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a
absorptive glass mat (AGM) batteries 187
accelerated rate calorimetry (ARC) 103, 322
accumulator 15
acid concentration 525
acid density 524
acid stratification 225, 249, 254, 521

causes 223
removal methods 223–224, 238

AC load 440
AC resistance 509
active balancing 330
active mass 77, 87, 285

vs. grids, electrical contact 216
ionic conductivity 288
shedding and softening 250

active masses of batteries 204
effective surface area and microstructure

207
electrical conductivity 205–207
lead sulfate formation 207–209
manufacturing process 210
properties 205
voltage dip at discharging 209–210

activity coefficient 20
actual capacity 49
admittance 510
ageing 313, 421

of the anode material 316
of the cathode material 315
of the electrolyte 318

ageing effect 142
ageing process 106, 131
agglomerate of spheres model 205
AGM battery 204, 406
air cathode 381
Aktivmaterial 80

elektrische Leitfahigkeit 79
alkaline manganese oxide/zinc system 469

alkaline nickel battery 362
ageing 366
design 364
electrolyte 364
properties 366

alternating current resistance 157
aluminum oxide 374
amount of charge 394
analytical battery model 131
anode 15, 16
anode material 285
anolyte 15
aqueous sulfuric acid

electrolyte 211
hygroscopic 211
low-temperature applications 212
specific conductivity 211

arcing faults
protection against 491

Arrhenius law 34, 97, 316
Ashtiani category 335
atomic absorption spectroscopy 172
atomic emission spectroscopy 172
atomic force microscopy 171
Austauschstromdichte 18, 33
Automotive Safety Integrity Level (ASIL) 335
autonomous energy system 457

b
balancing 328
balancing power by battery storage 463
battery 2

analysis method 311
capacitance 135
capacity 121
charging station 433
chemistry 169
cost 428
current 440
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battery (contd.)
design 326
environmental impact and disposal 498
high-quality polypropylene housings and

lids 219
with internal oxygen consumption cycle. See

valve regulated lead acid (VRLA)
batteries

monitoring 424, 435
operating conditions 390
property 5
simulation tool 321
site requirements, installation and

transportation 498
swap 426
technology 9, 179
terms 477

battery cabinets protection 492
battery explosions. See lithium-ion batteries,

See lead–acid batteries
battery for portable application 469

battery technology 472
monitoring 474
requirement 470
standard 507

battery for stationary applications
standard 506

battery management system (BMS) 323
cooling and heating 331
data analysis 331

battery model 131
parameter 133, 140

Binder 284
bipolar electrode 81
bipolar plate 82
black start 10
Bode plot 511
boost processes 401
Bragg equation 174
brake energy recovery recuperation 413
bridging circuit 329
bridging time 7, 442, 444
bridging time with constant power 151
buffer operation 441
Butler–Volmer equation 25, 28, 41, 57, 60,

281
Butler–Volmer resistance 31, 38, 62, 99
block batteries or modules 219

c
CAEBAT project 321
calendar ageing 313
capacitor 4, 515
capacity 15, 48, 67, 108, 111, 164

determination 332
measurement 149, 151, 309

SoH and SoF 127
test 165

carbonation 368
catalyst 77
cathode 15, 16
cathode material 282
catholyte 15
CC/CV charging characteristic 58
cell balancing 70, 327
cell connector 220
cell container 88
cell short circuit 71
cell voltage 70, 71, 326
changeover mode 441
charge carrier distribution 15
charge factor 54
charge throughput 123, 394
charge transfer overvoltage 57
charge transfer voltage 25, 29, 97
charger 391
charging current 57, 416, 440
charging direction 56
charging efficiency 54
charging methods 52
charging voltage 5, 446
cheat device 343
chemical ageing process 106
chemical reaction 95
chronoamperometry 167
chronopotentiometry 167
circular economy 499
classic memory effect 367
climate zone 421
cold start performance 164
cold-test current 151
combustion engine 414
compressed air storage system 5
conducting salt 290, 291
conductometer 158
constant current charging 58
constant current condition 391
constant current discharge 51, 151
constant current load 152
constant current phase 149
constant electrode voltage 60
constant phase element 166
constant resistance load 152
constant voltage charging 59
constant voltage condition 391
consumer battery 470
consumer electronics 474
convection 94, 100
converter 5
copper 282
copper expanded metal grid 215
corrosion 106
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attacks 497
of the separator 318

