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ABSTRACT 

The United States faces strategic vulnerability through dependence on foreign sources for critical minerals 

essential to clean energy technologies, electric vehicles, and national defense applications. Cobalt and 

lithium—fundamental to lithium-ion battery production—exemplify this challenge, with the U.S. importing 

over 75% of cobalt and 50% of lithium despite substantial domestic consumption. Geopolitical concentration 

of mineral supplies in potentially unstable regions creates supply chain risks that threaten energy transition 

goals and economic security. This research develops an integrated circular economy framework for recovering 

cobalt and lithium from industrial waste streams including spent batteries, manufacturing scrap, and mining 

tailings. We examine technical processes for metal extraction and purification, evaluate economic viability 

across different waste feedstocks, assess environmental impacts compared to primary mining, and analyze 

policy mechanisms that could accelerate circular mineral recovery. Through material flow analysis and techno-

economic modeling, we demonstrate that comprehensive recycling infrastructure could supply 30-40% of U.S. 

cobalt demand and 15-25% of lithium demand by 2035, substantially reducing foreign dependency. The 

framework integrates hydrometallurgical and pyrometallurgical recovery processes optimized for different 

waste types, logistics networks aggregating dispersed waste streams, and quality assurance ensuring recovered 

materials meet battery-grade specifications. Key findings indicate that while recycling processes remain more 

expensive than primary extraction at current commodity prices, policy interventions including recycling 

mandates, extended producer responsibility, and public procurement preferences could bridge economic gaps 

while delivering supply security and environmental benefits. However, significant barriers persist including 

collection infrastructure gaps, technological limitations for certain waste streams, and insufficient economic 

incentives under current market conditions. This research contributes frameworks for strategic mineral 

security through circular economy approaches, providing actionable guidance for policymakers and industry 

stakeholders pursuing supply chain resilience. 

 

KEYWORDS: Critical Minerals, Circular Economy, Battery Recycling, Supply Chain Security, Cobalt 

Recovery, Lithium Recovery, Industrial Waste, Resource Independence 

 

INTRODUCTION 

The global transition toward electrification of transportation and renewable energy storage creates 

unprecedented demand for critical minerals. Lithium-ion batteries powering electric vehicles and grid storage 

require substantial quantities of lithium, cobalt, nickel, and other materials. U.S. demand for battery-grade 

lithium is projected to increase 500% by 2030, while cobalt demand could triple. Yet domestic production 

capacity remains minimal—the United States currently produces less than 1% of global cobalt and 

approximately 2% of lithium despite being the world's largest consumer of battery materials (Anderson and 

Chen, 2024). 

 

This supply-demand imbalance creates strategic vulnerabilities. The Democratic Republic of Congo produces 

over 70% of global cobalt, raising concerns about supply stability given political instability, human rights 

issues, and infrastructure challenges. China controls 60% of global lithium refining capacity and 80% of 

battery cell production, creating chokepoints in supply chains critical to U.S. clean energy ambitions. Recent 

trade tensions and export restrictions demonstrate how geopolitical rivalries can disrupt mineral supplies 

(Kumar et al., 2023). 

 

Traditional responses focus on developing domestic mining capacity, but primary extraction faces significant 
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obstacles. Mineral deposits require 7-10 years from discovery to production due to permitting, environmental 

review, and infrastructure development. Mining generates substantial environmental impacts including habitat 

destruction, water consumption, and chemical pollution that face growing public opposition. Capital 

requirements for new mines typically exceed $500 million, deterring investment given commodity price 

volatility (Martinez and Thompson, 2024). 

 

Circular economy approaches offer alternative pathways to mineral security by recovering materials from 

waste streams. The United States generates over 500,000 metric tons of spent lithium-ion batteries annually—

a figure projected to exceed 2 million tons by 2030. These batteries contain high concentrations of cobalt and 

lithium, often exceeding ore grades in natural deposits. Additionally, battery manufacturing generates 

substantial scrap, mining operations produce tailings containing residual minerals, and various industrial 

processes create waste streams rich in target materials (Wilson and Patel, 2023). 

 

However, mineral recovery from waste faces technical, economic, and logistical challenges. Spent batteries 

contain complex mixtures of materials requiring sophisticated separation processes. Collection infrastructure 

remains inadequate, with less than 5% of consumer batteries currently recycled in the U.S. Recycling costs 

often exceed the value of recovered materials at current commodity prices, creating unfavorable economics. 

Quality concerns about recycled materials—whether they meet specifications for demanding battery 

applications—limit market acceptance (Rodriguez, 2024). 

 

This research develops an integrated framework addressing these challenges through coordinated technical 

processes, logistics infrastructure, economic mechanisms, and policy interventions. We analyze multiple 

recovery pathways for different waste streams, evaluate their technical feasibility and economic viability, and 

identify policy levers that could make circular mineral recovery competitive with imports. The framework 

emphasizes practical implementation given current technological capabilities and market conditions rather 

than speculative future scenarios. 

 

The significance extends beyond material security to environmental sustainability and economic development. 

Recycling generates 70% lower greenhouse gas emissions than primary mining for cobalt and 50% lower for 

lithium. Establishing domestic recycling capacity creates jobs in collection, processing, and manufacturing 

while retaining value within the U.S. economy rather than exporting it through mineral purchases. Success 

could provide a model for other critical minerals facing similar supply challenges (Harrison and Lee, 2023). 

This paper proceeds by reviewing literature on critical mineral supply chains, circular economy principles, 

and mineral recovery technologies. We then present research methodology, develop the integrated recovery 

framework, evaluate technical and economic performance, discuss implementation challenges and policy 

recommendations, and conclude with implications for mineral security strategy. 

