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Abstract 
The rapid expansion of renewable energy, electric mobility, advanced electronics, 

semiconductor manufacturing, energy storage, defence technologies, and digital 

infrastructure is increasing global demand for critical minerals. Lithium, cobalt, nickel, 

graphite, rare earth elements, copper, and other strategic materials have become essential 

inputs for emerging technologies, while their geographically concentrated production and 

processing create significant supply-chain vulnerabilities. Conventional mineral supply 

models, which depend heavily on primary extraction, are increasingly challenged by resource 

constraints, geopolitical risks, environmental pressures, and volatile commodity markets. 

Circular innovation offers an alternative pathway by recovering valuable minerals from end-

of-life products, industrial residues, manufacturing waste, and secondary resources and 

reintegrating them into production systems. This paper examines the role of critical mineral 

recovery and circular economy strategies in developing resilient supply chains for strategic 

technologies. A conceptual qualitative methodology is adopted to analyse recovery 

technologies, circular business models, supply-chain structures, environmental 

considerations, and policy mechanisms. The study proposes an integrated circular critical-

mineral framework connecting product design, collection, recycling, material recovery, 

refining, secondary manufacturing, digital traceability, and responsible governance. The 

analysis indicates that mineral recovery can reduce dependence on primary extraction, 

diversify supply sources, improve material security, and create new economic opportunities. 

However, technical recovery efficiency, heterogeneous waste streams, collection 

infrastructure, processing costs, contamination, energy requirements, and insufficient 

recycling capacity remain important barriers. The paper concludes that circular mineral 

systems should complement rather than completely replace primary mining, while strategic 

investment in recycling infrastructure, material-efficient design, digital tracking, advanced 

recovery technologies, and international cooperation can strengthen the long-term resilience 

of critical-mineral supply chains. 
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1. Introduction 
Strategic technologies are transforming modern economies. 

Electric vehicles, batteries, renewable-energy systems, semiconductors, telecommunications 

infrastructure, robotics, defence systems, and advanced electronics all require substantial 

quantities of specific minerals and metals. 

These materials include: 

 Lithium  

 Cobalt  

 Nickel  

 Graphite  

 Copper  

 Rare earth elements  

 Manganese  

 Gallium  

 Germanium  

 Indium  

The challenge is not simply the availability of geological resources. 

The deeper challenge concerns where minerals are extracted, where they are processed, how 

concentrated supply chains are, and whether materials can be recovered after products reach 

the end of their useful lives. 

A conventional supply chain can be represented as: 

 

Mining → Processing → Manufacturing → Product → Disposal 

A circular supply chain introduces additional pathways: 

Mining → Processing → Manufacturing → Product → Collection → Recovery → Refining 

→ Remanufacturing 

This transformation creates an opportunity to treat waste not merely as an environmental 

problem but as a secondary resource for strategic materials. 

 

2. Critical Minerals and Strategic Technologies 
Critical minerals are materials considered economically or strategically important while 

facing potential supply risks. 

Their importance differs between countries, but common examples include lithium, cobalt, 

nickel, graphite, rare earth elements, copper, and several technology metals. 
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Mineral Major Strategic Applications 

Lithium Batteries, energy storage 

Cobalt Battery cathodes, superalloys 

Nickel Batteries, stainless steel 

Graphite Battery anodes 

Rare earths Motors, electronics, magnets 

Copper Electricity networks, electronics 

Gallium Semiconductors 

Germanium Electronics, fibre optics 

Manganese Batteries, steel 

 

The increasing deployment of clean-energy technologies makes reliable access to these 

materials strategically significant. 

 

3. Supply-Chain Vulnerability 
Critical-mineral supply chains can be vulnerable because production and processing are 

geographically concentrated. 

Potential risks include: 

 Geopolitical conflict.  

 Export restrictions.  

 Trade disruptions.  

 Political instability.  

 Infrastructure failures.  

 Commodity-price volatility.  

 Natural disasters.  

 Logistics disruptions.  

 Sudden demand increases.  

This creates a strategic question: 

How can economies secure mineral supplies without continuously increasing dependence on 

primary extraction? 

Circular recovery provides one important answer. 

