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Abstract 
Lithium has become a strategically important mineral because of its central role in 

rechargeable batteries, electric vehicles, renewable-energy storage, and emerging low-carbon 

technologies. The rapid expansion of clean-energy systems is consequently increasing 

demand for lithium while intensifying concerns regarding water consumption, land 

disturbance, chemical use, waste generation, energy intensity, and supply-chain concentration 

associated with conventional extraction methods. Direct Lithium Extraction (DLE) has 

emerged as a promising group of technologies capable of selectively recovering lithium from 

brines using adsorption, ion exchange, solvent extraction, membranes, electrochemical 

processes, and hybrid systems. Compared with conventional evaporation-based approaches, 

DLE may offer shorter processing times, potentially smaller land footprints, and 

opportunities to recover lithium from resources that are difficult to exploit economically 

through traditional methods. 

This study examines DLE as an innovation pathway within sustainable critical-mineral 

management and the broader clean-energy transition. A qualitative and comparative 

methodology based on secondary literature, technical reports, and sustainability frameworks 

is employed. The study evaluates major DLE approaches, resource efficiency, environmental 

implications, technological barriers, circular-economy opportunities, and supply-chain 

considerations. The analysis indicates that DLE can contribute to diversified lithium supply 

and potentially improve resource productivity, but its sustainability performance is highly 

dependent on feedstock characteristics, process chemistry, water management, energy 

sources, reagent consumption, waste handling, and reinjection practices. The study concludes 

that DLE should not be considered inherently sustainable simply because it is technologically 

advanced. Responsible deployment requires life-cycle assessment, transparent water 

accounting, renewable-energy integration, rigorous environmental monitoring, community 

participation, and integration with recycling and circular mineral-management strategies. 
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1. Introduction 
The global transition toward low-carbon energy systems is increasing demand for a wide 

range of minerals required for batteries, electric vehicles, renewable-energy technologies, 

electricity networks, and energy-storage systems. Lithium occupies a particularly important 

position because lithium-ion batteries currently dominate many applications in electric 

mobility and stationary energy storage. 

As electric-vehicle deployment and battery manufacturing expand, concerns about lithium 

availability and supply-chain resilience have become increasingly important. Lithium 

resources are geographically concentrated, while conventional extraction can create 

significant environmental and social pressures. 

Lithium is commonly produced from hard-rock ores or saline brines. In conventional brine 

operations, lithium-rich brine may be pumped into large evaporation ponds, where water is 

gradually removed over extended periods. Although this approach can be economically 

attractive in suitable climatic conditions, it requires substantial land and may involve 

complex water-management considerations. 

Direct Lithium Extraction provides an alternative approach. Rather than relying primarily on 

natural evaporation, DLE technologies selectively separate lithium from brine through 

engineered chemical, physical, or electrochemical processes. 

DLE therefore has the potential to transform the lithium-supply landscape. However, 

technological innovation alone does not guarantee sustainability. A DLE project can still 

create environmental impacts if it requires large quantities of freshwater, consumes fossil-

derived energy, uses hazardous reagents, or fails to manage residual brines responsibly. 

The central question is consequently not simply whether DLE can produce lithium more 

efficiently, but under what technological, environmental, economic, and governance 

conditions DLE can support a genuinely sustainable critical-mineral supply chain. 

 

2. Literature Review 
2.1 Lithium and the Clean Energy Transition 
Lithium-ion batteries have become a critical technology for electrification and renewable-

energy storage. The growth of electric mobility and battery storage has increased the strategic 

importance of lithium supply. 

International energy assessments indicate that clean-energy transitions can substantially 

increase mineral demand. Consequently, mineral availability, extraction practices, processing 

capacity, recycling, and geopolitical diversification are increasingly interconnected. 

