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Abstract: Electric vehicles (EVs) are essential to the global energy transition, but their growing adoption increases 

demand for critical battery materials such as lithium, cobalt, nickel, and graphite. This article examines the 

composition and chemistry of EV batteries, highlighting advancements in energy density and material efficiency 

through solid-state, LFP, and sodium-ion batteries. While battery manufacturing capacity is set to triple by 2030, 

challenges such as geopolitical dependencies, environmental concerns, and supply chain vulnerabilities persist. 

Opportunities for sustainable material sourcing include responsible mining, recycling initiatives, and 

diversification of supply chains. Policymakers play a vital role in ensuring a stable and ethical EV battery supply, 

with recommendations focusing on accelerating R&D, enhancing circular economy efforts, and improving 

regulatory frameworks. A holistic approach integrating technological innovation, policy intervention, and industry 

collaboration is crucial to securing a sustainable and resilient EV battery ecosystem for the future. 

Keywords: Electric Vehicle (EV) Batteries, Critical Materials, Battery Chemistry and Energy Efficiency, Policy and 

Technological Innovation. 

1. Introduction  

The transition toward electrified transportation, driven by the global imperative to reduce 

greenhouse gas emissions and fossil fuel dependence, has intensified the demand for electric vehicles 

(EVs) and, consequently, the lithium-ion batteries (LIBs) that power them [1-3]. These batteries rely 

heavily on a set of critical raw materials, including lithium, cobalt, nickel, and manganese, which are 

essential for ensuring high energy density, thermal stability, and extended lifecycle performance. 

However, the rapid scale-up of EV production has brought to the forefront significant challenges related 

to the sustainable supply, geopolitical risk, and environmental impact associated with the extraction 

and processing of these materials [4-7]. 

Facilitating the global energy transition necessitates the widespread adoption of electric vehicles 

(EVs) as the predominant mode of passenger transportation by 2030. As of 2023, the global fleet of 

passenger EVs comprised approximately 44 million units. However, to align 1.5°C Scenario, this figure 

must undergo a substantial expansion, reaching an estimated 359 million by the end of the decade [8-

10]. This imperative for electrification is not confined solely to passenger transport but extends across 
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all road transport sectors, including those historically regarded as infeasible for electrification, such as 

long-haul freight transport. 

Although the outlook for EV battery production capacity remains promising, ensuring a stable, 

sufficient, and cost-effective supply of critical raw materials is paramount. According to 1.5°C Scenario, 

the electrification of road transport necessitates a fivefold increase in the annual production of EV 

batteries between 2023 and 2030 [11-14]. While the projected battery production capacity for 2030—

estimated at 7,300 gigawatt-hours (GWh) per year—surpasses the anticipated demand of 4,300 GWh 

per year, sustained and coordinated efforts remain imperative to secure the requisite raw materials 

essential for large-scale battery manufacturing [15-17]. A number of previous studies have examined 

the challenges and considerations surrounding critical materials for electric vehicle batteries, as 

summarized below. 

     According to Chen et al. [18], the rapid proliferation of lithium-ion batteries (LIBs) in electric vehicles 

is expected to result in a substantial volume of spent LIBs in the near future. To address this impending 

challenge, three principal end-of-life management strategies are identified: remanufacturing, 

repurposing, and recycling. While remanufacturing and repurposing aim to extend the functional 

lifespan of batteries through secondary applications, recycling plays a critical role in closing the material 

loop by recovering and reintegrating valuable materials into the production value chain. The primary 

recycling approaches for spent LIBs include pyrometallurgy, hydrometallurgy, and direct recycling, 

each with distinct mechanisms and implications for material recovery efficiency and environmental 

impact. 

     Ma et al. [19] emphasize the importance of optimizing end-of-life treatment pathways for retired 

electric vehicle (EV) batteries, considering both economic viability and environmental sustainability. 

Their proposed strategy is applied across various secondary-use scenarios, including energy storage 

systems, communication base stations, and low-speed electric vehicles, each with distinct capacity 

configurations. At the end-of-life stage, the study evaluates hydrometallurgical, pyrometallurgical, and 

direct recycling approaches, factoring in the residual value of the batteries. The findings reveal that for 

the optimized reuse-recycling pathway, lithium iron phosphate (LFP) batteries yield a 58% increase in 

profit and an 18% reduction in emissions compared to hydrometallurgical recycling without prior reuse. 