 

4. Research Objectives 
This paper aims to: 

1. Examine the importance of critical minerals for strategic technologies.  
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2. Analyse vulnerabilities in conventional mineral supply chains.  

3. Examine mineral recovery and recycling technologies.  

4. Explore circular-economy approaches.  

5. Assess the role of secondary raw materials.  

6. Analyse digital technologies supporting circular supply chains.  

7. Identify economic and environmental barriers.  

8. Develop a circular critical-mineral framework.  

9. Discuss policy and investment priorities.  

10. Identify future directions for resilient mineral supply.  

 

5. Research Methodology 
The study adopts a conceptual qualitative research methodology. 

It examines research and policy literature concerning: 

 Critical minerals.  

 Mineral recycling.  

 Circular economy.  

 Battery recycling.  

 Electronic waste.  

 Resource recovery.  

 Sustainable supply chains.  

 Industrial ecology.  

 Digital traceability.  

The analysis is organised around six dimensions: 

Dimension Focus 

Resource Mineral availability 

Technology Recovery processes 

Supply Chain Collection and processing 

Economy Costs and markets 

Environment Resource and emissions impacts 

Governance Policy and strategic security 

 

6. From Linear to Circular Mineral Systems 
The conventional mineral economy follows a linear structure: 

 

Extract → Process → Manufacture → Consume → Discard 

This approach creates: 
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 Resource depletion.  

 Waste generation.  

 Environmental impacts.  

 Supply dependence.  

A circular model seeks to maintain materials within productive use for as long as possible. 

 

Circular Model 

Design → Manufacture → Use → Collection → Recovery → Refining → Reuse 

The objective is not simply recycling. 

It is to redesign the entire material system around resource retention and recovery. 

 

7. Critical Mineral Recovery 
Critical mineral recovery involves extracting valuable materials from secondary sources. 

Potential sources include: 

 End-of-life batteries.  

 Electronic waste.  

 Solar panels.  

 Permanent magnets.  

 Industrial residues.  

 Manufacturing scrap.  

 Mine tailings.  

 Metallurgical waste.  

These materials can potentially become secondary sources of strategically important 

minerals. 

 

8. Battery Recycling 
Electric-vehicle and energy-storage batteries are becoming an important secondary resource. 

A battery may contain: 

 Lithium.  

 Nickel.  

 Cobalt.  

 Manganese.  

 Copper.  

 Graphite.  

 Aluminium.  

Recovery processes can involve several stages: 

Collection → Discharge → Dismantling → Shredding → Separation → Material Recovery 

→ Refining 

The economic viability depends on recovery efficiency, material composition, processing 

costs, and market prices. 
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9. Hydrometallurgical Recovery 
Hydrometallurgy uses chemical solutions to extract metals from materials. 

Potential advantages include: 

 High recovery efficiency.  

 Selective metal extraction.  

 Lower-temperature processing than some conventional metallurgical approaches.  

However, challenges include: 

 Chemical consumption.  

 Wastewater management.  

 Process complexity.  

 Reagent recovery.  

 

10. Pyrometallurgical Recovery 
Pyrometallurgy uses high-temperature processes to recover metals. 

Advantages may include: 

 Processing flexibility.  

 Ability to handle complex feedstocks.  

 Industrial scalability.  

Challenges can include: 

 High energy consumption.  

 Emissions.  

 Potential material losses.  

 Complex downstream purification.  

 

11. Mechanical Separation 
Mechanical processes can separate materials based on: 

 Particle size.  

 Density.  

 Magnetic properties.  

 Electrical properties.  

Mechanical processing can serve as an initial stage before chemical or thermal recovery. 

 

12. Direct Recycling 
Direct recycling attempts to preserve valuable material structures rather than completely 

breaking them down into individual elements. 

For batteries, this may involve recovering and regenerating electrode materials. 

Potential benefits include: 

 Reduced energy requirements.  

 Preservation of material value.  

 Potentially shorter processing chains.  
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However, direct recycling requires relatively controlled feedstock and compatible material 

chemistry. 

 

13. Rare Earth Element Recovery 
Rare earth elements are essential for: 

 Permanent magnets.  

 Electric motors.  

 Wind turbines.  

 Electronics.  

 Defence technologies.  

Recovery sources include: 

 End-of-life magnets.  

 Electronics.  