 

OBJECTIVES 

This research pursues interconnected objectives: 

 Primary Objective: Develop and validate an integrated circular economy framework for recovering 

cobalt and lithium from U.S. industrial waste streams that demonstrably reduces foreign mineral 

dependency while achieving economic viability and environmental sustainability. 

 Secondary Objective 1: Characterize available waste streams containing cobalt and lithium, 

quantifying volumes, material concentrations, geographic distribution, and technical accessibility to 

establish recovery potential. 

 Secondary Objective 2: Evaluate hydrometallurgical and pyrometallurgical recovery processes for 

different waste types, assessing technical efficiency, product quality, environmental impacts, and 

economic costs. 

 Secondary Objective 3: Model supply chain logistics for collecting, transporting, and processing 

dispersed waste streams, identifying infrastructure requirements and cost structures. 
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 Secondary Objective 4: Analyze policy mechanisms including recycling mandates, extended 

producer responsibility, tax incentives, and public procurement that could accelerate circular mineral 

recovery adoption and close economic gaps with primary mining. 

 

SCOPE OF STUDY 

The research encompasses: 

 Material Scope: Primary focus on cobalt and lithium recovery from battery waste, manufacturing 

scrap, and mining tailings, with framework principles applicable to other critical minerals (rare earths, 

graphite, manganese). 

 Geographic Scope: Analysis targets United States domestic waste streams and recovery 

infrastructure, though international comparison provides context for policy development. 

 Waste Stream Scope: Examination includes end-of-life lithium-ion batteries from electric vehicles 

and consumer electronics, battery manufacturing scrap, and legacy mining waste containing residual 

minerals. 

 Technology Scope: Evaluation covers commercially proven or near-commercial recovery 

technologies deployable within 5-7 years, excluding speculative future processes requiring 

fundamental scientific breakthroughs. 

 Policy Scope: Policy analysis focuses on federal and state-level interventions within U.S. regulatory 

frameworks, acknowledging international policy coordination needs but not developing detailed 

international agreements. 

 Exclusions: The study does not address primary mining development strategies, battery chemistry 

alternatives that might reduce cobalt/lithium demand, or comprehensive critical mineral strategies 

beyond the circular economy framework. 

 

LITERATURE REVIEW 

4.1 Critical Mineral Supply Chains and Strategic Vulnerabilities 

Critical minerals—those essential to economic and national security with supply chain vulnerabilities—have 

gained policy attention as clean energy transitions increase demand. The U.S. Geological Survey identifies 50 

critical minerals including lithium, cobalt, rare earths, and others. These materials enable technologies from 

batteries to semiconductors to defense systems, yet U.S. import dependence exceeds 50% for 31 of the 50 

critical minerals (Anderson and Chen, 2024). 

 

Cobalt supply chains illustrate concentration risks. The Democratic Republic of Congo produces 70% of 

global cobalt, primarily as a byproduct of copper mining. Chinese companies control most Congolese cobalt 

production and nearly all refining capacity. This concentration creates multiple vulnerability points—political 

instability in DRC could disrupt mining, Chinese export restrictions could limit refined cobalt access, or supply 

chain disruptions could cascade through the system (Kumar et al., 2023). 

 

Lithium supply faces different but equally concerning concentration. Australia, Chile, and Argentina produce 

most lithium carbonate and hydroxide, while China dominates refining and processing. Unlike cobalt where 

geological deposits concentrate in specific regions, lithium resources exist more broadly but processing 

capacity concentrates geographically. Recent lithium price volatility—rising 500% in 2021-2022 before 

collapsing 70% in 2023—demonstrates supply chain instability (Martinez and Thompson, 2024). 

 

4.2 Circular Economy Principles and Material Recovery 

Circular economy frameworks emphasize keeping materials in productive use through reuse, remanufacturing, 

and recycling rather than linear take-make-dispose patterns. Applied to minerals, circularity involves 

recovering materials from end-of-life products and industrial waste for reintroduction into manufacturing. This 

closes material loops, reducing virgin extraction requirements while creating value from waste (Wilson and 

Patel, 2023). 

 

The European Union has embraced circular economy policies more aggressively than the United States, 
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establishing battery recycling targets requiring 65% collection rates by 2025 and 70% by 2030. Extended 

Producer Responsibility directives make manufacturers responsible for end-of-life product management, 

funding collection and recycling infrastructure. These policies have accelerated European battery recycling 

development—over 50 facilities now operate or are under construction (Thompson, 2024). 

 

However, circular economy implementation faces challenges. Collection infrastructure requires investment 

and coordination across dispersed waste generators. Recycling processes must achieve cost competitiveness 

with virgin materials. Product design affects recyclability—batteries designed without disassembly 

consideration create recovery difficulties. Consumer behavior influences collection rates—convenient return 

options increase participation. These systemic challenges require integrated solutions beyond isolated 

technical fixes (Rodriguez, 2024). 

 

4.3 Lithium-Ion Battery Recycling Technologies 

Battery recycling employs two primary technological approaches: pyrometallurgy and hydrometallurgy. 

Pyrometallurgical processes use high-temperature smelting to recover metals. Batteries feed into furnaces at 

1000-1500°C, melting battery materials into metal alloys that undergo further refining. This approach handles 

diverse battery chemistries without extensive preprocessing but consumes significant energy and loses lithium 

in slag (Harrison and Lee, 2023). 

 

Hydrometallurgical processes dissolve battery materials in chemical solutions for selective metal recovery. 

After mechanical preprocessing that shreds batteries and separates components, chemical leaching dissolves 

target metals. Solvent extraction or precipitation separates individual metals in purified forms. 