Similarly, lithium nickel manganese cobalt oxide (NMC) batteries demonstrate a 19% profit increase 

and an 18% reduction in emissions. 

     Jiang et al. [20], highlights that the impact of recycling and reusing EV batteries on reducing material 

demand and carbon emissions. Integrating a national-level vehicle stock turnover model with life-cycle 

carbon emission assessment, we found that replacing nickel-cobalt-manganese batteries with lithium 

iron phosphate batteries with battery recycling can reduce lithium, cobalt, and nickel demand between 

2021 and 2060 by up to 7.8 million tons (Mt) (67%), 12.4 Mt (96%), and 37.2 Mt (93%), respectively, 

significantly decreasing reliance on import. Moreover, battery recycling coupled with reuse can reduce 

carbon emissions by up to 6,532-6,864 Mt (36.0-37.9%), depending on four recycling methods employed. 

     Xu et al. [21] emphasize that, under a lithium nickel cobalt manganese oxide (NCM)-dominated 

battery scenario, the global demand for critical materials is projected to rise dramatically between 2020 

and 2050. Specifically, lithium demand is expected to increase by a factor of 18–20, cobalt by 17–19, 

nickel by 28–31, and most other associated materials by 15–20. This anticipated surge necessitates a 

substantial expansion of global supply chains for lithium, cobalt, and nickel, as well as the likely 

discovery of new resource deposits. However, the projections are subject to considerable uncertainty, 

primarily driven by the pace of electric vehicle (EV) adoption and the battery capacity requirements per 

vehicle. A large-scale shift to alternative chemistries—such as lithium iron phosphate (LFP), lithium–

sulphur, or lithium–air batteries—could significantly reduce reliance on cobalt and nickel. 

This article contributes to the ongoing discourse on sustainable energy transitions by providing a 

comprehensive analysis of the material composition and evolving chemistry of electric vehicle (EV) 

batteries, with a particular focus on emerging technologies such as solid-state, lithium iron phosphate 

(LFP), and sodium-ion batteries. It underscores the criticality of lithium, cobalt, nickel, and graphite in 

battery production and highlights the projected expansion of manufacturing capacity by 2030. By 
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contextualizing the persistent challenges—geopolitical dependencies, environmental impacts, and 

supply chain fragility—the study advances a nuanced understanding of the systemic risks confronting 

large-scale EV deployment. Moreover, this work identifies actionable pathways for sustainable material 

sourcing, including responsible mining practices, battery recycling innovations, and supply chain 

diversification. It offers policy-driven recommendations aimed at accelerating research and 

development, strengthening circular economy initiatives, and enhancing regulatory mechanisms. The 

article's integrative framework—linking technological advancement, policy intervention, and industrial 

collaboration—serves as a strategic roadmap for fostering a robust, ethical, and resilient EV battery 

ecosystem. As such, the study provides valuable insights for stakeholders across academia, industry, 

and government working to align energy innovation with sustainability imperatives. 

 

2. Methodology 

This study employs a comprehensive, multi-disciplinary approach to examine the challenges, 

opportunities, and policymaker interventions in securing critical materials for electric vehicle (EV) 

batteries. The methodology integrates qualitative and quantitative analysis, drawing on academic 

literature, industry reports, policy documents, and market data to provide an in-depth understanding 

of key factors influencing EV battery supply chains. 

3. The Role of EVs in the Energy Transition 

     The global energy transition necessitates fundamental transformations in national energy systems, 

with electrification emerging as a pivotal strategy across end-use sectors, including buildings, transport, 

and industry [22-26]. Currently, electricity accounts for approximately 20% of total final global energy 

consumption. However, in alignment with a 1.5°C decarbonization pathway, electricity is projected to 

become the dominant energy carrier, surpassing 50% of total final global energy consumption by 2050 

[27-33].  

This shift would result in a threefold increase in global electricity demand, predominantly supplied 

by renewable energy sources, which are expected to account for 91% of total electricity generation. 

Electric vehicles (EVs) will play a critical role in this transition, driving the electrification of the transport 

sector, reducing dependence on fossil fuels, and enabling greater grid integration through technologies 

such as vehicle-to-grid (V2G) systems [34-38]. As EV adoption accelerates, ensuring sustainable battery 

production, charging infrastructure expansion, and grid modernization will be essential to maximizing 

their contribution to a low-carbon, renewable-powered energy future. Figure 1 illustrates segmentation 

of the overall final energy use by energy carrier under the 1.5°C Scenario, 2020-2050. 

