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Abstract

The growing need for lithium, driven by the quick rise in the use of electric vehicles (EVs) and grid-scale
energy storage systems, shows how important it is to look closely at its global supply chain. Lithium's
superior electrochemical properties allow battery energy densities to exceed 160 Wh/kg by weight and
400 Wh/L by volume. This makes it a key part of global efforts to reduce carbon emissions. There are 30
million metric tonnes (MT) of lithium reserves around the world, and 115 million MT of resources, mostly
in the Lithium Triangle (Chile, Argentina, Bolivia) and Australia. These two areas make up more than 54%
of the reserves. In 2024, production reached 240,000 MT, mostly from hard-rock pegmatites in Australia
and brine deposits in South America. To meet clean energy goals, production needs to increase to 1.5-11.2
million MT by 2050, according to Net Zero Emissions (NZE) projections. Demand is expected to rise to
1.7 million MT by 2050, mostly because of EVs (58—69%) and battery storage (23—29%). Without major
investments and recycling contributions (10-30%), there could be supply shortages of up to 728 kt. India's
reserves, which are thought to be 114,100 MT, are ready to be used after recent changes to the law. By
2050, domestic demand is expected to rise 57-fold to 92,760 tonnes, mostly from EVs (43—69%), while
the country relies heavily on imports (over 70% from China). A SWOT analysis shows that there are
chances for recycling and working with other countries, but there are also geopolitical weaknesses.
Emerging alternatives such as sodium-ion, aluminum-ion (with theoretical densities of 1,060 Wh/kg),
graphene (up to 1,000 Wh/kg), and nuclear betavoltaic batteries present promising avenues to reduce
lithium dependency, promoting diversified and sustainable energy paradigms.

Keywords: Lithium, Global Reserves, Lithium supply chain, Recovery, Recycling, Net Zero Emissions
(NZE), Future Alternatives

INTRODUCTION

The growing need for lithium, which is caused by the rise of electric vehicles and large-scale energy
storage, means that its global supply chain needs to be carefully looked at. Lithium's electrochemical
properties give batteries energy densities that are higher than 160 Wh/kg by weight and 400 Wh/L by
volume, making it essential for efforts to reduce carbon emissions (Dhurandhar, 2020). According to
estimates, production needs to increase fivefold by 2050 from 2018 levels in order to meet clean energy
needs, which will require more than three billion tons of important minerals (World Bank, 2017). This
essay uses quantitative tables and charts to clearly show how reserves, production, demand patterns, India's
geopolitical position, and technological alternatives all fit together.
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Global Reserves and Resources of Lithium

Lithium reserves are estimated to be 30 million metric tons (MT) around the world, and resources are
thought to be 115 million MT, because of ongoing exploration efforts (USGS, 2025), Table 1, Figure 1a.
The United States has 19 million MT of resources, which come from continental brines, geothermal brines,
hectorite, oilfield brines, and pegmatites. Most of the world's reserves are in South America and Australia.
Bolivia has 23 million MT of undeveloped resources (Fig. 1a). and the reserves are very concentrated
(Table 1), with Chile and Australia together holding 54.3% of the world's total. This shows how vulnerable
supply chains are to changes in one region. About 58% of the world's lithium reserves are in the Lithium
Triangle, which includes parts of Argentina, Bolivia, and Chile (ABC Triangle). Most of these reserves
are in brine formations that can be easily extracted. India's allocation of 0.4% indicates significant
unexploited potential within pegmatite formations, dependent on improved geophysical surveys
(Dhurandhar, 2020). This distribution suggests geopolitical tensions, as shown by China's 10% share
compared to its dominance in refining
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Figure 1a: Global distribution of major lithium reserves countries

Table 1: Lithium Reserves by Principal Countries (Metric Tonnes, Lithium Content, (2025)

Country Reserves Percentage | Notes
(MT) of  Global
Total (%)

Chile 9,300,000 31.0 Predominantly brine deposits in Salar de Atacama (IEA,
2024).

Australia 7,000,000 233 Joint Ore Reserves Committee-compliant: 4,800,000;
hard-rock pegmatites (USGS, 2025).

Argentina | 4,000,000 13.3 Brines in the Lithium Triangle (IEA, 2024).

