
Note: Page numbers in italics and bold refers to figures and tables respectively.

a
acid residual, as pollutant  184–185
active equalization  64, 65
aggregation method

of encapsulation  38
material  38–39
model  38

air cooling structure  66, 67
air separation. see pneumatic separation
all-life cycling assessments  222–224
artificial intelligence (AI)  42, 50, 163, 

191, 211
automation  205

b
backup power systems  69
ball milling  92, 133, 221
battery  212

classification of  12–17, 17–18
core structure of  11–12, 12
cylindrical cell  12–14, 13
demands analysis of battery assembly 

process  19
factors influencing selection of shape 

structure  18
pouch cell/lithium-ion polymer 

cell  15–17
prismatic cell/square cell  14–15

battery cell collection
aggregation method of 

encapsulation  38
material aggregation method   

38–39
model aggregation method  38

Battery Directive  7
battery leasing model  58
battery management systems (BMS)  68, 

213, 226
battery pack disassembly

CMP structure  37
CTP structure  37–38

battery recycling  189. see also direct 
regeneration recycling;  
hydrometallurgical recycling;  
metallurgical recycling;  
pyrometallurgical recycling

demands for industry  189–192, 192
demands for technologies  192–196, 

197
Brightway2  202–203

c
capacitor-based circuits   64, 65
Carbon Border Adjustment Mechanism 

(CBAM)  2, 58, 201
carbon oxides, as pollutant  182

Index

bindex.indd   229bindex.indd   229 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



230 Index

cascaded utilization  213–214, 226
application scenarios   68–69, 70
economic benefits  57
energy-storage batteries recycling  2
equalization technology   64–66, 64
low-carbon transition 

cornerstone  57–58
resource efficiency  57–58
resource recycling  57
retired LIBs, sorting of   59–60, 59
safety compliance  58–59
safety management development 

needs  68
safety management technology   

66–67
sorting and reconfiguration   

60–63, 61
systemic necessity  58–59

Cell-Module-Pack (CMP) structure  
battery pack  37

Cell-to-Chassis (CTC) technology  18
Cell-to-Pack (CTP) structure battery 

pack  18, 37–38
charged fragmentation  40–41
chemical degradation  38
chemical discharge method  33–36, 34

analysis and shortcomings  35
development requirements of  36
directions for  36, 36

chemical testing methods  22, 22
scanning electron microscopy 

(SEM)  23
in situ characterization 

technique  23–24
x-ray diffraction (XRD)  22–23

Circular Economy Action Plan  7
clean recycling processes  195–196
Clerici solution  50
closed-loop economy development  205
closed loop of resources  19
closed-loop recycling  70–71, 85, 115, 225

computed tomography (CT)  20
conductive powder short-circuit discharge 

method  33
constant current charge and discharge 

testing  25
cooling water, as pollutant  183, 186
corrosive gases, as pollutant  186
cross-field technology collaboration  205, 

205
cryogenic crushing  41
cyclic voltammetry (CV)  24–25
cylindrical cell  17–18

advantages and disadvantage   
13–14

architectural feature  13
manufacturing process 

characteristics  13
models and evolution  12, 13

d
data-driven detection method  28
degraded recycling, pollution prevention 

in. see pollution prevention
demands analysis of battery assembly 

process  19
density functional theory (DFT)  165
design for recycling  19
detection accuracy

improving  29–30
insufficient  26–27

detection efficiency
improving  30–31
lack of  27–28

detection technologies  211
accuracy  26–27
comparison and analysis  26–31
development vision  29–31
efficiency  27–28
historical data  28–29

differential capacity analysis (dQ/dV 
analysis)  26

bindex.indd   230bindex.indd   230 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



231Index

direct regeneration recycling  129, 
218–222

disadvantages of  194
pollution prevention  186–188, 188, 

195
spent cathode materials  129–158, 

168–170
spent graphite anode  158–168, 

170–171
disassembly

CMP structure battery pack  37
CTP structure battery pack  37–38
design  19

dry crushing  39–40, 42
dual carbon  129, 193, 195, 198
dust, pollutant  183, 188
dynamic LCA (dLCA)  198, 198, 200

e
echelon utilization. see cascaded 

utilization
eddy current separation technology   

46–47, 47
eFootprint  204
electric arc furnace  76
electric vehicles (EVs)  58
electrochemical approach   89–90, 89
electrochemical impedance spectroscopy 