Road transport is a key sector in the global effort to decarbonize the transport industry, as it 

contributes over 75% of all transport-related emissions and accounts for approximately 20% of total 

global energy-related emissions. Battery EVs have emerged as the primary technological solution for 

reducing these emissions, largely due to rapid advancements in battery technology, which have led to 

significant performance improvements and cost reductions [40-42]. These developments have 

broadened the feasibility of EVs beyond passenger vehicles, extending to previously challenging 

segments, such as long-haul freight transport. 

The adoption of EVs is accelerating exponentially, with 14 million electric passenger cars sold in 

2023, representing 18% of total global automobile sales and marking a 340% increase since 2020. To 

remain aligned with IRENA’s 1.5°C Scenario, global EV sales must continue this trajectory, reaching 

approximately 60 million units per year by 2030 [39-45]. This rapid expansion in EV adoption will drive 

a sharp increase in the demand for EV batteries, particularly for passenger cars and trucks, which 

require larger battery capacities compared to two-wheelers. While passenger cars will remain the 

dominant driver of unit sales, the rising electrification of commercial and heavy-duty transport will 

contribute significantly to overall battery demand. 

 

 



Amer et al., 2025 IJEES 
 

Page | 122 

 

 
Figure 1. Segmentation of the overall final energy use by energy carrier under the 1.5°C Scenario, 2020-2050 [39]. 

4. EV Battery Composition and Chemistries 

Electric vehicle (EV) batteries are composed of multiple battery cells systematically arranged within 

a battery pack, forming the core energy storage system of an EV. Each battery cell consists of three 

fundamental components [46-48]: 

▪ Anode – The negative electrode, predominantly made of graphite, which serves as the host 

material for lithium ions during charging. 

▪ Cathode – The positive electrode, typically composed of lithium metal oxides, such as lithium 

nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), or lithium cobalt oxide 

(LCO), which dictates the battery’s energy density, performance, and thermal stability. 

▪ Electrolyte – A liquid or solid lithium salt solution, enabling the movement of lithium ions 

between the anode and cathode during charge and discharge cycles, thereby facilitating energy 

storage and release. 

These components operate through a lithium-ion intercalation process, where lithium ions migrate 

between the anode and cathode to store or discharge energy. The choice of battery chemistry 

significantly influences energy density, lifespan, cost, and sustainability [49-51]. 

▪ Nickel-based chemistries (e.g., NMC, NCA) offer higher energy density, making them ideal for 

long-range EVs, but rely on scarce materials like nickel and cobalt. 

▪ LFP batteries provide enhanced safety, longevity, and cost-effectiveness, making them well-

suited for mass-market EVs and commercial applications, though they have lower energy 

density. 

▪ Emerging alternatives, such as lithium manganese iron phosphate (LMFP) and sodium-ion 

batteries, are being developed to further reduce reliance on critical materials while maintaining 

performance efficiency. 

These advancements in battery chemistry are critical for the sustainable scaling of EV adoption, 

balancing resource availability, environmental impact, and energy efficiency to support the global 

transition toward electrified transportation. Figure 2 illustrates the hierarchical structure of an EV 

battery system, starting from individual battery cells to battery modules, battery packs, and the 

complete battery system. This architecture plays a crucial role in determining the performance, 

efficiency, safety, and longevity of an electric vehicle (EV) battery. 
Understanding the hierarchical structure of EV battery systems is crucial for optimizing energy 

storage, safety, and performance. Innovations in cell chemistry, thermal regulation, and system 

integration are shaping the next generation of EV batteries, making them more efficient, durable, and 
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sustainable. The continued evolution of battery technology will be instrumental in accelerating the 

global transition to electrified transportation. 

 

 
Figure 2. The internal components of a battery cell and the components of the battery system [39]. 

5. Technological Advancements in EV Battery Energy Density and Material Efficiency 

The demand for critical materials in electric vehicles (EVs) is not exclusively driven by EV battery 

production; rather, a diverse range of industries and applications significantly influence the availability 

and pricing of these essential resources. It is imperative to recognize the broader industrial landscape 

in which these materials are utilized, as sectoral interdependencies play a crucial role in shaping global 

supply chains [49-51]. While EV batteries serve as a primary driver of lithium demand, their influence 

on the demand for other materials, such as cobalt, graphite, and nickel, is comparatively less 

pronounced. In contrast, certain key materials exhibit a more diversified demand profile. 

