
INDEX
 

A
 
AB03 formula, 307
 
Absolute value, inclusion, 128
 
ACfDC converter, usage, 349f
 
Activation barrier, 76f
 

catalytic electrode, impact, 89-90
 
decrease, 89-90
 
size, 78-79
 
symmetry, 84-85
 

Activation energy 
impact, see Reaction rates 
modification, 104f 

Activation impedance loop, decrease,
 
248
 

Activation kinetics, simplification,
 
91-93
 

Activation losses, 18
 
accounting, 209
 
contributions, 94f
 

plotting, 235f 
curve, concentration losses (impact), 

173-174
 
increase, 169
 
inference, 249
 
usage, 172
 

Activation overpotential,
 
representation, 423
 

Activation overvoltage, 86
 
changes, calculation, 172
 
effect, see Fuel cells
 
explanation, 87
 
requirement, see Forward current
 

density
 
Activation process, effective resistance
 

(decrease), 249
 
Active catalyst area coefficient,
 

253
 
AD, see Anaerobic digestion
 
ADG, see Anaerobic digester gas
 
Aeromonas hydrophilia, 276
 
AFC, see Alkaline fuel cell
 
AFM, see Atomic force microscopy
 
Aftercooler, hot stream placement, 410
 
Air blower
 

power consumption, 445, 446
 
specifications, 443t
 

Air pollution
 
external costs, environmental impact
 

(quantification), 473--476
 
financial costs, 475t
 
health effects, 474t
 

environmental impact,
 
quantification, 473
 

hydrogen, contributor, 472--473
 

Air pollution, emissions (relationship), 
472-476
 

Air supply, usage, 434--435
 
Alkaline-based direct alcohol fuel cells,
 

274
 
Alkaline-based direct-methanol fuel
 

cells, investigation, 273
 
Alkaline fuel cell (AFC), 9, 261
 

advantages, 267
 
aqueous potassium hydroxide
 

electrolyte, usage, 266
 
carbon dioxide, presence, 267
 
cathode activation overvoltage, 266
 
concentrated aqueous KOH
 

electrolytes, usage, 127
 
disadvantages, 268
 
explanation, 266-268
 
hydrogen reduction reaction, 96
 
UTC Fuel Cells, Inc. AFC, 267f
 

Ammonium borohydride (N~BRIl, 

usage,275 
Anaerobic digester gas (ADG), 384
 

contaminants, removal, 385
 
renewable fuel, consideration, 385
 

Anaerobic digestion (AD), 372,
 
384-385
 

components, 384-385
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Anode Galvani potential, sacrifice, 85f
 