China 3,000,000 10.0 Pegmatites and brines; reserves over 30 million MT per
China Geological Survey (2025) (S&P Global, 2025).

Canada 1,200,000 4.0 Pegmatites in Quebec and Manitoba (USGS, 2025).

Zimbabwe | 480,000 1.6 Hard-rock deposits (S&P Global, 2025).

Brazil 390,000 1.3 Pegmatites (USGS, 2025).

I[JFMR250556882 Volume 7, Issue 5, September-October 2025 2



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com
India 114,100 0.4 Pegmatite belts; appraisals in Mandya and Bastar
(Dhurandhar, 2020).
Portugal 60,000 0.2 Pegmatites (USGS, 2025).
Namibia 14,000 0.0 Emerging hard-rock sources (USGS, 2025).
World Total | 30,000,000 | 100.0 Excluding Bolivia's 23 million MT resources
(undeveloped) (USGS, 2025).
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Fig. 1b: Pie chart of major lithium reserves in world
The pie chart (Fig. 1b) shows how reserves are distributed. Chile (31%) and Australia (23%) account for
the largest portions, and together they make up more than half of the world's total. Argentina (13%) and
China (10%) are next, and India's share (0.4%) is very small, which shows that there is room for growth
in the country. The "Other" category (15.8%) includes undeveloped Bolivian resources, which shows
difficulties in extraction from brine salars (USGS, 2025).

Geological Occurrences and Country-Wise Production

Lithium is mainly obtained from brine salars and hard-rock pegmatites, with additional sources including
minerals like spodumene, amblygonite, and lepidolite (Dhurandhar, 2020). In 2024, global production,
excluding the United States, reached 240,000 MT, marking an 18% increase from 2023, attributed to
increased battery demand (USGS, 2025).

Table 2: Lithium Mine Production by Country (Metric Tonnes, Lithium Content, 2018-2024, with

Projections)
Countr | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | Project | Projected | Geologica
y (Est.) | ed 2030 | 2050 1
(Base (NZE/Glo | Occurren
Case) bal) ces
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The production will rise threefold, from 85,000 MT in 2018 to 240,000 MT in 2024 (Table 2). Australia,
Chile, and China will make up 74% of the output in 2024. Argentina (+109%) and Brazil (+90%) are
leading the way in year-over-year growth in 2024 (+18% globally). This shows that brine projects are
maturing in South America. Estimates say that by 2030, the number will double to about 450,000 MT, and
by 2050, it will be between 1.5 and 11.2 Mt (Table 2). This is because pegmatite sources make it easier to
scale quickly compared to brines. These trends show that it is possible to meet demand, but they also show
that concentrated production can be risky (USGS, 2025).
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Fig. 2: Bar Chart of 2024 Lithium Production by Country with YoY Growth Overlay
The production in illustrates production in 2024 is illustrated with a line on top of a bar chart (Figure 2).
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Australia is the top producer, although its production has dropped by 4.03% shown as YoY red line (Figure
2). The line high at +108.57% after Argentina's bar (7.5%, 18,000 MT) demonstrates how swiftly the brine
project is getting along. This image shows how production may alter in a short amount of time. Countries
in South America and Africa are growing swiftly, which makes it easier to make smart investments to
maintain supplies stable (Benchmark Mineral Intelligence, 2024).
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Fig. 3a: Stacked Area Chart of Projected Lithium Production by Region to 2050 (NZE Scenario)
The stacked area chart (Fig. 3a) extrapolates production to 1.7 Mt by 2050 under NZE, with Latin
America's green layer expanding from 28% (2024, 67,000 MT) to 35% (600,000 MT), propelled by brine
scalability in Chile and Argentina. Australia's blue layer stabilizes at 12%, while the "Other" yellow layer
(Brazil, Zimbabwe) ascends to 44%, fostering diversification. This configuration anticipates NZE demand
fulfilment but reveals gaps (~728 kt) absent further capital infusion (IEA, 2024).

Global Mined Lithium Projections (2025-2050)

Global mined lithium production is projected to increase from ~255 kt Li in 2024 to 471 kt by 2030 and

418 kt by 2040 (noting a potential plateau or adjustment in base case), with demand reaching 1,160 kt by

2050—requiring 4-5x scaling from current levels. Australia, Chile, and China dominate initially (77%

share in 2024), but diversification grows via Argentina, Zimbabwe, Canada, and the US, reducing top-3

concentration to ~67% by 2030.