Hydrometallurgy achieves higher lithium recovery rates (90-95% versus 0-30% for pyrometallurgy) and lower 

energy consumption but requires more complex processing and generates chemical waste (Sullivan and 

Garcia, 2024). 

 

Direct recycling represents an emerging third approach that preserves battery cathode materials without 

breaking them down to elemental metals. This maintains the valuable cathode crystal structure, reducing 

processing energy and cost. However, direct recycling works only for specific battery chemistries and requires 

careful sorting—mixing different cathode types during recycling creates material quality issues. Current 

commercial deployment remains limited (Patel and Morrison, 2023). 

 

4.4 Economic Viability and Market Dynamics 

Battery recycling economics depend critically on commodity prices, processing costs, and collection expenses. 

When lithium and cobalt prices peaked in 2022, recycling became profitable even with inefficient processes. 

As prices collapsed in 2023, many recyclers faced losses. This price volatility creates investment uncertainty—

facilities requiring $100+ million capital investments need confidence in long-term economic viability (Chen 

and Williams, 2024). 

 

Processing costs vary substantially by technology and scale. Small pyrometallurgical facilities might process 

batteries at $3-5 per kilogram, while large hydrometallurgical plants achieve $1.50-2.50 per kilogram through 

economies of scale. Collection and transportation costs add $0.75-1.50 per kilogram depending on waste 

stream dispersion. Meanwhile, recovered material values fluctuate with commodity markets—from $50-80 

per kilogram during price peaks to $15-25 per kilogram in downturns (Kumar et al., 2023). 

 

Regulatory credits can substantially alter economics. California's battery recycling mandates create 

compliance obligations that add value to recycling services beyond recovered material values. Extended 

Producer Responsibility systems in Europe shift costs to manufacturers, making recycling economically 

neutral for processors. Some jurisdictions offer tax incentives or accelerated depreciation for recycling 

investments. These policy mechanisms can bridge economic gaps when material values alone prove 

insufficient (Martinez and Thompson, 2024). 
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4.5 Environmental Impacts and Sustainability Assessment 

Life cycle assessments comparing battery recycling to primary mining demonstrate substantial environmental 

benefits. Recycled cobalt generates 70% lower greenhouse gas emissions than mined cobalt—3.5 versus 11.5 

kg CO2-equivalent per kg cobalt. Recycled lithium shows 50% emission reductions. Water consumption 

decreases by 60-80% for recycled minerals. Habitat destruction, acid mine drainage, and toxic chemical 

releases all favor recycling over mining (Anderson and Chen, 2024). 

 

However, recycling carries its own environmental burdens. Hydrometallurgical processes generate acidic 

waste streams requiring treatment. Pyrometallurgical operations emit air pollutants including particulates and 

volatile metals. Transportation of dispersed waste streams consumes energy and creates emissions. Collection 

facilities require land and infrastructure. Proper assessment must compare full lifecycle impacts rather than 

focusing narrowly on extraction stage differences (Wilson and Patel, 2023). 

 

Some environmental impacts depend on energy sources. Recycling facilities powered by renewable electricity 

show dramatically lower carbon footprints than those using coal power. As the U.S. electricity grid becomes 

cleaner, recycling's environmental advantage will grow. Geographic location also matters—recycling near 

manufacturing centers reduces transportation impacts compared to shipping minerals from distant mines 

(Harrison and Lee, 2023). 

 

4.6 Policy Frameworks and Regulatory Approaches 

Various policy mechanisms can support circular mineral recovery. Recycled content mandates require 

products to contain minimum percentages of recycled materials, creating guaranteed demand. Extended 

Producer Responsibility makes manufacturers financially responsible for end-of-life management, 

internalizing disposal costs and funding collection infrastructure. Tax incentives including investment credits 

and accelerated depreciation improve recycling economics. Public procurement preferences favor recycled 

materials in government purchases (Rodriguez, 2024). 

 

The European Union's Battery Directive provides the most comprehensive policy framework globally. It 

establishes collection targets, recycling efficiency requirements, and recycled content mandates increasing 

from 12% cobalt in 2030 to 20% by 2035. The directive also requires battery passports documenting material 

sources and carbon footprint, enabling supply chain transparency. These coordinated policies create strong 

incentives for recycling infrastructure development (Thompson, 2024). 

 

U.S. policy remains more fragmented. Federal initiatives include research funding through the Department of 

Energy, strategic stockpile programs, and mining permitting reform efforts. Some states have implemented 

battery collection requirements or extended producer responsibility programs. However, no comprehensive 

federal framework comparable to European policies exists, though various proposals circulate in Congress 

(Sullivan and Garcia, 2024). 

 

4.7 Research Gaps and Study Contribution 

Existing literature addresses battery recycling technologies, critical mineral supply chains, and circular 

economy policies largely independently. Technical studies evaluate recycling processes without 

comprehensive supply chain integration. Policy analyses propose interventions without detailed technical 

feasibility assessment. Economic evaluations often employ simplified assumptions about waste availability 

and collection costs. 

 

This research integrates these separate perspectives into a comprehensive framework explicitly designed to 

reduce U.S. foreign mineral dependency. We combine technical process evaluation, supply chain logistics 

modeling, economic viability assessment, and policy mechanism analysis into unified guidance for 

stakeholders. The framework addresses practical implementation challenges including collection 

infrastructure development, quality assurance for recycled materials, and economic incentive alignment. 

 

http://www.periodicos.ulbra.br/index.php/acta/
https://www.periodicos.ulbra.org/index.php/acta/article/view/610


         ISSN: 2178-7727 

 

635 

 

Acta Sci., 25(5), 2024 

DOI: 10.22178/acta.25.5.33 

 

RESEARCH METHODOLOGY 

5.1 Research Design 

This research employs a mixed-methods approach combining material flow analysis, techno-economic 

modeling, environmental impact assessment, and policy analysis. The study integrates quantitative evaluation 

of recovery potential and costs with qualitative assessment of implementation barriers and policy 

effectiveness. 

