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Decarbonization (Continued)
of industry energy use, 7
large-scale, efficient renewable energy
integration, 6
Decision making trial and evaluation laboratory
(DEMATEL) method, 376-378
DES. See Discrete event simulation (DES)
Deterministic optimization approaches
bi-criterion MILP problem, 373
MILP problem, 373-374
MINLP formulation, 374-375
multiperiod spatially-explicit MILP
formulation, 374
network design problem, 373
production-distribution network, 374
SHIPMod model, 374
Diaphragm compressor, 214, 216, 216f
Direct computer mapping (DCM)
programmable structures, 466
usual network/net-based formalization,
466
Disability adjusted life years (DALYSs), 70
Discrete event simulation (DES)
model logic, 540-543, 541f
SimEvents commercial software package,
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DMR. See Dual methane reforming (DMR)
Domestic chain, 503-505
Dry reforming of methane (DRM), 113
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endothermic reaction, 134—-135
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promoters, 137-139, 140-142¢
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kinetic models
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Electricity generation, 4-5, 4f
Electric system services
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characteristics of hydrogen production, 287
local production, 287-288, 287-288f
supply and demand, 286-287
Eley Rideal (ER) model, 139, 144-147,
145-146¢
Elimination and choice translating reality
(ELECTRE) method, 364
Energy Control Commission, 301-303
Energy demand, 4
Energy supply scenarios, PtG
PtG-to-Power options, 336
PtX applications, 335-336
PtX capacities, 334f, 336, 337t
REN electricity generation, 335-338
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seasonal storage option, 333-334
Energy technology perspective (ETP), 334
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Agency, 299
Equilibrium model, 358
European energy system construction process,
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FCEVs. See Fuel cell electric vehicles (FCEVs)
Fischer-Tropsch process, 316, 333
Fixed-bed catalytic reactor, 427
Fossil fuel-based syngas production, 317
Fossil fuels, 42
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economic and technical issues, 5
global GHG emissions, 5
natural gas, 43
French Association for Hydrogen and Fuel
Cells, 25
Fuel Cell and Hydrogen Joint Undertaking
(FCH JU), 334-335
Fuel cell electric vehicles (FCEVs), 13, 168
carbon emissions, 11-12
CO, emissions, 11-12, 13f
fuel cells, 14-16, 16f
green/clean hydrogen, 11-12
in market, 14, 16f
market evolution in France, 14, 15f
road transport alternatives, 14
Fuel cell vehicles, 82—-84
Functional modeling
GIS, 533-536
hazard identification, 531-533
HSC, 530-531, 531f, 532¢
QRA, 530
socio-technical system, 529-530
sustainability assessment
comprehensive decision support, 536
LCA/LCC assessment, 536, 537f, 538t
Fuzzy systems, 358

G
Game theory, 358
Gasoline vehicle (GV), 503
Gauss-Jordan method, 355
Genetic algorithms (GA), 378
Geographic Information System (GIS),
380-381
functional modeling, 533-536
GHG emissions. See Greenhouse gas (GHG)
emissions
Gibbs free energy minimization method, 113
Global warming potential (GWP), 69
GraphML, 467468
Green gas applications
global-warming potential vs. carbon dioxide,
275, 275t
green gas pathways, 273, 275f
greenhouse gas emissions, 275
natural gas, 273
power-to-gas, 273-275
Greenhouse gas (GHG) emissions, 69, 275,
374-375
average emissions, 104, 105f
climate change, 5
cumulative WtW life cycle, 70
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fossil fuels, 5
fuel cell vehicles, 82
historic trends, 81, 82f
HSC
biomethane, 98—100
German electricity mix, 98
hydrogen supply pathways, 98, 99f
hydrogen transportation options, 100-102,
101f, 103f
from natural gas, 100
pipeline transport, 102, 103f
production steps contribution, 100, 101f
thermochemical gasification, 98—-100
transport emissions, 997, 100-102
low-carbon and low-emission mobility, 81
mobility sector, 81
Green hydrogen, 9, 11-12, 30-31, 82, 112
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High-pressure buffer, 244
High-pressure hydrogen pipeline networks
(HP network), 406407
High-pressure storage
advantage, 170, 172
categories, 170-171
CFRP-tanks, 170-171, 171f
safety valves, 172
shapes, 169
Homogeneity production, 299-301
HRS. See Hydrogen refueling station (HRS);
Hydrogen retail station (HRS)
HSC. See Hydrogen supply chain (HSC)
Hybrid vehicle (HV), 503
Hydrocracking process, 423
catalytic cracking, 424-425
feedstocks, 424425
hydrogenation, 424426
hydrotreating process, 425
inlet flowrate and hydrogen purity, 426
low-pressure purge, 425-426
process diagram, 425-426, 425f
reactor, 425426
Hydrogen applications
chemical product and an energy carrier
“green” gas applications, 273-275, 275f
hydrogen production, 271, 272f
industry applications, 271-273
mobility applications, 275-277
stationary applications, 277
hydrogen demand, 277-278
hydrogen markets
economic target, 282286