 

2.2 Conventional Lithium Production 
Two major lithium-production pathways are widely recognized: 
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Hard-Rock Mining 

Lithium-bearing minerals, particularly spodumene, can be extracted from rock and processed 

through crushing, concentration, thermal treatment, and chemical conversion. 

 

Brine-Based Production 

Lithium-rich saline water is pumped from underground reservoirs and processed to 

concentrate and recover lithium. 

DLE primarily targets lithium-bearing brines and geothermal or other aqueous resources that 

may not be economically suitable for conventional evaporation. 

 

3. Direct Lithium Extraction 
Direct Lithium Extraction refers to technologies designed to selectively remove lithium from 

brines without depending primarily on prolonged natural evaporation. 

Major DLE approaches include: 

 Adsorption.  

 Ion exchange.  

 Solvent extraction.  

 Membrane separation.  

 Electrochemical extraction.  

 Hybrid separation systems.  

The fundamental principle is to exploit differences between lithium and other dissolved ions 

such as sodium, potassium, magnesium, and calcium. 

A simplified DLE process can be represented as: 

Brine → Pretreatment → Lithium Selective Recovery → Lithium Concentrate → Chemical 

Conversion → Lithium Product 

The remaining brine may then be reinjected or otherwise managed according to the 

geological and environmental characteristics of the project. 

 

4. Research Objectives 
This research aims to: 

1. Examine the technological foundations of Direct Lithium Extraction.  

2. Compare major DLE technology pathways.  

3. Assess the potential environmental advantages and risks of DLE.  

4. Analyse DLE's contribution to critical-mineral supply-chain diversification.  

5. Explore integration with lithium-ion battery recycling and circular economy systems.  

6. Identify technological, economic, and regulatory barriers.  

7. Develop strategic recommendations for sustainable lithium management.  
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5. Research Methodology 
The study uses a qualitative, comparative, and conceptual research methodology. 

Secondary sources are examined to assess developments in lithium extraction, DLE 

technologies, critical-mineral strategies, battery supply chains, environmental management, 

and circular economy practices. 

The analysis considers five dimensions: 

1. Resource efficiency.  

2. Environmental sustainability.  

3. Technological maturity.  

4. Economic and supply-chain resilience.  

5. Circularity and long-term mineral management.  

Because DLE technologies differ considerably, their sustainability cannot be evaluated as a 

single uniform category. The study therefore emphasizes technology-specific and site-

specific assessment. 

 

6. Major DLE Technology Pathways 
6.1 Adsorption 
Adsorption-based systems use specialized materials that selectively bind lithium ions. 

The adsorbent is exposed to lithium-bearing brine and subsequently treated to release the 

captured lithium. 

 

Advantages 

 Potentially high lithium selectivity.  

 Continuous processing possibilities.  

 Reduced dependence on evaporation ponds.  

 

Challenges 

 Adsorbent durability.  

 Regeneration requirements.  

 Impurity management.  

 Long-term material performance.  

 

6.2 Ion Exchange 
Ion-exchange systems use materials capable of selectively exchanging lithium ions with other 

ions. 

These systems can potentially achieve high selectivity but may require sophisticated 

regeneration processes. 
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6.3 Solvent Extraction 
Solvent-extraction systems use chemical reagents to preferentially transfer lithium from an 

aqueous phase into another phase. 

Potential advantages include high selectivity and continuous processing. 

However, chemical consumption, solvent management, and environmental safety must be 

carefully evaluated. 

 

6.4 Membrane-Based Extraction 
Membrane technologies separate lithium based on differences in ion transport, size, charge, 

or chemical affinity. 

Potential benefits include: 

 Continuous operation.  

 Reduced chemical requirements in some configurations.  

 Compact processing systems.  

Challenges include membrane fouling, selectivity, durability, and cost. 

 

6.5 Electrochemical Extraction 
Electrochemical approaches use electrical potential to selectively move or recover lithium 

ions. 

Such systems may offer opportunities for precise process control, although electricity 

consumption and electrode stability remain important considerations. 