Anode-membrane interface
 

hydrogen/water concentration,
 
calculation, 211
 

hydrogen/water concentrations,
 
solutions, 209
 

Anodes
 
activation, 245
 

kinetics, 247
 
losses, 238
 

carbon monoxide tolerance, 262-263
 
current densities, limiting, 169
 
degradation, 322
 
hydrogen concentrations, 208-209
 
materials, 316--337
 
overvoltage, 104f
 
oxidation, relationship, 14
 
reaction kinetics, ignoring, 204
 
structure, surface area, 271
 
thickness, 209
 
water concentrations, 208-209
 

Anode supported MEA, 312
 
Anode-supported SOFCs, 204
 
Aqueous alkaline electrolyte, 279
 
Aqueous electrolytes/ionic liquids,
 

ionic conduction, 127-129
 
Aqueous solutions, ionic mobility, 129t
 
AR, see Autothermal reforming
 
Area-normalized reaction rates, 74
 
Area-specific resistance (ASR),
 

119-120,318
 
calculation, 120
 
usage, 120--121
 

Arhenius conductivity equation,
 
deployment, 426, 430
 

Aromatic hydrocarbon membranes,
 
289
 

Asiplex™ (Asahi Chemical Industry),
 
288
 

Atomic force microscopy (AFM), 256
 
Atoms
 

barrier height, 155
 
characteristics, 5
 

Autothermal reforming (AR), 372,
 
379-383
 

Avogadro's number, usage, 44
 

B 
Back-diffusion water fluxes, balance,
 

200
 
Backward flux, 147-148
 

Banded designs, 335f 
Barrier heights, see Atoms 

calculation, 155-156
 
Batteries, schematic comparison, 9f
 
BET, see Brunauer-Emmett-Teller
 
BIMEVOX-based materials, usage,
 

306
 
Binary diffusion, Fick's law, 206
 
Binary diffusion model, 206
 
Biological fuel cells, 261, 272
 

explanation, 276--277 
Bipolar plates
 

design, 336
 
examples, see Fuel cells
 
stacking, 332-333
 

Bipolar plate/seal degradation, 321
 
Bismuth oxides, 306
 

conductivity, 306
 
Black body surface, resemblance,
 

391
 
Blocking electrode, 242-243
 
Boltzmann's constant, 27, see also
 

Exponential Boltzmann factor 
usage, 79
 

Bond enthalpy calculations, 35
 
Bonding energy, see
 

Hydrogen-hydrogen bonds
 
Bonds, energy (relationship), 5
 
Bottleneck processes, identification,
 

477--478, see also Gasoline 
vehicle supply chain 

Boundary conditions, 208-209
 
explanation, 426--430
 
usage, 429--430
 

Brunauer-Emmett-Teller (BET) surface 
area
 

determination, 255
 
measurement, 228
 

Built-in voltage, occurrence, 55
 
Bulk reactant (flow channel), 164
 
Butler-Volmer (B-V) equation, 83-88,
 

172
 
application, 95
 
consideration, 86
 
derivation, 87
 
description, 422
 
functionalform,86f
 
modifications, requirement, 887
 
Nernst equation, connection,
 

101-105
 
size, 91
 

usage, 89
 
values, relationship, 86f
 

BYZ, see Yttrium doped barium
 
zirconate
 

C
 
Calcium-doped LaCr03, electrical
 

conductivity, 319
 
Capacitive double-layer impedance,
 

242
 
Capacitors
 

impedance response, 240
 
placement, 240--241
 

Carbon cloth, 295-296
 
usage, see Polymer electrolyte
 

membrane fuel cell 
Carbon content, 467t 
Carbon dioxide (C02) 

CO, selective oxidation, 388-389
 
emissions, 470
 
environmental impact, quantification,
 

466--468
 
production, 276
 

Carbon-fiber paper materials,
 
production, 296
 

Carbon monoxide (CO)
 
clean-up, 372, 387-390
 
cleanup reactor, 401
 
concentrations, increase, 388
 
CO-passivated Pt surface, poisoning,
 

95
 
production, 39
 
selection oxidation, 388-389
 
selective methanation, 387-388
 
tolerance, 273, see also Anodes
 

providing, 298
 
yield, reduction, 385-386
 

Carnot cycle, usage, see
 
Heat/expansion engine
 

Carnot equation, 61
 
Carrier-gas-based fuel-processing
 

subsystems, complexity, 345
 
Carrier hydrogen storage systems,
 

comparison, 342t
 
Carriers
 

concentration, 123,142
 
contrast, see Intrinsic carriers
 
mobility, 123
 

description, 142-143
 
system, effectiveness (calculation),
 

342
 



al 

Ice, 

389 

fication, 

isoning, 

88 
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ng 
45 
ns, 

ation), 

Catalyst-electrode design, 97-98 
Catalyst layers, 164 

assumptions, 204 
reactant 

concentration, 168 
depletion, 171-172 

reactant/product concentrations, 
161 

requirements, 294 
components, 294
 

thinness, 186
 
x-direction oxygen profile, 188
 

Catalysts, 208 
choice, 90 
deactivation, 386 
discovery, 98-99 
materials, development, 295 
surface area, 254 

Catalytic electrode, impact, see 
Activation barrier 

Catalytic fuel reformer, exothermic 
operation, 361 

Cathode Galvani potential, sacrifice, 
85f 

Cathode-membrane interface, 212 
oxygen/water concentrations, 211 

Cathodes 
activation, 245 

losses, 238 
overvoltage, see Alkaline fuel cell 

catalyst, unit surface area, 299 
current densities, limiting, 169 
degradation, 322-323 
impedance, see Hydrogen-oxygen 

fuel cell
 
mass transfer, 245
 

process, assumption, 246-247 
materials, 317-318 
overvoitage, l04f 

results, 204 
oxygen concentration, 220f, 22lf 
oxygen profile, 209 
oxygen reduction proceeds, 