556 Index

Hydrogen applications (Continued)
green gas, 280-281, 281¢
for industry, 279
mobility, 281-282
stationary, 282
hydrogen systems
hydrogen to foster synergies, 289290,
290f
services for electric system, 286289
Hydrogenation, 424-426
Hydrogen compression, 208-209, 208f
cooled compression, 242-244
on distribution site, 239, 240¢
economic data
compressor investment cost, 217-219,
218f
cost of pressure vessels, 219-220
technical data
compression efficiency, 214-216
compressor cooling, 216-217
isothermal/adiabatic compression work,
213-214
thermodynamic data, 211-212
Hydrogen corridors, 26-30
Hydrogen distribution
compression and storage (see Hydrogen
compression)
distant refueling station supply
(see Hydrogen transportation)
learning curve, 258
peak hour demand and buffer capacity,
229-231
refueling
buffer storage, 210, 210f
filling equipment, 209, 210f
HRS, 209-210
regulation valve controls, 209
storage buffer cost, 233-234, 234¢
technical details and costs, 242, 246247t
transportable storage containers, 244
transportation material, 245
Hydrogen economy, 521, 524, 528-529
Hydrogen energy carriers
liquid hydrogen (LH), 507-509, 508f
methylcyclohexane (MCH)
dehydrogenation, 511
domestic MCH/TOL distribution, tanker
truck, 509
ocean transport, tanker, 509
production, 509
renewable hydrogen supply chain,
509-511, 510f

storage, discharging port, 509
storage, loading port, 509
TOL replacement, 511
TOL storage, discharging port, 511
TOL storage, loading port, 511
Hydrogen, energy transition
advantages, 5
decarbonization, economy key sectors, 6-8,
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HSC (see Hydrogen supply chain (HSC))
near zero-emission energy carrier, 5
Hydrogen Mobility Europe 2 (H2ME 2), 23
Hydrogen pipeline model
compression factor, 411
hydrogen source, 411
mass balance equation, 410411
numerical mass balance equation, 410411
Peng-Robinson equation, 411
Hydrogen production
biogas/landfill gas
characteristics, 112—-113, 113¢
green hydrogen, 112
reforming processes, 112—113
via syngas route, 112, 112s
biomass-based H, production, 85
categories, 47
CCS (see Carbon capture and storage (CCS))
centralization vs. decentralization level,
47-48
centralized production units, 529
conversion efficiencies, 85, 86¢
decentralized, 529
electrolysis, 86-87, 93
alkaline electrolyzers, 51
operation principles, 49, 50f
PEM electrolyzer, 49-51
solid oxide electrolyzers, 51-54, 52f, 53¢
feedstock, 85
fossil fuels, 42
coal, 43
natural gas, 43
gasification
biomass, 55-56, 55f, 93
coal, 54, 54f, 85
infrastructure, 83
fuel cell vehicles, 83-84
hybrid electric vehicles, 83
methane reforming (see Methane reforming)
method advantages and disadvantages, 57,
58t
power-to-hydrogen, 4142
PtG concept