(EIS)  25, 57
electrochemical intercalation 

method  154–155
electrochemical regeneration 

technology  152–153
electrochemical testing methods  24, 24

constant current charge and discharge 
testing  25

cyclic voltammetry (CV)  24–25
differential capacity analysis (dQ/dV 

analysis)  26
electrochemical impedance  

spectroscopy (EIS)  25

electromagnetic separation  45–48, 
46–48

electronic load discharge method  33
electrostatic fragmentation  42
electrostatic separation  45–46, 46, 50
encapsulation, aggregation method 

of  38
energy-saving feedback discharge  32
energy storage systems (ESS)  57, 68–69, 

70
EoL LIBs recycling processes  7–8
equalization technology  64–65, 64
EU’s “New Battery Regulation”  4, 58, 

108
extended producer responsibility 

(EPR)  179

f
flotation separation  48–49
fluorinated gases, as pollutants  181, 187
fragmentation  39–40

charged  40–41
comparison of methods  42–43
dry crushing  39–40, 42
electrostatic  42
freeze-fracture  43
freezing crushing  41
wet crushing  39–40, 42

freeze-fracture  43
freezing crushing  41

g
GaBi  203–204
global LIBs recycling industry  4–5
gravity separation  50
GREET model  203

h
heavy metal-containing slags, as 

pollutant  182–183
high-temperature graphitization repair 

technology  164–168, 166

bindex.indd   231bindex.indd   231 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



232 Index

high-temperature phase conversion   89, 
90–91

hydrometallurgical extraction
electrochemical approach   89–90, 89
high-temperature phase conversion   

89, 90–91
hydrometallurgical recovery. see  

hydrometallurgical recovery
hydrometallurgical recycling. see  

hydrometallurgical recycling
mechanochemical approach   

91–111, 93
oxidative leaching  87–89, 89

hydrometallurgical recovery  216–218
iron phosphorus residue  91–94, 93
solid-state batteries  111–112, 112
ternary cathode materials  110–111

hydrometallurgical recycling  86,  
123, 226

for cathode materials from spent 
LIBs  114–115

disadvantages of  193–194
iron phosphorus residue  91–94, 93
LCO  95–99
LFP battery  86–87, 87, 94–95
pollution prevention   181, 183–186, 

187, 189, 195
solid-state batteries  112–113
ternary battery  99–110, 101–102, 103, 

105, 107, 109

i
impure black mass, as pollutant  188
impurity removal repair  

technology  159–160, 160
inductor-based circuits  64, 65
infrared thermal imaging technology  22
in situ characterization technique   

23–24
intelligentization  205
ion-imprinted polymers (IIPs)  117
iron phosphorus residue  91–94, 93

j
jet milling  133

k
K-means clustering  60–62, 61

l
leachate as pollutant  183, 186
leaching residues, as pollutant  185
leaching-separation-purification  95
life cycle assessment (LCA)  197, 

222–224
cross-field technology  

collaboration  205, 205
current status of  197, 198
data integration and 

standardization  204–205
degraded lithium-ion battery 

recycling  197–205
development trends of  204–205
dynamic LCA  198, 198, 200
intelligentization and automation   

205
life cycle impact assessment  197, 198, 

199–200
life cycle inventory  197–199, 198
life cycle optimization and closed-loop 

economy development  205
multi-region input-output LCA  198, 

198, 200–201
social LCA  198, 198, 201

life cycle impact assessment (LCIA)  197, 
198, 199–200

life cycle inventory (LCI)  197–199, 198
life cycle optimization  205
liquid cooling  66, 67
liquid-phase regeneration

lithium cobalt oxide  146–149, 148
lithium iron phosphate  144–146, 145
nickel cobalt manganese oxide   

149–151, 150
lithium cobalt oxide (LCO)  168–169, 177

bindex.indd   232bindex.indd   232 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



233Index

hydrometallurgical recycling 
for  95–99

liquid-phase regeneration of  146–149, 
148

metallurgical recycling  119–121
novel restoration  154–157, 154
pyrometallurgical recycling   