273-274 
reduction, relationship, 14 

Cathode supported MEA, 311-312 
Cathode-supported SOFCs, 204 
Cathodic overvoltage 

comparison, 217 
computation, 215 

CellTech Power, 281 

Ceramic electrolytes, ionic conduction, 
141-144 

Ceramic interconnects, 319 
Ceria, see Doped ceria; 

Gadolinia-doped ceria 
Ceria-based anodes 

materials, 314-315 
performance, 315 

CFD, see Computational fluid dynamics 
CFD-ACE+®, 418 
CGOIO. ionic/electronic conductivities, 

305f 
Characterization, importance, 19 
Charged species, types, 111 
Charge flux, 112 

calculation, 154 
generation, voltage gradient (usage), 

154 
Charges 

amount, 73-74 
carriers 

atomistic diffusivity, 152 
concentration, conversion, 123 

conservation, 202
 
explanation, 422
 
simplified form, 418
 

movement, 111-114 
transfer mechanisms, illustration, 

124f 
transfer reactions, activation energy, 

76-78 
transport, electrical driving forces 

(impact), 153-154 
Charge transport 

electrical driving forces
 
impact, 114
 
summary, 115t
 

illustration, 115f 
Chemical bonds, see Hydrogen 
Chemical determinations, 228 

explanation, 256 
Chemical energy 

representation, 26f 
transformation, 3 

Chemical free energy difference, 82f 
Chemical potential 

concentration, relationship, 50 
concept, 49-50 
definition, 50-51 
measurement, 49 

Chemical reaction, molar basis, 51 

INDEX 529 

Chemisorbed hydrogen charge transfer 
reaction
 

energetics, schematic, 78f
 
schematic, 77f
 

CHP, see Combined heat and power 
Chromium-based metallic 

interconnects, 323 
Circuit diagram, 24lf, see also Parallel 

RC; Porous bounded Warburg 
element; Simple fuel cell 
impedance model; Warburg 
element 

Climate change, 460 
mitigation, 465--466 

Closed system, internal energy 
(change),27 

Coal gasification plant 
greenhouse gas emissions, 384 
supply chain, 477f 

Cold streams 
identification, 398--401 
minimum temperature difference, 

selection, 403--404 
temperature-enthalpy diagram, 405f, 

406f, 408f, 41lf 
temperature profiles, 400f 
thermodynamic data, see Fuel cell 

systems 
Cold T-H diagram, shift, 406 
Combined heat and power (CHP), 351 

explanation, 353 
fuel cell system, process diagram, 

352f,399f 
subsystems, function, 354 

overall efficiency, 353 
systems, case study. see Stationary 

combined heat/power systems 
Combustion 

engines
 
chemical factories, analogy, 3
 
schematic comparison, 9f
 

reaction, schematic, see 
Hydrogen-oxygen combustion 
reaction 

Compressed hydrogen, usage, 340-341 
Compression force, 234 
Computational fluid dynamics (CFD), 

218
 
basis, see Fuel cells
 
fuel cell model
 

equations, 419t 
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Computational fluid dynamics (CFD) 
(cant.) 

list, 427t-428t
 
physical properties, 219t
 
resource-intensiveness, 433
 

model
 
performance enhancement, 220
 
permission, 219
 
solutions, 432
 

modeling, 176
 
relaxation parameters, 430
 
software, 418
 

packages, components, 425
 
usage, 424
 

usage, see Fuel cells
 
COMSOL Muuyphysics'v, 418
 
Concentration cells, 54-56
 
Concentration gradient, 154
 
Concentration losses, 18
 

accounting, 209
 
activation effects, impact, 174f
 
calculation, 175
 
cause, 172
 
explanation, j-V curve (usage),
 

172-173
 
impact, see Activation losses
 
implication, 171
 
Nernstian effects, impact, 173f
 

illustration, 174f
 
Condenser heat, usage, 407
 
Conduction, see Electronic conduction;
 