alkaline water electrolysis, 311
depressurization, 312
electrolyzer shut down, 312
natural gas grid, hydrogen blending to,
317-319, 318f
PEM electrolysis, 311
SOEC, 311-312
refueling station, 85
RES (see Renewable energy sources (RES))
risks, 529
SMR, natural gas, 48—49, 48f, 85-86, 93
solid biomass gasification, 87-88
steam reforming (see Steam reforming)
sustainable production method, 528-529
syngas, 112
uranium and nuclear, 47
water electrolysis, 112
water-gas-shift-reaction, 85
WGS, 112-113
world net electricity generation, energy
source, 42, 42f
Hydrogen refueling station (HRS), 23
bulk storage, 210
investment cost, 209
parameters, 67, 68¢
performance metrics, 209-210
Hydrogen safety, 16-18, 17, 19f
Hydrogen society, 24
Hydrogen storage, mobile application
GHG reduction, 167-168
material-based storage (see Material-based
hydrogen storage)
options, 168, 169f
secondary energy carrier, 168
Hydrogen supply chain (HSC)
biomass gasification, 90
complex infrastructure, 527
decision levels, 351
deployment strategies
economic barriers, 18-21, 20f
hydrogen technologies and
improvements, 18, 19f
infrastructure development and roadmaps
(see Infrastructure development and
roadmaps)
roadmaps and transition plan scenarios,
26-31, 30-31f
social acceptance and safety barriers,
21-22
design
deterministic optimization approaches,
372-375
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GIS, 380-381
hydrogen-based energy system taxonomy,
366, 367-371¢
multiobjective optimization and MCDM,
375-378, 371f
multiperiod nature, 378-379
potential HSC pathways and specifics,
372
sensitivity analysis, 380
supply chain uncertainty, 379-380
dynamic simulation
applied architecture, 489
electrical energy generated, photovoltaic
process, 490, 490f
photovoltaic-generated energy, 490, 490f
wind power energy generation, 490-491,
491f
electrolysis
based on electrical energy from wind
power, 90
based on electricity from solar radiation,
90
based on grid power, 90
energy demand, 96-98, 97f
and energy requirements
CO, emissions, 207-208
distribution (see Hydrogen distribution)
energy loss, 207-208
hydrogen compression, 208-209, 208f
large-scale production, 207
overall energy chain, 207
transportation, 207-208
environmental and energy benefit
BEV, 13-14
CO, emissions, 11-13, 13f
decarbonization, 13—14
FCEVs (see Fuel cell electric vehicles
(FCEVs))
GHG emissions, Europe and France,
11-12, 12f
hydrogen safety, 16-18, 17¢, 19f
PHEV, 13-14
feedstock and energy resources
electricity, 91, 92¢
hydrogen production, 93
methane, 91, 92¢
solid biofuels, 92, 93¢
feedstock for industrial uses
coal gasification, 41
SMR, 41
syngas process, 41
worldwide hydrogen consumption, 39, 40t
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Hydrogen supply chain (HSC) (Continued)
gasoline, 512-513, 513f