 For instance, copper—despite its integral role in EV manufacturing—is projected to have only a 4% 

demand share from EV batteries by 2030, with the majority of its demand stemming from the 

construction sector and power-related infrastructure, including electrical grids and renewable energy 

systems. Similarly, phosphorus and manganese are expected to account for only approximately 3% and 

2% of their total demand, respectively, within the EV battery sector by 2030 [52-54].  

The sustainable expansion of material supply chains, coupled with continuous advancements in 

battery chemistries, presents a viable pathway for nations to meet the escalating demand for EV battery 

materials. This remains achievable even under an accelerated transition to electric mobility, aligning 

with a 1.5°C decarbonization trajectory. A pivotal determinant in this process is the ability to scale up 

material supply in accordance with existing projections. Furthermore, the accelerated adoption of next-

generation battery technologies with reduced dependence on critical materials—such as lithium iron 

phosphate (LFP), lithium manganese iron phosphate (LMFP), and sodium-ion batteries—has the 

potential to alleviate material shortages, even in scenarios where mining operations fail to expand at 

the anticipated rate [53-55].  

The interplay between material supply capacity and technological innovation creates a broad 

spectrum of possible outcomes. For example, projections indicate that lithium markets could experience 

either surpluses or shortages by 2030, depending on the pace of supply expansion and battery 

technology adoption. Potential lithium surpluses are estimated at 0.60 million metric tons per year, 

constituting approximately 25% of the projected demand in 2030. Conversely, under more constrained 

supply conditions, shortages could reach as high as 1.3 million metric tons per year, accounting for 

nearly 40% of the estimated demand [54-56]. These uncertainties underscore the need for a multifaceted 
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strategy that integrates supply chain resilience, resource efficiency, and rapid technological 

advancements to ensure a stable and sustainable material supply for EV batteries. Figure 3 presents key 

Critical Materials for EV Battery Production and Infrastructure. 

 
  

▪ Lithium ▪ Cobalt ▪ Graphite 

   
▪ Phosphorous ▪ Nickel ▪ Copper 

 

 

 

 ▪ Manganese  
 

Figure 3. A visual representation of key critical materials essential for the production of electric vehicle (EV) 

batteries and associated infrastructure [39]. 

 

These materials—lithium, cobalt, graphite, nickel, copper, phosphorus, and manganese—play 

pivotal roles in advancing battery technology, enhancing energy storage efficiency, and ensuring the 

scalability of electric mobility. 

▪ Lithium: A fundamental component of lithium-ion batteries, lithium enables high energy density 

and long cycle life, making it indispensable for EV applications. 

▪ Cobalt: Primarily used in cathodes of lithium-ion batteries, cobalt enhances thermal stability and 

battery longevity. However, efforts are underway to reduce its usage due to supply chain 

constraints and ethical concerns regarding mining. 

▪ Graphite: Serving as the primary material for anodes in lithium-ion batteries, graphite facilitates 

efficient charge storage and conductivity, influencing battery performance. 

▪ Nickel: A critical component in high-energy-density battery cathodes (such as NMC and NCA 

chemistries), nickel contributes to enhanced energy storage capacity and extended driving 

ranges for EVs. 

▪ Copper: Essential for electrical conductivity, copper is widely used in battery connections, power 

electronics, and EV charging infrastructure, supporting efficient energy transmission. 

▪ Phosphorus: Utilized in lithium iron phosphate (LFP) batteries, phosphorus offers improved 

safety and cycle life, making it a key component in emerging battery technologies. 

▪ Manganese: Found in various cathode chemistries, manganese contributes to the structural 

stability of batteries while offering cost-effective alternatives to more scarce materials. 

The increasing global demand for EVs is expected to exert significant pressure on the supply chains 

of these materials, necessitating sustainable extraction methods, recycling innovations, and 

advancements in alternative battery chemistries. As the industry evolves, a balanced approach 

combining material efficiency, circular economy practices, and strategic sourcing will be critical in 

ensuring the long-term viability of EV battery production. Technological innovation has already played 
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a crucial role in reducing the demand for critical materials in electric vehicle (EV) batteries, significantly 

altering market dynamics.  