corrosion resistance
current collector

negative electrode 213–214
positive electrode 214–215

Coulomb counting 123
Coulomb efficiency 54
cryogenic capacity 151
crystallization overvoltage 25
current amplitude 96, 149
current collector 95, 365

corrosion resistance. See corrosion resistance
corrosive conditions 213
curing process 217
electrical contact, grids vs. active masses

216
electrical resistance 215
mechanical stability 215–216
microcracks/coating defects 213
production 216–217
properties 213

current collektor 294
current conductorcollector 299
current density distribution 84, 521
current density inhomogeneity 81
current dependence 150
current displacement 96
current inhomogeneity 84, 133, 521

in electrodes 221–222
current interrupt device (CID) 298
current interrupt method 310
current path 66, 67, 137
current ripple 246
current sensor 165
current signal 157
current-voltage characteristic 42
current-voltage curve 52
cybersecurity 325
cycle stability 458
cyclic ageing 313
cyclovoltammetry 165, 166

d
dangerous body currents

protection against 492
DC resistance measurement 158
dendrite formation 251
deep discharge 52
defective cell 65
definition of end of life 109
degree of disorder 287
depth of discharge 49, 126
design life 113
determination of the state of charge 123
diesel fuel 9

diesel generator 453
diesel startup 453, 454
difference in state of charge 522
differential resistance 155
differential voltage analysis 168
diffraction pattern 174
diffractometry 174
diffusion effect 25, 138
dimethyl sulphoxide 381
discharge 50

characteristic 450
current 51, 64, 81
curve 139, 308

discharging and charging of batteries 50
double-layer capacitor 25, 38, 135, 454
driverless transport system 434
drivetrain 12
dunkelflaute 12

e
efficiency of batteries 394
efficiency of the overall system 394
electrical abuse tests 342
electrical battery parameter 163
electrical conductivity

of active masses 205–207
of aqueous sulfuric acid 211

electrical contact, grids vs. active masses 216
electrical parameters 164
electrical safety 490

battery cabinets protection 492
fuses 491
insulation monitoring 493
protection against arcing faults 491
protection against dangerous body currents

492
protection against short circuits 491
protection against sparks 491
tools and measuring devices 492

electric fuel 370
electricity supply system 2
electric motor 420
electric traction battery 305, 417, 472

monitoring 424
requirements 415

electric vehicle 335, 339, 413, 418
ageing prognosis 421

electro neutrality 16
electrocatalyst 77
electrochemical ageing process 106
electrochemical analysis methods 165
electrochemical energy storage system 3
electrochemical impedance measurement 310
electrochemical impedance spectroscopy (EIS)

157, 509
electrochemical kinetics 24
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electrochemical principles, for lead-acid
batteries

active components
electrolyte 189
negative electrode, active material of

189–190
positive electrode, active material of

189–190
electrochemical reaction 76
electrochemical thermodynamics 19
electrode 14, 16, 521

charging and discharging 55
potential 29
voltage 25, 60

electrodes (plates)
production 216–217

electrode stacks production 218
electrolyte 14, 137

circulation system 228, 432
tightness 88

electrolyte capacitor 134
electromobility 305, 306, 376, 425

standard 505
electron conductivity 76, 77
electron diffraction 175
electrotraction 414
elektrochemistry 277
emergency lighting 450
empirical battery model 131
end-of-charge voltage 74, 313
end of discharge voltage 52, 57, 62, 121, 126
end of life 107
end of the battery’s service life 128
endurance 114
energy balance 19, 21
energy content 9, 416
energy storage system 1, 13
energy storage technology 3
energy throughput 457
engine start 454
enthalpy of formation 20
enthalpy of mixing 95
enthalpy of reaction 20
enhanced flooded batteries (EFB) 227
environmental abuse tests 342
environmental impact 7
equilibrium voltage 19, 42, 56, 70, 138, 279
equivalent circuit diagram 63, 133, 147, 514
equivalent circuit model 134
equalization charging 241
EUCAR hazard level classification 334
event-based lifetime prediction methods 115
exchange battery 429
exchange current density 27, 68
exfoliation 317
experimental parameter determination 148