direct computer mapping, 466467
dynamic model-based (sub) optimization,

GHG emissions, 501
average emissions, 104, 105f
biomethane, 98—-100
German electricity mix, 98
hydrogen supply pathways, 98, 99f
hydrogen transportation options, 100-102,
101f, 103f
from natural gas, 100
pipeline transport, 102, 103f
production steps contribution, 100, 101f
thermochemical gasification, 98—100
transport emissions, 99f, 100-102
green hydrogen, 82
HRS (see Hydrogen refueling station (HRS))
hydrogen conditioning and storage, 60
gaseous hydrogen (GH,), 60-61
liquid hydrogen (LH,), 61
solid hydrogen, 61-62
storage parameters, 62, 63¢
storage pathways, 60, 60f
hydrogen energy carriers, 507-511
hydrogen fueling, FCVs, 512
hydrogen produced by NG reforming
compressed hydrogen (CH) production,
512
domestic CH distribution, tanker truck,
512
steam reforming, 511
hydrogen production (see Hydrogen
production)
hydrogen transportation (see Hydrogen
transportation)
LCA, 89, 500-501
MILP, 392-393
modeling, 461-462
multiobjective optimization
(see Multiobjective life cycle
optimization)
multiple echelons, 38
multiple objectives, 38
multiple periods, 38
multiple stakeholders, 38
multiple users, 38
multiscale and multiobjective problem, 350
overview, 503-506
process modeling, design and operation,
464-465
programmable structures
applications, 468
declaration, metaprototypes, 474477

491
generation, GraphML file, 483
Prolog syntax, 477-480
state and transition elements, 492-494
GraphML text, 487488
PtG concept (see Power-to-Gas (PtG)
concept)
renewable hydrogen production, water
electrolysis, 506-507
renewable power generation, 506, 506¢
risk analysis (see Risk assessment and
management)
SCM and design literature (see Supply chain
management (SCM))
simulation-based problem solving, 487-488
SMR
from biogas, 90
from natural gas, 89
sustainable assessment
economic assessment, 67—68
environmental assessment, 69—70
social assessment, 70—71
sustainable development, 67
total daily social cost minimization, 527
transportation
distribution, 62
hydrogen pipelines, 64, 64f
hydrogen tube trailers, 64, 64f
parameters, 65, 66¢
tanker trucks, 65
transmission, 62
TtW energy performance, 513, 513¢, 514f
well-to-tank, 83
WtT GHG emissions
for hydrogen carriers, 514-516
target vehicles, 516517, 517f
variation in hydrogen, 516, 517f
Hydrogen supply lines (HSL), 439, 442f,
452-454
Hydrogen technologies
Myrte platform, 293-294
smart grids, 293-294
socio-technical network, 299-301
Hydrogen Territory initiative, 25-26
Hydrogen transportation, 207-208
compressed hydrogen, 88
compression
on distribution site, 239, 240¢
on production site, 237-239, 238¢
electricity transport, 95



energy costs, 235
energy demand, compression/vaporization
at refueling station, 96, 96¢
liquid transportation, 88—89
pipelines, 88, 94, 94¢
trucks, 88
compressed, 94, 94¢
liquefied, 95
Hydrogen vehicles vs. electric vehicles, 111
Hydropower, 46
Hydrotreating process, 423, 425
HyFrance3 project, 25
HYRREG project, 24
HyWays project, 23
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Infrastructure development and roadmaps
California, 25
European level, 23-24
France, 25-26
Germany, 24
Iceland, 24
Japan, 24
United States, 24-25
worldwide level, 23
Internal combustion engine (ICE) vehicle,
11-13, 13f
Inventory Database for Environmental Analysis
(IDEA), 505
Isentropic compression, 213-215
Isothermal compression, 213

L
Langmuir Hinshelwood-Hougen Watson
(LHHW) model, 139, 144147,
145-146¢
LCA. See Life cycle assessment (LCA)
LCC. See Life cycle costing (LCC)
Lexicographic method, 360, 376
Life cycle assessment (LCA), 69, 89, 375,
500-501
Light hydrocarbon recovery, 428
Limiting composite curve (LCC), 439, 442f,
452-454
Linear formulation
LP models, 354-355
methods, 354
MILP, 354-355
Linear programming (LP) models, 354355
Liquefied natural gas (LNG), 503-505
Liquid hydrogen (LH), 514-515, 514¢,
515f
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Liquid transportation, 88—-89

LOHC. See Liquid organic hydrogen carrier
(LOHC)