77–82, 79
solid-state regeneration  136–139, 138
spent LCO  136, 219–220

lithium iron phosphate (LFP)  1–2, 168, 
177. see also spent LFP

hydrometallurgical recycling in   
86–87, 87, 94–95

liquid-phase regeneration of  144–146, 
145

metallurgical recycling  116–117
novel restoration  151–153, 152
pyrometallurgical extraction  75–77, 

77
solid-state regeneration of  130–136, 

131, 132, 134
lithium lock effect  75
lithium manganese oxide (LMO)  29
live reconfiguration  63
Lorentz force  46–47
loss of active material (LAM)  29
loss of lithium inventory (LLI)  29
low-speed EVs (LSEVs)  69
low-temperature degradation  38
low-temperature repair technology   

158–164, 161, 162
impurity removal  159–160, 160
molten salt  160–161
surface coating  161–162, 162

m
magnetic separation  47–48, 48, 50
material aggregation method  38–39
material sorting

electromagnetic separation  45–48, 
46–48

flotation  48–49, 49
other sorting methods  50–52
pneumatic separation  44–45, 45
screening  43–44, 44

mean squared error (MSE)  62
mechanochemical approach

iron phosphorus residue  91–94, 93
lithium cobalt oxide  95–99
lithium iron phosphate  94–95
ternary battery  99–110, 101–102, 103, 

105, 107, 109
ternary cathode materials   

110–111
mesh-structured switched-capacitor 

equalizer (MSSCE)  65
metal impurities, as pollutant  188
metallurgical extraction

hydrometallurgical extraction. see 
hydrometallurgical extraction

metallurgical recycling  116–122
pyrometallurgical extraction. see  

pyrometallurgical extraction
metallurgical recycling. see also  

hydrometallurgical recovery;  
pyrometallurgical recovery

LCO batteries  119–121
LFP batteries  116–117
solid-state battery  121–122
ternary LIB  118–119

microwave-assisted hydrothermal  
synthesis technology  155

model aggregation method  38
molten salt method  154–156
molten salt repair technology   

160–161
multi-energy conversion platform  36
multi-region input-output LCA 

(MRIO-LCA)  198, 198, 200–201

n
nickel cobalt aluminum oxide 

(NCA)  177

bindex.indd   233bindex.indd   233 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



234 Index

nickel cobalt manganese oxide 
(NCM)  23, 169, 177

liquid-phase regeneration of  149–151, 
150

pyrometallurgical recovery 
technology  82

solid-state regeneration of  139–144, 
140–142

spent NCM regeneration  220–222
nitrogen oxides, as pollutant  182
nondestructive testing  20–21
novel restoration

lithium cobalt oxide  154–157, 154
lithium iron phosphate  151–153, 152
ternary materials  157–158, 158

o
one-step solid-state sintering regeneration 

strategy  132
openLCA  202
organic extracts, as pollutant  185
oxidative leaching  87–89, 89
oxide-based solid-state batteries  83

p
PACK packages  212
passive equalization   64, 65
physical discharge  32–33, 32
physical exfoliation techniques  133
physical load discharge  32
physical testing methods  21

computed tomography (CT)  20
infrared thermal imaging 

technology  22
ultrasonic testing (UT)  20–21

pneumatic separation  44–45, 45
pollution prevention  177, 222–224

battery recycling demands  192–196, 
192, 197

battery recycling industry 
demands  189–192, 192

degraded battery recycling  178–180, 
179

degraded lithium-ion battery 
recycling  177–196

direct regeneration recycling   
186–188, 188

hydrometallurgical recycling   181, 
183–186, 187, 189, 195

pyrometallurgical recycling  180–183, 
181, 184, 189

status and strategies  178–180
polychlorinated dibenzo-p-dioxins 

(PCDDs)  182, 187
polyvinylidene fluoride (PVDF)  180
polyvinylpyrrolidone (PVP)  135
pouch cell/lithium-ion polymer 

cell  17–18
advantages and disadvantage  16–17
manufacturing process feature  16
models and evolution  15–16
structural feature  16

pretreatment  211–213
battery structure and 

classification  11–19
detection and evaluation  20–31
disassembly and crushing  38–42
material sorting  43–52
safe discharge   31–36, 31

prismatic cell/square cell  17–18
advantages and disadvantage  15
manufacturing process 

characteristics  15
models and evolution  14
structural characteristics  14–15

PSILCA database  203
pyrometallurgical extraction  75. see also 

pyrometallurgical recovery;  
pyrometallurgical recycling

pyrometallurgical recovery  214–216
lithium iron phosphate  75–77, 77
nickel cobalt manganese oxide  82
ternary batteries recycling  80–82

pyrometallurgical recycling
demand for  122–123

bindex.indd   234bindex.indd   234 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