explosion 347
explosion protection

for lithium-ion batteries 498
lead–acid batteries 494

air exchange volume calculation for
ventilation 495

discharging of gas 495
ignition sources 496
safety distance to cell openings 496

f
faradaysche Zahl 18
fast charging 313
Fick’s laws 136
final charging voltage 62
final discharge voltage 49, 447
finite element model 134, 148
fire causes 493
fire protection 493
float charge current 395, 446, 448, 449
float charge voltage 57
flooded battery 408
flow battery 372
flow cell 15
fluctuating load 460
fluorinated ethylene carbonate 290
flywheel 4
forklift truck 429
forward reaction 26
four-point measurement 167
free enthalpy 19, 125
FTIR spectroscopy 172
fuel cell 6, 15, 414
full charge 70
full cycles 416
full hybrid 413
functionality of the battery 111
fuses 491

g
galvanostatic 166
galvanostatic intermittent titration technique

(GITT) 167
gasoline engine 405
gassing voltage 524, 525
gaussche Zahlenebene 514
Gaussian number plane 514
gel batteries 187, 202
gel electrolyte 289
German Battery Act 412
Gibbs enthalpy 19, 98, 125
graphite 285

hexagonal 286
rhombohedral 286

graphite anode 292, 293
graphite electrode 169
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gravimetry 170
grid corrosion 214
grid restriction 461
grids

casting process 216
galvanic process 217
punching process and expanded metal 217

GroE cell 228
guideline 503

h
half cell 14
hazard reduction measures 490
heat balance 21, 100
heat capacity 94
heat conductivity 100
heat dissipation 344
heat exchange with the environment 99
heat generation 95, 96
heat transfer 100
Helmholtz-Schicht 18
hexamethylsilazane 292
high-current pulse 50
high-energy cell 304
high-performance liquid chromatography

170
high-temperature battery 374

safety 375
high-voltage battery 420
home energy storage 458
home energy storage system 456
host lattice 277
hybrid capacitor 384
hybrid electric vehicle 413
hybrid vehicle 10
hydrogen electrode 24
hydrogen fluoride 291
hydrogen reference electrode 68

i
immittance 510
impedance 157, 509

spectroscopy 95, 152, 165, 311, 320, 332
spectrum 514

incremental capacity analysis 168
inductance 38, 514
industrial trucks 427

with intensive usage 432
with low daily operating time 431
requirements 428

inelastic scattering 172
input voltage 420
instantaneous reserve 463
intercalation 280, 287, 318

mechanism 78
reaction 279

intercell connectors 219
corrosion 258–260

interconnected power supply system 462
internal resistance 50, 110, 111, 155, 164

measurement 310
SoH and SoF 128
test 151

internal short circuit 341
investment cost 184
ion 16
ionic conductivity 77
ISO 26262 489

k
kinetic inhibition 252
Kirchhoff’s laws 84, 255
Kirchhoff’s rules 42

l
Lander curve 253, 261
Lambert-Beer law 172
large battery storage system 461
lazy battery effect 367
lead-acid batteries 179

aging effects 247
active mass shedding and softening 250
battery component changes 247
dendrite formation 251
drying out electrolyte 251
oxygen consumption and formation 251
passivating layers 250
premature capacity loss (PLC) 250
separator corrosion 251
sulfatation 249
surface area reduction of active masses