Recent advancements in electric vehicle (EV) battery technology have significantly enhanced 

gravimetric energy density, yielding a 30% increase in battery cells and a 60% improvement in battery 

packs over the past decade. These improvements not only enhance energy efficiency and reduce costs 

but also play a pivotal role in mitigating material demand by enabling batteries to store more energy 

with fewer raw materials. As research and development continue, further breakthroughs are 

anticipated, reinforcing the sustainability and scalability of battery technology. One such advancement 

is the development of sodium-ion batteries by Contemporary Amperex Technology Co., Limited 

(CATL) and Northvolt, which currently achieve an energy density of 160 watt-hours per kilogram 

(Wh/kg), with next-generation models expected to surpass 200 Wh/kg [56-58]. 

6. Battery Manufacturing Capacity 

     The outlook for lithium-ion battery production remains highly positive, with global manufacturing 

capacity expected to expand more than threefold, increasing from 2,000 GWh/year in 2023 to 7,300 

GWh/year by 2030. This projected growth trajectory aligns with the estimated 4,300 GWh/year demand 

from EV batteries under 1.5°C Scenario, ensuring that planned capacity will be sufficient to support the 

electrification of transport [59,61]. In 2030, global commitments to lithium-ion battery manufacturing 

have already reached a cumulative 10,000 GWh/year, highlighting long-term industry confidence in 

battery-driven applications. Additionally, lithium-ion battery production serves not only EV 

applications but also the growing demand for stationary energy storage systems and portable 

electronics, further influencing supply dynamics. Figure 4 presents the regions lithium-ion battery 

manufacturing capacity in 2023 and projected capacity for 2030. 

 

 
Figure 4. The regions lithium-ion battery manufacturing capacity in 2023 and projected capacity for 2030 [39]. 

 

From a regional perspective, the Asia-Pacific region currently dominates global lithium-ion battery 

production, accounting for approximately 75% of total capacity in 2023 (Ratel Consulting, 2023). 

However, this share is expected to decline to around 70% by 2030, as battery manufacturing capacity 

expands in other regions. Europe is poised for the most rapid growth, with a tenfold increase in battery 

production capacity between 2023 and 2030, outpacing the 250% growth in the Asia-Pacific region and 

the 200% increase in North America over the same period []. These shifts reflect the global effort to 

diversify supply chains, reduce geopolitical dependencies, and establish a resilient and sustainable 
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battery manufacturing ecosystem to support the accelerating transition toward electrified mobility and 

renewable energy integration. 

7. Challenges and Opportunities 

The transition to electric vehicles (EVs) is a cornerstone of global efforts to reduce carbon emissions 

and achieve a sustainable transportation system. However, the rapid expansion of EV adoption is 

driving an unprecedented demand for critical materials, including lithium, cobalt, nickel, graphite, and 

rare earth elements, which are essential for battery production. Ensuring a sustainable and ethical 

supply chain for these materials presents both challenges and opportunities for governments, 

industries, and investors. This article explores the key obstacles to sustainable sourcing and the potential 

solutions that can help create a resilient and responsible supply chain for EV batteries. 

A. Challenges in Sustainable Sourcing of Critical EV Battery Materials 

▪ Geopolitical Risks and Supply Chain Vulnerability 

     The global supply of critical materials is highly concentrated in a few countries, increasing risks 

related to trade restrictions, political instability, and resource nationalism. For example: 

▪ Lithium production is dominated by Australia, Chile, and China, with China also controlling a 

significant portion of lithium processing. 

▪ Cobalt is largely sourced from the Democratic Republic of the Congo (DRC), where concerns 

over child labor and unethical mining practices pose serious challenges. 

▪ Nickel reserves are primarily found in Indonesia, Russia, and the Philippines, raising concerns 

over geopolitical dependencies. 

     These dependencies create vulnerabilities that can lead to price volatility, material shortages, and 

supply chain disruptions, ultimately affecting the scalability and affordability of EV production. 

▪ Environmental Impact of Mining and Processing 

     The extraction and processing of critical battery materials have significant environmental 

consequences, including: 

o Water-intensive lithium extraction, which depletes freshwater resources in arid regions such as 

South America’s Lithium Triangle (Argentina, Bolivia, and Chile). 

o Cobalt and nickel mining, which leads to deforestation, soil contamination, and biodiversity 

loss in countries like the DRC and Indonesia. 

o High energy consumption and carbon emissions from refining processes, particularly in China, 

which dominates graphite, lithium, and rare earth element refining. 

Sustainable sourcing requires minimizing ecological damage while ensuring that mining operations 

adhere to responsible environmental, social, and governance (ESG) standards. 