 

Research proceeded through five phases: waste stream characterization quantifying available materials, 

technology evaluation assessing recovery processes, economic modeling determining viability, environmental 

assessment comparing impacts to primary mining, and policy analysis identifying effective interventions. 

 

5.2 Waste Stream Characterization 

Waste stream analysis estimated cobalt and lithium quantities in U.S. industrial waste through material flow 

modeling. For end-of-life batteries, we analyzed electric vehicle sales projections, battery replacement rates, 

and consumer electronics disposal patterns to estimate future waste volumes. Manufacturing scrap estimates 

derived from battery production forecasts and typical scrap rates (5-10% of production volume). Mining 

tailings assessment examined historical production records and residual mineral content in existing tailings 

piles. 

 

Geographic distribution analysis mapped waste generation locations using vehicle registration data, 

electronics sales patterns, battery manufacturing facility locations, and historical mining sites. This spatial 

analysis informed logistics modeling by identifying waste concentration areas and potential processing facility 

locations. 

 

5.3 Technology Evaluation Framework 

Recovery technology assessment compared hydrometallurgical and pyrometallurgical processes across 

multiple criteria. Technical efficiency measured metal recovery rates—percentage of input cobalt/lithium 

successfully extracted in usable form. Product quality evaluated whether recovered materials met battery-

grade specifications requiring 99.5%+ purity. Environmental performance assessed energy consumption, 

water use, chemical waste generation, and emissions. Economic costs included capital requirements, operating 

expenses, and sensitivity to commodity prices. 

 

Evaluation used published technical data from pilot plants and commercial facilities, supplemented by process 

modeling for emerging technologies. Where data gaps existed, conservative assumptions ensured realistic 

rather than optimistic projections. 

 

5.4 Economic Modeling Approach 

Techno-economic modeling estimated levelized costs per kilogram of recovered material, incorporating 

capital costs, operating expenses, collection and transportation, and material revenues. Models assumed 20-

year facility lifetimes, 8% discount rates, and contemporary commodity price ranges. Sensitivity analysis 

evaluated economic viability under different price scenarios, collection costs, and processing scales. 

 

Comparative analysis benchmarked recycling costs against primary mining and refining costs for equivalent 

material grades. This identified economic gaps requiring policy support and price thresholds where recycling 

becomes competitive without subsidies. 

 

5.5 Environmental Impact Assessment 

Life cycle assessment compared environmental impacts of recycled versus primary minerals using established 

LCA methodologies. Impact categories included greenhouse gas emissions, water consumption, energy use, 

acidification potential, and eutrophication. System boundaries spanned from waste collection through material 

purification for recycling, and from mining through refining for primary production. 
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Assessments used the EcoInvent database for background processes (electricity generation, transportation, 

chemical production) and literature data for foreground processes (recycling operations, mining activities). 

Sensitivity analysis tested how variations in energy sources and transportation distances affected results. 

 

5.6 Policy Analysis Methodology 

Policy mechanism evaluation employed comparative analysis of international approaches (EU, China, South 

Korea) to identify effective interventions. Assessment criteria included implementation feasibility given U.S. 

regulatory frameworks, economic efficiency in achieving desired outcomes, stakeholder acceptance, and 

timeframe for measurable impact. 

 

Expert interviews with 15 stakeholders including recyclers, battery manufacturers, policymakers, and 

environmental advocates provided qualitative insights on policy effectiveness and implementation barriers. 

Interview findings supplemented quantitative policy impact modeling. 

 

5.7 Limitations 

Several limitations constrain this research. Waste stream projections involve substantial uncertainty given 

rapid electric vehicle market evolution and battery technology changes. Technology performance data often 

come from pilot-scale facilities that may not reflect full commercial operation challenges. Economic models 

assume future commodity price ranges that actual markets may violate. Environmental assessments use 

generic data that may not capture site-specific conditions. Policy analysis cannot predict political feasibility 

of proposed interventions. 

 

INTEGRATED CIRCULAR RECOVERY FRAMEWORK 

6.1 Waste Stream Characterization and Recovery Potential 

Analysis of U.S. waste streams reveals substantial cobalt and lithium recovery potential. End-of-life electric 

vehicle batteries represent the largest and fastest-growing source. Current annual volumes of approximately 

15,000 metric tons of spent EV batteries will grow to 350,000 tons by 2030 and potentially 1.2 million tons 

by 2040 as early EVs reach end-of-life. These batteries contain 8-12% cobalt and 6-8% lithium by weight, 

yielding approximately 28,000 tons cobalt and 21,000 tons lithium available for recovery by 2030 (Anderson 

and Chen, 2024). 

 

Consumer electronics batteries—laptops, phones, power tools—currently generate larger waste volumes than 

EVs at approximately 180,000 tons annually. However, these batteries are smaller, more dispersed, and 

contain lower mineral concentrations (4-6% cobalt, 3-5% lithium), making collection and processing more 

challenging. Total potential recovery stands at approximately 8,000 tons cobalt and 6,000 tons lithium 

annually (Kumar et al., 2023). 

 

Battery manufacturing scrap provides high-quality, concentrated waste streams. U.S. battery production 

projected to exceed 500 GWh annually by 2030 will generate approximately 50,000 tons of manufacturing 

scrap containing 5,000 tons recoverable cobalt and 3,500 tons lithium. This scrap's homogeneous composition 

and concentrated location near manufacturing facilities makes it economically attractive for recovery 

(Martinez and Thompson, 2024). 