248
battery heating during discharge 235
capacity 235
capacity/state of health determination 264
charging

basic information 237
characteristics evaluation 244
constant current/constant voltage

charging 245
current amplitude 246
current interruption during float charge

244
current ripple 246
electrolyte circulation 245
full charge criteria 246
good and bad charging process 244, 245
IR-free charging 243
IU characteristics 239
IUIa characteristic curve 242
IUoU characteristics 240
W, Wa or W0Wa characteristic curve 242
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lead-acid batteries (contd.)
charging and discharging cells in series 198
complete equivalent circuit diagram 190,

191
components and characteristics 230
constant current discharges 234
current inhomogeneity in electrodes

221–222
discharge behavior and capacity 229–235
economic significance 188
electrochemical principles. See

electrochemical principles, for
lead-acid batteries

electrochemical reactions during
discharging and charging 191

end-of-discharge voltage 234, 235
environmental impact and disposal 498
explosion protection 494

air exchange volume calculation for
ventilation 495

discharging of gas 495
ignition sources 496
safety distance to cell openings 496

explosion risk 258
fluctuating capacity values 235
grid corrosion effects 254
hazards associated with 264
intercell connectors corrosion 258
main reactions 192
monitoring requirements during discharge

236
negative grid terminals and group bars

corrosion 257
operating strategies and design implications

260
acid stratification 261
charger type 262
charging cables resistance 262
charging characteristics 262
depth of discharge 260
discharge current 260
end of discharge 260–261
full charge 261
maintenance requirements 260
partially discharged state 261
storage time 262
trickle/float charge mode 261
uniform cell temperature 260

overdischarge reactions during discharging
193–194

positive grid corrosion 252
positive terminals and group bars corrosion

255
power output and internal resistance 236
problems 267
properties 182, 183

pulsed discharge 235
recycling rate 188, 499
requirements 228
robust products 267
safety 264–267

aqueous sulfuric acid 266
explosion risk due to oxyhydrogen gas

265
lead handling risk 267

side reactions 190
self-discharge at rest 197

side reactions of positive and negative
electrodes 194–195

combined reaction 195–197
exchange current density 195

specification 229
specific capacity 226
state of charge determination 262

algorithms using expert rules 264
discharge curve comparison 264
OCV characteristic curve usage 263
voltage measurement 263
voltage measurement with side reaction

estimation 263
stationary applications 228–229
technical designs 187

lead-acid batterySäure-Batterie 41
lead sulphate crystal 171
lead starter batteries

design aspects 226
lead sulfate

formation 207–209
solubility 238

lifetime prediction 114
lifetime vector 108
limitation of the service life 113
limitations of battery models 133
linear damage accumulation 116
lithium 280

availability 354
dendrite 285

lithium-air battery 381
lithium battery

layout 304
lithium dendrite 317
lithium electrode 24
lithium hexafluorophosphate 291
lithium-ion battery 9, 41, 73, 74, 179

abuse scenario 342
additive 290
advantages and disadvantages 277
anode material 285
capacity 310
cathode material 282
economic importance 276
electrochemical fundamentals 278
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electrode 280
electrolyte 289
electrolyte ingredients 290
environmental impact and disposal 498
explosion protection for 498
full charge 312
impedance spectrum 518
overcharge 282
performance data 305
problems 354
properties 182, 183
safety 333
second life concept 499
side reaction 281

lithium-ion starter battery 306, 408
lithium-Ionenbattery 19
lithium plating 286, 289, 312, 317
lithium solid-state battery 376
lithium-sulphur battery 378
lithium titanate (LTO) 286, 287
load 391
load management system 459
locally resolved equivalent circuit diagram