 Industrial waste.  

 Manufacturing residues.  

Recovering rare earth elements can diversify supply beyond conventional mining. 

 

14. Electronic Waste as an Urban Mine 
Electronic waste contains numerous valuable materials. 

A discarded electronic device can contain: 

 Copper.  

 Gold.  

 Silver.  

 Palladium.  

 Rare earth elements.  

 Cobalt.  

 Lithium.  

This creates the concept of the urban mine. 

Instead of extracting all materials from geological deposits, economies can recover materials 

from previously manufactured products. 

 

15. Industrial Scrap 
Manufacturing scrap is often one of the most attractive secondary resources because its 

composition can be relatively predictable. 

Examples include: 

 Battery manufacturing scrap.  

 Semiconductor production waste.  

 Metal machining residues.  

 Magnet manufacturing waste.  

 Electronics manufacturing waste.  
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Recovering these materials before they enter mixed waste streams can improve recycling 

economics. 

 

16. Mine Tailings as Secondary Resources 
Historic and active mining operations can produce substantial quantities of tailings. 

Some tailings may contain recoverable: 

 Copper.  

 Rare earth elements.  

 Nickel.  

 Cobalt.  

 Other metals.  

Advanced processing technologies can potentially transform some tailings into secondary 

mineral resources. 

This approach can simultaneously address waste management and resource recovery. 

 

17. Circular Product Design 
Recovery begins before a product reaches the recycling facility. 

Products should increasingly be designed for: 

 Disassembly.  

 Repair.  

 Upgrade.  

 Reuse.  

 Component replacement.  

 Recycling.  

For example, battery packs designed with accessible modules may be easier to repair and 

recycle than permanently sealed systems. 

 

18. Design for Recycling 
Design decisions can significantly affect recovery economics. 

Important considerations include: 

 Material identification.  

 Modular construction.  

 Standardised components.  

 Reduced hazardous materials.  

 Easy separation.  

 Digital product information.  

The principle can be summarised as: 
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Design for Use → Design for Repair → Design for Recovery 

 

19. Extended Producer Responsibility 
Extended Producer Responsibility (EPR) places greater responsibility on producers for 

products after their useful life. 

This can encourage manufacturers to: 

 Improve product durability.  

 Establish collection systems.  

 Finance recycling.  

 Design products for recovery.  

EPR can therefore align product design with circular-economy objectives. 

 

20. Reverse Logistics 
Critical-mineral recovery requires effective reverse logistics. 

The supply chain becomes: 

Manufacturer → Consumer → Collection → Sorting → Recycling → Refining → 

Manufacturer 

Reverse logistics challenges include: 

 Geographic dispersion.  

 Collection costs.  

 Product identification.  

 Transportation.  

 Safety requirements.  

 Storage.  

 

21. Digital Product Passports 
Digital product passports can store information about: 

 Materials.  

 Components.  

 Origin.  

 Manufacturing.  

 Repair history.  

 Recycling instructions.  

Such systems could make it easier for recyclers to identify valuable materials. 

The broader model is: 

 

Physical Product + Digital Identity → Traceable Circular Asset 

22. Artificial Intelligence and Mineral Recovery 
AI can support circular supply chains through: 

 Waste classification.  
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 Material identification.  

 Process optimisation.  

 Demand forecasting.  

 Predictive maintenance.  

 Sorting automation.  

Computer vision systems, for example, can potentially identify different materials within 

mixed waste streams. 

 

23. Robotics in Recycling 
Automated systems can improve recycling efficiency. 

Robotic systems may perform: 

 Battery disassembly.  

 Electronic component sorting.  

 Material separation.  

 Hazard identification.  

Automation is particularly valuable where manual dismantling presents safety risks. 

 

24. Blockchain and Traceability 
Distributed-ledger technologies have been proposed for supply-chain traceability. 

Potential applications include tracking: 

 Mineral origin.  

 Ownership.  

 Processing.  

 Recycling.  

 Material certification.  

However, blockchain does not automatically guarantee data accuracy. 

Reliable physical data collection remains essential. 

 

25. Supply-Chain Resilience 
Circular recovery can strengthen resilience through supply diversification. 

Instead of relying exclusively on: 

 

Primary Mine → Processing Facility → Manufacturer 

companies could use: 

 

Primary Sources + Recycled Sources + Recovered Industrial Materials 

This creates multiple supply channels. 