Key Projections by Year (Approximate Shares, %):

e 2025: Total ~291 kt Li. Australia ~35%, Chile ~19%, China ~22%, Argentina ~5%, Zimbabwe ~9%,
Rest of World (incl. Canada, US, Brazil) ~6%, Other ~4%.

e 2030: Total 471 kt Li. China ~28%, Australia ~26%, Chile ~12%, Argentina ~10%, Zimbabwe ~7%,
Rest of World ~10%, Other ~7%.

e 2040: Total 418 kt Li. China ~30%, Australia ~24%, Chile ~14%, Argentina ~12%, Zimbabwe ~6%,
Rest of World ~8%, Other ~6%.

e 2050: Total ~1,160 kt Li (demand-driven). China ~25%, Australia ~22%, Chile ~12%, Argentina

IJFMR250556882 Volume 7, Issue 5, September-October 2025 7
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e ~12%, Zimbabwe ~6%, Rest of World ~15%, Other ~8%. Top-3 share ~59%, reflecting accelerated
North American and African growth (Fig. 3b).
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Fig. 3b: Projected Share of Global Mined Lithium by Country (2025-2050)

Global Refined Lithium Projections (2025-2050)

Refining remains concentrated, with China holding ~70% in 2024, though diversification via Australia,
the US, and Europe reduces top-3 share (China, Chile, Argentina) from 96% to 85% by 2030. Capacity
grows from 242 kt in 2024 to 450 kt by 2030 and 461 kt by 2040, with US ownership reaching 15% despite
lower geographic share (Fig. 3c).

Key Projections by Year (Approximate Shares, %):

e 2025: Total ~300 kt Li. China ~72%, Chile ~18%, Argentina ~6%, Australia ~2%, US ~1%,

Europe/Other ~1%.

e 2030: Total 450 kt Li. China ~62%, Chile ~13%, Argentina ~11%, Australia ~5%, US ~6%,

Europe/Other ~3%.

e 2040: Total 461 kt Li. China ~61%, Chile ~13%, Argentina ~11%, Australia ~6%, US ~11%,

Europe/Other ~8%.

e 2050: Total ~1,000 kt Li (adjusted for recycling). China ~55%, Chile ~12%, Argentina ~10%,

Australia ~8%, US ~10%, Europe/Other ~5%. Top-3 share ~77%, with recycling easing pressure.
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Fig. 3c: Projected Share of Global Refined Lithium by Country (2025-2050)
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Key Insights

e Mined Lithium: Rapid growth in Argentina and Zimbabwe diversifies supply, but potential deficits
loom in the 2030s without new investments. Australia's share declines from 35% in 2025 to 22% by
2050.

e Refined Lithium: China's dominance persists at >50% through 2050, posing supply chain risks; US
and Australian capacity expansions are critical for resilience.

e Overall Trends: Demand surges 4—6x by 2030, necessitating $400B+ in investments; recycling could
supply 20-30% by 2050, reducing mining needs (Fig. 3c¢).

Global Lithium Production, Demand, and Supply Gaps

Production in 2023 attained 190-194 kt (chemical yield 176 kt), derived from brines (70 kt) and hard rock
(120 kt) (IEA, 2024). Consumption escalated to 220,000 MT in 2024, a 29% increment, predominantly
from batteries (87%) (USGS, 2025). Demand is forecasted to reach 1.5 million tonnes LCE by 2025 and
3 million by 2030, with battery requirements at 700,000 MT LCE by 2025 (BloombergNEF, 2024). Supply
capacity stands at 1.3 million MT de-risked mines by 2025, adequate for near-term needs but challenged
by non-tier 1 quality issues (BloombergNEF, 2024).