137
local resistance 96
lookup table 141
loss of lifetime 114
loss of service life 114

m
magnet field 4
main reaction current 122
Mammoth pump principle 223–224
manganese oxide/zinc system 469
manufacturer’s information on the expected

service life 113
mass transport 35, 79

phenomena 126, 132, 136
restriction 56, 79

materials properties 148
mechanical abuse tests 342
mechanical ageing process 106
memory effect 367
mercury porosimetry 170
metal air battery 179
metal electrode 26
metal hydride 363
method of separation 170
micro-hybrid 418
micro hybrid battery 401
mild hybrid battery 415
Miller indices 174
modelling for battery systems 321
modelling quality 517
module 302, 303
MSMD model 321

n
Nernst equation 21
Nernst law 20, 152
Nernst voltage 20, 65, 225, 281, 524
neutron diffraction 175
nickel-cadmium battery 68
nickel compound 363
nickel oxide hydroxide 364
NMR spectroscopy 174
nominal capacity 48, 72, 121, 128, 460
nominal discharge current 49
nominal temperature 151
nominal voltage 57, 473
non-electrochemical energy storage system 3
non-rechargeable battery 469
Nyquist plot 511

o
off-grid autonomous energy system 456
ohmic effect 29
ohmic loss 96
ohmic resistance 29, 40, 158, 515
on-board power supply battery 401
online monitoring system 451
open-circuit voltage 42, 151, 524
operating capacity 121
operating costs 184
operating limits 128
operation with shallow cycles 441
opportunity charging 431
organic solvent 290
overcharge protection 291
overcharging reactions 188
overdischarge 74

reactions, during discharging 193–194
overlithiation 283
oxygen 381

p
parameter determination by physicochemical

methods 148
partial state of charge operation 404
partial state of charge ( pSoC) 236
passive balancing 329
percolation theory 206
Peukert coefficient 310
Peukert equation 150
Peukert exponent 150
photovoltaic system 2
pinhole 297
plates 217
plug-in hybrid 413
pocket separators 218
polyethylene 296
polymer electrolyte 289
polymer separator 296
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polypropylene 296
polytetrafluoroethylene (PTFE) 284
polyvinylidene fluoride (PVdF) 284
post-mortem analysis methods 169
potential difference 15
potentiostatic 166
potentiostatic intermittent titration technique

(PITT) 167
pouch cell 298, 299, 419
powder neutron diffraction 175
power consumption 2
power demand 455
power failure 8, 440, 444, 453
power generation 2
power plant 463
power supply 455
powering industrial trucks 427
practical capacity 49
premature capacity loss (PCL) 216
primary cell 15, 469
primary control power 463
prismatic cell 302, 419
product liability 501
prognosis of capacity 116
prognosis of internal resistance 116
propagation test 350
proportionality factor 20
propylene carbonate 385
pro rata warranty 429
protective extra-low voltage (PELV) 490
public power supply system 462
pulse charging 53
pulse charging method 53
pulse method 167
Pulsmethode 167
pumped water storage system 5

q
quasi-stationary electrochemical analysis

method 166

r
radiation source 175
radiative heat exchange 100
Ragone diagram 7
Raman spectroscopy 172, 175
Randles model 141, 148, 149, 152, 156, 166,

513
range extender 413
rapid voltage drop 55
reactance 510
reaction rate 27
reactions density 87
rechargeable battery 469
reconstitution mechanism 78

recuperation 418
recycling 355, 411, 425, 474

standard 504
redox flow battery 6, 372
redox flow cell 15
redox shuttle 281, 292, 314, 318
reference electrode 23, 165, 166
regenerative braking 416
relaxation behavior 149
relaxation process 138
residual bus simulation 417
residual capacity 49
resistance 514
reverse reaction 27
reversible heat 98
reversible insufficient mass utilization

(RIMU) 244
rocking chair principle 277
root-t law 421
rotational energy 462
round cell 299, 301, 419
rupture valve 297, 298
rupture vent 317, 348

s
safety 333, 489

component 298
engineering 353
limits 336
requirement 504
risk 64

safety extra-low voltage (SELV) 490
scanning electrochemical microscopy 171
scanning electron microscopy 170
scanning near-field optical microscopy 171
scanning probe technique 171
scattering behavior of X-rays 174
sealed batteries 227. See also VRLA batteries

production costs 227
sealed lead–acid batteries 229
secondary control power 463
second life 108, 307

of electric traction batteries 308
use 355

self-discharge 367
effect 317
process 197
reaction 41

self-heating 351
Semënov graph 344
semi-traction battery 227, 436
separator 15, 80, 296, 365

