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– strategies, 59
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– material, 800
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diesel engines, 991
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– bond energies for, 178
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–– with ODC technology, 49
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electrode kinetics, 287–288
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– hybrid, 447
– hydrogen overpotential, 301
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– dynamic operation of, 317–318
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– startup and shutdown process, 322
– system design criterion, 322
– system efficiency, 322–325
– technology, 835
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– transistor-based power supplies, 317
– typical, 1084
– water consumption, 1088
electrostatic forces, 554
electrostatic precipitators (ESPs), 554

ENCAP. See ENhanced CAPture of CO2

(ENCAP)
energetic application, 393
energetic efficiency, 401
– free, 402
energy conversion solution, 965
energy demand, 309, 401, 402
– for water electrolysis, 365
energy losses
– caused by reaction resistances, 293
energy management, 261
energy production, fluctuated, 309
energy security, 1058
energy storage, 711
– capabilities of UK power and gas

network., 276
– evolution of demand for, 268–270
– facilitates, 262
– globe drive demand for, 256
energy supply, 309
– by renewable energy sources, 310
– system, 811
energy systems, features, 360
energy transition, 255
energy, Worldwide demand for, 417
ENERTRAG AG, 898
ENhanced CAPture of CO2 (ENCAP), 1023
enthalpy, 132, 174, 175, 177, 199
enthalpy–entropy relationship, 794
entrained-flow gasifier, 243
entropy, 177, 445
environmental friendly certificates, 967
environmental impact assessment (EIA), 880
environmental regulations, 3
equation of state (EOS)
– for gas/fluid mixtures, 631
equilibrium constant, 179, 241, 574, 580, 595
equilibrium pressure, 595–596, 766, 794,

796–799, 807
Escherichia coli, 473
– genetic engineering of, 473
ESPs. see electrostatic precipitators (ESPs)
ethane, 6, 135, 202, 203, 545, 1016
ethanol, 134, 135, 139, 174, 182, 422, 473,

840
– steam reforming, 201
ethene, 202, 203
ethylene, 8, 201, 877
ethylene glycol, 792
EU27 member states
– hydrogen production, 21
– uniform permitting process suggested

for, 926
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European Association for Storage of Energy
(EASE), 266

European chlorine production capacity, 30
European Commission (EC), 926
– directive proposal regulating hydrogen

supply for transport, 926–927
European Energy Exchange (EEX), 1045
European energy policy, 891
European Free Trade Association (EFTA), 923
European Hydrogen Association (EHA), 81
– Project HyER, 81
European hydrogen production, 21
European launchers, 954
– Ariane 5 ECA, 954
– coasting phase, 954–955
– GEO/GTO orbits, 954
– re-ignition preparation phase, 954–958
–– boiling curves, 957
–– formation of vapor bubbles, 956
–– geyser formation during re-orientation

phase, 956
– satellite, with apogee engine, 954
– Vinci engine, 954
European project DECARBit, 1021
European standardization bodies, 927
European Union, 920
– CO2 emission reduction target, 256
– Commission
–– adopted communication “Energy Roadmap

2050,” 256
–– de-carbonization objective, 256
– energy framework and relevant policies,

68–69
–– cut carbon emissions by 2050, key goals, 68
–– objectives for 2020, 68
– hydrogen related energy policy strategies, 69
– hydrogen research, development,

demonstration, and deployment
activities, 69–70

– intermittent renewable energy sources
(RES), 258–259

– legislative acts, 920
–– directives, 920
–– regulations, 920
– renewable electricity in, 263
– survey of FCH JU support activities, 70
– survey of FCH JU supported projects of call

for proposals made in 2011, 70–73
– uniform permitting process suggested for

EU27, 926
evaporators, 192
EvoBus product, 970
EvoBus vehicle, 975

exhaust gas, 1012
expanded natural graphite, 799
expansion turbine, 755
– gas bearing, 757
– oil bearing, 756

f
facultative photoautotrophic microalgae, 465
failure mode, effect and criticality analysis

(FMECA), 924
Faraday constant, 442
FC bus, 978
FCC. see fluid catalytic cracking
FCCJ. see Fuel Cell Commercialization

Conference of Japan (FCCJ)
FCEVs. see fuel cell electric vehicles (FCEVs)
FCH JU. see Fuel Cells and Hydrogen Joint

Undertaking (FCH JU)
FC-power plant, 972
FC-powertrain, 970
FCSs. see fuel cell systems (FCSs)
FCTO. see Fuel Cell TechnologyOffice (FCTO)
FC-twin system, 979
Fe-compounds, 101
Federal Ministry of Education and Research

(BMBF), 64
feedstock options, 223
feedstock purification, 238
Fe3O4/FeO, as redox material, 90
Fermi energy (EF), 769
fermions, 566
ferredoxin (PetF), 465
ferrites, 91–93
– cobalt and nickel ferrites, favorable

thermodynamic properties, 93
– demonstrated within the European

projects, 91
–– Hydrosol pilot plant, 92
–– solar HYDROSOL reactor, 92
–– two-step thermochemical cycle, 91
– hydrogen production via a redox cycle

using, 93
– utilization of a rotary kiln, 93
– work on fluidized bed reactors, 93
fiber-reinforced polymer (FRP), 859
FICFB gasification technology, 398
Fick’s law, 512
filter, 553
– types of, 553
filter press principle, 1036
first law of thermodynamics, 618
Fischer-Tropsch reactions, 23, 36, 151, 225,

246, 519, 814
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fixed-bed bioreactor, 427
fixed bed gasifier (Lurgi reactor), 242
flameless oxidation (FLOX



), 1024
– combustor characteristics, 1025
– measured NOx values in, 1026
flame monitoring system, 1008
flat sheet modules, 526
– baffle plates, 527
– envelope type membrane, 526
– hydrogen selective membranes, 526
– poly(ethylene oxide), 526
– polysep membranes, 526
– spiral wound membrane element, 526
Flory–Huggins model, 512
fluid catalytic cracking (FCC), 557
fluidised-bed gasifier (Winkler process), 243
fluidized-bed bioreactor, 427
flywheels, 264, 265
FMECA. see failure mode, effect and criticality

analysis
food industry waste, 425, 427
formic acid, 814
fossil-based CO2 emission, 217
fossil diesel, 403
– in agricultural machines, 405
fossil energy, 109, 309, 419
fossil fuels, 22, 88, 109, 140, 151, 168, 201, 237,

283, 359, 405, 417, 419, 517, 629, 811, 891,
1075

– catalyst development for, 201
– combustion of, 403
– hydrogen production from, 1076
– for rapid industrialization and

urbanization, 417
– synthesis gas (syngas) produced from, 237
– technologies, 256
– used for electricity generation, 417
– utilization of, 1075
FRP. see fiber-reinforced polymer (FRP)
fuel cell, 1086–1087
– bus, 967
– efficiency of, 1086
– module, 977, 996, 1000, 1001
– polarization curves, 1084
– regenerative, 1083
– supporting system, 1086
fuel cell/battery hybrid vehicle, 1077
Fuel Cell Commercialization Conference of

Japan (FCCJ), 844
fuel cell electric vehicles (FCEVs), 61, 64, 274,

711–712, 833
– components, 834
– functions, 834

fuel cell modules, 977, 1000
– BZM 34, 1000, 1001
– BZM 120, 1000, 1001
fuel cell powertrains, 973
– automotive glycol cooling loop, 974
– Citaro fuel cell-hybrid, 978, 979
– CUTE program, 975
– design solutions, 973
–– NEBUS, 973
– hydrogen circulation in, 974
– NEBUS, 973
–– design solution, 973
fuel cells, 284, 543
Fuel Cells and Hydrogen Joint Undertaking

(FCH JU), 841
fuel cell systems (FCSs), 204, 791
– in mobile applications, 173
fuel cell technology, 982
– life time of, 989
– product costs, 989
– start–stop strategies, 987
fuel cell technology office (FCTO), 850
fuel choice, 173
fuel consumption, minimization

strategies, 965
fuel gases, 543
– potential sources of, 543
fueling operations, 849
fueling station, 217, 660
fuel/pollutants, 545
– carbonyl sulfide, 545
– gas composition of untreated product

gas, 546
– gasification synthesis gas, 545
– hydrogen sulfide, 545
– main gas components, 545–547
–– carbon dioxide, 547
–– carbon monoxide, 546
–– hydrogen, 546
–– methane, 546
–– nitrogen, 547
–– steam, 547
– mercaptans, 545
– trace gas components, 547–550
–– alkali compounds, 549
–– halogen compounds, 550
–– nitrogen compounds, 550
–– other potential contaminants, 550
–– particulate matter, 549
–– siloxanes, 550
–– sulfur compounds, 549
–– tars, 547
fuel power, 134
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fuel processing, 174
– arrangement of subsystems
–– with no connecting heat exchangers, 193
– current challenges in, 201–203
– subsystems of, 192–193
fuel processor subsystem, 191
– for autothermal reforming of diesel as a

draft, 196
– consisting of autothermal reforming of diesel

and a gas cleaning unit for PEFC
systems, 191

– for steam reforming of diesel as a potential
design, 197

fuel production, 1057, 1059
fugacity coefficients, 176, 177
fullerenes, 145
future energy carriers, 1033

g
gas cleaning subsystem, as a possible design for

a PEFC system, 207
gas clean-up for fuel cell systems, 543
gas drying, 316–317
– specific gas constants, 316
gaseous hydrogen, 812
– safety related precautions, 939
gaseous hydrogen delivery, 857
– pipeline delivery pathway, 857
– tube-trailer delivery pathway, 860
gas hourly space velocity (GHSV)., 181
gasification, 5, 26
– of alcohols and organic acids, 116
– glucose, 113–115
– processes, 237
– of solid fuels, hydrogen production by,

242–244
gas oils, 7
gasoline, 3, 5, 134, 143, 201, 419
– -based cars, 827
– dispenser, 711
– reformed, effects of sulfur in, 202
– refueling stations, 711
– yields, 15
gas permeation, 190
gas permeation, in polymers, 580–583
– coefficients of hydrogen for, 582
– Fick’s first law, 580
– Henry’s constant, 580
– permeation coefficients of some selected

polymer, 584
– polymer membrane, 580
gas separation, 313–314, 509
– KOH-solution level in vessels, 314

– membrane process, 510,
gas–solid reactions, 101
gas storage system, 617
– energy balance of, 618
– storage temperature, 619
– temporal change of mass, 617
gas transport, 642
gas turbine (GT), 1011
– burning hydrogen in, 1012
– classification of, 1020
– combustion fundamentals of

hydrogen, 1012
–– emissions, 1018
–– flame speed, 1016
–– flame temperature, 1018
–– ignition delay, 1014
–– stability, 1018
– combustor, 1011
– new combustion technologies, 1022, 1024
–– flameless oxidation, 1024
– re-electrification of, 1055
– research and development status, 1022
gas turbines, 309
genetically modified organisms, 471
genetic biomarkers, 476
genetic engineering, to enhance hydrogen

production, 476
– genetic biomarkers, 476
– renewable biofuel, 476
– Rhodobactor sphaeroides, 476
GEO (geostationary orbit), 954
geological hydrogen storage, 629
– fundamental aspects, 631
– geological storage option, general types

of, 635–636
– hydrogen and microbial inventories,

interaction between, 634–635
– hydrogen storage, in caverns, 640–642
– hydrogen storage, in porous rocks, 636–640
– integrated power-to-gas concept, schematic

drawing of, 630
– operational hydrogen storage projects,

649–650
–– mixed hydrogen–natural gas, 650
–– pure hydrogen sites, 650–651
–– town gas storages, 651–654
– physicochemical properties, of hydrogen and

hydrogen mixtures, 631–634
– process engineering, importance in,

642–649
– storage options, according to storage capacity

and discharge time, 630
geothermal power, 1080
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geothermal renewable energy, 1080
German Renewable Energy Law, 406
German wind–photovoltaics–electrolyzer

system, 1034
Germany, 60, 601, 891
– copper plate model, 261
– electricity grid, 261
– energy framework and relevant policies, 60
–– Energy Package, 60
–– master plan, 60
– energy management, 261
– hydrogen as road transport fuel in, 601
– hydrogen related energy policy

strategies, 60–61
–– National Hydrogen and Fuel Cell

Technology Innovation Programme
(NIP), 60–61

– hydrogen research, development,
demonstration, and deployment
activities, 61

–– hydrogen production, 63
–– industry activity, 64–65
–– goal of, 64
–– “H2Mobility” group, 64