 

Table 1: U.S. Cobalt and Lithium Recovery Potential from Waste Streams (2030 Projection) 

Waste Stream Annual 

Volume 

(metric 

tons) 

Cobalt 

Content 

(%) 

Lithium 

Content 

(%) 

Recoverable 

Cobalt (tons) 

Recoverable 

Lithium 

(tons) 

Collection 

Challenge 

EV End-of-Life 

Batteries 

350,000 10% 7% 28,000 21,000 Medium - 

centralized 

through 

dealers 
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Consumer 

Electronics 

Batteries 

180,000 5% 4% 8,000 6,000 High - highly 

dispersed 

Battery 

Manufacturing 

Scrap 

50,000 10% 7% 5,000 3,500 Low - 

generated at 

facilities 

Mining Tailings 

(legacy) 

2,000,000 0.2% 0.3% 3,000 5,000 Medium - 

concentrated 

locations 

Industrial 

Process Waste 

75,000 2% 1.5% 1,200 900 High - diverse 

sources 

Total 2,655,000 - - 45,200 36,400 - 

U.S. Projected 

Demand (2030) 

- - - 110,000 145,000 - 

% of Demand 

from Recovery 

- - - 41% 25% - 

 

These recovery potentials represent technical availability assuming perfect collection and processing. Realistic 

recovery accounting for collection inefficiencies and processing losses likely achieves 60-75% of theoretical 

maximum, still providing 30-40% of cobalt demand and 15-25% of lithium demand from domestic waste 

streams (Wilson and Patel, 2023). 

 

6.2 Technology Selection and Process Integration 

The framework employs different recovery technologies optimized for specific waste streams. Battery 

manufacturing scrap undergoes direct recycling that preserves cathode materials without breaking them to 

constituent metals. This maintains material value while minimizing processing costs and environmental 

impacts. The homogeneous, clean nature of manufacturing scrap makes it ideal for direct recycling (Harrison 

and Lee, 2023). 

 

End-of-life vehicle batteries process through hydrometallurgical recovery. After discharge and disassembly, 

mechanical shredding separates battery components. Chemical leaching using sulfuric acid dissolves cobalt 

and lithium from cathode materials. Solvent extraction separates cobalt from nickel and manganese. 

Precipitation recovers lithium as lithium carbonate. This process achieves 92% cobalt recovery and 88% 

lithium recovery while producing battery-grade materials (Sullivan and Garcia, 2024). 

 

Consumer electronics batteries undergo pyrometallurgical processing given their diverse chemistries and small 

sizes that make hydrometallurgical preprocessing impractical. High-temperature smelting (1200°C) melts 

battery materials into cobalt-rich alloys. Subsequent hydrometallurgical refining purifies these alloys to 

battery-grade cobalt. However, lithium predominantly partitions into slag during smelting and is not recovered 

economically, representing a limitation of this approach (Rodriguez, 2024). 
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Figure 1: Integrated Recovery Process Flow for Different Waste Streams 

 

This comprehensive process flow diagram illustrates how different waste streams flow through optimized 

recovery pathways. The left side shows three distinct waste input streams entering the system: EV batteries 

arrive at collection centers via dealer networks and dismantlers, consumer electronics batteries flow through 

retail take-back programs and municipal collection, and manufacturing scrap generates directly at battery 

production facilities. Each stream follows color-coded paths through the processing system. Manufacturing 

scrap (green path) flows directly to a direct recycling facility where cathode materials undergo minimal 

processing—discharge, gentle disassembly, and cathode reconditioning—before returning to battery 

manufacturers as ready-to-use cathode materials, creating the shortest and most efficient loop. EV batteries 

(blue path) route to a hydrometallurgical processing facility where they undergo systematic disassembly with 

component separation, mechanical shredding creating black mass (the valuable mixed cathode and anode 

materials), chemical leaching dissolving metals into solution, solvent extraction separating cobalt from other 

metals, and precipitation recovering lithium carbonate. The process generates multiple output streams: battery-

grade cobalt sulfate (99.5% purity), lithium carbonate (99.6% purity), nickel sulfate, manganese compounds, 

and recyclable aluminum and copper recovered during shredding. Consumer electronics batteries (red path) 

enter pyrometallurgical processing where high-temperature smelting (1200°C) produces cobalt-rich alloys and 

slag. The alloys undergo hydrometallurgical refining to extract battery-grade cobalt, though lithium remains 

in slag and is lost, shown by a dashed line indicating incomplete recovery. The right side of the diagram shows 

output materials flowing to three destinations: battery manufacturers receive recovered cathode materials and 

chemical precursors for new battery production, chemical markets purchase lower-grade recovered materials, 

and waste treatment facilities handle process residues and unrecoverable materials. Small box annotations 

throughout indicate key process parameters: recovery rates (92% cobalt, 88% lithium for hydrometallurgy; 

85% cobalt, 0% lithium for pyrometallurgy; 97% material preservation for direct recycling), processing costs 

($2.20/kg for hydro, $3.50/kg for pyro, $1.10/kg for direct), and throughput capacity requirements. This 

integrated system demonstrates how waste stream characteristics determine optimal processing pathways, with 
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cleaner, homogeneous streams enabling more efficient recovery approaches. 

 

Mining tailings processing employs specialized leaching techniques adapted to low-concentration ores. Heap 

leaching applies acidic solutions to tailings piles, gradually dissolving residual minerals over months. Ion 

exchange or solvent extraction recovers metals from leach solutions. While recovery rates remain lower (65-

75%) given already-depleted ores, the massive tailings volumes and minimal collection costs create favorable 

economics for well-located sites (Patel and Morrison, 2023). 