 

7. Comparative Analysis of Lithium Extraction Approaches 
Dimension 

Evaporation-Based 

Brine 
Hard-Rock Mining DLE 

Processing Time Long Moderate Potentially Short 

Land Requirement High in pond systems High Potentially Lower 

Water 

Considerations 
Significant Significant 

Site- and technology-

dependent 

Selectivity Moderate 
Chemical processing 

required 
Potentially High 

Climate Dependence Relatively High Low–Moderate Low 

Resource Flexibility 
Limited by brine 

chemistry 
Ore-dependent Potentially Broad 

Technological 

Maturity 
High High Variable 
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Dimension 
Evaporation-Based 

Brine 
Hard-Rock Mining DLE 

Chemical 

Requirements 
Moderate High Technology-dependent 

Environmental 

Profile 
Site-specific Site-specific Site-specific 

 

Interpretation: DLE offers potentially significant advantages, but its environmental 

performance depends strongly on the technology and local conditions rather than the DLE 

label alone. 

 

8. Environmental Sustainability 
8.1 Water Management 
Water is one of the most important sustainability issues associated with lithium production. 

DLE may reduce the need for large evaporation ponds, but this does not automatically mean 

that it has low water impacts. 

Projects must evaluate: 

 Freshwater withdrawals.  

 Brine extraction.  

 Brine reinjection.  

 Aquifer connectivity.  

 Water chemistry.  

 Cumulative impacts.  

Water accounting should therefore be based on the complete hydrological system rather than 

only the volume of freshwater consumed at the processing plant. 

 

8.2 Land Use 
Eliminating or reducing large evaporation ponds may substantially reduce the surface 

footprint of some lithium operations. 

However, DLE projects still require: 

 Wells.  

 Pipelines.  

 Processing facilities.  

 Roads.  

 Power infrastructure.  

 Waste-management systems.  

Therefore, land-use impacts should be evaluated across the entire project lifecycle. 
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8.3 Chemical Consumption 
Different DLE systems use different reagents. 

A sustainable evaluation should consider: 

 Chemical production.  

 Transportation.  

 Consumption.  

 Recycling.  

 Disposal.  

 Potential environmental toxicity.  

 

9. Energy Requirements and Carbon Footprint 
DLE systems require energy for pumping, separation, regeneration, concentration, and 

chemical conversion. 

Consequently, the carbon footprint of DLE depends partly on the energy source. 

A DLE facility powered by low-carbon electricity may have substantially different lifecycle 

emissions from an equivalent facility powered by fossil-intensive electricity. 

This creates an important opportunity to integrate lithium extraction with renewable-energy 

systems. 

 

10. DLE and Critical Mineral Supply-Chain Resilience 
The geographical concentration of lithium production and processing creates supply-chain 

risks. 

DLE may support diversification because it can potentially unlock lithium resources that are 

unsuitable for conventional evaporation-based production. 

Potential benefits include: 

 Regional production.  

 Reduced supply concentration.  

 Greater resilience.  

 Faster development cycles in suitable resources.  

 Recovery of lithium from unconventional brines.  

However, technological commercialization, financing, permitting, and infrastructure 

availability remain important barriers. 

 

11. Circular Economy and Lithium Recycling 
Primary extraction alone cannot provide a complete long-term solution to lithium demand. 

A sustainable mineral strategy should combine: 

Primary Production + DLE + Battery Recycling + Material Efficiency + Reuse + Recovery 

End-of-life lithium-ion batteries contain valuable materials that can potentially be recovered 

through hydrometallurgical, pyrometallurgical, or direct-recycling approaches. 
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Integrating recycling with DLE could reduce pressure on primary resources and create more 

circular battery-material supply chains. 

 

12. Case Study: Integrated Lithium Supply System 
Consider a lithium-bearing brine resource located in a region with high solar-energy 

potential. 