–– multi-energy filling station, 61–63
–– special markets, 64
–– stationary and residential applications,

63–64
–– transportation, 61, 63
– PEM-fuel cells development at Siemens, 992
– renewable electric energy production

in, 1033
– renewable energy, fuel capacity of, 1033
– town gas storage project, 652–653
– wind energy shedding, 261
GHGs. see greenhouse gases (GHGs)
Gibbs energy, 90, 178, 179
Gibb’s free energy, 145, 442, 445
gliding arc, 135
– discharge plasma assistedmethane reforming

with CO2, 135
– plasma, 132–136
global annual hydrogen production, 393
global warming, 255, 417
glucose, 113–115
– aldol-splitting, 113
– conversion under hydrothermal

conditions, 114
– degradation products, 113
– gasification, 114
glycerol, 471
glycine, 115
glycosidic bonds, 115

graphene coatings, 352
gravimetric energy density, 812
green algae, 420, 465, 469
green energy, 423
greenhouse effect, 188
greenhouse gases (GHG), 132, 402, 417, 629,

867
– emissions, 59, 394, 403, 417
–– for hydrogen concepts, 405
– mitigation potential, 404
green hydrogen filling station

infrastructure, 1034
green hydrogen, production of, 1033
grid-related services, 266
grid-scale renewable energy storage, 276–277
grid stability, 255, 309
gross vehicle weight (GVW), 975
growth conditions, 470
GTO (geostationary transfer orbit), 954
gums, 5
GVW. see gross vehicle weight (GVW)

h
Haber–Bosch process, 32
hardware simulations, 1061
harmonization, 218
harvesting system, 441
Hawaii, 1081
– animal fats, 1081
– energy solutions for, 1081
– plant oils, 1081
– pressure swing adsorption (PSA)

process, 1081
– syngas feedstocks, 1081
HAZard and OPerability study (HAZOP), 924
HAZard Identification (HAZID), 924
HAZID. see HAZard Identification
HDW class 212A submarine, 992, 1004–1005
HDW class 214 submarine, 992, 1005
HDW fuel cell system, 1005
– safety concept of, 1006
heat conduction, 204
heat exchangers, 192, 758
– aluminum plate fin, 758
heat extraction, 156
heat generation, 349
heating–cooling cycles, 156
heat loss, 430
heat-of-combustion, 177
heat of formation, 178
heat of reaction, 193
heat of vaporization, 156
heat pipe receiver, 156
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heat pumps, 785
heat receptivity, of cryo-compressed and liquid

hydrogen storage, 716
heat transfer, 155, 799
– equations, 617, 619
heat transfer fluid, 155, 156
heavy aromatic feedstock, 9
heavy duty transport, 173
heavy metal
– impurities, 237
heavy oils, 16, 237
– feedstock and raw syngas composition
–– of Texaco process, 246
– gasification of, 245
– syngas by partial oxidation of, 244
HEC. see hydrogen evolving catalyst (HEC)
HEGSA. see high efficient gas turbine with

syngas application (HEGSA)
helium, 134
Helmholtz free energy, 603
Henry’s constant, 580
Henry’s law, 512
hercynite cycle, 93–94
heterocyst, 465
heterogeneous catalysis, 174
heterotrophs, 471
hexadecane, 140
hexane, 202
Heyrovski reaction, 596
HFCEVs. see hydrogen fuel cell electric vehicles

(HFCEVs)
H2–H2 interaction, 764
Hidrólica project, 1058
high efficient gas turbine with syngas

application (HEGSA), 1023
high-frequency pulsed plasma (HFPP), 143
high-temperature electrolysis, 331
Hindenburg syndrome, 934
hollow fiber modules, 525
– Evonik Industries design, 525
– high packing density, 525
– schematic representation of, 526
hot gas clean-up, 552
– industrial-scale applications, 552
HRSs. see hydrogen refueling stations (HRSs)
HRU. see hydrogen, release unit (HRU)
HSER. see hydrogen sorption-enhanced

reforming (HSER)
HUP. see uptake hydrogenase
HV components, 980
– hub wheel drive, 980
– HV battery, 980
– inverters, 980

– multi converter for auxiliary power, 980
hybrid copper chlorine cycle, 100–102
– heat required for reaction, 101
– idealized efficiency, 101–102
– thermal reactions, 101
hybrid electric passenger vehicles, 711
hybrid electric vehicle (HEV), 712
hybrid electrodes, 447
hybrid power plant, operating modes of, 1042
– base load, 1043
–– example of, 1043
– EEX, 1045
– forecast, 1044
– hydrogen production, 1042
–– advantage of, 1042
–– example of, 1042
hybrid power plant project, 1034
– alkaline water electrolysis, 1034
– main components of, 1035
– at Prenzlau, 1035, 1036
– wind turbine–electrolyzer coupling, 1034
hybrid SMR-POX catalytic system, 147
hybrid sulfur cycle, 89, 96–98
hybrid thermochemical cycles, 89
hydraulic pistons, 904
hydraulic retarder, 972, 977
hydraulic retention time (HRT), 429
hydrides, 588–597
– classification of, 588
–– complex hydrides (hydrido

complexes), 591–592
–– covalent hydrides, 590–591
–– interstitial (metallic) hydrides, 592–593
–– ionic hydrides, 588–590
– conversion with complex, 593–594
– conversion with other, 593
– formation of, 593–597
– hydrolysis, 594
– properties of, 588
–– covalent compounds, 588
hydrido complexes. see complex hydrides
hydrobromic acid, 98
hydrocarbon cracking, 141
hydrocarbon fuels, 140, 237, 1020
– hydrogen production from, 237
hydrocarbon membranes, 350
hydrocarbons, 134, 143, 151, 237, 565
– autothermic reforming of, 249
– small-scale reforming, 217
hydrochloric acid, 41
hydrocracking, 5, 8–11, 16, 518
– homogeneous catalysts based, 10
hydrodesulfurization, 3, 5, 16, 238
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hydrodesulfurized products, 7
hydrofining, 7
hydrogen, 19, 135, 491, 546, 566, 601, 763, 891
– absorption, 784
– adsorption of, 493
– alloys interactions, 764
– applications, 891
–– and production processes in a refinery, 5
– automotive industry, 491
– based on biomass, 393
– bomb, 934
– bonds, 115, 591
– cars, 219
– cities, 1058
– communities, 1058
– compressed gaseous, 601
– compressibility factor of, 606
– compression work of, 614
– containing pressure vessels, design, 715
– conversion, main challenge for, 278
– as coupled stream
–– in electrolytic production of chlorine,

28–29
– data reported by Eurostat, 20–21
– density of, 569
– desorbstion, 791
– desorption
–– from sodium alanate, 774
– diffusion, 771
– dissociation–recombination reaction, 771
– distribution
–– to a filling station, 401
–– of produced hydrogen, 399–400
– distribution costs, 410–411
–– distribution cost for a mean transport

distance, 410
– economy, 283, 1075
– energy applications of, 784
– energy industries, 491
– energy relevant properties, 764
– European production, 20
– fractionation by gas permeation, 516–518
– fuel cell vehicles, 217, 1034
– as a fuel, importance and applications, 419
– fuel properties of, 1013
– fuel storage system, 980
– gas, 1011
–– enthalpy of combustion, 461
–– storage, 1077
–– turbine technology, 1019
– generation processes, indicated by educt

mixture, 194
– heat flow of, 624

– H2-PSA unit, 502
–– improvement of, 502
– hydricity, 1075
– ideal fuel, 1093
– ignition delay time of, 1014
– implementing agreement, 59, 81
– inorganic solids interaction, 764
– Islands Initiative, 1094
– isotopes, 566, 764
–– deuterium, 764
–– tritium, 764
– isotopes storage, 785
– Joule–Thomson coefficient of, 608
– laminar flame speeds of, 1016
– lean molecules, 814
– liberatation, 791
– liquid hydrogen storage, 601
– management, 14–16
–– network, 16
– metal interactions, 763
– molecule, 565
– network optimization, 3
– ortho, 606
– para, 606
– pressures, 7, 1085
– production
–– in nature, diverse pathway for, 464
–– route, 491
– properties of, 461
– purging cell, 997
– purification, 491
–– membranes, 1008
– purity, 221–223, 491, 495
–– upgrade, 15
– quality, 912
– real gas behavior of, 622
– real isentropic exponent of, 610
– recovery of, 492
– in refineries, 4, 491
– refueling stations, 217
– refueling with compressed, 601
– release unit (HRU), 827
– requirements worldwide, 331
– reversible orption of, 765
– -rich fuels, 1011
– as road transport fuel, 601
– roles along chemical value chain, 19
– safety and the elements of risk, 934–935
– as secondary energy carrier, 891
– selective membranes, 526
– solubility, effect of salt on, 631
– in space applications, 951
– speed data of, 1016
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– storage, 601, 767, 1085–1086
–– compressor, 1083
–– fuel cell, 1083
–– options, 712
–– systems, 173
–– tank, 1080
– supply infrastructure, 393, 1076
– technologies, under research,

development, 59
– temperature, 614
–– change during expansion of, 616
– thermal conductivity of, 579
– in thermal processes, 4
– thermodynamic properties with methane,

comparison of, 606–610
– uses and applications of, 36
– utilization, 15, 16
–– across different sectors, 20
–– technologies, commercialization of, 1076
– variation of storage tank
–– pressure of, 621
–– temperature of, 621
– vehicles, 1093
– volume required to store, 1086
– yield, 202
hydrogen and Fuel Cells in the Economy

(IPHE), 81
– mission of the International Partnership, 81
hydrogenases, 463, 465, 466
– active-site structures of, 467
– carbon monoxide, 467
– catalytic activity of, 466
– classes, identified, 466–467
– for H2 production, 466
– hydrogen uptake, 467
hydrogenation, 4, 7, 10, 237, 815
– of aromatics, 11
– selective, 11
hydrogen/carbon monoxide separation, 517
– methanol production, 517
– purge gas, 517
hydrogen combustion properties of, 1012
– flame speed, 1012
– flame temperature, 1012
– ignition delay time, 1012
hydrogen cost
– calculation, 836
–– bottom-up approach, 836
–– top-down approach, 836
–– total cost of ownership (TCO)

approach, 836
– in Europe, 838
– in Germany, 838

– in Japan, 837
– in USA, 836
hydrogen delivery, 849, 900
– CGH2 delivery, 901
– challenges, 849
– costs, 850
– infrastructure, 849
– LH2 delivery, 901
– opportunities, 849
– pipeline delivery, 901
hydrogen demand, 850
– daily, 850
– hourly, 850
– seasonally, 851
– variation, 850
– weekly, 850
hydrogen diffusion, in metals, 583–587
– electrochemical formation, 595–597
– fluorite, 583
– metallic membranes, 585
– permeation coefficient for selected transition

metal membrane, 586
– rock salt, 583
– Sievert’s law, 583
– wurzite, 583
hydrogen embrittlement, 878
– chemical hydrogen reaction, 878
– environmental hydrogen, 878
– metallic–physical processes, 878
hydrogen energy project, 935
– ALARP approach, 935
– Do no harm approach, 935
hydrogen energy storage, 1082
– potential for, 1082
hydrogen energy systems
– NFPA 2: “Hydrogen Technologies

Code,” 941
– NFPA



52, 941
– regulations, codes, and standards, 940–942
– Vehicular Gaseous Fuel Systems Code, 941
hydrogen evolving catalyst (HEC), 448, 450
hydrogen filling stations, 895
– technical concepts for, 895
–– facility size, 907
–– hydrogen delivery, 900
–– hydrogen production, 895
–– hydrogen refueling stations

components, 902
–– hydrogen refueling stations, integration

of, 906
–– space requirements, 907
hydrogen fuel cell electric vehicles

(HFCEVs), 849
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hydrogen/hydrocarbon separation, 518
– boiler fuel, 518
– cold train distillation, 518
– Huntsman Advanced Materials, 514
– hydrocracker, 518
– hydrotreater product gases, 518
hydrogenics electrolyzer, 1065
Hydrogen Implementing Agreement (HIA)