Low-pressure hydrogen pipeline networks
(LP network), 406407, 409

M
Market aspects, 198, 199f
compatibility with existing infrastructure,
191, 201
market proximity 2025/30, 191, 200201
market proximity today, 191, 199-200
Markov chains, 358
Markov decision process (MDP), 357
Material-based hydrogen storage
activated carbon, 185-187
LOHC (see Liquid organic hydrogen carrier
(LOHC))
metal hydride storage
advantages, 180
covalent hydrides, 179
gravimetric energy density, 180
hydrogen adsorption, 178, 178f
ionic/saline hydrides, 179
light-weight metal hydride, 177-178
markets and perspectives, 180-181
metal hydrides, 179
principle, 178-179
thermal management, 180
TiFe, 177-178
MOF, 183-185
reversible physical effects, 177
single-storage option, 177
Mathematical Programming with Equilibrium
Constrained (MPEC) method
two-level programming problems, 416
Mean-time-to failure (MTTF) parameters,
544-545, 545¢
Mean time to repair (MTTR) parameters,
544-545, 545¢
Membrane process, 428
Metaheuristic methods, 362
Metal hydride storage
advantages, 180
covalent hydrides, 179
gravimetric energy density, 180
hydrogen adsorption, 178, 178f
ionic/saline hydrides, 179
light-weight metal hydride, 177-178
markets and perspectives, 180—181
metal hydrides, 179
principle, 178-179
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Metal hydride storage (Continued)
thermal management, 180
TiFe, 177-178
Metal organic framework (MOF)
characterization and status, 184—185
markets and perspectives, 185
MOF-5 structure, 184, 184f
organic ligands, 183
principle, 184
Methane production, PtG concept
biologic methanation, 315-316
carbon dioxide separation, 313
catalytic methanation, 313-314
Sabatier reaction, 313
Methane reforming
chemical reactions, 113, 114¢
dry reforming (see Dry reforming of methane
(DRM))
FactSage calculation, 113
Gibbs free energy minimization method, 113
with mixture of steam/carbon dioxide
(see Dual methane reforming (DMR))
with steam (see Steam methane reforming
(SMR))
TRM (see Tri-reforming of methane (TRM))
Methane repowering, 9
Methylcyclohexane (MCH)
dehydrogenation, 511
domestic MCH/TOL distribution, tanker
truck, 509
ocean transport, tanker, 509
production, 509
renewable hydrogen supply chain, 509-511,
510f
storage, discharging port, 509
storage, loading port, 509
TOL replacement, 511
TOL storage, discharging port, 511
TOL storage, loading port, 511
MILP. See Mixed-integer linear programming
(MILP)
Ministry of Economy, Trade, and Industry
(METI), 24
Mixed-integer linear programming (MILP),
354-355, 392-393, 405
capacity constraints, 395-396
mass balance, 395
objective function calculations
environmental impact, 398-400, 399f
total cost (TC), 397-398
Mixed integer nonlinear programming
(MINLP), 356

Mobility applications
aeronautics companies, 275-276
environmental footprint, 276277
hydrogen bicycle, 275-276, 276f
hydrogen car, Toyota Mirai, 276, 277f
hydrogen range-extender car, 276
market maturity, 276
passenger vehicles, 276
Model for Optimization of Regional Hydrogen
Supply (MOREHYyS) approach, 380
Model generation, 473-474, 488
Modeling framework, 405
Modified TOPSIS (M-TOPSIS) method, 365
MOF. See Metal organic framework (MOF)
Momentum balance equation
average pressure calculation equation, 412
average pressure of pipeline, 412
collocation method, 412
flow pattern, Reynolds number, 415
hydrogen storage capacity, 414
momentum conservation equation, 412
Monoobjective optimization, 360, 375
Multiobjective life cycle optimization
mathematical formulation
MILP model (see Mixed-integer linear
programming (MILP))
problem statement, 394, 394f
solution procedure, 400
numerical results, Pareto solutions, 401, 401f
Multiobjective optimization
a posteriori preference methods
e-constraint method, 362
metaheuristic methods, 362
a priori preference methods
aggregative methods, 359-361
lexicographic method, 360
weighted sum, 360
hybrid methods, 363
MCDM
bi-criterion formulation, 375
DEMATEL method, 376-378
environmental impact, 375
e-constraint method, 376, 378
fuzzy linear programming, 378
genetic algorithms, 378
lexicographic method, 376
mixed integer linear programming, 376
M-TOPSIS analysis, 376
NPV, 375-376
objective functions, 378
weighted sum, 378
Pareto front, 359