 

26. Circular Supply-Chain Model 
A resilient critical-mineral supply chain can therefore be represented as: 
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Primary Mining 

↓ 

Processing 

↓ 

Manufacturing 

↓ 

Strategic Technology 

↓ 

Use 

↓ 

Collection 

↓ 

Sorting 

↓ 

Recovery 

↓ 

Refining 

↓ 

Secondary Raw Material 

↓ 

Manufacturing 

 

This creates a loop rather than a one-way flow. 

27. Economic Benefits 
Critical-mineral recovery can create: 

 New recycling industries.  

 Skilled employment.  

 Secondary-material markets.  

 Reduced import dependence.  

 Resource efficiency.  

 New technological industries.  

The economic value extends beyond the recovered mineral itself. 

It includes: 

 Collection.  

 Logistics.  

 Processing.  

 Refining.  

 Digital tracking.  

 Equipment manufacturing.  

 Engineering services.  
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28. Environmental Benefits 
Circular mineral recovery can potentially reduce: 

 Primary extraction requirements.  

 Mining waste.  

 Land disturbance.  

 Material losses.  

 Some energy requirements.  

However, recycling is not impact-free. 

Recovery facilities consume: 

 Energy.  

 Water.  

 Chemicals.  

 Infrastructure.  

Therefore, lifecycle assessment is necessary to determine the actual environmental benefits. 

 

29. Social Considerations 
Mineral supply chains affect communities through: 

 Employment.  

 Land use.  

 Environmental exposure.  

 Informal recycling.  

 Worker safety.  

A circular economy should therefore prioritise: 

 Safe working conditions.  

 Formal recycling systems.  

 Community participation.  

 Fair economic distribution.  

 

30. Informal E-Waste Recycling 
Informal recycling remains an important source of recovered materials in many regions. 

However, informal processes can expose workers and communities to: 

 Toxic substances.  

 Unsafe working environments.  

 Air pollution.  

 Contaminated water.  

Formalisation and safer technologies can improve both resource recovery and social 

outcomes. 
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31. Key Barriers 
Barrier Impact 

High recovery costs Reduces commercial viability 

Complex products Increases processing difficulty 

Mixed waste Makes material separation difficult 

Low collection rates Reduces feedstock 

Price volatility Creates investment uncertainty 

Limited infrastructure Restricts recycling capacity 

Energy requirements Affects environmental performance 

Lack of standards Limits interoperability 

Informal recycling Creates safety challenges 

Policy uncertainty Discourages investment 

 

32. Proposed Circular Critical-Mineral Framework 
This study proposes an eight-stage framework. 

 

Stage 1: Circular Product Design 

Products are designed for repair, disassembly, and recovery. 

 

Stage 2: Material Identification 

Materials receive traceable digital identities. 

 

Stage 3: Collection 

End-of-life products enter organised recovery channels. 

 

Stage 4: Automated Sorting 

AI and robotics classify materials. 

 

Stage 5: Material Recovery 

Physical, chemical, or thermal methods recover minerals. 

 

Stage 6: Refining 

Recovered materials are converted into usable secondary raw materials. 
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Stage 7: Reintegration 

Materials return to manufacturing. 

 

Stage 8: Continuous Monitoring 

Digital systems monitor flows and optimise future recovery. 

The framework can be summarised as: 

Design → Track → Collect → Sort → Recover → Refine → Reintegration → Optimise 

 

33. Comparison: Linear vs Circular Critical-Mineral Supply Chains 
Factor Linear Model Circular Model 

Primary extraction Dominant Complementary 

Waste End point Secondary resource 

Supply diversity Lower Higher 

Material recovery Limited Central 

Product design Use-focused Recovery-focused 

Resource efficiency Lower Higher 

Supply resilience Vulnerable Potentially stronger 

Digital traceability Limited Important 

Recycling infrastructure Secondary Strategic 

Long-term orientation Extraction Resource circulation 

 

34. Role of Governments 
Governments can support circular mineral systems through: 

1. Recycling standards.  

2. Producer responsibility regulations.  

3. Collection targets.  

4. Research funding.  

5. Strategic material policies.  

6. Infrastructure investment.  

7. Recycling incentives.  

8. International cooperation.  

9. Public procurement.  

10. Workforce development.  
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35. Role of Industry 
Manufacturers should: 

 Design products for recovery.  