Table 3: Global Lithium Demand, Supply, and Gaps Projections to 2050 (kt Lithium Content)

) Demand Demand Supply
Yi hortfall
ear/Scenario (Total) (Clean Energy) | (Announced/Base) Gap (Shortfall
Oversupply
2023 165 92-101 190-194
(~25 kt)
2030 STEPS | 471 381 ~450 kMt)m‘mal (~20
2030 APS 531 442 ~450 ~80 kt
2030 NZE 705 616 ~450 ~255 kt
2040 STEPS 991 868 ~408 ~583 kt
2040 APS 1,326 1,203 ~408 ~918 kt
2040 NZE 1,431 1,308 ~408 ~1,023 kt
2050 STEPS 1,196 1,041 ~1,000 (est.) ~196 kt
2050 APS 1,607 1,452 ~1,000 (est.) ~607 kt
2050 NZE 1,728 1,573 ~1,000 (est.) ~728 kt

The Table 3 quantifies widening supply-demand disparities, transitioning from a 25 kt oversupply in 2023
to 728 kt shortfalls under NZE by 2050, wherein clean energy constitutes 91% of demand. Stated Policies
Scenario (STEPS) yields milder gaps (196 kt by 2050), attributable to moderated EV adoption. Announced
Pledges Scenario (APS) and NZE accentuate the imperative for recycling (10-30% mitigation) and $800
billion investments (IEA, 2024).

IJFMR250556882 Volume 7, Issue 5, September-October 2025 9
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Fig. 4: Stacked Bar Chart of Global Lithium Demand-Supply Gaps by Scenario, 2030-2050
The stacked bar chart (Fig. 4) juxtaposes demand (blue), supply (green), and gaps (red) across scenarios,
revealing NZE's pronounced red stacks (e.g., 1,023 kt in 2040), escalating from 255 kt in 2030. STEPS
bars show balanced stacks (minimal gaps), illustrating policy's moderating effect. This visualization
quantifies the urgency for supply augmentation to avert bottlenecks in clean energy deployment (IEA,

2024).

Industry-Wise Lithium Demand Projections to 2050
Demand trajectories are overwhelmingly oriented toward clean energy technologies, with EVs and battery
storage projected to exceed 90% by 2030 under NZE conditions (IEA, 2024).

Table 4: Lithium Demand by Industry Sector to 2050 (kt, NZE Scenario)

Sector 2023 | 2030 2040 2050 Percentage | Notes
of Total
Demand in
2050 (%)
EVs  (Light- | 70-80 | 400-500 | 800-1,000 | 1,000-1,200 | 58-69 90%+ clean energy;
Duty, etc.) 5,500 GWh (2030)
(IEA, 2024).
Battery Storage | 20-25 | 150-200 | 300-400 400-500 23-29 LFP dominant; 1,200
GW (2030) (IEA,
2024).
Electronics 10-15 | 20-30 30-40 40-50 2-3 <10% share (Jones
(2024).
Glass/Ceramics | 5-10 | 10-15 15-20 20-25 1-1 Stable (Jones (2024).
Other 5-10 10-15 15-20 20-25 1-1 Minor; cumulative
2022-2050: ~1-2 Mt
(Jones (2024).
IJFMR250556882 Volume 7, Issue 5, September-October 2025 10
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Total 165 705 1,431 1,728 100 Recycling mitigates

10-30% (IEA, 2024).
Table 4 forecasts a tenfold augmentation in demand to 1,728 kt by 2050, wherein EVs and storage
collectively dominate (81-98%), reflective of 300 million EVs and 5 TW storage capacity by 2040-2050.
Non-battery sectors remain marginal (<10%), underscoring the imperative for recycling to alleviate
primary supply pressures (IEA, 2024).
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Fig. 5: Bar and Line Chart of Lithium Demand by Sector to 2050 (NZE Scenario)
The bar chart (Fig. 5), overlaid with a line for total demand, depicts sectoral growth, with EV bars (blue)
and storage bars (green) escalating to dominate by 2050 (1,100 kt and 450 kt, respectively). The yellow
line traces total demand from 165 kt (2023) to 1,728 kt (2050), illustrating clean energy's pre-eminence.
Electronics (red) remain subdued, affirming the sector's pivot toward batteries (Jones (2024).