Task 30
– on Global Hydrogen Resource Analysis, 59
hydrogen in chemical industry, sources of, 22
– electrolytic processes, 26
–– alkaline electrolysis, 27
–– high-temperature electrolysis, 27
–– PEM electrolysis, 27
– hydrogen as coupled stream
–– in electrolytic production of chlorine,

28–29
– hydrogen production
–– steam reforming vs. electrolysis, 28
– process variations, 25
–– autothermal reforming, 25
–– gasification, 26
–– other waste and coupled streams, 26
–– partial oxidation, 25
–– pre-reforming, 25
–– water–gas shift conversion, 26
– steam reforming, 23–25
– synthesis gas-based processes, 22–23
hydrogen infrastructure, 835, 907, 965
– compression, 835
– delivery cost, 835
– dispensing cost, 835
– incentives for promotion, 842
– production cost, 835
– refueling cost, 835
– social benefits, 843
– storage, 835
– subsidy for, 843
– tax credits, 842
hydrogen interacting materials, energy

applications of, 784
– chemical functions, 784
– energy storage, 784
hydrogen liquefaction, 733
– conventional process, 740
–– compression, 740
–– cooling, 740
–– expansion, 741
– economics of, 733
– hardware components, 751
–– compression, 752
–– expansion turbine, 755

–– heat exchangers, 758
– history of, 734
– principles of, 739
–– final cooling, 749
–– hydrogen liquefaction processes, evolution

of, 745
–– nitrogen Brayton Cycle precooling, 746
–– nitrogen precooling, Joule-Thomson

process, 742
–– power requirements, 739
–– precooling part, process design of, 745
–– precooling purposes, mixed gas

refrigeration for, 748
hydrogen/nitrogen separation, 517
– ammonia production, 517
hydrogen peroxide (H2O2), 574
hydrogen physics, 565
– clathrates, 597
– hydrides, 588–597
– molecular hydrogen, 565
–– covalent bonding, 565–566
–– molecular orbitals, 565–566
–– natural isotopes, 566
–– nuclear spin-states, 566–569
–– thermodynamic properties, 569–573
– reaction kinetics, 574–578
– transport kinetics, 578–587
hydrogen pipelines, 876
– construction, 879
–– commissioning, 883
–– design parameters, adherence to, 888
–– dew point, 888
–– planning and approval, 879
–– project execution, 883
–– routes assessment, 880
–– servicing and operation, 888
–– steel material, selection of, 888
–– welding additive material, 888
– decommissioning, 888
–– backfilling, 888
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– investment costs, 882
– operations, 886
–– control center, 886
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–– regular route inspections, 887
–– repair, 886
–– troubleshooting, 886
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– system, 284
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hydrogen producing countries, 876
– Belgium, 877
– France, 877
– Germany, 877
– Japan, 876
– Netherlands, 877
– USA, 876
hydrogen production, 12–14, 20, 88, 895, 1042
– biological, 463, 900
– from biomass, 896
–– biogas reforming, 897
–– biomass gasification, 897
–– glycerol reforming, 897
– from biomass as feedstock, 422–423
– byproduct hydrogen, 900
– by other organisms, 473
– by photosynthetic organisms, 461, 463
–– in the presence of sunlight, 464
–– source of renewable energy, 463
– plant, 1042
– power, 1042
– processes, and impact on environment, 418
– from solid fuels (coal, biomass), 242
–– basic principles and reactions of syngas

production from solid fuels, 242
–– hydrogen production by gasification of solid

fuels, 242–244
– by steam reforming, 900
– through electrolysis, 897
– via methane reforming, 152
hydrogen production costs, 406, 408–410
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time horizons, 406
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– and distribution costs, 407
– economic assessment, assumptions for, 407
– guideline VDI number 6025, 406
– sensitivity analysis, 409
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– fuel cell/battery hybrid vehicle, 1077
– hydrogen compressor, 1077
– hydrogen gas storage, 1077
– Promoting Unst Renewable Energy

(PURE), 1077
– studied, planned, and completed projects
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hydrogen, properties at low temperature, 735
– ortho and para modifications, 735
– thermodynamic properties, 735
hydrogen refueling stations (HRSs), 892, 923

– approval process for Germany, 928–930
– average pressure ramp rate

methodology, 894
– basic requirements for, 892
–– bus refueling, 894
–– car refueling, 892
– challenges, 907
–– approval processes, 910
–– costs, 909
–– gauged H2-metering, 911
–– hydrogen quality, 912
–– refueling, technical guidelines, 911
–– reliability, 910
–– standardization, 907
– codes of practice for, 920–921
– construction recommendations for,

923–924
– country/location specific issues related

with, 924
– design/construction recommendations

for, 923–924
– design of, 923
– globally harmonized standards, need for, 923
–– Technical Barriers to Trade (TBT), 923
––World Trade Organization’s (WTO’s), 923
– maintenance of, 924
– major components of, 902
–– compressors, 903
–– controls, 905
–– gauges, 905
–– sensors, 905
–– valves, 905

–– dispenser, 905
–– hydrogen storage, 902
–– pre-cooling, 904
–– production, 902
– operation of, 924
– procedures for the permission for, 924–930
–– in European Union, 924–930
– referencing of standards, 922–923
– regulations for, 919–920
–– decisions, 920
–– directives, 918
– requirements for the approval of, 923–924
– risk assessment methodologies for approval

of, 924
– technology standards for, 921–922
–– direct referencing, 922
–– indirect referencing, 922–923
– vehicle interface requirements, 924
hydrogen, role in wind electricity

generation, 1055
– electricity storage, 1056
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– fuel production, 1058
– mini grids, 1056
– three configurations, comparison of, 1059
hydrogen safety research, 943
– hydrogen storage systems safety

research, 944
– research on physical behavior of leaked or

leaking hydrogen, 943–944
– research supporting early market

applications, 945
– risk mitigation measures, research on,

945–947
– simplified tools to assess and mitigate

risk, 947
hydrogen separation, 516–519
– carbon monoxide separation, 517
– energy generation processes, 516
– fractionation applications in hydrogen

production, 519
– hydrocarbon separation, 518
– from hydrocracker flash gas, 532
–– gas permeation unit for, 532
–– hydrogen content in retentate, 533
– by membrane technology, 531
–– from hydrocracker flash gas, 532–533
–– from purge streams in ammonia

production, 531–532
– nitrogen separation, 517
– with polymeric membranes, 509
– from purge streams, 531
–– purge gas treatment in ammonia

production, 532
hydrogen sorption-enhanced reforming

(HSER), 229
hydrogen stations, 835
– off-site, 835
– on-site, 835
hydrogen storage, 781, 791, 811, 902
– CGH2 storage, 902
– in complex hydrides, 773
– gravimetric energy density, 813
– high open-porosity structures for, 781
– in intermetallic compounds, 767
– LH2 storage, 903
– for light-duty fuel cell vehicles, 792
– metal hydrides based requirements, 792
–– buffer hydrogen, 796
–– containment tank, 794
–– desorption kinetics, 797
––material compaction and heat transfer, 799
–– material thermodynamics, 794
–– operating temperatures, 792
–– sorption kinetics, 798

– on-board efficiency, 792
– physisorption, 781
– solid hydrogen storage, 903
– for submarines, 1002
– volumetric energy density, 813
hydrogen storage, in vehicles, 691–693
– design of a tank system, 695–697
–– container, for compressed gas

storage, 697–699
–– flow diagram, for compressed

hydrogen, 696
– pressurized storage, advantages of, 693–695
hydrogen storage projects, 650
– pure hydrogen storage projects, 650–651
– town gas storages, 651–652
hydrogen sulfide, 5, 6, 7, 10
hydrogen sulfite, 635
– impacts on the energy balance, 635
hydrogen transportation, 811, 833, 875
– dry mode, 877
– economics, 836
–– cost, 836
–– social cost and benefits, 841
– embrittlement, 878
– fuel cell electric vehicles (FCEVs), 833
– hydrogen infrastructure, 835
– low pressure levels, 878
– pipelines refitting, 877
– safety related issues, 877
hydrogen transport kinetics, 578–587
– diffusion in gasses, 579–580
– diffusion in metals, 583–587
– diffusion in polymers, 580–583
– permeation in metals, 583–587
– permeation in polymers, 580–583
– thermal conductivity, 578–579
hydrogen utilization, in chemical industry, 32
– ammonia, 32–34
– methanol, 34–36
hydroisomerization, 5
hydrophilic electrode, 303
hydroprocesses, in refinery, 4
hydroprocessing operation, 15
hydroprocessing parameters, 6
hydro storage, 265
hydrothermal biomass conversion, 109, 113
– and saturation pressure curve of water, 110
hydrothermal carbonization, 113
hydrothermal degradation
– of sodium acetate, 116
hydrotreater product gases, 518
hydrotreating, 7, 8, 10, 11
– catalysts, 11
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– processes, 6–8
– technology, 16
hypothetical energy system of future, 1076
HyWindBalance project, 1057

i
ICE. see internal combustion engine (ICE)
Iceland, 1080
– ECTOS Hydrogen Fueling Station, 1080
– geothermal renewable energy, 1080
ICEVs. see internal combustion engine vehicles

(ICEVs)
ideal Carnot system, 91
ideal gases, 514, 567, 601, 602–603
– binary mixture of, 514
– enthalpy of, 602
– gas law, 602
– hydrogen, 567
– internal energy of, 602
– isentropic relations for, 609
– isobaric heat capacity, 602
– isochoric heat capacity, 602
– self diffusion coefficient of, 579
– state equation of, 572
– thermodynamic properties of, 601
ideal gas law, 176
IGCC. see integrated gasification combined

cycle (IGCC)
ignition delay time, 1014
– pressure and temperature influence on, 1015
ignition temperature, 188
immobilization, 429
indirectly heated reactors, 159
– heat transfer medium, 159
–– air, 159–160
–– molten salts, 160–162
–– sodium (Na) vapors, 160
–– solid particles, 162–163
indirectly irradiated allothermal reformer, 155
indirectly irradiated integrated tubular reactor/

receiver, 155
indirectly irradiated reactors, 168
indirectly irradiated receivers (IIR), 155
indirect method, 611
indium oxide, 447
industrial reformers, typical
– schematics of operation of, 153
industrial reformer unit, components, 218
industrial residues, 424–425
industry standards, 921
inner city bus application, operational

environment of, 966
InP photoelectrode, 450

insoluble materials, 5
in-space propulsion, 960–961
insulation, 713
insulation materials, 430
integrated gasification combined cycle

(IGCC), 1021
intelligent control algorithm, 1092
intermetallic compounds, 767
– AB type alloy TiFe, 772
– AB5 type compounds, 771
– AB2 type hydrogen absorbing alloys, 771
– hydrides, 773
intermittent renewable energy sources, 261
– integration, options for, 261
internal combustion engine (ICE), 971
internal combustion engine vehicles

(ICEVs), 852
internal energy, 618
– rate of change of, 618
International Association for Hydrogen

Energy, 82
International Association for Hydrogen

Safety, 934
international collaborations, to prioritize

hydrogen safety research, 942
– comparative risk assessment studies
–– of hydrogen and hydrocarbon fueling

stations, 2008, 943
– Knowledge Gaps White Paper, 2008,

942–943
– survey of hydrogen risk assessment

methods, 2008, 942
International Energy Agency (IEA), 59
International Networks, 80–81
– European Hydrogen Association (EHA), 81
–– Project HyER, 81
– Hydrogen and Fuel Cells in the Economy

(IPHE)
–– mission of the International

Partnership, 81
– Hydrogen Implementing Agreement of, 81
– International Association for Hydrogen