 Share material information.  

 Establish collection systems.  

 Invest in recycling technologies.  

 Develop long-term recycling partnerships.  

 Incorporate secondary materials into production.  

 

36. Role of Consumers 
Consumers can contribute by: 

 Returning end-of-life products.  

 Using authorised recycling systems.  

 Extending product lifetimes.  

 Repairing rather than replacing products where feasible.  

 Participating in take-back programmes.  

 

37. Future Directions 
37.1 Advanced Battery Recycling 
Future technologies may improve the recovery of lithium, nickel, cobalt, manganese, 

graphite, and other battery materials. 

 

37.2 AI-Driven Recycling 
AI could optimise sorting, process conditions, and predictive material flows. 

 

37.3 Automated Disassembly 
Robotic systems may enable safer and faster dismantling of complex products. 

 

37.4 Urban Mining 
Cities could increasingly become sources of secondary strategic materials. 

 

37.5 Industrial Symbiosis 
Waste from one industry can become an input for another. 

 

37.6 Closed-Loop Manufacturing 
Manufacturers could increasingly integrate recycled materials directly into their production 

systems. 

 

38. Recommendations 
To strengthen critical-mineral resilience, stakeholders should: 
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1. Develop national critical-mineral recycling strategies.  

2. Increase investment in recovery infrastructure.  

3. Introduce design-for-recycling requirements.  

4. Improve collection networks.  

5. Establish digital material traceability.  

6. Promote automated sorting and disassembly.  

7. Support advanced hydrometallurgical and direct-recycling technologies.  

8. Formalise unsafe informal recycling activities.  

9. Develop markets for certified secondary materials.  

10. Encourage international cooperation.  

11. Integrate lifecycle assessment into policy decisions.  

12. Maintain diversified primary and secondary supply sources.  

 

39. Discussion 
The strategic importance of critical minerals is likely to increase as economies adopt clean-

energy and digital technologies. 

However, simply increasing mining capacity may not provide sufficient long-term resilience. 

Primary production remains essential, but circular recovery can provide an additional layer of 

supply security. 

The key transformation is therefore not: 

 

Mining versus Recycling 

but: 

 

Mining + Recycling + Recovery + Reuse + Efficiency 

A resilient mineral system should combine primary resources with secondary resources. 

This approach also changes the economic role of waste. 

A discarded battery is not necessarily a waste product. 

It can be regarded as a concentrated secondary mineral resource. 

Similarly, electronic waste can function as an urban mine, while industrial scrap can provide 

relatively high-quality feedstock for recovery. 

The success of this system, however, depends on the economics of collection, separation, 

recovery, and refining. 

Technological innovation alone is insufficient. 

Effective policy, market incentives, infrastructure, product design, and consumer 

participation must operate together. 
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40. Conclusion 
Critical minerals are becoming fundamental inputs for strategic technologies, including 

batteries, renewable-energy systems, electric vehicles, electronics, semiconductors, robotics, 

and defence applications. 

Their geographically concentrated supply chains expose economies to geopolitical, 

economic, environmental, and technological risks. 

Circular innovation provides an important pathway for strengthening resilience. 

By recovering minerals from batteries, electronic waste, manufacturing scrap, industrial 

residues, mine tailings, and other secondary resources, economies can diversify material 

supplies while reducing waste and improving resource efficiency. 

The future critical-mineral system should therefore move beyond the conventional model of: 

 

Extract → Manufacture → Consume → Dispose 

towards: 

Design → Manufacture → Use → Collect → Recover → Refine → Reuse 

The central argument of this study is that critical-mineral recycling should be treated as 

strategic infrastructure rather than merely a waste-management activity. 

A mature circular mineral economy can contribute simultaneously to resource security, 

industrial competitiveness, environmental sustainability, technological innovation, and 

supply-chain resilience. 

Ultimately, the resilience of future strategic technologies will depend not only on discovering 

new mineral deposits, but also on the ability to recover, circulate, and retain the minerals 

already embedded within the global economy. 
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