et al.112 conducted a 
charge/discharge at a current density of 10 A/g. Kato et al.113 presents a comparative analysis of the 
cycling performance of charge-discharge curves for standard batteries and high-current batteries at 
100 °C (current density = 18 C) (Figure 16). The cell has LiCoO2 as the cathode, graphite as the anode, 
and a solid electrolyte of Li10GeP2S12 (LGPS)114. Based on these results, in the present project, 
according to cathode active material, a maximum 10C charge/discharge current range shall be applied 
during cycling tests.  

  
 

 
111 Liang H, Wang L, Wang A, Song Y, Wu Y, Yang Y, He X. Tailoring Practically Accessible Polymer/Inorganic Composite Electrolytes for All-Solid-State 

Lithium Metal Batteries: A Review. Nanomicro Lett. 2023 Jan 31;15(1):42. doi: 10.1007/s40820-022-00996-1. PMID: 36719552; PMCID: PMC9889599 

112 Ibid 97 

113 Kato, Y., Hori, S., Saito, T. et al. High-power all-solid-state batteries using sulfide superionic conductors. Nat Energy 1, 16030 (2016). 

https://doi.org/10.1038/nenergy.2016.30 
114 Ibid 107 
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Figure 21 - Cycling performance of LGPS solid electrolyte battery115 

 

Operating Temperature 
According to Li et al.'s study in 2014116, a LiFePO4/Li battery with a polysiloxane polymer demonstrated 
significantly superior performance at operating temperatures of 25-100°C (Li et al., 2014). This 
indicates that SSE can achieve longer cycling performance at higher temperatures. During cycling tests, 
the project's operating temperatures will range from 40 to 100°C.   

 

Digital Twin for BMS – BATMAX Developments 
The BATMAX project aims to create advanced, data-based, and adaptable BMS for various mobile and 
stationary applications. The project focuses on four use case application areas for batteries: 
waterborne, non-road mobile machinery, heavy-duty vehicles, and stationary storage. These 
applications require a methodical approach that applies to all types of battery use. The main objective 
of BATMAX is to improve battery system performance, safety, reliability, service life, and lifetime cost.   
 
BATMAX plans to create a framework for the next generation of battery management based on large 
amounts of experimental, operational, and synthetic data. This framework will include adaptable 
physics-based models, suitable reduced-order models for physical BMS algorithms, and real-time 
multi-scale digital twins. The project will also explore emerging opportunities for optimised battery 
utilisation.   
 
The BATMAX project represents the future of Digital Twin for BMS. It will develop a framework for 
efficient parametrisation of physics-based models, hardware and sensorisation for data collection, 
hybrid and AI-driven models for battery management, and a multi-scale battery digital twin 
framework. Additionally, the project will explore emerging opportunities and ensure stakeholder 
involvement in the value co-creation process. 
 

What are the future developments that BATMAX is developing 
BATMAX is pushing the boundaries of digital twin technology for Battery Management Systems (BMS) 
in several keyways: 
 
Efficient Parameterization of Physics-Based Models: 
BATMAX Development: BATMAX aims to reduce the cost of cell parameterisation by at least 20% and 
improve computational efficiency to enable these models to run directly on BMS hardware. The project 
will develop methods for real-time adaptation of model parameters, reflecting the battery's evolving 
state.   
Advanced Sensorization and Data Collection: 
BATMAX Development: To collect high-quality data at higher frequencies, BATMAX will incorporate 
advanced sensing techniques, such as printed sensor arrays and in-system EIS sensing. This rich data 
will be used for improved state estimation and model development.   
Hybrid and AI-Driven Models: 
BATMAX Development: BATMAX will develop hybrid models that combine the accuracy of physics-
based models with the efficiency of data-driven approaches. AI will be integrated for dynamic 
parameterisation and active learning, ensuring high accuracy with reduced computational burden.   

 
115 Hori, Satoshi & Suzuki, Kota & Hirayama, Masaaki & Kato, Yuki & Kanno, Ryoji. (2016). Lithium Superionic Conductor 

Li9.42Si1.02P2.1S9.96O2.04 with Li10GeP2S12-Type Structure in the Li2S–P2S5–SiO2 Pseudoternary System: Synthesis, Electrochemical 

Properties, and Structure–Composition Relationships. Frontiers in Energy Research. 4. 38. 10.3389/fenrg.2016.00038. 
116 Li, Tao & Zheng, Xiaogu & Dai, Yongjiu & Yang, Chi & Chen, Zhuoqi & Shupeng, Zhang & Wu, Guocan & Wang, Zhonglei & Huang, 
Chengcheng & Shen, Yan & Liao, Rongwei. (2014). Li et al. 2014 AAS. 10.13140/2.1.4690.7849. 
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Adaptable Battery Management with Multi-Scale Digital Twin Framework: 
 
BATMAX Development: BATMAX will create an adaptable BMS framework with an integrated digital 
twin incorporating dynamic hybrid models and adaptive state functions. This framework will enable 
advanced functionalities like predictive maintenance and end-of-life management.   
 
These advancements represent a significant leap forward in digital twin technology for BMS. By 
combining physics-based models with advanced sensorisation, data analytics, and AI, BATMAX is 
paving the way for safer, more reliable, and longer-lasting battery systems. 
 