▪ Ethical and Social Concerns 

o Human rights violations in artisanal mining, particularly in cobalt extraction in the DRC, raise 

concerns over child labor, poor working conditions, and lack of fair wages. 

o Indigenous land rights conflicts occur in Australia, Canada, and Latin America, where mining 

operations encroach upon ancestral territories. 

o Local community displacement and lack of equitable benefits from mining projects exacerbate 

tensions between mining companies and affected populations. 

     Addressing these social challenges requires stronger regulations, corporate accountability, and fair-

trade practices in the sourcing of battery materials. 

▪ Limited Recycling Infrastructure and Circular Economy Gaps 

     While recycling can reduce dependency on newly mined materials, current battery recycling rates 

remain low due to: 

o Lack of standardized recycling processes, making it difficult to recover materials efficiently. 

o High costs of battery disassembly and material extraction, reducing economic incentives for 

large-scale recycling. 

o Insufficient government policies to promote circular economy initiatives, limiting investment 

in urban mining and second-life battery applications. 
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o Expanding battery recycling and reuse systems is critical to reducing the need for virgin raw 

materials. 

B. Opportunities for Sustainable Sourcing     

▪ Development of Sustainable Mining Technologies 

Innovations in environmentally friendly mining can help mitigate the adverse impacts of extraction, 

including: 

o Direct Lithium Extraction (DLE) – A low-water, low-impact method that improves lithium 

recovery rates while reducing environmental harm. 

o Bio-mining and green extraction processes that use bacteria and natural solvents to extract 

metals with minimal ecological disruption. 

o Enhanced tailings management to prevent water contamination and land degradation. 

o Investing in low-impact mining solutions can make battery material extraction more sustainable. 

▪ Advancements in Battery Chemistry to Reduce Material Dependency 

Researchers are developing alternative battery technologies that reduce reliance on scarce or 

environmentally harmful materials: 

o Lithium Iron Phosphate (LFP) Batteries – Cobalt- and nickel-free, offering better safety and 

longevity at lower costs. 

o Sodium-Ion Batteries – A promising alternative that eliminates the need for lithium, cobalt, and 

nickel, making it a more sustainable option. 

o Solid-State Batteries – Offer higher energy density and safety while potentially reducing reliance 

on critical raw materials. 

o Accelerating the commercialization of next-generation batteries can alleviate material supply 

constraints. 

▪ Strengthening Battery Recycling and Circular Economy Initiatives 

Scaling up battery recycling is crucial for reducing demand for virgin materials. Opportunities 

include: 

o Establishing closed-loop recycling systems where used EV batteries are repurposed for new 

battery production. 

o Developing advanced material recovery technologies, such as hydrometallurgical and direct 

recycling methods, to efficiently extract valuable metals from spent batteries. 

o Implementing government incentives and regulations to promote battery take-back programs 

and second-life applications (e.g., using retired EV batteries for energy storage). 

A well-developed circular economy can significantly reduce mining pressure and enhance material 

sustainability. 

▪ Strengthening ESG Standards and International Cooperation 

Governments and international organizations can: 

o Enforce stricter ESG regulations to ensure ethical labor practices, fair wages, and community 

engagement in mining operations. 

o Improve supply chain transparency by mandating traceability measures such as blockchain-

based tracking of battery materials. 

o Foster global collaboration through initiatives like the Battery Passport Program, which ensures 

that EV battery materials meet environmental and social standards. 

o By integrating sustainability, traceability, and ethical sourcing frameworks, stakeholders can 

build a responsible and resilient battery supply chain. 

The sustainable sourcing of critical materials for EV batteries is a complex yet essential challenge 

that requires a multi-pronged approach combining technological advancements, regulatory action, and 

industry collaboration. While challenges such as geopolitical dependencies, environmental 

degradation, and ethical concerns pose risks to supply chain stability, emerging opportunities in supply 

chain diversification, battery chemistry innovation, recycling, and responsible mining offer viable 

pathways to sustainability. By adopting forward-thinking policies and investing in sustainable resource 
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management, governments and industries can ensure that the EV revolution remains environmentally 

responsible, socially equitable, and economically viable in the long term. 

8. Policymakers to Ensure a Sustainable EV Battery Supply Chain 

To secure a reliable, sustainable, and cost-effective supply of critical materials for EV batteries by 

2030, policymakers must implement comprehensive strategies that address key challenges across the 

entire battery supply chain. These strategies should focus on technological innovation, supply chain 

resilience, regulatory efficiency, and international collaboration. 