Energy, 82
International Organization for Standardization

(ISO), 921
International Standard Organization

(ISO), 861
interstitial (metallic) hydrides, 592–593
– direct reaction of the elements, 594
– pressure isotherms for the hydrogen, 595
– properties of ternary interstitial

hydrides, 593
– ternary Interstitial hydrides, 592
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– thermally activated reaction, 594
inverters, 1083
investment cost, for power and gas

networks, 276
ion exchange membrane, 47
– cross section, 47
– electrolyzers, 46
ionic compressor, 904
ionic hydrides, 588–590
– BeH2, 590
– Brønsted acids, weak, 588
– crystal structures for, 590
– direct reaction of the elements, 593
– nucleophiles, 588
– overview of the (stable) binary hydrides of all

elements, 589
– thermally activated reaction, 593
ionic liquids (ILs), 302
ionic resistance, 293
iridium oxide (IrO2), 340
iridium utilization, 351
iron based ammonia synthesis catalyst, 238
iron oxide (Fe3O4), 185, 634
iron sulfide (FeS), 185
isenthalpic expansion, 613
– direct method for, 615
– indirect method for, 615
isentropic compression, 611–615
isentropic expansion, 613
isentropic exponent, 609–610
– relations for ideal and real gases, 609
– thermodynamic properties, definitions

of, 604
islanded systems, 1056
ISO. see International Standard Organization

(ISO)
iso-butane, 10
isobutyraldehyde, 473
isocyanates, 52
isomerization, 10
isooctane, 203
isothermal compression, 611–615
isothermal refueling, 799
isotope separation, 785
ITHER project, 1058

j
jacket cooling, 611
Japan
– energy framework and relevant policies,

78–79
–– energy policy, 79
–– Energy White Paper, approval for, 78

– hydrogen related energy policy strategies, 79
–– goal for 2025, 79
– hydrogen research, development,

demonstration, and deployment
activities, 80

–– METI, subsidiary program for, 80
–– NEDO role, 80
– Japanese commercialization scenario for

hydrogen and fuel cells, 79
– JHFC3 outline of a demonstration

project, 80
Japanese Atomic Energy Research Institute, 88
jet fuels, 3, 5, 201
Joule–Thomson coefficient, 606, 607
– effect, 607
– expansion, 607
Joule–Thomson effect, 515, 572–573, 602
– coefficient of hydrogen, 573
– real gas, 572
Joule–Thomson Process, 742

k
kerosene, 5, 8, 143
– fraction, 8
– -range material, 10
Koppers–Totzek process, 243
the Kyoto Protocol, 87–88

l
Landolt-Börnstein series, 771
landscape conservation, environmental

legislation to, 1056
lanthanum-strontium-vanadium-oxide

(LSV), 545
large specific impulse (ISP), 951
Laves phase alloys, 771–772
law of mass conservation, 617
LCA (life cycle assessment) methodology, 403
– steps and assumptions for biohydrogen

concepts, 404
LDI. see lean direct injection (LDI)
lead acid, 265
– batteries, 991
leading automotive companies (OEM), 919
leaf H2 Production, 472
– artificial leaf, 472
– artificial photosynthesis, 472
– electrocatalyst, 472
– semiconductor photoelectrochemical

materials, modern, 472
lean direct injection (LDI), 1023
lean premixed combustion (LPC)

technique, 1012, 1019, 1024
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LEL. see lower explosive limit (LEL)
Lewis number, 1017
LH2. see liquefied hydrogen (LH2); liquid

hydrogen (LH2)
LHV. see lower heating value (LHV)
light intensity, 470
lignin, 115
– degradation of, 115
– hydrothermal biomass degradation
–– simplified reaction scheme of, 117
lignocelluloses, 114, 420
lignocellulosic feedstock, 431
Li-ion battery technology, 978
liquefaction, 764, 866
liquefied hydrogen (LH2), 441, 733
– properties, 733
–– high energy density, 733
–– light weight, 733
–– low environmental impact, 733
– pump, 904
liquid hydrocarbon fuels, 143
liquid hydrogen (LH2), 812, 903, 951, 1085
– advantages of compression, 717
– based hydrogen stations with cryogenic

compression, 717
– compression, advantage of, 717
– cryogenic compression, 717
– heat receptivity of, 716
– refueling, 717
–– unit, 718
– storage, 713, 715–716, 719, 724
– tank insulation, 953
– thermodynamic opportunities, 714
– usage, constraints due to, 952–953
liquid hydrogen delivery pathway, 864
– challenges, 865
–– boil-off losses, 865
–– liquefaction, 866
–– underground storage, 866
– components layout, 864
– cost estimates, 864
liquid hydrogen, for access to space, 951
liquid hydrogen, safety related

precautions, 939–940
liquid hydrogen storage systems, 173
liquid hydrogen tankers, 849
liquid organic hydrogen carrier (LOHC)

systems, 814
– alicyclic compounds, 814
– applications of, 822
–– in energy transport over long

distances, 824
–– in mobile sector, 827

–– in storage of renewable energy
equivalents, 823

– development of, 819
– ecotoxicological properties, 815
– heteroalicyclic compounds, 814
– liquid aromatic or heteroaromatic

compound, 814
– toxicological properties, 815
Liquid oxygen, 996
liquid oxygen (LOX), 951–952
– tank, 1009
liquid-petroleum gas (LPG), 209
liquid storage, 951
– larger ISP, of liquid propellant, 951
– mass efficiency, 951
lithium ion [Li-ion], 265
LOHC. see liquid organic hydrogen carrier

(LOHC) systems
London forces, weak, 591
low carbon technologies, 256
lower explosive limit (LEL), 1041
lower heating value (LHV), 318, 614, 1012
low gravity environment, relevant tests

in, 958–960
– CPSTmission, illustrating technologies, 960
– demonstration with liquid hydrogen, 959
– source of analysis
–– on predicted liquid hydrogen behavior, 959
– spherical liquid hydrogen tank, 958
low-temperature metal hydride (LTMH)

systems, 791
low-temperature water–gas shift reactor

(LT-WGS), 176, 185
LOX. see liquid oxygen (LOX), tank
LPC. see lean premixed combustion (LPC)

technique
LPG (liquefied pressurized gas), 24–25
LSV. see lanthanum-strontium-vanadium-

oxide
LTMH. see low-temperature metal hydride

(LTMH) systems
Lurgi-MegaMethanol Process, 35

m
magnetite, 91
manganese, 91
manganese ferrite plus activated sodium

carbonate system, 93–94
Mark 13A cycle, 98
markets, energy price variation in, 1056
Mark 13 V2 , as hybrid cycle, 98
mass fractions, 800
mass transport, 174
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material compaction, 799
material densities, 800
material fill factor, 800
MATLAB Simulink software, 398
maximum vehicle velocity, 967
MCFC. see molten carbonate fuel cells
MDEA. see methyl-diethanolamine
MEA. seemembrane electrode assembly (MEA)
medical oxygen, 996
medium-temperature metal hydride (MTMH)

system, 791
mega-ammonia technology, 34
membrane bioreactor (MBR), 427
membrane cell process, for production of

chlorine, 29
membrane classification, 519
– free volume, quality of the, 520
– hydrogen, properties of, 520
– Kuhn segments, 519
– rubbery polymers, 519
membrane electrode assembly (MEA), 338,

995
membrane electrolysis process, 47
membrane gas separation, basics of, 510–516
– chemical potential, 511
–– difference in, 510
– coating technique, 511
– gas separation membrane process, 510
– isenthalpic throttling, 515
– model for membrane modules, 516
– permeate, 510
– permeate pressure, applied, 516
– permeation mechanism, 513
– pressure ratio, definition of, 513
– retentate, 510
– solution diffusion mechanism, 511
– sorption coefficient, 513
– thermodynamic equilibrium, 512
– transport resistances in gas permeation, 511
– types of membranes, 510
–– carbonous membranes, 510
–– ceramic membranes, 510
–– metal alloy membranes, 510
–– polymeric membranes, 510
membrane humidification, 974
membrane material classification, 519–520,

528–531
– based on glassy polymer, 528
–– chemical structure of Matrimid



, 531
–– diffusion selectivity, 529
–– industrial membrane gas separation, 530
–– permeability selectivity of polymer,

530

–– polymers of intrinsic microporosity
(PIM), 530

–– Robeson plot, 530
–– scheme of polyimide conversion, 531
– based on rubbery polymers, 527
–– chemical structure of PolyactiveTM, 528
–– gas transport properties of selected

polymers, 529
–– poly(ethylene glycol) (PEG), 528
membrane materials, 519
– classification of, 519–520
– defect curing, 524
–– Poiseuille mechanisms, 524
– geometrical classification, 523–524
–– Loeb–Sourirajan integral asymmetric

membranes, 523
– morphological classification, 520–523
membrane modules, 510, 519
– classification of, 523
–– flat sheet modules, 526–528
–– hollow fiber modules, 525–526
membrane morphological classification, 519
– cross-section of gas separation

membrane, 520
– cross-section of polyacrylonitrile porous

membrane, 522
– gas separation membranes, 520
– Knudsen flow, 520
– plasticization of pores walls, 520
– surface porosity, 522
– TFC membrane, 521
membrane reformer (MRF), 230
membrane technology, 41, 46, 517
Mercedes Benz F-cell passenger car, 979
mercury
– cell process, for production of chlorine, 30
– cell room, 44
– electrolyzer, 44
–– technology, 43–45
– environmental and health problems, 41
mesophiles, 429
metal alloy membranes, 511
– palladium, 511
metal alloys, 448
metal-based catalysts, 10
metal chips, 143
metal electrodes, 297
metal hydrides (MH), 441, 791, 1085
– CPI characteristics of, 1003
– -filled pressure container, 705
– formation, thermodynamics of, 765
– for stationary storage, 659
– storage
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–– cylinders, 1002
–– devices, 704
–– systems, thermal integration of, 792
metallic membranes, 585
metallic piping, 545
metalloprotein, catalytic, 463
metal membranes, 511
– palladium, 511
metal/metal oxide thermochemical cycles, 89,

90
– CeO2/Ce2O3, 95–96
– Fe3O4/FeO as redox material, 90–91
– ferrites, 91–93
– hercynite cycle, 93–94
– manganese ferrite plus activated sodium

carbonate, 94
– production of hydrogen based on, 90
– Zn/ZnO, as promising redox system, 94–95
metal nitrides (M3Nx), 775
metal-on-metal sealing, 645
metal–organic frameworks (MOFs), 499
– lower density of, 499
metal oxides (MOs), 89, 90, 447
– catalyst, 7
– cycles, 89
metal pnictides, 443
metering, 644
methanation, 179, 238, 867
– with CO2, 255
methane, 110, 143, 544, 546, 606, 814
– as carrier gas, 140
– catalyst poison, 546
– comparison of thermodynamic properties

with hydrogen, 606–610
– compressibility factor of, 606
– compression work of, 610
– conversion
–– into acetylene and hydrogen, 142
–– into hydrogen and C2 hydrocarbons, 141
–– main products, 134
–– rate, 136
– decomposition, 153
– direct methods for, 617
– flow rate, 136
– formation, 179
– fuel properties of, 1013
– heat flow of, 624
– indirect methods for, 617
– isothermal compression of, 615
– Joule–Thomson coefficient of, 608
– nickel catalysts, 546
– oxidation, 188
– positive effect on, 134

– pyrolysis, 134
– reactivity in a microwave plasma, 137
– real gas behavior of, 622
– real isentropic exponent of, 610
– reforming process, 151
– solar thermal reforming of, 157–159
– temperature, 614
–– change during expansion of, 616
– variation of the storage tank
–– pressure of, 621
–– temperature of, 621
methanogenesis, 429
methanogenic bacteria, 429
methanol, 20, 139, 174, 177, 179, 491, 814, 933
– conversion, 139–140
– diaphragm technology, 41
– Lurgi-MegaMethanol Process



, 35
– process schematics for, 36
– production data based on, 21
– reactions of syngas to, 35
– reformer, 138
–– development, 1007
–– high pressure catalytic oxidation, 1008
–– multi-stage catalytic oxidation

device, 1008
–– for submarines, 1006
–– system, 1007, 1009
methylcyclohexane, 203
methyl–cyclohexane–toluene–hydrogen

cycle, 659
methyl-diethanolamine (MDEA), 558
methylnaphthalene, 203
MGT. see micro gas turbines (MGT)
MH. see metal hydrides (MH)
microalgae, 473
– biodiesel, 473
microbial-based biofilms, 427
microbial biomass, 427
microbial immobilization, 427
microbial inventories, 635
microbial metabolism, 635
micro fuel cells, 64
micro gas turbines (MGT), 1019, 1022
microorganisms, 634
micro-sized gliding arc discharge reactor, 135
microwave plasma, 136–138
microwave plasma source, types of, 137
microwave (2.45 GHz) “tornado”-type

plasma, 138
mixed oxides, 152
mixed oxides (MnO2-CuO), 187
MK 904-mod stack design, 977
mobile applications, 309
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MODBUS communication protocol, 1066
MOFs. see metal-organic frameworks
molar concentrations, 179
molar specific enthalpy, 178
molar specific entrop, 178
molecular hydrogen, 19, 583
– diffusion coefficients of, 583
molecular orbitals, 565–566
– antibonding MO, 565
– bonding, antibonding molecular orbitals of