Multiperiod optimization model, 527
Multiple criteria decision-making (MCDM)
approaches, 363-365

N

National Innovation Program for Hydrogen and
Fuel Cell Technology NIP (2006-16),
24

Natural gas grid, hydrogen blending to,
317-319, 318f

Negative Ideal Solution (NIS), 364—365

Net Present Value (NPV), 375-376

Neural networks, 358

Nonlinear formulation, 356

Nuclear flexibility, 289

o

Office Parlementaire d’Evaluation des Choix
Scientifiques et Technologiques
(OPECTYS), 25

Operational planning, 351

Overseas chain, 503-505

Oxidative DRM, 147

P

Pareto front, 359

Paris Agreement, 167

Paris Climate Agreement, 4

Passenger transport volumes, 81

PEM. See Polymer electrolyte membrane
(PEM)

Pinch technique, hydrogen network, 423424
hydrogen network design, 439, 442f
Plug-in hybrid electric vehicles (PHEV),

13-14
Polymer electrolyte membrane (PEM)
electrolysis, PtG, 311
electrolyzer
anode reaction, 49-51
cathode reaction, 49-51
operation principles, S0f
Positive Ideal Solution (PIS), 364-365
Power law model, 139-144, 143¢, 147
Power-to-Gas (PtG) concept
biological methanation, 10—11
green hydrogen, 9
hydrogen production
alkaline water electrolysis, 311
depressurization, 312
natural gas grid, hydrogen blending to,
317-319, 318f
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PEM electrolysis, 311
SOEC, 311-312
methane production
biologic methanation, 315-316
carbon dioxide separation, 313
catalytic methanation, 313-314
Sabatier reaction, 313
pathways and components, 309, 310f
process chain, 9-10, 10t
PtG projects, 319, 320-330¢
PtH, 9
spatial distribution, 319-331, 331f
supply chains, 8-9, 8f
synthesis gas production, 316-317
synthetic methane production, 9
technical and economic barriers, 10—11
thermochemical methanation, 10—11
Power-to-Hydrogen (PtH)
concept, 9
projects, 319
Pressure swing adsorption (PSA)
carbon dioxide and impurities removal,
427
feed flow rate, 451452, 455f
feed hydrogen purity, 451-452
purification unit, 451, 454f
Pressure swing adsorption process, 428
Process hydrogen sources, 443
Programmable structures
direct computer mapping, 466—467
Prolog syntax, 477-480
spatial coordinates, 480
uncertainty, model parameters, 492
Prolog kernel program, 467468
PSA. See Pressure swing adsorption (PSA)
PtG concept. See Power-to-Gas (PtG) concept
PtG-to-Chemicals projects, 319
PtG-to-Power options, 336
PtG-to-Transport option, 336
PtH. See Power-to-Hydrogen (PtH)
Pure hydrogen
cryo-compressed hydrogen
characterization, 176
markets and perspectives, 176-177
high-pressure storage
advantage, 170, 172
categories, 170-171
CFRP-tanks, 170-171, 171f
characterization, 172
safety valves, 172
liquid hydrogen storage
markets and perspectives, 175
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Pure hydrogen (Continued)
tank shapes, 173
techno-economic constraints, 173
volumetric storage density, 173