Lithium Consumption by Geographies and Ownership

Consumption is asymmetrically distributed, with Asia—predominantly China (40% market share)—
accounting for over 60%, succeeded by North America (15-20%) and Europe (15%) (BloombergNEF,
2024). United States imports aggregated $433 million in 2024-2025, sourced primarily from China
(18.3%), Singapore (17%), Chile (16.7%), Japan (13.9%), and Argentina (11.7%) (USGS, 2025).
Ownership structures are dominated by private entities, including SQM (Chilean, 20% Tianqi stake),
Ganfeng Lithium (Chinese), Albemarle (U.S.), Tianqi, Arcadium Lithium, and Pilbara Minerals, with
Chinese equity in foreign assets (S&P Global, 2025).

Asia's consumption hegemony reflects manufacturing centrality, whereas U.S. import diversification
mitigates risks from China's refining monopoly (65%). Private ownership accelerates innovation but
exacerbates geopolitical interdependencies (S&P Global, 2025).
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Fig. 6: Pie Chart of Lithium Consumption by Geography, 2024
The pie chart (Fig.6) delineates consumption, with Asia's segment (60%) dwarfing North America (18%)
and Europe (15%), reflective of manufacturing localization. South America's 5% share belies its reserve
abundance, indicating export orientation, while "Other" (2%) encompasses minor regions. This asymmetry
amplifies supply chain fragility (BloombergNEF, 2024).

India's Position in Exploration, Mining, Demand-Supply Gaps, and Long-Term Sustainability
India has 114,100 MT of reserves, including 5.9 million tonnes in bauxitic clays of Reasi district, Jammu
& Kashmir and potential reserves in Rajasthan, Chhattisgarh, Karnataka, and Jharkhand. The government
tried to sell deposit of Reasi district twice at auction, but companies weren't interested economics of Li
extraction from the bauxitic clays (Dhurandhar, 2020). Prior to the Mines and Minerals (Development and
Regulation) Amendment Act, 2023 (effective from 2024), lithium, beryllium, and rare earth elements
(REEs) were classified as prescribed substances under the Atomic Energy Act, 1962. This meant that only
the Atomic Minerals Directorate for Exploration and Research (AMD) could look for them. For strategic
reasons, AMD godowns still haven’t declared the lithium minerals and beryl they have in stockpiles
(Vivekananda International Foundation, 2024; PRS India, 2023). The change in 2023 made these minerals
less secret, allowing private mining to happen with central oversight (PRS India, 2023; IEA, 2024).
Exploration covers 30% of the potential, but auctions in Kashmir have been put on hold. The National
Critical Mineral Mission (2025-2031) and Khanij Bidesh India Ltd (KABIL) help India become more
self-sufficient by making deals with Argentina, Australia, and Chile. Demand rises from 1,634 tons in
2022 to 40,499-92,760 tons by 2050, mostly because of electric vehicles (50-69%) (Jones 2024). More
than 70% of imports come from China, and battery imports were $2.8 billion in 2022-23. (NITI Aayog,
2024). Recycling could cut demand by 14% by 2050 (IEA, 2024).
Table 5: India's Lithium Demand by Sector to 2050 (Tons, Accelerated Scenario)

Sector 2022 2030 2050 Percentage of  Total
Demand in 2050 (%)

EVs ~800 20,000-28,000 | 40,000-64,000 | 43-69

Storage ~300 10,000-15,000 | 15,000-20,000 | 16-22

Electronics/Other | ~534 2,000-3,000 3,000-5,000 3-5

IJFMR250556882 Volume 7, Issue 5, September-October 2025 12
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A 57-fold demand expansion to 92,760 tons by 2050, dominated by EVs (43-69%), consonant with 30%
EV market penetration by 2030 (Table 5). Storage (16-22%) supports renewable integration, while
electronics/other remain marginal (3-5%). A 40,000-ton shortfall by 2030 without domestic output
necessitates leveraging the 2023 amendment for private initiatives (NITI Aayog, 2024).

S0,000
50,000
40,000
20,000
20,000
10,000

o
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Demand (Tons) / Year

Evs (Tons) Storage (Tons)

Electronics/Other (Tons)

Fig. 7: Bar Chart of India's Lithium Demand by Sector to 2050
The bar chart illustrates sectoral demand trajectories, with EV bars (blue) surging to 52,000 tons by 2050,
dwarfing storage (green, 17,500 tons) and electronics/other (red, 4,000 tons) (Fig.7). This configuration
accentuates EVs' pre-eminence, projecting a total of 92,760 tons and underscoring the necessity for
domestic supply chains (Jones 2024).