H2 molecule, 566
– heteronuclear molecules, 566
– nuclear spin-states, 566–569
molten carbonate fuel cell (MCFC), 64, 544
molybdenum, 11
– oxides, 7
Mo–Ni/Al2O3 catalyst, 141
monolithic ceramic structures
– explored as volumetric receivers, 155
monoolefins, 8
Monte Carlo program, 782
MOs. see metal oxides (MOs)
MTMH. see medium-temperature metal

hydride (MTMH) system
multi-column PSA, 502
– large flows of gas, approach to handle, 502
– twelve-column PSA cycle, 503
multi-fuel reforming, 174
multivalent metals, 89
municipal sewage, 431
mutual solubility, of hydrogen and water, 631

n
NaAlH4. see sodium alanate (NaAlH4)
Nafion ionomer, 339
Nafion membrane, hydrated, 1088
– oxygen permeation rate through, 1088
nano- and microstructured

photoelectrodes, 455–457
nanosecond pulsed DBD system, 141
nanostructures, 300
naphthas, 7, 218, 224
– hydrotreater, 5
naphthenes, 8
National Bureau of Standards (NBS), 734
National Fire Protection Association, 941
National Hydrogen and Fuel Cell Technology

Innovation Programme (NIP), 60–61
– defined goals for, 61
– financial requirements for, 61
– first/second phase of, 61
– research, development and demonstration

projects within, 61

– total budget within, 61
National Renewable Energy Laboratory

(NERL), 836
natural gas, 3, 201, 218, 237, 545, 601, 1076
– autothermic reforming of, 249
– combined cycle (NG-CC), 1021
– composition of, 601
– fuel properties of, 1013
– pipeline grid, 1011
– price projections, 227
– syngas by steam reforming, 246–249
–– equilibrium content of methane, 247
–– evolution of methane conversion, 249
–– main reaction, 246
–– primary reformer, 248
–– secondary reformer, 250
–– temperature profile and heat fluxes, 248
– typical process data for steam reforming/

secondary reforming, 250
natural isotopes, of H2, 566
– Au-electrodes, 566
– deuterated water, 566
– deuterium, 566
– mass difference, high, 566
– neutron, 566
– protium, 566
– Pt-electrodes, 566
– tritium, 566
– water electrolysis, 566
natural polymers, for immobilization, 429
NBS. see National Bureau of Standards (NBS)
NeBus prototype, 976
NeBus technology, 971
– electronic brake paddles, 987
– fuel cell drive train data for, 983
– test and field experience, 982
NEC. see n-ethyl-carbazole (NEC)
NECAR 2 fuel cell engine, 973
NEDO. see New Energy and Industrial

Technology Development Organization
(NEDO)

NERL. see National Renewable Energy
Laboratory (NERL)

Nernst equation, 1085
n-ethyl-carbazole (NEC), 816
new combustion systems for gas turbines

(NGT), 1023
New Energy and Industrial Technology

Development Organization (NEDO),
837

NG-CC. see natural gas, combined cycle
(NG-CC)

NGOs, 81
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NGT. see new combustion systems for gas
turbines (NGT)

n-hexadecane, 141, 143
Ni alloys
– tafel slopes of, 299
Ni/Al2O3 catalysts, 188
Ni-based catalysts, 152
– inhibit carbon formation, 153
Ni catalysts, 136, 201
NiCGO. see nickel-ceria-gadolinium-oxide
nickel, 11, 48, 91
– catalysts, 546
nickel-ceria-gadolinium-oxide (NiCGO), 545
nickel hydroxide cathode, 771
nickel-metal hydride (NiMH), 265, 771
nickel oxide-silica-alumina, 7
Ni electrode, 299
Ni-gadolinium doped ceria (NiGDC), 545
Ni/γ-Al2O3 catalysts, 139
NiGDC. see Ni-gadolinium doped ceria
NiMH. see nickel-metal hydride (NiMH)
nitric acid, 32
nitrogen, 5, 134, 224, 403, 547, 888
nitrogenase, 465, 466
– active site of, 469
– endergonic reaction, 469
– nitrogen fixation by, 469
nitrogen-based fertilizers, 19
nitrogen fertilizers, 32
nitrogen monoxide (NO), 1019
nitrogen oxide (NOx), 1013
nitrogen source, 470
nitrogen starvation, 471
nitrous oxide (N2O), 1019
NiYSZ. see Ni-yttrium stabilized zirconia
Ni-yttrium stabilized zirconia (NiYSZ), 545
NO. see nitrogen monoxide (NO)
noble metal-free catalysts, 441
noble metal oxides, 448
non-catalytic partial oxidation, 25, 237
nondestructive hydrogenation, 5
non-nuclear submarines, 991
non-thermal plasmas, 132
– gliding-Arc plasma, 132
– types, in hydrogen production from

hydrocarbons, 133
– used in hydrogen production, 133
North American Free Trade Agreement, 922
Norway
– energy framework and relevant policies,

65
–– climate and energy fund, 65
–– CO2 emissions, 65–66

– hydrogen related energy policy
strategies, 65–66

–– carbon capture and storage (CCS)
program, 65

–– zero emission vehicles, 66
– hydrogen research, development,

demonstration, and deployment
activities, 66–67

–– HyNor Project, 67
–– Norwegian R&D institutions related to

hydrogen, 66
–– Transnova Hydrogen Projects, 68
–– ZEG Power, 67
n-TiO2 layer, internal resistivity, 447
n-tridecane, 143
nuclear energy, 1053
nuclear reactors, 87, 88
nuclear spin-states, 566–569
– antiparallel, 567
– diatomic molecules, 568
– equilibriumcompositionof(normal)n-H2, 567
– fermions, 566
– molar heat capacity of p-H2, 568
– normal H2, 567
– ortho-H2, 567
– para-H2, 567
– parallel, 567
– paramagnetic materials, 567
– quantum number, 568
– wave function, total, 568
nuclear very high temperature reactors

(VHTRs), 96
nucleophiles, 588

o
octane, 203
– number, 8, 218
ODC. see oxygen depolarized cathode (ODC)
OEMs. see leading automotive companies;

Original Equipment Manufacturers (OEMs)
ohmic resistance, 293
oil refining, 153
OM 908 bus diesel engine, 977
one motor approach, 971
one-motor-design, 978
on-site hydrogen supply, 217
on-site reforming, 217
operating expenditure (OPEX), 733
operational management and

experiences, 1045
– activated electrodes, influence of, 1049
– dynamic load, 1045
– temperature influence on stack voltage, 1047
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– voltage efficiency of electrolyzer, 1050
OPEX. see operating expenditure (OPEX)
optimization
– of power system operation with intermittent

generators, 277
organic acids, 427, 635
organic fertilizers, 140
Original Equipment Manufacturers

(OEMs), 852
ortho-H2, 566–569
osmosis, 509
Ostwald process, 32
overvoltage, 448
oxalate, 116
oxidant, 133
oxidation, of hydrochloric acid, 41
oxidative desulfurization, 16
oxinitrides, 447
oxygen, 180, 1093
oxygenates, 139
oxygen depolarized cathode (ODC)
– chlorine-alkali production with, 49–51
– cross section of NaCl ODC based electrolysis

halfshell, 51
– electrochemistry of chlorine production with

ODC technology, 49
–– reactions, 49
– electrochemistry of NaCl electrolysis

with, 50
– structure, 50
oxygen sensor, 1008
oxygen-to-carbon ratio (O/C), 200, 204

p
PA. see polyamide (PA)
PACDisplay environment, 1066
Pacific Northwest National Laboratory

(PNNL), 858
palladium, 511
paper industry, 53
para-H2, 566–569
– heat capacity (cV), 568
– thermal conductivity of, 568, 569
parallel compressed gas, 704
parallel hydride/compressed gas storage, 704
paramagnetic materials, 567
partial methanol flux, 138
partial oxidation, 25, 133, 220, 237, 331
– of methane to syngas, 139
– of propane to syngas, 134
partial oxidation (POX), 5, 131, 133, 136, 142,

146, 206
particle size, 351

particulate matter, 552
– electrostatic forces, 554
– electrostatic interaction, 552
– electrostatic precipitators (ESPs), 554
– gravitational settling, 553
– inertial separation, 552
– separation efficiencies, 553
– technologies for particulate removal, 553
passenger car application, 966
passenger car program, 980
PCT. see pressure–composition–temperature

(PCT) isotherm
Pd/Ag membranes, 190
PDMS. see polydimethylsiloxane
Pd/ZnO catalysts, 201
PED. see pressure equipment directive
PEFC. see proton exchange fuel cell (PEFC)

system
PEFCs (polymer electrolyte fuel cells), 173
– demand highest fuel quality with, 205
– fuel processor subsystem, consisting of

autothermal reforming of diesel and a gas
cleaning unit for, 191

– gas cleaning subsystem as a possible design
for, 207

– principle scheme of gas cleaning processes,
for carbon monoxide and hydrogen sulfide
in, 206

PEG. see poly(ethylene glycol)
PEM. see polymer electrolyte membrane

(PEM); polymer electrolyte membrane
(PEM) electrolysis; proton exchange
membrane; proton exchange membrane
(PEM) technology

PEM electrolyzer, 1081
PEM FC module, 992
PEMFCs. see polymer electrolyte membrane

fuel cells
PEM fuel cells, 1086
PEM fuel cells for submarines, 993
– constructive feature of fuel cell module, 995
–– cascaded fuel cell stacks, 996, 997
–– preconditions, 995
–– pressure cushion, 998
– oxygen/hydrogen cell design, 994
–– constructive features, 994
–– fuel cell operation results, 995
– safety features of, 1001
– voltage–current characteristic of, 996
PEM-fuel cell technology, 965
permeate mole fraction, 514
petroleum
– fractions, 5
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– products, 5
– refining, 933
PFSA (perfluorosulfonic acid)

membranes, 350
p-GaP electrode, 447
phase 4 bus engine demonstrator, 977
phenols, 115
– from carbohydrates, 115
– from lignin, 115
PHEVs. see plug-in hydrogen electric vehicles

(PHEVs)
Phosphoric acid fuel cell (PAFC), 64
photocathode, 450
photocurrent, 441
photodecomposition, 464
photoelectrochemical (PEC) cells, 442, 443
– characteristic of photovoltaic component
–– of water splitting PEC, 445
– energy balance, 457
– with single photoelectrode, 443–446
– STH efficiency, 450–451
– with a tandem photocathode immersed in

acidic electrolyte, 449
– with two photoelectrodes, 446–448
– for water splitting device, 446
photoelectrochemical devices, 461
– water splitting, 442
photoelectrochemical systems, 457
– economic aspects, 457
photoelectrochemical water splitting, 442
photoelectrode preparation, 457
photoelectrodes, 447
photofermentation, 420
photofermentative hydrogen production, 420
photofermentative processes, 465
photoheterotrophic microalgae, 465
photoheterotrophs, 471
photolytic H2 production, by

microorganisms, 474
– antenna system, reduction of, 475
– biophotolysis process, 474
photosynthesis, 441
photosynthetic bacterial H2 production, 475
– metal ion, 475
– photofermentative bacteria, 475
– purple non-sulfur bacteria, 475
photosynthetic microorganisms, 476
– genetic study of, 476
photosynthetic organisms, 461, 463
– catalytic metalloprotein, 463
– cyanobacteria, 463
– green algae, 463
– hydrogenase, 463

photosystem II (PSII), 461
– CaMn4O5 cluster in, 462
– repair cycle, 469
– water oxidation, 472
photosystems, 465
– cytochrome b6f, 470
– electron transport chain, 465
– LHCII, 469
– light harvesting complexes, 465
– multiprotein complexes, 469
– plastoquinones, 470
– repair cycle, 469
photovoltages, 441, 457
photovoltaics (PV), 59
– efficiency, 446
– panels, 1083
– systems, 309
physisorption, 781
PID (proportional-integral-derivative)

controller, 232
PIM. see polymers of intrinsic microporosity
pipeline delivery pathway, 857
– challenges, 859
–– compression, 860
–– distribution, 859
–– geologic storage, 860
–– high cost, 859
–– hydrogen and material interactions, 860
– components layout, 857
– cost estimates, 858
pipeline grid, 877
pipelines, 642
piston compressors, 903
plasma, 131
– –catalyst interactions, 139
– -catalytic methanol-steam reforming, 139
– characteristics, 131
– cracking, 141
– decomposition of hydrocarbons co-produces

carbon, 131
– non-thermal, 131–132
– reactor, 134, 143
– thermal, 132
plasmagen gas, 134
plasmatron device, 133, 137
plasma type, preferred
– for hydrogen production from hydrocarbon

conversion, 147
plastoquinones, 470
platinum, 448
platinum-alumina, 7
PLC. see programmable logic controller