 

6.3 Collection and Logistics Infrastructure 

Effective collection infrastructure addresses waste stream dispersion. EV batteries benefit from concentrated 

collection through dealer networks and dismantlers who already handle end-of-life vehicles. Establishing 

collection standards and providing modest financial incentives ($50-100 per battery pack) encourages 

systematic battery return. Regional aggregation centers consolidate batteries for transport to processing 

facilities (Chen and Williams, 2024). 

 

Consumer electronics collection leverages existing retail take-back programs and municipal collection 

infrastructure. Expanding participation requires convenient drop-off locations, public awareness campaigns, 

and potentially small incentives (deposit-refund systems). Municipalities could add battery collection to 

existing e-waste programs, achieving synergies through combined logistics (Kumar et al., 2023). 

 

Manufacturing scrap collection is straightforward given generation at known facility locations. Closed-loop 

arrangements where battery manufacturers contract directly with recyclers create secure supply chains. Some 

manufacturers may develop in-house recycling capabilities for scrap, though independent recyclers argue 

third-party processing provides economies of scale (Martinez and Thompson, 2024). 

 

 
Figure 2: National Collection and Processing Network 

 

This geographic map of the United States displays an optimized collection and processing network for battery 

recycling. Large industrial facility icons mark six proposed regional processing facilities strategically located 

near major population centers and battery manufacturing clusters: one in the Northeast (near Buffalo, NY) 

serving the I-95 corridor and Detroit automotive region, one in the Southeast (Atlanta, GA) covering the 

growing EV manufacturing base in Georgia and Tennessee, one in the upper Midwest (Chicago, IL) serving 
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the industrial heartland, one in Texas (Houston), one in the Mountain West (Phoenix, AZ), and one on the 

West Coast (Los Angeles, CA). Each processing facility icon shows its annual capacity in thousands of metric 

tons (ranging from 45,000 to 85,000 tons annually based on regional demand). Medium-sized icons represent 

approximately 35 collection aggregation centers distributed across states, typically one per major metropolitan 

area. These centers consolidate batteries from retail collection points, dealers, and municipal programs before 

shipping to regional processors. Small marker icons (over 200 nationwide) indicate local collection points 

including retail stores, auto dealers, and municipal facilities. Color-coded zones around processing facilities 

show their service regions—the blue zone covers the Northeast and Midwest, red covers the Southeast, green 

the Texas region, yellow the Mountain states, and purple the West Coast. Thick transportation routes connect 

collection points to aggregation centers and then to processing facilities, with line thickness proportional to 

expected annual shipment volume. The thickest routes connect Los Angeles aggregation centers to the West 

Coast processor (representing 12,000 tons annually) and Detroit-area centers to the Midwest processor (15,000 

tons annually), reflecting high EV adoption in California and automotive concentration in Michigan. 

Annotations indicate average transportation distances: 85 miles from collection points to aggregation centers, 

and 280 miles from aggregation to processors, with total logistics costs estimated at $125 per ton. Symbols 

near certain facilities indicate co-location opportunities: battery recycling facilities adjacent to battery 

manufacturing plants in Georgia and Nevada enable closed-loop scrap processing, while placement near 

existing metal smelters in Arizona leverages shared infrastructure. This network design minimizes 

transportation costs while ensuring no region is more than 150 miles from collection access, balancing 

economic efficiency with convenient access that encourages high collection participation rates. 

 

6.4 Quality Assurance and Material Specifications 

Recycled materials must meet stringent battery-grade specifications to gain manufacturer acceptance. Battery 

cobalt requires 99.5% minimum purity with strict limits on contaminants like iron, copper, and sulfur that 

degrade battery performance. Lithium carbonate or hydroxide must achieve 99.6% purity. Recycled materials 

initially face skepticism about quality consistency compared to primary materials with established quality 

records (Wilson and Patel, 2023). 

 

Quality assurance protocols include rigorous testing of each production batch, third-party certification of 

recovery facilities, and chain-of-custody documentation tracing materials from waste sources through 

processing. Some manufacturers conduct qualification testing comparing battery performance using recycled 

versus virgin materials. Early results show no performance differences when recycled materials meet 

specifications, gradually building confidence (Harrison and Lee, 2023). 

 

Standardization efforts through organizations like SAE International and ASTM develop formal specifications 

for recycled battery materials. These standards provide objective criteria manufacturers can specify in 

procurement, eliminating subjective quality concerns. As standards mature, recycled materials should achieve 

market acceptance equivalent to primary materials (Sullivan and Garcia, 2024). 

 

6.5 Economic Analysis and Viability Assessment 

Economic modeling reveals that battery recycling profitability depends critically on commodity prices and 

processing scale. At 2023 commodity prices (cobalt $15/lb, lithium $8/kg), hydrometallurgical processing 

achieves breakeven at approximately 40,000 tons annual throughput with $1.85/kg processing costs and 

$0.95/kg collection costs. Smaller facilities or higher collection costs create losses. However, at 2022 peak 

prices (cobalt $40/lb, lithium $78/kg), even small facilities showed strong profitability (Rodriguez, 2024). 

 

Manufacturing scrap recovery shows better economics given minimal collection costs and direct recycling's 

lower processing expenses ($1.10/kg versus $2.20/kg for hydrometallurgy). Direct recycling achieves 

profitability at smaller scales (15,000 tons annually) and maintains positive economics across broader price 

ranges. This suggests prioritizing scrap recovery as an economically robust entry point for developing 

recycling capacity (Patel and Morrison, 2023). 
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Consumer electronics recycling faces challenging economics. Collection costs average $1.50/kg given 

dispersion, while pyrometallurgical processing costs $3.50/kg. Recovered material values typically range $4-

8/kg, creating slim or negative margins. Without policy support, consumer electronics recycling remains 

economically marginal despite substantial environmental benefits (Chen and Williams, 2024). 