Ionic conduction 
Conductivity, 147-153
 

determination, 123
 
diffusivity, relationship, 150-153
 
expression, 128
 
logarithmic plot, 156f
 
mobility, relationship, 123
 
physical meaning, 123-126
 

Conductors
 
contrast, see Electronic conductors
 
resistance, 116
 
structural differences, 124
 

Conservation laws, 202
 
Constant-current -density assumption,
 

usage, 188
 
Constant flow rate condition, see Fuel
 

cells
 
Constant-flux Sherwood number, 188
 
Constant-pressure process, enthalpy
 

expression, 34
 

Constant stoichometric operation,
 
preference, 64
 

Constant stoichometry, 63
 
condition, see Fuel cells
 

Consumption rate, 166
 
Contact resistance, 121
 

association, 121-122
 
variations, 122
 

Convection
 
diffusion, contrast, 162
 

illustration, 162f
 
dominance, 186
 
usage, see Forced convection
 

Convective-dominated flow,
 
diffusive-dominated flow (dividing
 
linelboundary), 164
 

Convective fluid transport, 162f
 
Convective forces, dominance, 163
 
Convective heat-transfer coefficient,
 

391
 
Convective mass transport process,
 

description, 187
 
Convective transport, 176--194
 

ignoring, 202-203
 
Cooling requirements, 336
 
Cooling systems, effectiveness ratios,
 

337
 
Copper concentration cell, 57f
 

reaction, occurrence, 57-58
 
Copper ions, concentration, 56--57
 
Coulombic effect, 304-305
 
Coupling coefficients, 113
 

description, 114
 
Cross-membrane interconnections, 334
 
Crystalline electrolyte, carrier
 

concentration, 126
 
Crystalline ion conductors, 129-130
 
Crystalline solid electrolyte, ion
 

conductivity, 125-126
 
Cubic fluorite-type crystal structure,
 

306
 
Cu/GDC/YSZ composites, usefulness,
 

315
 
Current
 

electrochemical variables, 229-230
 
interrupt, characteristics, 250
 
interrupt measurement, 227
 

defining, 230
 
explanation, 250-252
 

interrupt technique, idea, 250
 
production, 81
 

rate, 72-73
 
response, 253f
 

Current density, 200, see also Exchange 
currents; Low current densities; 
Reverse current density 

importance, 74
 
limiting, 169-170
 
profile, 432
 

Current-voltage (j- V) curve, 
low-current-density regimen, 235f 

Current-voltage (j- V) measurement, 
227
 

examination, 232-234
 
interpretation, 234
 
taking, 232
 

Current-voltage-power relationships, 
example, see Step-down converter; 
Step-up converter 

Cyclic voltammetry (CV), 228, 230
 
explanation, 252-254
 
measurement, 252
 
waveform, schematic, 253f
 

D 
Darcy's law, 420
 
DC-DC converter
 

account losses, 444
 
output voltage, delivery, 443
 
specification, 442, 444t
 
usage, 435
 

DC/DC converter
 
fluctuating DC fuel cell voltage,
 

usage, 347
 
types, 347
 

Dead zones, 220
 
Decay rate, 79
 
Dependent variables, relationship, see
 

Thermodynamics
 
Dielectric breakdown, 121
 
Differentiation, chain rule, 152
 
Diffusion
 

atomistic view, 148f
 
coefficient, 151-152
 
contrast, see Convection
 
electrochemical reaction, impact,
 

164-168
 
flux, 168
 
layer
 

schematic, 163f
 
thickness, 244
 

macroscopic picture, 148f
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Diffusive mass transport, dominance,
 