A. Accelerate Innovation in EV Battery Technology with Lower Material Requirements 

     Encouraging research and development (R&D) in alternative battery chemistries—such as lithium 

iron phosphate (LFP), lithium manganese iron phosphate (LMFP), and sodium-ion batteries—will help 

reduce reliance on scarce materials like cobalt and nickel. Supporting advancements in solid-state 

batteries and structural battery integration (e.g., cell-to-pack and cell-to-body technologies) will further 

enhance energy efficiency while minimizing material demand. 

B. Monitor Markets Closely and Increase Industry Engagement 

     Policymakers should implement real-time market monitoring systems to track supply-demand 

trends, price fluctuations, and technological breakthroughs. Strengthening public-private partnerships 

with battery manufacturers, automakers, and material suppliers will ensure that regulatory frameworks 

remain adaptable and responsive to rapid industry advancements. 

C. Accelerate the Deployment of EV Charging Infrastructure 

     Expanding EV charging networks will allow for the adoption of smaller battery-sized EVs, reducing 

material consumption per vehicle. This includes fast-charging stations, bidirectional vehicle-to-grid 

(V2G) systems, and smart-grid integration, which can optimize energy efficiency and charging 

accessibility, encouraging the mass adoption of compact EVs with lower raw material requirements. 

D. Streamline Permitting Processes to Accelerate Mining Development 

     To meet surging material demand, governments must expedite permitting and approval processes 

for new mining and refining projects, ensuring that these developments adhere to high environmental, 

social, and governance (ESG) standards. Establishing clear, transparent, and predictable regulatory 

frameworks will attract investment and accelerate the scaling of responsible extraction. 

E. Diversify Mining and Processing Locations for Supply Chain Resilience 

     Reducing overreliance on single-source supply regions—such as China for graphite refining or the 

Democratic Republic of Congo for cobalt mining—is critical for supply chain security. Policymakers 

should support industry stakeholders in developing geographically diverse mining and processing 

hubs across North America, Europe, Africa, and Asia.  

     A multi-faceted policy approach integrating technological innovation, industry collaboration, 

sustainable mining, and supply chain diversification is essential for securing a stable, ethical, and 

environmentally responsible supply of EV battery materials. By implementing these strategic policy 

measures, governments can accelerate the global transition to electric mobility while ensuring long-term 

sustainability, affordability, and resource security. 

9. Conclusions 

     The transition to electric vehicles (EVs) is a critical component of the global energy transition, with 

EV adoption accelerating in response to climate change mitigation efforts and the shift toward 

renewable energy. This article explores the challenges, opportunities, and policy considerations 

surrounding critical materials for EV batteries, which play a pivotal role in ensuring the scalability and 

sustainability of the EV sector. The discussion begins by examining the role of EVs in the energy 

transition, emphasizing their contribution to decarbonizing the transportation sector and their 

increasing demand for battery technologies. The composition and chemistry of EV batteries are 

analyzed, highlighting key materials such as lithium, cobalt, nickel, graphite, and phosphorus, as well 

as emerging alternatives aimed at reducing reliance on scarce resources. 
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     Advancements in battery energy density and material efficiency are explored, demonstrating how 

technological innovations—including solid-state batteries, lithium iron phosphate (LFP), and sodium-

ion chemistries—are reshaping battery performance, cost, and sustainability. The prospects for battery 

manufacturing capacity are assessed, with projections indicating a threefold increase in lithium-ion 

battery production by 2030. However, supply chain vulnerabilities, environmental impacts, and 

geopolitical dependencies pose challenges to the sustainable sourcing of raw materials. This article 

identifies both obstacles and opportunities in securing critical battery materials, with a focus on 

strategies such as responsible mining, material recycling, and supply chain diversification. 

     Policymakers play a crucial role in fostering a sustainable EV battery supply chain, and this study 

outlines key recommendations, including accelerating R&D in alternative battery chemistries, 

promoting circular economy initiatives, enhancing international cooperation, and streamlining 

regulatory frameworks to facilitate ethical and environmentally responsible sourcing. The article 

concludes by emphasizing the need for a holistic approach that integrates technological innovation, 

policy intervention, and industry collaboration to ensure the long-term sustainability and resilience of 

EV battery materials, supporting a cleaner and more sustainable transportation future. 
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