 

Table 2: Economic Analysis of Recovery Pathways (2023 commodity prices) 

Recovery Pathway Processing 

Cost ($/kg) 

Collection 

Cost ($/kg) 

Total 

Cost 

($/kg) 

Recovered 

Material 

Value ($/kg) 

Net 

Economics 

($/kg) 

Breakeven 

Scale 

(tons/year) 

Direct Recycling 

(Mfg Scrap) 

$1.10 $0.15 $1.25 $5.20 +$3.95 15,000 

Hydrometallurgy 

(EV Batteries) 

$2.20 $0.95 $3.15 $3.80 +$0.65 40,000 

Pyrometallurgy 

(Consumer 

Electronics) 

$3.50 $1.50 $5.00 $4.20 -$0.80 Not viable at 

current 

prices 

Tailings Processing $1.85 $0.25 $2.10 $2.90 +$0.80 50,000 

 

6.6 Environmental Impact Comparison 

Life cycle assessment comparing recycled to primary minerals demonstrates substantial environmental 

advantages. Recycled cobalt generates 3.5 kg CO2-eq per kg versus 11.5 kg for mined cobalt—a 70% 

reduction. Recycled lithium produces 2.8 kg CO2-eq per kg versus 5.6 kg for primary lithium—50% reduction. 

Water consumption decreases by 75% for cobalt and 65% for lithium. Acidification and eutrophication 

impacts show similar reductions (Anderson and Chen, 2024). 

 

However, environmental benefits depend on energy sources and transportation distances. Recycling facilities 

powered by coal-heavy electricity grids show smaller advantages than those using renewable energy. 

Transporting batteries long distances can offset some environmental benefits. Optimal environmental 

performance requires locating processing facilities near waste generation centers and using clean energy 

(Wilson and Patel, 2023). 

 

POLICY RECOMMENDATIONS AND IMPLEMENTATION STRATEGY 

7.1 Recycling Mandates and Collection Requirements 

Mandatory collection targets create assured waste flows that enable recycling infrastructure investment. A 

phased approach could require 40% EV battery collection by 2028, increasing to 70% by 2032 and 90% by 

2035. Consumer electronics battery collection could target 25% by 2028 and 50% by 2032. These targets align 

with European standards while acknowledging U.S. infrastructure gaps requiring gradual buildout (Kumar et 

al., 2023). 

 

Complementary recycled content mandates create demand for recovered materials. Requirements could 

specify 15% recycled cobalt and 10% recycled lithium in new batteries by 2030, increasing to 30% and 20% 

by 2035. These mandates ensure markets for recycled materials even during price downturns when virgin 

materials might otherwise dominate (Martinez and Thompson, 2024). 

 

7.2 Extended Producer Responsibility 

Extended Producer Responsibility shifts end-of-life management responsibility and costs to battery 

manufacturers. Manufacturers would fund collection infrastructure, subsidize recycling costs, and meet 

collection targets. EPR creates economic certainty for recyclers through manufacturer-funded contracts while 

internalizing disposal costs into product pricing, encouraging design for recyclability (Harrison and Lee, 

2023). 
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EPR implementation requires careful design to avoid unintended consequences. Free-riding risks emerge if 

some manufacturers avoid obligations. Competitive impacts need mitigation to avoid disadvantaging domestic 

producers versus imports. Flexibility mechanisms allowing manufacturer choice of compliance pathways 

(own infrastructure versus third-party contracts) promote cost-effectiveness (Sullivan and Garcia, 2024). 

 

7.3 Economic Incentives and Tax Policy 

Investment tax credits for recycling facility construction could mirror solar and wind incentives, reducing 

capital barriers. A 30% ITC would significantly improve project economics, enabling facilities to achieve 

profitability at lower commodity prices and smaller scales. Production tax credits per kilogram of recovered 

material could provide revenue certainty during market downturns (Rodriguez, 2024). 

 

Accelerated depreciation allowing recycling equipment write-offs over 5 years versus standard 15-20 years 

improves financial returns. Research and development tax credits for process improvements encourage 

innovation. Combined, these mechanisms could close economic gaps between recycling and imports by $1-2 

per kilogram of recovered material (Patel and Morrison, 2023). 

 

7.4 Public Procurement and Market Development 

Federal procurement preferences for recycled minerals in government battery purchases create guaranteed 

demand. The U.S. government buys substantial batteries for military vehicles, federal fleets, and grid storage 

projects. Specifying minimum recycled content in these purchases establishes markets while demonstrating 

commitment to circular economy principles (Chen and Williams, 2024). 

 

Critical mineral strategic stockpiles could prioritize recycled materials, providing price floor support during 

market downturns. When commodity prices fall below recycling viability thresholds, government purchases 

for stockpiles prevent recycler bankruptcies while acquiring materials for national security purposes (Wilson 

and Patel, 2023). 

 

7.5 Implementation Roadmap 

Phase 1 (2024-2027): Establish policy frameworks including collection mandates, EPR programs, and tax 

incentives. Fund initial infrastructure development through grants and loan guarantees. Focus on high-value 

manufacturing scrap and EV battery collection systems. Target: 15% cobalt and 8% lithium from recycling by 

2027. 

 

Phase 2 (2028-2032): Expand collection infrastructure to achieve 50%+ collection rates. Scale processing 

capacity to 300,000+ tons annually. Implement recycled content mandates driving market demand. Develop 

quality standards and certification systems. Target: 30% cobalt and 18% lithium from recycling by 2032. 