A hypothetical integrated system could include: 

1. Brine extraction.  

2. Pretreatment.  

3. DLE-based lithium recovery.  

4. Brine reinjection.  

5. Renewable-energy-powered processing.  

6. Lithium chemical conversion.  

7. Battery-material manufacturing.  

8. End-of-life battery collection.  

9. Lithium recovery through recycling.  

Such an integrated system could reduce dependence on fossil energy and improve material 

circularity. 

However, comprehensive environmental monitoring would still be necessary to evaluate 

aquifer behaviour, chemical impacts, energy use, and long-term resource sustainability. 

 

13. Data Analysis 
The comparative assessment suggests that DLE offers several potentially important 

advantages over conventional evaporation-based extraction. 

The strongest potential benefits include faster processing, reduced dependence on climatic 

conditions, potentially smaller surface footprints, and improved lithium selectivity. 

However, these advantages must be balanced against energy consumption, reagent use, 

process complexity, and uncertainties surrounding long-term brine management. 

Therefore, sustainability should be evaluated using a life-cycle perspective rather than by 

comparing individual process steps. 

 

Table 2. Sustainability Dimensions of DLE 
Sustainability Dimension Potential DLE Contribution Main Risk 

Land Use Potentially Reduced Infrastructure footprint 

Water Management Potentially Improved Aquifer uncertainty 

Processing Time Strong Improvement Potential Technology dependence 

Lithium Recovery Potentially High Feedstock chemistry 
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Sustainability Dimension Potential DLE Contribution Main Risk 

Energy Efficiency Variable Pumping and regeneration 

Chemical Efficiency Variable Reagent consumption 

Carbon Footprint Potentially Lower Electricity source 

Supply Resilience High Potential Commercial scalability 

Circularity Moderate–High Recycling integration 

 

14. Challenges 
14.1 Feedstock Variability 
Brines differ significantly in lithium concentration and impurity composition. A process that 

performs well in one location may perform poorly elsewhere. 

 

14.2 Magnesium-Lithium Separation 
High concentrations of magnesium can make lithium separation technically difficult because 

magnesium and lithium have similar chemical behaviour. 

 

14.3 Technology Maturity 
Some DLE technologies remain at demonstration or early commercial stages, making long-

term performance uncertain. 

 

14.4 Reinjection Risks 

Returning processed brine to underground formations requires careful geological assessment 

to avoid unintended changes in groundwater systems. 

 

14.5 Capital Requirements 
Commercial-scale DLE facilities require substantial investment in specialized processing 

infrastructure. 

 

14.6 Regulatory Complexity 
Permitting must consider mining, water resources, chemical processing, environmental 

protection, and community interests. 

 

15. Future Innovation Pathways 
15.1 AI-Optimized DLE 

Artificial intelligence can potentially optimize process conditions, predict membrane or 

adsorbent performance, and improve energy efficiency. 
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15.2 Advanced Adsorbents 

Nanostructured materials and highly selective sorbents could improve lithium recovery. 

 

15.3 Low-Energy Membrane Technologies 

Next-generation membranes may reduce energy requirements and improve selectivity. 

 

15.4 Renewable-Powered Lithium Processing 

Solar and wind power could reduce the carbon intensity of DLE operations. 

 

15.5 Integrated Lithium Recycling 

Combining primary lithium extraction with battery recycling could strengthen long-term 

supply security. 

 

15.6 Digital Monitoring 

Real-time sensors and digital twins could support continuous monitoring of brine chemistry, 

water systems, energy consumption, and equipment performance. 

 

16. Discussion 
The transition to clean energy requires large quantities of minerals, creating a potential 

paradox: technologies designed to reduce environmental impacts can increase pressure on 

mineral resources. 

DLE offers a potential pathway for addressing part of this challenge. By selectively 

extracting lithium from brines, it may reduce some of the limitations associated with 

conventional evaporation-based approaches and make additional resources economically 

accessible. 