SWOT Analysis for India's Long-Term Sustainability
The SWOT framework assesses India's lithium sector, with scores (0-10) reflecting impact and probability,
visualized in a radar chart.

Table 6: SWOT Analysis of India’s Longterm stainabilities for Lithium
Aspect Score (0-10) | Details
Vast reserves (e.g., 5.9 Mt in J&K), government support via
National Critical Mineral Mission (2025-2031), international
partnerships KABIL accords with Argentina, Australia, Chile, and
emerging processing expertise (NITI Aayog, 2024).
Import dependency (70%+ from China, $2.8 billion battery imports
in 2022-23), environmental risks (12,000 liters water per battery),
Weaknesses 7 labor shortages, bureaucratic delays, and historical opacity in
AMD-managed lithium and beryl stockpiles (Vivekananda
International Foundation, 2024).

Strengths 8

Export potential, recycling growth (14-17% by 2050), green job
creation, and private sector participation enabled by the Mines and
Minerals (Development and Regulation) Amendment Act, 2023
(PRS India, 2023).

Opportunities |9
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Geopolitical risks (China’s 40% market share), climate
vulnerabilities 1mpacting mining, market volatility, and
technological shifts toward alternatives like Li-S or Al-ion batteries
(BloombergNEF, 2024).

Threats 6

Strengths
10

Threats °e—e Weaknesses

Opportunities

Fig. 8: Radar Chart of SWOT Analysis for India's Lithium Sector
The radar chart (Fig. 8) delineates a quadrilateral configuration, with Opportunities (9) forming the apex,
attributable to the 2023 amendment's facilitation of private exploration. Strengths (8) are robust,
underpinned by reserves and international collaborations, whereas Weaknesses (7) stem from import
reliance and AMD opacity. Threats (6) are subdued, mitigated by diversification strategies, thereby
advocating prioritization of opportunities for sustainable advancement (NITI Aayog, 2024).

Recovery, Recycling, and Future Alternatives

Recovery processes encompass pre-consumer recycling during extraction and post-consumer reclamation
from end-of-life products, with batteries representing 27% of lithium utilization (Dhurandhar, 2020). Post-
consumer recycling is impeded by dissipative applications and low concentrations. Substitutes such as
calcium, magnesium, and zinc in primary batteries, alongside Al-ion systems (31 MJ/kg energy density,
3,000 km EV range), offer viable alternatives with recyclable byproducts (IEEE Spectrum, 2025). India's
IOC-Phinergy collaboration advances Al-air technologies. Li-S batteries attain 1,000+ Wh/kg, preserving
91% capacity after 1,700 cycles via sulfur cathodes (Monash University, 2025). Sodium-ion, solid-state,
vanadium flow, and multivalent-ion (magnesium, calcium, zinc) batteries provide economical, abundant
options (Nature Energy, 2025).

Recycling's projected 10-30% contribution to supply, coupled with Li-S and Al-ion innovations, alleviates
lithium scarcity. India's aluminium resources position it advantageously for Al-ion adoption, fostering self-
reliance amid global transitions (Dhurandhar, 2020).

Alternatives to lithium-ion batteries include sodium-ion (Na-ion) batteries and hydrogen fuel cells, each
catering to distinct applications. Na-ion batteries, operating on a similar principle to Li-ion but using
abundant sodium, offer a lower-cost, safer solution with faster charging, making them ideal for grid storage
and shorter-range electric vehicles, though they suffer from lower energy density (Cole et al., 2024;
Exponent, 2024). Conversely, hydrogen fuel cells, which generate electricity by combining hydrogen and
oxygen, excel in applications demanding high energy density by weight and rapid refuelling, such as long-
haul trucking, shipping, and aviation; however, they are hampered by very low overall energy efficiency,
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high costs, and a lack of production and refuelling infrastructure (Voelcker, 2023; FastEchus 2025).
Consequently, the energy storage future is not a single replacement but a diversified landscape where Na-
ion challenges Li-ion for cost-sensitive stationary storage, while hydrogen targets the heavy transport
sector (PIF Events 2025) Table 8.

