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Abstract

With the rapid global rise in lithium-ion battery (LIB) usage, recycling spent LIBs has become a critical challenge.
Conducting life cycle assessments (LCA) of recycling processes for spent LIBs is crucial for evaluating their environmental,
economic, and social impacts comprehensively. However, in Korea, research on the LCA of waste LIB recycling processes
remains limited. This study introduces various life-cycle assessment cases of waste LIB recycling, carried out by different
researchers. The studies reviewed analyzed and compared multiple recycling technologies, including hydrometallurgical,
pyrometallurgical, and direct recycling, and quantitatively evaluated factors such as energy consumption, greenhouse gas
emissions, and the release of hazardous materials. Moreover, the advantages and disadvantages of each recycling process are
compared from environmental and economic perspectives to propose optimal recycling strategies. This review aims to
synthesize these diverse research findings to outline the current status of and future directions for LIB recycling processes,
thereby providing foundational data for further research and policy development.
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Fig. 1. Schematic flow and comparison of three approaches for recycling spent LIBs ™.
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Table 1. Power consumption when processing 500 kg of waste LIB'¥

Process Maximum Power Output  |Maximum Power Consumption| Actual Power Consumption

(kW) (kwh) (kwh)
1* shredding 22.37 22.37 13.87
Belt conveyor 0.75 0.75 0.47
Magnetic sorter 10.75 0.75 0.47
Air classification (dust collector) 5.22 5.22 3.24
Particle sorter 2.24 2.24 1.39
Electric furnace 11.56 0.87 0.54
2" shredding 22.37 3.36 2.08
2" screening 224 0.34 0.21
Total - - 22.26
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Table 2. Typical life cycle inventories of pyrometallurgy, hyrdometallurgy, and direct recycling processes for waste lithium-ion

batteries
Process Input Unit Output Unit

Spent LIBs kg Recovered metals (Co, Ni, Mn, Cu) kg
Energy (electricity/fuel) MI Slag kg
Oxygen m’ Dust/fume (emissions) kg

Pyrometallurgy | Fluxing agents kg CO; (carbon dioxide) kg
Cooling water m’ SO, (sulfur dioxide) kg
Air m’ Solid waste kg
Refractory material kg Heat (energy recovery) MJ
Spent LIBs kg Recovered metals (Li, Co, Ni, Mn) kg
Acid (e.g., sulfuric acid) kg Wastewater m’
Alkali (e.g., sodium hydroxide) kg Solid waste (filter residue) kg

Hydrometallurgy | Leaching agent kg Emissions to air (SO,, NOx) kg
Energy (electricity) Ml Dissolved elements kg
Water m’ Recycled water m’
Reducing agent (e.g., hydrogen peroxide) kg CO; (carbon dioxide) kg
Spent LIBs kg Recycled cathode material kg
Binder removal agents (organic solvents) kg Emissions to air (solvent vapor) kg
Energy (electricity) MI Solid waste (impurities, separator material) kg

Direct Recycling 3
Water m Reusable electrolyte kg
Cleaning agents kg Recovered anode material kg
Mechanical processing equipment units CO; (carbon dioxide) kg
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Table 3 Characterization results in a short period of time'*

o] g g 7ol it arg 9
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Human health [DALY]

Ecosystem [PDF*m2&yr] Resource [MJ]

(%) (%) (%)
Process Emissions 1.10E-7 (30.3%) 0.00E+0 (0.00%) 0.00E+0 (0.0%)
Electrical energy 1.33E-8 (3.6%) 3.93E-4 (16.2%) 1.38E-2 (30.2%)
Landfill of scrap metal 1.48E-10 (0.0%) 7.10E-6 (0.3%) 3.69E-4 (0.8%)

Waste incineration 2.43E-8 (66.3%)

2.03E-3 (83.5%) 3.15E-2 (69.0%)

Total 3.67E-7 (100.0%)

2.43E-3 (100.0%) 4.57E-2 (100.0%)

Cobalt avoid -7.06E-7 (-192.6%)

-2.09E-2 (-858.6%) -7.32E-1 (-1601%)
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Table 4. Life cycle impact assessment, pyrometallurgical process?'

)

Process GWP 100 HTP TETP
(kg CO-eq) (kg DCB-eq) (kg DCB-eq)
Electricity generation 36.4 3.07 0.0891
Processing 0 0.0558 0
Plastics incineration 645 0.402 0.00499
Total 681 3.53 0.0941
Total (PE) 1.63e-11 1.37e-12 8.6le-14
Table 5. Life cycle impact assessment, hydrometallurgical process®"
Process GWP 100 HTP TETP
(kg COz-eq) (kg DCB-eq) (kg DCB-eq)
Electricity generation 16 1.36 0.0169
Processing 0 0.000792 9.87e-6
Landfill gypsum 817 0.754 0.493
Landfill residue 487 0.449 0.294
Total 1320 2.57 0.803
Total (PE) 3.16e-11 9.95e-13 7.35e-13
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