Quantitative risk assessment (QRA), 530, 539
Queuing models, 358

R

Re-electrification, 277
Refinery hydrogen system
hydrocracking, hydrogen consumers
catalytic cracking, 424425
feedstocks, 424-425
hydrogenation, 424-426
hydrotreating process, 425
inlet flowrate and hydrogen purity, 426
low-pressure purge, 425-426
process diagram, 425-426, 425f
reactor, 425-426
hydrogen producers, 426427, 427f
industrial hydrogen purification process,
427-428
insight-based pinch technique (see Pinch
technique, hydrogen network)
mathematical programming approach
(see Superstructure-based
mathematical programming approach)
purification unit, 451, 454f
recycle hydrogen streams, 449451
total number of connections, 451452, 455f
Refueling
with a compressor and a buffer, 267-268,
268f
energy costs, 221-222, 221-222¢
principles
buffer storage, 210, 210f
filling equipment, 209, 210f
HRS, 209-210
regulation valve controls, 209
with several storage units, 264-267, 266f
Regional Direction of Industry, Research and
Environment, 299
Renewable energy sources (RES), 42
biomass, 4445
hydropower, 46
solar energy, 45
wind, 45-46
RES. See Renewable energy sources (RES)
Reverse water gas-shift reaction, 158—-159

Risk assessment and management
consequence modeling, 523
dynamic risk analysis
DES model logic, 540-543, 541f
QRA, 539
energy process control, 522
functional modeling (see Functional
modeling)
Haimes’ 10 guiding principles, 523,
525-526¢
hydrogen economy, 521, 524, 528-529
hydrogen production
centralized production units, 529
decentralized, 529
sustainable production method, 528-529
meta-models, 527
performance-based fire safety engineering
approach, 522-523
prenormative safety risk research, 523
safety risk modeling
MTTF and MTTR parameters, 544-545,
545t
SimEvents commercial software package,
DES, 543
Robust engineering strategy
data reconciliation method, 405
flowchart of HP network system, 407, 408f,
409
hydrogen purification network, 405406
instability problems, 417
load decision of compressors, 420, 420f
MILP model, 405
momentum balance equation, 412415
MPEC method, 409, 416-417
nonlinear planning model, 405
operational optimization, 418f, 419420
real-time data, 417418
refinery process, schematic representation,
406-407, 407f

S

SBR. See Steam biogas reforming (SBR)

SCM. See Supply chain management (SCM)

Segmentation function, 409-410

SMR. See Steam methane reforming (SMR)

SOEs. See Solid oxide electrolyzers (SOEs)

Solar energy, 45

Solid biofuels, 92, 93¢

Solid oxide electrolyzer cell (SOEC), 311-312,
332-333

Solid oxide electrolyzers (SOEs)

CAPEX, 53



electrolysis flow diagram, 51, 52f
operation principles, 50f
solid ceramic material, 51
solid oxide fuel cell (SOFC), 51
specifications, 53, 53¢
Solid polymeric membrane (SPE)
electrolyzer, 331
Steam biogas reforming (SBR)
biogas cleaning, 124
biogas compression, 124
biogas feeding, 123, 124¢
biogas heating, 125
biogas production plants capacity, 123
block diagram, 124-127, 125f
CO, separation, 123-124
direct SBR, 123-124
energy balance, SBR+WGS reactors, 128,
128¢
energy efficiency, 127, 127t
gas composition, 125, 126¢
heat production, 127
H, separation, 125
pure hydrogen compression and storage,
125
reformate mixture cooling, 125
small-capacity unit, 128
vs. SMR, 123
VABHYOGAZ project, 123—124, 125f
WGS catalytic reactor, 125
Steam methane reforming (SMR), 11-12,
463-464
alumina-supported nickel catalysts, 121-122
from biogas, 90
block diagram, 427, 427f
kinetic models, 128132
from natural gas, 89
nickel-based catalysts, 121-122
performance figures, 121, 122¢
process
H, separation, 121
natural gas pretreatment, 120
steam generation, 120
steam reforming, 114+, 121
WGS, 121
vs. SBR, 123
thermodynamic equilibrium
atmospheric pressure, 117
chemical reactions, 114-115, 114¢
CH4-H,O mixture, 114-115, 115f
equimolar ratio of HyO/CHy, 115
molar ratio of HyO/CHy, 115-117, 116f
reaction pressure, 117-118, 117f
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Steam reforming, 112, 112s
methane reforming
with mixture of steam/carbon dioxide
(see Dual methane reforming (DMR))
with steam (see Steam methane reforming
(SMR))
SBR process (see Steam biogas reforming
(SBR))
Stochastic programming, 356
Storage containers
emptying, higher-pressure buffer, 260-263,
262263t
progressive filling, 258-260, 260t
transportable, 244
Strategic planning, 351
Superstructure-based mathematical
programming approach, 423-424
mathematical formulations
connection and pressure constraints,
447-448
fuel system, 447
problem statement, 443
Supply chain management (SCM), 38
dynamic programming, 356357
equilibrium model, 358
linear formulation, 354-355
mathematical programming, 353-354
MCDM approaches, 363-365
multiobjective formulation
(see Multiobjective optimization)
nonlinear formulation, 356
optimization methods, 351-353, 352-353¢,
354f
single-objective optimization problem, 354
supply chain network design under
uncertainty, 365-366, 366¢
Supply chain network design (SCND),
365-366, 366t, 462
Synthesis gas production, 316-317
Synthetic natural gas (SNG), 313-314