(PLC)
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plug-in hydrogen electric vehicles
(PHEVs), 842

PNNL. see Pacific Northwest National
Laboratory (PNNL)

policies promoting increased penetration of
renewables

– global view of, 257
pollutant level requirements, 550–551
– contaminant limits suggested, 551
– current density, 551
pollutants, 132
polyamide (PA), 879
polycyclic aromatic compounds, 10
polycyclic aromatic content, 9
polydimethylsiloxane (PDMS), 514
poly(ethylene glycol) (PEG), 528
polymer, 580
– permeation coefficient of, 580
polymer electrolyte membrane (PEM), 898,

992
– electrolysis systems, 309–310, 812
polymer electrolyte membrane (PEM)

electrolysis, 27, 312
– cell operated at temperatures range, 349
– cell under varying flows on anode side with

pin-type flow field, 347
– challenges, 334–335
– characteristic cell performance for, 313
– compression, 314
– control of temperature in, 348
– cost reduction, 350
–– catalyst coated membranes, 350–351
–– cell design, 354
–– modular system design, 354–355
–– porous transport layer, 351–352
–– separator plates, 352–354
– current-voltage characteristics and operating

ranges for, 332
– future trends in, 349–350
– gas separation in, 313–314
– general principles of, 335
– historical perspective, 333–334
– schematic of, 314
– stack design, 338
–– catalyst coated membranes (CCMs),

338–340
–– flow field designs, 344
–– porous transport layer, 340–343
–– separator plate, 343–344
– stack operation, 345
–– balanced pressure operation, 345
–– differential pressure operation, 345–346
–– thermal management, 348–349

–– water circulation, 346–348
– stacks commercial, developers/

manufacturers of, 336–337
– state-of-the-art, 335
–– stack, specifications/components of,

335–336
– with and without cathode water

circulation, 348
polymer electrolyte membrane fuel cells

(PEMFCs), 544
polymeric membranes, 509, 511
polymeric membranes classification, 519
– membrane classification, 519
–– glass transition temperature (Tg), 519
–– Kuhn segments, 519
–– morphological classification, 520–523
–– solubility exclusion mechanisms, 519
polymerization, 5, 113
polymer membrane, 1084
polymers of intrinsicmicroporosity (PIM), 530
polytrophic coefficients, 191
porous material, 492
– activated carbon, 493
– activated zeolites, 493
porous reservoirs, 631, 634
– geological storage options for hydrogen

in, 637
porous support layer, 515
– concentration gradients in, 515
porous transport layers
– gas flow from, 341
– SEM micrographs, 342–343
Porphyidium cruentum, 473
potassium chloride, 41
potassium hydroxide, 41, 1036, 1037
power plants, characteristics, 263
power quality, and reliability, 265
power rating, 264
power storage technologies, 869
– capacity, 869
– discharge time of, 869
power system
– demand-side management (DSM), 263
– flexibility resources and flexibility needs

in, 262
– IEA listing categories of flexibility

sources, 262
– operators, 1055
– supply-side management, 263
power technologies, 1089
“power-to-gas” concept, 255, 1059
power-to-gas mass energy solution, 866
– challenges and opportunities, 869
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– current applications, 867
– hydrogen methanation process, 866
power-to-gas (PtG) plants, 274–275
power-to-gas technology, 309
powertrain layout, 966
– maximum power demand, 966
– range, 966
– time for refueling, 966
– torque of drive train, 966
preferential CO oxidation, 206
Prenzlau, hybrid power plant project in, 1035,

1036
– alkaline electrolyzer, 1036, 1037
– electrolyzer operation, 1034
– overview of, 1035
pressure–composition isotherms, 765
pressure–composition–temperature (PCT)

isotherm, 797
pressure equalization, 497
pressure equipment directive (PED), 928
pressure swing adsorption (PSA), 15, 24, 221,

230, 238
pressure–temperature phase diagram,

569–571
– atomic plasma, 571
– cubic closed-packed structures (fcc), 571
– phase regions for molecular/atomic

hydrogen, 570
– supercritical fluid, 570
– triple point, 570
pressure–volume phase diagram, 571–572
– critical point (pcrit), 572
– p–Vm pase diagram of hydrogen, 572
pressurized gas storage, thermodynamics

of, 601
– compression/expansion processes, analysis

of, 610–617
–– isenthalpic expansion, 615–617
–– isentropic compression, 611–615
–– isentropic expansion, 615–617
–– isothermal compression, 611–615
– expansion processes, analysis of
–– isothermal compression, 611–615
– gas storage process, thermodynamic

modeling of, 617–619
–– application examples of, 620–624
–– refueling of a vehicle storage tank,

620–622
–– salt cavern, 622–22

–– heat transfer equations, 619
– thermodynamic properties of gases,

comparison of, 606–610
–– compressibility factor, 606–607

–– isentropic exponent, 609–610
–– Joule–Thomson coefficient, 607–609
– thermodynamic state variables, calculation

of, 602–606
–– ideal gases, for, 602–603
–– real gases, for, 603–606
probabilistic risk assessment (PRA), 935
process control instruments, 175
process engineering, 642
product gas composition, for various hydrogen

generation processes, 195
product gases, 544
production-to-demand-approach, 811
programmable logiccontroller (PLC), 905,1001
Promoting Unst Renewable Energy

(PURE), 1077
propane, 134, 143, 203
– conversion, 142
– conversion depended on, 145
propane–butane mixture (LPG), 173
propanoic acid, 139
propene, 203
propulsion and auxiliary power demand,

determination of, 966
protium, 566
proton channel, 471
– biochemical modifications of, 471
– genetic modifications of, 471
proton conducting membrane, 994
proton exchange fuel cell (PEFC) system, 792
proton exchange membrane (PEM), 1083
– technology, 965
Proton OnSite hydrogen generator, 1081
PSA cycle, improving, 501
– adsorption processes, 501
– large flows of gas, approach to handle, 502
– multi-column PSA, 502
– numerical simulation of, 502
– purge gas, 502
– rapid pressure swing adsorption (RPSA)

units, 503
– rotary valves, 503
– total cycle time, 502
– total time of, 501
– twelve-column PSA cycle, 503
– unit productivity, calculation of the, 501
PSA technology, basics, 492
– activated carbon, 493
– activated zeolites, 493
– adsorbent, 492
– adsorbent productivity, 495
– adsorption equilibrium isotherms, 492
– adsorption processes, 492
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– black-box design, 495
– black-box scheme of, 495
– blowdown step, 497
– cost of the H2 separation, 496
– cyclic adsorption–desorption operation, 496
– cyclic loading, 496
– cyclic steady state, 495, 496
– depressurization, 497
– desorption, 496
– energy consumption, 495
– equilibrium state, 492
– feed gas, 495
– fundamental operation of, 495
– gas mixture, 496
– high H2 recovery, 495
– hydrogen recovery, 497
– inlet stream of, 499
– isotherms of a contaminant, 495
– light-recycle, 497
– multicomponent gas phase, 492
– pressure equalization, 497
– pressure history, in a two-column PSA

process, 498
– pressure swing adsorption, 493
– provide purge, 498
– Skarstrom cycle, 496
– steam–methane reforming off gases, 493
– tail gas, 495
– temperature swing adsorption (TSA), 493
PSA technology, for H2 separation, 491
– basics of, 492
– improving the PSA Cycle, 501
– operating costs of, 492
PSA units, 502
– cycle times of, 502
PSI, 465
Pt and Ru catalysts, 141
Pt/CeO2 WGS catalyst, 207
PTFE coating, 352
Pt-Ru catalysts, 187
pulsed corona, 142
pulsed plasmas, 142–144
pumped hydro storage [PHS], 265
PURE. see Promoting Unst Renewable Energy
pure hydrogen storage projects, 650
– Clemens Dome, Texas, USA, 650
– Moss Bluff, Texas, USA, 650
– Teesside Project, Yorkshire, UK, 651
pure oxygen, use of, 1004
purple photosynthetic bacteria, 469
– biological nitrogen fixation in, 469
– FeMo cofactor, 469
PV array, 1087

PV–hydrogen systems, 1087
– economics of, 1087
Pyrodictium brockii, 467
pyrolysis, 8, 153, 195
pyrolytic carbon, 143
pyrophoricity, 229

q
QRA. see quantitative risk assessment
quantitative risk assessment (QRA), 924, 935
– for hydrogen safety, shortcomings, 935
–– frequency probability of component

failures, 936
–– human error, 935
–– ignition, 935
–– lack of uniform acceptance criteria, 937
–– probability of causing damage, 937
–– simplified engineering models, 936
–– uncertainties in QRA models, 937
– schematic, 936
quantum number, 568
quick charging stations, 711

r
rapeseed methyl ether (RME), 556
rapid compression machine (RCM), 1015
rapid pressure swing adsorption (RPSA), 503
rapid risk ranking (RR), 924
RCM. see rapid compression machine (RCM)
reactant filling station, 1004
reaction kinetics, 574–578
– reaction with O2

–– explosion limits, 577–578
–– microscopic mechanisms, 574–577
–– thermodynamics, 574
reaction number, defined, 178
reaction of H2 with O2

– explosion limits, 577
–– autoignition temperature of H2/air-

mixtures, 578
–– isothermal explosion, 577
–– for mixtures of H2 and O2, 577
– mechanism of, 574
–– chain reaction (unbranched), 576
–– hydrogen peroxide (H2O2), 574
–– hydroperoxyl radical, 575
–– hydroxyl radical, 575
–– isothermal explosion, 576
–– oxygen radical, 575
–– reaction between hydrogen and

oxygen, 576
–– thermal explosion, 576
– thermodynamics of, 574
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–– binary hydrides, 574
–– equilibrium constant (K), 574
–– free formation enthalpy of H2O vapor, 575
–– hydrogen fluoride, 574
–– mass action law, 574
reactor configurations, 427
– and scale-up challenges, 427
reactor improvements, and design aspects, 230
reactor operating conditions, 7
real gases, 572, 601, 603–606
– caloric equations of, 615
– direct method for, 615
– final states of, 617
– Helmholtz free energy, 603
– indirect method for, 615
– isentropic relations for, 609
– temperature of, 572
– thermal equation of state for, 603
– thermodynamic properties in terms

Helmholtz free energy, 604
– thermodynamic properties of, 601
reduce boil-off (RBO) concept, 961
reduced boil-off
– for LH2 by vapor venting and, 962
refining heavy feedstocks, 11–12
reformate gas stream, 1008
reformer technologies
– technology and pros/cons, 221
reforming reaction, 491
reforming technologies, 219, 491
refueling, 711, 713, 717
– and infrastructure perspectives, 717–719

(see also cryo-compressed gases)
refueling station, 852
– challenges, 854
–– analysis, 854
–– boil-off, 855
–– compression, 855
–– hydrogen quality, 855
–– land area, 855
–– metering, 855
–– refrigeration, 855
–– storage costs, 855
– cryo-compressed, 854
– gaseous hydrogen, 852
Regulation on Industrial Safety and

Health, 1039
Regulations Codes and Standards (RCS), 919
renewable-based hydrogen economy, 152
renewable electricity, 59, 255
renewable energy, 262, 477, 811, 1075
– alternative sources of, 477
– cost of, 1075