Table 8: Head-to-Head Comparison: Hydrogen vs. Sodium-ion vs. Lithium-ion

Feature Lithium-Ion  (Li- | Sodium-Ion (Na- | Hydrogen (Fuel
ion) ion) Cell)
Energy Density | High (150-250) Moderate (100-160) | Very High by weight
(Wh/kg) (~33,000 for H2)
Cost High (L1, Co, Ni1) Very Low (Na, Fe, | Very High (Fuel
Mn) Cell, H2 Production)
Charging/Refuelling | 30 min - 12 hrs 15 min - 8 hrs 3-5 minutes
Efficiency High (>90%) High (~92%) Very Low (<30%
"Well-to-Wheel")
Safety Moderate (Fire Risk) | High (More Stable) | High (Handling H2
gas)
Key Materials Lithium, Cobalt, | Sodium, Iron, | Platinum, Iridium
Nickel Manganese
Primary EVs, Consumer | Grid Storage, Low- | Long-Range
Applications Electronics Range EVs Transport, Industry
Infrastructure Widespread (Grid) Uses existing Li-ion | Almost non-existent
infra.

Graphene batteries and nuclear batteries are other notable alternatives to traditional lithium-ion batteries,
each offering unique advantages and challenges as energy storage solutions.

Graphene Battery Technology

Graphene batteries and nuclear batteries represent two fundamentally different paradigms in energy
storage technology, each presenting a potential alternative to lithium-ion batteries for specific applications.
Their development is driven by the limitations of current Li-ion technology, particularly concerning energy
density, charging speed, lifespan, and environmental impact.

Graphene batteries leverage the exceptional properties of graphene—a two-dimensional carbon allotrope
with high electrical conductivity, mechanical strength, and thermal stability. When integrated into battery
electrodes, graphene can significantly enhance performance. As summarized in Table 9, these batteries
promise substantially higher energy and power densities compared to Li-ion, translating to longer
operation times and ultrafast charging. Their primary development challenges involve scaling up
production and reducing manufacturing costs, but their potential applications are broad, including electric
vehicles and high-performance portable electronics (Graphene-Info, 2025; Li et al., 2012).

Nuclear Battery Technology

In contrast, nuclear batteries, specifically betavoltaic devices, are not electrochemical cells but rather
transducers that convert the decay energy of radioactive isotopes (e.g., tritium, carbon-14) directly into
electricity. Their value proposition, detailed in Table 9, is not high power but extreme longevity and
reliability. Capable of operating autonomously for decades without requiring recharge or maintenance,
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they are ideally suited for niche applications where accessibility is limited, such as in medical implants,

aerospace systems, and remote infrastructure sensors. Recent advancements have focused on improving
conversion efficiency and ensuring safety through the use of low-penetration beta-emitters and robust
containment (In, 2025; World Nuclear News, 2024).

Table 9: Comparative Performance Metrics of Battery Technologies

Battery Type | Energy Density | Power Output Cost per kWh Lifespan
(Wh/kg) (Cycles/Years)
Lithium-Ion 130-285 Moderate (high for | $120-150 (2025 | 500-2000 cycles /
current tech) estimate) 2—-10 years
Sodium-Ion 100-150 Slightly lower than | $40-80 (raw | 20004000 cycles
Li-ion material advantage) |/~10 years
Aluminum-Ion | 4060 (current | Very high (ultrafast | $35-80 (materials | 20,000+  cycles
lab, 1060 | charging: 60x Li- | cheap, tech cost | (lab), 5-10 years
theoretical) ion) high)
Graphene 250-1000 Up to 5x Li-ion | $150-350 (currently | 2500+ cycles /
(varies, lab scale) | (ultrafast charging) | high) 10+ years
Nuclear <1 (very low, but | Continuous low- | $2000+ 50+ years (no
(Betavoltaic, stable) power (100 uW, 3V | (specialized) cycles, for low
China) — Betavolt) power)

Here is a comprehensive comparison table (Table 9, 10) showing energy density, power output, cost, and

lifespan for lithium-ion, sodium-ion, aluminium-ion, graphene, and nuclear (betavoltaic) batteries,

aggregating current scientific and Chinese industry claims:
Energy density shows how much energy is stored per kilogram; higher numbers mean smaller, lighter
batteries for the same energy.

Power output represents how fast energy can be delivered; aluminium-ion and graphene are leaders in

rapid delivery.