Recommendations for Policymakers and Industry Stakeholders 

The battery business is undergoing swift expansion and evolution, propelled by the surging demand 
for electric vehicles, renewable energy storage, and dependable power solutions across multiple 
sectors. Lithium-ion batteries dominate the market in all sectors owing to their superior energy 
density, decreasing costs, and improved performance. This BTR offers an extensive analysis of battery 
technology, examining stress variables and their importance to facilitate educated decision-making.  
Creating resilient Battery Management Systems in this evolving environment is essential for ensuring 
battery safety, enhancing performance, and prolonging lifespan. Digital twin technology has emerged 
as a transformational instrument, facilitating intricate modelling, real-time surveillance, and predictive 
maintenance of battery systems.  
This roadmap expressly correlates with the aims of the BATMAX project, which focusses on building 
advanced, data-driven, and adaptive BMS solutions utilising digital twin technology. BATMAX seeks to 
establish a framework for advanced battery management by utilising extensive experimental, 
operational, and synthetic data to improve battery system performance, safety, dependability, and 
lifecycle cost.  
 

For Policymakers 
Policymakers play a crucial role in determining the direction of the battery sector. They can foster 
innovation, guarantee responsible development practices, and promote a competitive market 
environment through strategic interventions. This roadmap highlights several critical domains where 
policymakers can exercise substantial impact. 
 
1. Fostering Research and Development 
Continuous support for R&D is crucial. Policymakers must focus financing and programs to advance 
innovation in battery technology. This entails the allocation of resources to foundational research 
centred on innovative materials, chemistries, and cell architectures to attain advancements in energy 
density, safety, cycle life, and sustainability. Policymakers should incentivise industrial innovation to 
decrease prices and environmental effect, while fostering collaborative ecosystems among academic 
institutions, industry stakeholders, and government agencies to expedite the development and 
deployment of next-generation battery solutions. 
 
2. Establishing a Robust Regulatory Framework 
A coherent, uniform, and progressive regulatory lean but nonetheless efficient framework is vital for 
directing the responsible advancement, implementation, and disposal of battery technology. 
Policymakers ought to enact measures that promote the adoption of electric vehicles and renewable 
energy storage systems, including purchase incentives, tax credits, and pollution regulations. 
Implementing and upholding stringent safety standards for battery manufacturing, evaluation, and 
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usage is essential to reduce hazards and safeguard consumers. Moreover, legislators ought to 
formulate efficient laws for battery recycling and second-life applications to mitigate environmental 
effect and optimise resource recovery. 
 
3. Securing Supply Chain Resilience 
Securing access to essential raw materials and alleviating supply chain vulnerabilities are critical. 
Policymakers ought to advocate for the diversification of raw material sources to mitigate dependence 
on singular suppliers or regions, endorse sustainable mining practices and responsible sourcing of 
essential materials, and incentivise the establishment of domestic battery manufacturing capabilities 
to diminish reliance on imports and bolster energy security. 
 
4. Promoting International Collaboration 
Participating in multinational collaborations is essential for disseminating knowledge, aligning 
standards, and tackling global issues. Policymakers ought to engage in international efforts aimed at 
establishing standards for battery passports, safety regulations, and sustainability metrics. It is crucial 
to collaborate with international partners to improve research and development, ease knowledge 
transfer, and maintain equitable competition within the industry. 
 

For Industry Stakeholders 
Industry stakeholders have a crucial role in influencing the future of the battery sector. Their 
dedication to innovation, collaboration, and ethical standards is crucial for fostering sustainable 
growth. This plan emphasises critical focal points for industry stakeholders. 
 
1. Prioritising Research and Development 
Industry stakeholders must provide resources to research and development to sustain a competitive 
advantage and propel transformational innovations in battery technology. This entails investing in the 
development of innovative battery chemistries, materials, and cell designs to substantially enhance 
performance, safety, and sustainability. It is essential to prioritise investments in digital twin 
technology and AI-driven solutions for enhanced battery management, predictive maintenance, and 
performance optimisation. Moreover, industry stakeholders ought to investigate and invest in cutting-
edge manufacturing technologies to diminish production expenses, enhance manufacturing efficiency, 
and elevate product quality. 
 
2. Collaborating Across the Value Chain 
Collaboration and strategic alliances are crucial for expediting the advancement and implementation 
of sophisticated battery technology. Industry stakeholders must collaborate with raw material 
suppliers to guarantee responsible sourcing procedures and enhance supply chain transparency. 
Collaborating with academic institutes and technology providers is crucial to harness expertise, 
exchange knowledge, and expedite innovation. Engaging with end-users, such automobile 
manufacturers and energy providers, facilitates a comprehensive understanding of their requirements 
and the creation of customised battery solutions. 
 
3. Emphasising Safety and Sustainability 
Safety and sustainability must be primary factors throughout the whole battery lifecycle. Industry 
stakeholders must enforce stringent quality control protocols to guarantee the safety, dependability, 
and performance of battery products. Adopting ecologically sustainable production techniques aimed 
at minimising waste, lowering emissions, and conserving resources is vital. Investing in the 
development and promotion of battery recycling programs is essential for recovering valuable 
materials and mitigating environmental damage. 
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4. Promoting Standardization and Interoperability 
Standardisation and interoperability are crucial for promoting market expansion and assuring 
compatibility among various battery systems. Industry players ought to proactively endorse the 
formulation and implementation of standards for battery passports, communication interfaces, and 
testing protocols. Engaging with industry consortia and organisations to formulate guidelines and best 
practices for battery development, deployment, and management is essential.  
 
 