– import, from Iceland, 826
–– aluminum production, 826
–– hydrogen-rich LOHC systems, liquid

transport of, 826
– storage of, 813
– transport of, 813
– utilization of, 1075
renewable energy integration, 264
– non-storage options for, 264
renewable energy sources, 151, 255, 309, 417,

711, 891
– grid integration of, 309
renewable generators, 276
renewable heat source, 87
“renewable” hydrogen production route, 151
reservoir rocks, 634
resistance model, 509
retentive membranes, 427
reverse engineering, 800
– back pressure, 805
– bulk density, 803
– charge kinetic rate, 803
– discharge kinetic rate, 803
– heat exchanger tubes, 806
– heat transfer tubes, 806
– refueling pressure, 803
– refueling temperature, 803
– state-of-charge conversion, 802
– temperature profile, 802
– thermal conductivity, 805
reversible solid oxide fuel cell (RSOFC)

technology, 359, 379–383
– based sustainable energy system, 382
– cell and stack design flexibility, 362
– efficient and stable cyclic operation,

380–383
– efficient production of hydrogen and

chemicals in electrolysis mode, 364–366
– electrode performance, 379–380
– features, 361–366
– key requirements for, 379
– materials for, 361
– multi-fuel capability in fuel cell mode, 364
– operating principles, 359–360, 359–361
– performance curve of YSZ based cell, 380
– simplified system schematic, 382
– stability for reversible operation, 379–380
– ten-cell RSOFC stack and performance, 381
– voltage–current density curves, YSZ-based

cells with, 380
Rhizobium, uptake hydrogenase (HUP), 464
rhodium nanoparticles, 448
Rhodobactor sphaeroides, 476
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– light harvesting antenna complexes, deletion
of, 476

– mutation of, 476
risk management, 935
RME. see rapeseed methyl ether
RPSA. see rapid pressure swing adsorption
RR. see rapid risk ranking
RSOFC. see reversible solid oxide fuel cell

(RSOFC) technology
RSOFC technology. see reversible solid oxide

fuel cell (RSOFC) technology
Ru/Al2O3 catalysts, 188
RuOx film, 446
ruthenium dioxide (RuO2), 299
ruthenium oxide (RuO2), 340

s
Saccharomyces cerevisiae, 473
safe handling, of hydrogen, 938
– gaseous hydrogen, 939
– handling emergencies, 940
– liquid hydrogen, 939–940
safe reserve power generation systems, 1054
safety engineering, 1039
safety-related properties, of hydrogen, 937, 938
– chemical properties, 937–938
– corrosion and materials compatibility, 938
– physical properties, 937
saline aquifers, 635
salt cavern, 622
– compressed air energy storage (CAES), 622
– diagram/input parameters of, 623
– variation of the temperature, 623
salting-out effect, 632
Sankey diagram, 982
SCWG. see supercritical water gasification

(SCWG)
SDOs. see standards drafting organizations
seawater, 1092
– desalination, 1092–1093
secondary battery system, 834
selective adsorbents, 499
– alumina, 499
– capillary condensation, 499
– heavy hydrocarbons, 499
– HKUST-1 adsorbent, 499
– linear isotherm, 501
– mechanical properties of, 499
– mechanical stability, 499
– metal–organic frameworks (MOFs), 499
– particle movement, to avoid, 499
– pressure equalizations, 501
– PSA unit, 499

– silica gel, 499
– type V isotherm, 499
– vapor–liquid equilibrium, 499
– water loading of a basic gamma alumina, 499
– zeolite layer, 501
selective CO methanation, 206
self-immobilized microbes, 427
self-sustaining cooling, 713
semiconductors, 443, 447
– band gap positions, 443, 444
– materials, 441
– photoelectrochemical materials,

modern, 472
– surfaces, 19
– valence and conduction band
–– related to electrochemical redox

potentials, 444
separation devices, 189
– adsorption process, 189
– balance-of-plant (BOP) components, 191
–– heat exchangers and evaporators, 192
–– pumps and compressors, 191–192
– membrane process, 189–190
sewage sludge, 424
SHE. see standard hydrogen electrode
shock tube measurements, 1014
short term operating reserve (STOR), 277
Sievert’s law, 190
silica gel, 499
– water adsorbed in, 499
silicone, 472
siloxanes, 550
simulated grid load, 310
single-wall nanotubes (SWNTs), 784
sintering, 232
Skarstrom cycle, 492
– steps of, 496
–– adsorption, 496
–– counter-current blowdown, 496
–– counter-current purge, 497
–– pressurization, 497
SLFs. see synthetic liquid fuels (SLFs)
slurry hydrocracking, 10
small-scale CO2 capture, 231
small-scale reformer systems, 219
– categorized by defining sizes, 219
small-scale reforming, for on-site hydrogen

supply, 217
– emerging technologies, 228–229
–– clean-up technology, 230–231
–– material development, 229–230
–– reactor improvements and design

aspects, 230
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–– small-scale co2 capture, 231
– feedstock options, 223
–– biodiesel, 224–225
–– biomethanol and bioDME, 224
–– biopropane, 225
–– upgraded biogas, 223–224
– industrial reformer unit, schematics of

components in, 218
– process control, 232
– reforming technologies, 219
–– hydrogen purity, 221–223
–– partial oxidation, 220–221
–– steammethane reforming (SMR), 219–220
– small-scale reformer systems
–– categorized by defining sizes, 219
– suppliers and products, 225
–– cost trends, 225
–– central plant production, 225–226
–– economics, on-site vs. central plant

production, 227–228
–– on-site SR, 226–227

small scale water electrolyzers, 284
smart grid, 1081
SMES. see superconducting magnetic energy

storage (SMES)
SMRs. see steam-methane reformers
SNG. see substitute natural gas (SNG)
SOC. see state-of-charge (SOC)
sodium alanate (NaAlH4), 774
– dehydrogenation of, 774
– suspensions of, 774
sodium alanates, 791
sodium chloride, 41
sodium hydroxide
– usage, 53
sodium hypochlorite, 53
sodium sulfur, 265
SOEC. see solid oxide electrolysis (SOEC)
SOEC technology. see solid oxide electrolysis

cell (SOEC) technology
SOFCs. see solid oxide fuel cells
SOFC technology. see solid oxide fuel cell

(SOFC) technology
solar
– -aided chemistry, 155
– -aided methane reforming, 154
– chemical receiver/reactors, 157
– concentration systems, 154
– -driven PEC water splitting device, 457
– energy, 87, 89, 152, 267, 461
–– import, from Northern Africa, 825
– furnaces, 90
– -heated tubular receivers, 156

– H2 production, 472
– installations, 256
– irradiation, 155, 156
– light, 450
– power, 157, 260
–– plants, 266, 711
– PV systems, 258
– radiation, 91, 156
– reactors, 90
– receivers, 155
–– operational principles, 155
–– -reactor concepts, 154
– thermal power, 785
–– plants, 87
– thermal reforming, 151
–– current development status and future

prospects, 167–169
–– of methane, 157–159
– thermal water decomposition, 87, 88
– thermochemical cycles, 89
– thermochemical reactor, 96
solid fuels (coal, biomass), 242
– basic principles and reactions of syngas

production, 242
– hydrogen production from, 242
–– gasification, 242–244
solid–gas reactions, 91
solid oxide electrolysis (SOEC), 309
solid oxide electrolysis cell (SOEC)

technology, 372–379
– applications, 378–379
– Co-electrolysis of H2O and CO2, 378
– current densities at thermoneutral

voltage, 374
– efficient production of hydrogen and

chemicals in electrolysis mode, 364–366
– materials for, 361
– operation of multi-cell stacks, 373
– performance (for hydrogen production from

steam), 373
– performance degradation and life, 375–376
– performance degradation of 25-cell stack in

terms of ASR, 377
– performance of a ten-cell stack for

electrolysis, 378
– selected YSZ-based SOECs at thermoneutral

voltage, current densities for, 374
– ten-cell SOEC stack, 375
– voltage as a function of time for ten-cell

stack, 377
solid oxide fuel cells (SOFCs), 544
solid oxide fuel cell (SOFC) technology
– applications, 371–372
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– area specific resistance (ASR) breakdown, for
a planar SOFC stack, 368

– catalysts for, 201
– cathode/metallic interconnect contact

evolution, 370
– cell and stack design flexibility, 362
– cell-to-cell voltage variation, 367
– chromium poisoning of SOFC cathodes,

potential steps in, 369
– fuel utilization, 370–371
– long-term performance of 96-cell planar

stack, 371
– market sectors and applications, 372
– materials for, 361
– micrograph of Co-Mn spinel coated

interconnect, 370
– multi-fuel capability in fuel cell mode, 364
– multiple fabrication options, 362
– Ni-YSZ anode, 368
– operating temperature choices, 362, 364
– performance, 366
– performance degradation and life, 368
– power systems, 373
– single cell (anode-supported)

performance, 366
– single cells and microstructures, 362
– stacks and systems, operation and

durability, 370
– state-of-the-art SOFC single cells, 367
solid oxide fuel cell (SOFCs) technology,

366–371
– market sectors and applications, 372
solution-diffusion theory, 509
sorbent-enhanced reforming (SER), 229
sorption kinetics, 798
Sotavento wind–hydrogen project, 1065
– operation strategies tested in, 1066
–– capacity factor of wind farm, increasing

of, 1070
–– deviation correction, 1069
–– load leveling enabling distributed

generation, 1071
–– peaking plant, 1067
Spain
– electricity transport operator, 1053
– National Renewable Energy Plan, 1053
– RES2H2 site, 1060
– wind power, 1053
spark discharge, 142
special ventilation system, 1008
specific heat capacity, 175
spherical liquid hydrogen tank, 958
Spirulina maxima, 473

Spirulina platensis, 470
SSM. see supply-side management (SSM)
stable compounds, 5
stack voltage efficiency dependence, 1050
stack voltage, temperature dependence

of, 1048
standard bus diesel engine, 971
standard hydrogen electrode (SHE), 596
Standards Drafting Organizations (SDOs), 921
standards, regulations, and products,

relationship between, 921
standard systems, 1057
Starch, 470
– catabolism of, 470
state-of-charge (SOC), 797, 1090
stationary application areas, and

requirements, 660
– chemical usage, as a versatile energy

carrier, 660
– compressed gaseous tanks, 661
– delivery infrastructure, 660–661
– renewable energy production, 661
– small-scale storage facilitie, 661
– storage facilities of different sizes, 661
– underground storage facilities, 660
stationary hydrogen storage
– costs for bulk storage, 675
– economic data and targets
–– of DOE, 677
–– of EC, 677
– investment cost, based on storage size and

targets of EC for, 676
– methods for, 659
– technical and economic data, of spherical

pressure vessels, 676
– technical assessment of bulk hydrogen

storage technologies, 678–682
steam-methane reformers (SMRs), 5, 15, 493
steam methane reforming, 218, 231
steam methane reforming (SMR), 131, 151,

219–220
– steam-to-carbon ratios, 220
– water–gas shift, 220
steam reforming, 237, 331, 398
– advantage of, 194
– of natural gas, 23
storage capacity, 630
– electricity storage systems, 277
storage efficiency, 660
storage heat receptivity
– in cold operation, 713
storage parameters, 661–662
– gravimetric and volumetric capacity, 661
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– gross and net storage capacity, 662
– lower heating value (LHV), 662
– standard temperature and pressure

(STP), 662
street system infrastructure, 966
“structured” catalytic systems, 155
Structured What-IF checklisT (SWIFT), 924
submarine
– hydrogen and fuel cells in, 991
–– historical perspectives, 992
–– ThyssenKrupp Marine Systems, 992

–– overview, 991
– network system, 991
– reformer system conceptual

integration, 1008
– snorkel operation of, 991
substitute natural gas (SNG), 866
subsystem reforming. see also fuel processing
– optimization of, 193
–– catalyst development, 200–201
–– process selection and optimization, 193–

200
– technical outlook, 204–205
sugars, 471
sulfate compounds, 634
sulfur, 3, 5, 237
– impurities, 237
sulfur components, 558
– amines like diethanolamine (DEA), 558
– methyl-diethanolamine (MDEA), 558
– removal of, 558
– sodium hydroxide (NaOH), 558
sulfur compounds, 152
sulfur-containing compounds, 19
sulfur-containing hydrocarbons, 190
sulfur cycles, 96
sulfuric acid, 89, 97
sulfur–iodine cycle, 88
sulfur–iodine process, 98
sulfur–iodine water-splitting cycle, 98–99
– basic reactions, 98
– efficiency, 100
sulfur tolerance, 201
supercapacitors, 264
superconducting magnetic energy storage