Cost per kWh varies widely depending on technology maturity and raw material price.
Lifespan is measured mostly in cycles for rechargeable batteries, or years for nuclear batteries which
supply continuous power.

Table 10: Comparative Table

Feature Graphene Battery Nuclear Battery
Radioactive isotopes (e.g., trititum, carbon-
Main Material Graphene (carbon) 14)
Energy Density Up to ~1000 Wh/kg Low-moderate, but stable
Charging Speed Very fast (minutes) N/A (continuous output)
Lifetime 3—5x longer than Li-ion | Decades or longer
Non-toxic, non-
Safety flammable Improved shielding; safe if contained
Sustainability Lab made, eco-friendlier | Concerns over isotope sourcing/disposal
Consumer  electronics,
Typical Applications | EVs Aerospace, medical, remote sensors
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A broader comparison including other post-lithium contenders (Table 10, and 11) highlights the diverse
trade-offs. Sodium-ion and aluminium-ion batteries offer advantages in cost, safety, and cycle life, but
graphene leads in combined energy and power density. Nuclear batteries remain in a category of their own,
defined by unparalleled lifespan for low-power applications. The choice of technology is therefore highly
application-dependent, with graphene addressing the need for high performance and nuclear batteries
solving the challenge of long-term, maintenance-free power. The typical numeric ranges for key
performance and economic metrics for the five battery technologies (Table 11): These numbers reflect
typical device-level performance as observed in current research, pilot projects, and Chinese industry

claims.
Table 11: Overview of Alternative Battery Chemistries
Battery Type Key Advantage Key Disadvantage Development Status
Sodium-Ion Low cost, | Lower energy density | Commercialization phase
abundant materials | than Li-ion
Aluminum-Ion Ultra-fast Low practical energy | Research & development
charging, high | density
safety
Graphene Ultra-high energy | High  manufacturing | Late-stage R&D / early
& power density cost commercial
Nuclear Decade-scale Extremely low power | Niche commercialization
(Betavoltaic) lifespan  without | output
recharge

As alternatives, graphene batteries address lithium-ion limitations in energy density (2—4x higher),
charging speed (4x faster), and longevity (3—6x more cycles), while offering better sustainability through
abundant carbon resources and reduced reliance on rare metals (East Carbon, 2024; Ufine Battery, 2024).
However, they remain primarily enhancements rather than full replacements, with challenges in scalability
and cost parity projected for the 2030s (GlobeNewswire, 2025). These advancements could revolutionize
EVs, renewables, and electronics, positioning China to lead the global energy transition (EV World, 2025;
Benchmark Minerals).

Chinese innovations in nuclear batteries focus on extremely long life (no need for recharging for decades)
but are suitable only for very low-power applications like sensors or implants. Sodium-ion and aluminium-
ion excel in safety and cycle life, while graphene sets the benchmark for energy and power as next-
generation technology. These ranges reflect current technology levels; results may vary depending on cell
design, chemistry, and scale.

Conclusion

The global lithium supply chain is in a delicate balance between rising demand due to the need for clean
energy transitions and weaknesses that come from geographic concentration and geopolitical
interdependencies. Reserves are unfairly split between South America and Australia, and China's
continued dominance in refining (over 50% through 2050) makes supply chain risks worse. Under NZE
scenarios, projected deficits reaching 1,023 kt by 2040 necessitate investments surpassing $800 billion,
augmented by recycling paradigms capable of fulfilling 20-30% of requirements by 2050, alongside
diversification through ascendant producers such as Zimbabwe and Brazil. In India, using untapped
mineral reserves through the 2023 Mines and Minerals Amendment Act, Khanij Bidesh India Ltd (KABIL)
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partnerships, and the National Critical Mineral Mission is a good way to reduce reliance on imports and
promote sustainable development, even though there are problems like slow-moving regulations and
extraction methods that use a lot of water. Even though lithium is an important part of electric vehicles
and energy storage, the arrival of better alternatives—Ilike aluminum-ion, graphene, sodium-ion, and
nuclear batteries, which have higher energy densities, longer lifespans, and more materials available—
means that research and deployment must be sped up to solve the problem of scarcity, encourage
technological innovation, and ensure long-term energy resilience in a world that is becoming less carbon-
intensive.
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