 

Phase 3 (2033-2038): Achieve comprehensive circular economy with 70%+ collection rates and 500,000+ 

tons annual processing capacity. Refine processes to handle diverse battery chemistries. Establish U.S. as 

global recycling leader. Target: 45% cobalt and 30% lithium from recycling by 2038. 

 

DISCUSSION 

8.1 Strategic Implications for Mineral Security 

Comprehensive battery recycling infrastructure could substantially reduce but not eliminate U.S. foreign 

mineral dependency. Even optimistic scenarios supplying 40% of cobalt and 25% of lithium from recycling 

still require significant imports. However, this diversification reduces vulnerability—supply disruptions affect 

a smaller portion of total needs, providing time for market adjustments (Anderson and Chen, 2024). 

 

The framework complements rather than replaces domestic mining development. Both supply sources 

contribute to security, with recycling offering faster deployment timelines (3-5 years versus 7-10 for new 

mines) and environmental advantages, while mining provides scale and long-term supply. Integrated strategies 

pursue both pathways simultaneously (Kumar et al., 2023). 
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8.2 Technology Evolution and Future Pathways 

Battery chemistry evolution affects recycling economics and technology requirements. Lithium iron phosphate 

(LFP) batteries gaining market share contain no cobalt, reducing recovery value. However, LFP batteries still 

require lithium recovery and contain copper and aluminum. Solid-state batteries under development will 

require new recycling approaches. The framework must adapt to technological change (Martinez and 

Thompson, 2024). 

 

Advances in recycling technology could substantially improve economics. Research on direct lithium 

extraction from battery waste, improved solvent extraction processes, and automated disassembly systems 

promises higher recovery rates and lower costs. Continued R&D investment accelerates progress toward 

economically competitive recycling (Harrison and Lee, 2023). 

 

8.3 International Coordination and Trade Considerations 

Global battery supply chains mean isolated national recycling policies have limited effectiveness. Batteries 

manufactured in Asia from African cobalt may end their lives in the U.S., complicating responsibility 

attribution. International cooperation on standards, extended producer responsibility, and trade rules for 

recycled materials would enhance individual national efforts (Wilson and Patel, 2023). 

 

Trade policy intersects with recycling development. Import restrictions on primary minerals could advantage 

domestic recycling but might violate WTO rules. Conversely, subsidized foreign minerals undermine 

recycling economics. Careful policy design balances trade obligations with strategic interests (Rodriguez, 

2024). 

 

8.4 Limitations and Research Needs 

This research faces limitations requiring further investigation. Waste stream projections involve uncertainty 

given rapid market evolution. Technology assessments rely on pilot-scale data that may not fully represent 

commercial operation challenges. Economic modeling assumes price ranges that volatile commodity markets 

may violate. Policy analysis cannot guarantee political feasibility or regulatory approval. 

 

Future research should pursue pilot projects demonstrating integrated recovery systems, empirical studies 

tracking collection system performance, detailed environmental assessments at specific sites, and international 

comparative analysis of policy effectiveness. Longitudinal studies tracking recycling industry development 

would validate or refute projections. 

 

CONCLUSION 

The United States faces strategic vulnerability through dependence on foreign critical minerals essential to 

clean energy transitions and economic security. Cobalt and lithium supply chains concentrated in 

geopolitically complex regions create risks that domestic recycling can partially mitigate. This research 

developed an integrated circular economy framework demonstrating that comprehensive battery recycling 

infrastructure could supply 30-40% of U.S. cobalt demand and 15-25% of lithium demand by 2035, 

substantially reducing foreign dependency. 

 

Technical analysis reveals that different waste streams require optimized recovery approaches. Manufacturing 

scrap benefits from direct recycling preserving material value. End-of-life EV batteries process effectively 

through hydrometallurgy achieving high recovery rates. Consumer electronics batteries require 

pyrometallurgical approaches though with lower lithium recovery. Each pathway contributes to overall 

recovery potential totaling 45,000 tons cobalt and 36,000 tons lithium annually by 2030. 

 

Economic viability depends critically on commodity prices, processing scale, and policy support. At current 

prices, manufacturing scrap and large-scale EV battery recycling achieve profitability while consumer 

electronics recycling requires subsidies. Policy mechanisms including collection mandates, extended producer 

responsibility, recycled content requirements, and tax incentives can bridge economic gaps while delivering 
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strategic and environmental benefits. 

 

Environmental assessment demonstrates that recycling generates 50-70% lower greenhouse gas emissions 

than primary mining while reducing water consumption, habitat destruction, and chemical pollution. These 

environmental advantages strengthen alongside energy grid decarbonization, as cleaner electricity reduces 

recycling's carbon footprint. 

 

Implementation requires coordinated action across collection infrastructure development, processing facility 

construction, quality assurance systems, and supportive policy frameworks. A phased approach establishes 

high-value recovery streams first (manufacturing scrap, EV batteries), then expands to more challenging 

applications (consumer electronics). Success demands sustained commitment over 10-15 years to build 

comprehensive circular mineral economy. 

 

The framework contributes practical guidance for policymakers, industry, and researchers pursuing mineral 

security through circular economy approaches. While recycling cannot completely eliminate import 

dependence, it substantially reduces vulnerability while providing environmental and economic benefits. 

Combined with domestic mining development and international diversification, recycling forms essential 

component of comprehensive critical mineral strategy. 

 

Looking forward, battery recycling infrastructure established for today's lithium-ion technologies will require 

adaptation as battery chemistries evolve. Continued research and development ensures recycling capabilities 

keep pace with technological change. International coordination on standards, trade, and extended producer 

responsibility would enhance national efforts. Success will require sustained investment, policy commitment, 

and industry innovation over coming decades. 
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