However, sustainability claims must be evaluated carefully. 

A DLE system that consumes substantial energy or chemicals may not necessarily 

outperform conventional production from a lifecycle perspective. Similarly, reduced surface 

footprint does not automatically imply reduced ecological impact if groundwater systems are 

poorly understood or managed. 

Therefore, the most appropriate approach is to evaluate each project using comprehensive 

environmental, economic, and social indicators. 

 

17. Sustainable Critical-Mineral Management Framework 
A long-term strategy can be organized around six interconnected pillars: 

 

1. Responsible Extraction 

Minimize environmental disturbance and improve resource efficiency. 
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2. Water Stewardship 

Protect freshwater and groundwater systems through transparent monitoring. 

 

3. Clean Energy 

Use low-carbon electricity for extraction and processing wherever feasible. 

 

4. Circular Economy 

Recover lithium and other valuable materials from used batteries. 

 

5. Supply-Chain Diversification 

Develop geographically diverse and resilient mineral supply systems. 

 

6. Community Governance 

Ensure meaningful stakeholder participation, transparency, benefit sharing, and 

environmental accountability. 

This framework positions DLE as one component of a broader critical-mineral strategy rather 

than a standalone solution. 

18. Questionnaire 
 

Scale: 1 = Strongly Disagree, 5 = Strongly Agree 

No. Statement 

1 Lithium is strategically important for the clean-energy transition. 

2 DLE can improve lithium-supply resilience. 

3 DLE has potential to reduce the land footprint of lithium production. 

4 Water management should be a primary criterion for evaluating DLE projects. 

5 Renewable energy should be integrated into lithium extraction operations. 

6 DLE technologies require further technological development. 

7 Lithium recycling should complement primary extraction. 

8 Environmental monitoring should be mandatory for DLE projects. 

9 Local communities should participate in decisions regarding lithium development. 

10 Sustainable lithium production requires an integrated lifecycle approach. 

 

19. Policy Recommendations 
Governments, mining companies, technology developers, and battery manufacturers should 

consider the following: 
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1. Require lifecycle environmental assessments before approving large-scale DLE projects.  

2. Establish transparent water-accounting frameworks for lithium operations.  

3. Promote renewable-energy integration into lithium-processing facilities.  

4. Fund research into low-energy and low-chemical DLE technologies.  

5. Support lithium-ion battery recycling infrastructure.  

6. Create standards for responsible brine extraction and reinjection.  

7. Develop traceability systems for battery minerals.  

8. Encourage geographically diversified lithium supply chains.  

9. Require community consultation and environmental disclosure.  

10. Promote collaboration between mining, battery, energy, and recycling industries.  

 

20. Conclusion 
Direct Lithium Extraction represents an important technological opportunity for addressing 

the rapidly increasing demand for lithium associated with electric vehicles, renewable-energy 

storage, and the wider clean-energy transition. Its ability to selectively recover lithium from 

brines could potentially reduce processing times, decrease dependence on large evaporation 

ponds, expand the range of economically accessible resources, and improve supply-chain 

resilience. 

Nevertheless, DLE should not automatically be classified as sustainable. Its environmental 

performance depends on feedstock characteristics, energy consumption, water management, 

chemical requirements, technology design, brine reinjection, and local ecological conditions. 

The future of sustainable lithium management therefore requires a broader systems approach. 

DLE should be integrated with renewable energy, battery recycling, resource efficiency, 

responsible water governance, supply-chain diversification, and transparent environmental 

monitoring. 

The most effective pathway is not simply "extract more lithium", but to develop a circular 

and resilient mineral system in which extraction, processing, consumption, recovery, and 

recycling are managed as interconnected components. 

As clean-energy technologies expand, the strategic objective should be to ensure that the 

materials enabling the energy transition are themselves produced through increasingly 

efficient, responsible, transparent, and environmentally sustainable systems. 
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