235Index

disadvantages of  193
limitations  79–82
lithium cobalt oxide  77–82, 79
lithium iron phosphate  75–77, 77
pollutants and pollution prevention 

strategies in  180–183, 181, 184, 189
solid-state batteries recycling  82–86

r
reconfiguration  60–61

development requirements for  63
technical analysis of  62

reduction roasting process  104, 105
regenerated LCO (R-LCO)  147
regenerated LFP (RLFP)  130
remaining useful life (RUL)  27
residual battery capacity  36
resistive load discharge  33
retired LIBs, sorting of   59–60, 59

s
safe discharge  31, 31

chemical discharge method.  
see chemical discharge method

physical discharge method   
32–33, 32

safety assurance  58
safety automatic discharge control 

system  36
safety compliance  58
safety management technology  66–67
scanning electron microscopy (SEM)  23
screening  43–44, 44
SimaPro  201–202
sludges, as pollutant  185–186
social LCA (S-LCA)  198, 198, 201
solid electrolyte interphase (SEI)  130
solid-state battery

hydrometallurgical recovery  111–112, 
112

hydrometallurgical recycling   
112–113

metallurgical recycling  121–122
pyrometallurgical recycling in  82–86

solid-state regeneration  129–130
lithium cobalt oxide  136–139, 138
lithium iron phosphate  130–136, 131, 

132, 134
NCM cathodes  139–144, 140–142

sorting  60–61. see also material sorting
development requirements for  63
retired LIBs  59–60
technical analysis of  62

spent cathode materials  168–170
advanced repair technology  151–158
direct regeneration of  129–158
liquid-phase regeneration 

technology  144–151
novel restoration  151–158
solid-state regeneration 

technology  129–144
spent graphite anode  170–171

direct regeneration of  158–168
high-temperature graphitization repair 

technology  164–168
low-temperature repair technology   

158–164, 161, 162
spent LCO (SLCO)  136, 219–220
spent LFP  76, 88, 90, 135, 152, 218–219
spent lithium-ion batteries (LIBs)  1, 

26–31
full-chain recycling process   5–6, 5
global industrialization landscape of 

recycling  4–5
global progress in recycling   6–8, 6
high-value recycling   5–6, 5
production volume and  

distribution  1–2, 2
pyrometallurgical recycling targeting 

cathode from  85–86
recycling  3–8, 225
strategic significance of recycling    

3–4, 3

bindex.indd   235bindex.indd   235 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



Index236

spent NCM regeneration  220–222
State of Health (SOH)  27
storage state of charge (SOC)  26
sulfation roasting process  106
support vector machine (SVM)   

60, 61, 62
surface coating repair technology   

161–162, 162

t
ternary batteries

hydrometallurgical recycling  99–110, 
101–102, 103, 105, 107, 109

metallurgical recycling  118–119
novel repair technologies  157–158, 

158
pyrometallurgical recovery in   

80–82
ternary cathode materials  110–111
Tesla’s Megapack ESS  57

thermal management system (TMS)   
66–67, 67

transformer-based circuits   64, 65

u
ultrasonic cavitation technology  154–156
ultrasonic testing (UT)  20–21
US Environmental Protection Agency 

(EPA)  110

v
volatile gases, as pollutant  186
volatile organic compounds 

(VOCs)  181–182, 187

w
wastewater, as pollutant  183, 185–187
wet crushing  39–40, 42

x
x-ray diffraction (XRD)  22–23

bindex.indd   236bindex.indd   236 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



    

bindex.indd   237bindex.indd   237 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



    

bindex.indd   238bindex.indd   238 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



    

bindex.indd   239bindex.indd   239 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



   

bindex.indd   240bindex.indd   240 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



    

bindex.indd   241bindex.indd   241 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM



    

bindex.indd   242bindex.indd   242 6/18/2026   7:09:30 PM6/18/2026   7:09:30 PM