T
Tactical planning, 351
Tank-to-wheel (TtW), 503
Technical values
capacities, hydrogen storage technologies,
192, 192f
gravimetric energy density, 188, 192-194
idle storage conditions, 192, 194f
overall energy density, 188, 195
storage conditions at idle state, 188, 194f,
195-196
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Technical values (Continued)
system fill rate, 188, 192, 193f, 195
volumetric energy density, 188, 194
WIFC efficiency, 188, 195
Technique for Order Preference by Similarly
to Ideal Solution (TOPSIS), 364-365
Testudo hermanni, 299-301
Thermochemical methanation, 10-11
Thermodynamic equilibrium
DMR, 118-119, 119-120f
DRM
equimolar mixture, CH4 and CO,, 133,
133f
molar mixture, CO,/CHy, 133-134, 133f
reaction pressure, 134, 134f
SMR
atmospheric pressure, 117
chemical reactions, 114-115, 114¢
CH4-H,0O mixture, 114115, 115f
equimolar ratio of HyO/CHy, 115
molar ratio of H,O/CHy, 115-117,
116f
reaction pressure, 117-118, 117f
TRM, 148-149, 148f
Time-on-stream (TOS), 134-135
Total annualized cost (TAC), 449
Total primary energy supply (TPES), 4-5, 4f
Transportable storage containers, 244
Transportation material, 245
Treaty of Lisbon, 294
Tri-reforming of methane (TRM)
catalysts
endothermic steam reforming, 149
exothermic partial oxidation, 149
extent of interaction, 160
Ni-based catalysts, 149
promoters, 152—153, 154—156¢

supports, 149-151
synergetic effect, 160
kinetic model
activation energies and reaction orders,
153-158, 157t
Boudouard reaction, 158-159
four-step reaction mechanism, 158-159,
158¢
kinetic expressions and associated
parameters, 159, 160t
mechanistic reaction pathways, 153
Ni catalysts, 153
reaction order for CO,, 153-158, 158¢
reaction rate, 153-158
reverse water gas-shift reaction, 158—159
thermodynamic equilibrium, 148—149,
148f
TRM. See Tri-reforming of methane (TRM)

U

Uncontrolled flow of energy (UFOE) model,
522

US Department of Energy (DOE), 24-25

\Y

Very-high-pressure buffer (VHPB), 232

w

Water-gas-shift (WGS) reaction, 112-113
Weighted sum method, 360, 378

Well-to-tank (WtT), 503

Well-to-wheel (WtW) life cycle, 70
Well-to-wheel (WtW) studies, 500-501

Wind, 45-46

World fuel shares, 4-5, 4f

World total final consumption by fuel, 4-5, 4f
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