AGM material as 218
function 218
requirements 218

service life 108, 114, 447
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Shepherd model 138, 142
short circuit 298

low resistive 71
protection against 491
at series connection 71

short-circuit current 25, 71, 155
short-circuited cell 71
shutdown separator 296
side reaction 281
side reaction current 122
simulation 142
simulation of ageing 320
single cell voltage 424
single particle model 132, 289
skin effect 96
small traction battery 436
SoC-dependent battery power for mild hybrid

applications 237
sodium-air battery 382
sodium-sulphur battery 376
sodium superoxide 382
solid electrolyte 378
solid-electrolyte interface (SEI) 279, 293
solid permeable interface (SPI) 294
solid-state diffusion 312
solid state separator 377
sparks

connecting and disconnecting 497
protection against 491

specific resistance 96
standard 501
standby losses 453
standby parallel operation 440
start-stop system 404
starter battery 151, 164, 306, 454

in block design without lid 220
for vehicles 401

starter motor 453
starting capability 404
starting voltage prediction 411
state-of-charge-dependent

end-of-discharge criterion 236
state of energy (SoE) 126, 331, 394, 415

curve 394
definition 121
determination 423

state of function 127
state of health 127

measurement 129
state of safety (SoS) 337

definition 337
state-of-charge-dependent operational strategy

121
stationary application 398
stationary battery

battery technology 443

design 443
functional safety 445
monitoring 447

stationary electrochemical analysis methods
166

stationary energy storage systems in the
electricity industry 456

step discharge 159
stress corrosion cracking 256
styrene acrylonitrile (SAN) 219
subhybrid battery 397, 398
sulfatation 249
sulphuric acid 521
supercapacitor 384
superconducting coil 4
superconductivity 4
susceptance 510
switch-on 167
system environment 9

t
Tafel approximation 29, 31, 45, 55, 97
Tafel plot 31
temperature dependence of heat

generation 97
temperature difference 101
temperature gradient 336
temperature inhomogeneity 150
temperature measurement 327
temperature sensor 95
terminal voltage 25, 35, 64
Thévenet model 140, 143
theoretical specific capacity 19
theoretical specific energy 23
thermal abuse tests 342
thermal conductivity 94
thermal propagation 144, 320, 348
thermal properties of batteries 93
thermal properties of cells 93
thermal runaway 339, 341, 343, 344
thermal shock 342
three-phase boundaries 77
titration technique 170
traction battery 10, 227–228, 420, 429, 442

charging characteristic 430
standard 505
utilization profile 434

transfer coefficient 27, 30
transfer voltage 31
transmission electron microscopy 170
transport of goods 427
trickle charge current 395, 446
trickle charge mode 446
trigger cell 349
trigger method 351
TRIM heater 349
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trolley bus system 417
tubular plate electrode 436

u
U-I characteristic 35, 155
ultrabattery 409
ultracapacitor 4, 384, 407
universal battery theorem 125
use of battery models 132
UV/Vis spectroscopy 172

v
valve regulated lead acid (VRLA) batteries

electrical equivalent circuit diagram
199, 200

immobilized electrolyte in gel/fleece
199

overdischarge reactions 199
production 204
properties 202–204
voltages of negative electrodes 201

vanadium redox-flow battery 372
vehicle electrical system voltage 420
ventilation systems 265
venting 297, 303, 317
voltage 15

difference 57
limit 62, 142
measurement 123, 424
pulse 152

response 509
source 38, 134

w
Warburg impedance 166, 513
water refilling system 433
water scavenger 292
water supply system 432
wave-particle duality 174
weighted ampere-hour throughput methods

114
weighting factor 116
Wickelkern 301
wiring inductance 167, 519
WLTC 418, 421
Wöhler curve 115
wound cell 84

x
X-ray fluorescence spectroscopy 172

y
Yazami theorem 125

z
ZEBRA-Batterie 374
zinc-air battery 369

ageing 371
design 370
properties 371