(SMES), 264
superconductivity, 785
supercritical steam reforming, 195
supercritical water gasification (SCWG), 110
– biomass used for, 109–119
– catalysts, 119
– limitation, 119
–– catalyst stability, 122

–– heating-up, 119
–– heat recovery, 120
–– material choice, 121–122
–– salt deposition, 121
–– yield, 120–121
– new developments, 122–123
–– feedstock, 122–123
–– new catalysts, based on Ni-Mg-Al/Ru, 122
–– pretreatment methods, 122
– scale-up and technical application, 122
–– plant VERENA, 122
super-heater device, 972
supply-side management (SSM), 262, 263
surface tension, 303
sustainable energy system, 1075
SWNTs. see single-wall nanotubes (SWNTs)
Synechococcus elongatus, 470
syngas, 139, 237, 1011. see also synthesis gas
– ammonia syngas production fromnatural gas
–– steps, 239
– production, 153
–– based on fossil fuels and biomass, 238
–– by partial oxidation of heavy oils/

gasification, 241, 244–246
–– by steam reforming of natural gas, 246–249
–– and treatment, depending on final use, 239
– treatment steps, to remove unwanted

impurities, 237
synthesis gas, 237, 543
– ratio, adjustment of the, 509
synthetic diamond growth, 785
synthetic fuels, 36
– producer of, 36
synthetic liquid fuels (SLFs), 151

t
Tafel slope, 299
tail gas, 495
tars, 556
– separation of, 556
tars/higher hydrocarbons, 555
– catalytic reduction, 557
–– Al2O3, 557
–– fluid catalytic cracking (FCC), 557
–– synthetic catalysts, 557
– catalytic reforming, 556
– downstream processes, 556
– hot gas tar reforming, 556
– rapeseed methyl ether (RME), 556
– thermal cracking, 556
– zeolites, 557
TBAF. see tetra-n-butylammoniumfluoride
TBT. see Technical Barriers to Trade
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TCA. see temperature cycling adsorption
(TCA)

TCIs. see total capital investments (TCIs)
TCO. see total cost of ownership (TCO)
Technical Barriers to Trade (TBT), 923
technical data of, 1001
– BZM 34, 1000, 1001
– BZM 120, 1000, 1001
technologies, to remove pollutants, 551–558
– alkali components, 555
–– Al2O3, 555
–– getter materials, 555
–– overview of alkali removal options, 555
–– SiO2, 555
– cold gas clean-up (CGC), 551, 552
– hot gas clean-up (HGC), 551, 552
– particulate matter, 552–555
– sulfur components, 558–559
– tars/higher hydrocarbons, 555–558
technology options, for integrating variable

renewables, 262
technology readiness level (TRL), 1082
Teflon-sealed reactor, 450
temperature cycling adsorption (TCA), 189
temperature swing adsorption (TSA), 493
tetrahydrofuran (THF), 597
tetra-n-butylammoniumfluoride (TBAF), 597
TFC membrane, 522
– discontinuous process, 523
– resistance model of, 524
THD. see total harmonic distortion (THD)
thermal-based electricity storage, 265
thermal conductivity, 578–579, 800
– definition of, 578
– fourier’s law, 578
thermal cracking, 556–557
thermal decomposition, of water, 88
thermal dissociation, of water, 87
thermal efficiencies, 101, 136
thermal plasmas
– DC-RF plasma, 145–146
– DC torch plasma, 144–145
– three-phase AC plasma, 145
– used in hydrogen production, 144
thermal power plants, 1053
thermal reforming, 218
Thermoanaerobacterium

thermosaccharolyticum, 420
thermochemical cycles, 87
– decompose water into, 89
– historical perspective, 88
– T–S diagram of two-step cycle to split

water, 90

thermochemical hydrogen production, 87
thermochemical processes,

characterization, 393
thermochemistry, 152
thermodynamics, 88
– limitations, 174
– of methane reforming, 152
– properties of H2, 569–573
–– Joule–Thomson effect, 572–573
–– pressure–temperature phase

diagram, 569–571
–– pressure–volume phase diagram, 571–572
– properties relations, 175–178
– quantities, decision tree for determination

of, 176
– state variables, calculation of, 602–606
thermolysis reaction, 87
thermoneutral cell voltage at STP, 1050
thermophiles, 420, 429
thermophilic biohydrogen production, 420
– via dark fermentation, biochemistry,

420–421
thermophilic dark fermentation, 429
– costs of operation, reduction, 431
– problem associated with, 430
thermophilic hydrogen producing

bacteria, 420
– microbial characteristics, 421–422
thermophilic temperature, 430
Thermotoga elfii, 420
THF. see tetrahydrofuran
thin film composite membranes, 511
thylakoid membrane, 441, 465
ThyssenKrupp Marine Systems, 992
TiO2 based catalyst, 141
titanium, 352
Tokyo motor show, 833
toluene, 203, 205
total capital investments (TCIs)
– calculation, 406
– of hydrogen production, 407–408
–– cost fractions, representation, 409
– for similar technology devices, 406
total cost of ownership (TCO), 836
total European chlorine production

capacity, 28
total harmonic distortion (THD), 1062
town gas storages, 651–652
– Beynes, Ile de France, France, 654
– town gas storage at ketzin, Germany,

652–653
– town gas storage at lobodice, Czech

Republic, 652
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trace gas components, 547
– alkali compounds, 549
– biomass gasification synthesis gas, 547
– contaminants in biomass synthesis gas, 548
– halogen compounds, 550
–– C2Cl4, 550
–– halides of catalyst metals, 550
–– HCl, 550
–– HF, 550
– nitrogen compounds, 550
–– HCN, 550
–– NOx, 550
– other potential contaminants, 550
–– metal–organic compounds, 550
–– phosphorus, 550
– particulate matter (particles), 549
–– particle content in untreated product

gas, 549
– siloxanes, 550
–– deposition of silicon compounds, 550
–– wastewater treatment, 550
– sulfur compounds, 549
– tars, 547
–– content in untreated product gas, 548
–– cyclic hydrocarbons, 547
–– naphthalene, 548
transit bus applications, 986
transition metal compounds, 448
transition metal oxides, 443
transmembrane flux
– calculation of, 515
transparent hydrocarbon fuels, 143
transport costs, 406
transport of molecules, 509
trimethylbenzene, 203
2,2,4-trimethylpentane, 143
triple point, 570
tritium, 566, 764
TRL. see technology readiness level (TRL)
truck applications, 987
TSA. see temperature swing adsorption (TSA)
tube-trailer delivery pathway, 860
– challenges, 863
–– analysis, 864
–– compression, 864
–– distribution issues, 863
–– high storage cost, 864
– components layout, 860
– cost estimates, 861
tubing, 642
tubular reactors, 141, 168
tubular reformers, 154
tungsten-nickel sulfide, 7

turbulent flame speed, 1017
Turkish Bozca Island, 1082
– UNIDO-ICHETs Bozcaada Wind-Solar

Hydrogen project, 1082
two-stage compressor system, 974
type3 cylinder technology, 975
typical time spent
– at power demands, 968
– at vehicle speeds, 968

u
UASB reactor, 429
UK H2 mobility program, 217
ultra-low-sulfur (ULS) gasoline, 3
United States of America, 76
– energy framework and relevant policies, 76
–– state and local government activities, 76
– hydrogen related energy policy

strategies, 76–77
–– Hydrogen and Fuel Cells Program,

coordination, 76
––US DOE Hydrogen and Fuel Cells Program

Annual Progress Report, 76
–– zero emission vehicles, 76–77
– hydrogen research, development,

demonstration, and deployment
activities, 77–78

–– Hydrogen and Fuel Cells Program, key
targets/collaborations, 77–78

–– US DoE Hydrogen and Fuel Cells Program
overview, 77

unit operations, 180
upflow anaerobic sludge blanket bioreactor

(UASB), 427, 429
UPS (uninterruptable power supply), 64
uptake hydrogenase (HUP), 467
uranium–europium cycle, 100, 102
urea production
– International Fertilizer Organization

data, 32
US Department of Energy (DOE), 850
US Department of Transportation (DOT), 861
UT-3 cycle, 88, 100, 101
– as competing process in hydrogen

production, 101
– gas–solid reactions, 101
– research focused on, 101
– thermal efficiency, 101
UV irradiation, 476

v
vacuum plasma spraying (VPS), 1049
value-added tax (VAT), 842

Index 1135



vanadium redox (VRB), 265
Van’t Hoff plots, 765
VAT. see value-added tax (VAT)
Vattenfall, 898
vehicle batteries, 711
vehicle onboard storage, 711
vehicle storage tank, 620
– refueling of a, 620–622
–– time of, 620
viscosity, 296, 340, 634, 639
volatile compounds, 242
volatile solid (VS), 429
voltage efficiency, 1050
volumetric hydrogen density, 770
“volumetric” receivers, 156

w
waste products, 403
wastewater, 431
– treatment, 1093
water
– consumption rate, 347
– dielectric constant, 112
– hydrogen bonds, 112
– polarity, 112
– properties of, 111–112
–– as function of temperature, 112
– role in different reaction pathways, 112
– at supercritical conditions, 112
–– ionic product, 112
– thermal decomposition, 88
water electrolysis, 283, 309, 457, 566
– conceptual distributed energy system

with, 284
– gas drying, 316–317
– hydrogen production cost, 326
– investment costs, 325
– lifetime of, 326
– operating principles of different types of, 332
– power supply, 317
– process steps and system integration of, 310
– system design and operation strategy, 327
– thermodynamic consideration, 285
–– electrode kinetics, 287–292
–– theoretical cell voltages, 285–287
– unit, 255
water-gas shift (WGS) reaction, 26, 118, 152,

154, 179, 181, 184–186, 231, 238
water oxidation, 461
water oxidizing photoelectrodes, 447
water splitting devices
– design of, 448–455
water splitting mechanism, 461

– other methods of, 462
–– electrolysis, 462
–– gasification, 463
–– photobiological splitting, 463
–– photochemical splitting, 463
–– steam electrolysis, 462
–– steam reforming, 462
–– thermal splitting of water, 463
water splitting membrane, 442
– solar-to-hydrogen (STH) efficiency of, 445
wave speed, 646
Westinghouse cycle, 89
WGS reactor, 185
WI. see Wobbe Index (WI)
wind capacity, 260
wind constraints, 261
wind–electrolyzer coupling, 1045
wind energy, 260
– as hydrogen, storage of, 1034
wind farm production, 1067
– capacity factor of, 1070
– H2 storage, 1069
wind generator electrical power input, 1062
wind–hydrogen plant, 1061
wind–hydrogen projects, description of, 1059
– Hidrólica project, 1061
– ITHER project, 1063
– RES2H2 project, 1060
– Sotavento project, 1064
wind–hydrogen systems, 1056, 1087
wind load factors, 256
wind penetration, 260
wind power, 261, 1054
– integration on energy system, 256
– management, 1058
– for the Netherlands, 260
wind power plants, 1087
– capacity factor, 1087
wind promoters, 1055
wind turbines, 255, 309, 317, 1083
Wobbe Index (WI), 1013
wood chip gasification, 398
– energy demand, 405
World energy consumption, 359
World Trade Organization’s (WTO’s), 923
wurtzite, 91

y
yttria-doped ceria (YDC), 367

z
zeolites, 493, 557, 784
– cost of, 501
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– density of, 501
– pores in, 501
zero boil-off (ZBO), 961
zero emission vehicles (ZEVs), 349, 711,

845
– air quality, 845
– global warming reduction, 845
– public health, 845
– societal costs reduction, 845

ZEVs. See zero emission vehicles (ZEVs)
zinc, 13, 91, 95, 283
zinc bromine [Zn Br], 265
zirconium oxides, 189
ZnO bed, 153
ZnO/Cu2O photocathode, 447
ZnO, solar dissociation of, 95
Zn/ZnO system, 94–95
Zr-supported Rh/Pt catalyst, 201
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