186
 

Diffusivity, 114-115, 147-153
 
atomistic origins, 147-150
 
calculation, 125, see also Effective
 

diffusivity
 
explanation, 429
 
information, see Intrinsic hopping
 

rate
 
relationship, see Conductivity
 

Dilute solution (ideal solution), species
 
activity, 50
 

Direct alcohol fuel cells, 297-298
 
Direct borohydride fuel cells, 261,
 

272
 
Direct electro-oxidation, 343
 

application, 345
 
Direct ethanol fuel cells, investigation,
 

273-274
 
Direct flame fuel cell, schematic
 

illustration, 28lf
 
Direct-flame SOFCs, 261, 272
 

advantages, 280-281
 
explanation, 280-281
 

Direct formic acid fuel cells, 261, 272
 
Direct hydrocarbon fuel cells,
 

high-temperature internal
 
reforming, 39
 

Direct hydrogen storage systems,
 
comparison, 340t
 

Direct liquid-fueled fuel cells, 273-276
 
Direct methanol fuel cells (DMFCs),
 

261,272
 
methanol usage, 46
 
systems, see Prototype portable
 

DMFC systems
 
Direct sodium borohydride
 

fuel cells, theoretical open cell
 
voltages, 275
 

reactions, 275
 
Disorder, measure, 27
 
DMFCs, see Direct methanol fuel cells
 
Dopant ions, oxygen vacancies
 

(interaction), 304
 
Doped carbon, 301
 
Doped ceria, 303-305, see also
 

Gadolinia-doped ceria
 
advantage, 304
 
ionic conductivity, maximization,
 

315
 
materials, disadvantages, 305
 

Doped ceria-based materials,
 
advantage, 314-315
 

Double-layer capacitance, 239
 
Dual-layer approach (gas-diffusion
 

layer/catalyst approach), see
 
Polymer electrolyte membrane
 
fuel cell
 

Durability, importance, 320-323
 
Dynamic equilibrium, example, 147
 

E 
Earth, near-surface temperature, 463f
 
Edge tabs, usage, 334
 
Effective diffusivity
 

calculation, 167-168
 
explanation, 429
 
increase, 168
 
obtaining, 205-206
 

Effective porosity, 254
 
Effective resistance, decrease, see
 

Activation process
 
Efficiency, power density (trade-off),
 

436--437
 
Efficiency axis, 18
 
Efficiency loss, sources, 391-392
 
EIS, see Electrochemical impedance
 

spectroscopy
 
ELAT, see Electrode Los-Alamos Type
 
Electrical efficiencies, see Fuel cell
 

systems; Net electrical efficiencies
 
example, 363t
 

Electrical potential, 42
 
Electric field force, 127-128
 
Electricity
 

electrochemical generation, 15f
 
generation, supply chain, 477f
 
generators. emission factors, 456t
 
production, alternative, 4-5
 
supply management, usage, 359-360
 

Electric power
 
plants, operation, 470-471
 
scenarios, 476--479
 

Electric wall conditions, application,
 
429--430
 

Electrocatalysis, relationship, see
 
Exchange currents
 

Electrochemical characterization
 
techniques, 227
 

Electrochemical equilibrium, 5~58
 

thermodynamic statement, 81
 
Electrochemical half reactions, 6
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Electrochemical impedance
 
, spectroscopy (EIS), 227-228, 230
 
basics, 234-237
 
characterization, see Fuel cells
 
circuit modeling, equivalence, 238
 
data, 249
 
examination, 234-250
 
fuel cells, relationship, 237-238
 
Nyquist plot, 237-238
 
power, 248-249
 

Electrochemical potential, 55
 
definition, 152
 

Electrochemical processes,
 
heterogeneity, 72
 

Electrochemical processing plant, 350
 
Electrochemical reactions, 15
 

chemical reactions, contrast, 72
 
components, 45
 
electrons, transfer, 112
 
equivalence, 239
 
explanation, 16,422--423
 
heterogeneity, 72f
 
HOR, comparison, 72
 
hypothetical situation, 92f
 
interface, physical
 

representation/proposed
 
equivalent circuit model, 240f
 

kinetics, 16
 
modeling, 239
 
parameters, 93
 

participation, 63
 
rate, finite characteristic, 75-76
 

Electrochemical systems, 242
 
Electrochemical variables, 229-230
 
Electrode/catalyst degradation, 321
 
Electrode-electrolyte interface, see
 

Perfectly smooth
 
electrode-electrolyte interface
 

impact, 315
 
schematic, 97f
 

Electrode/electrolyte microstructure,
 
254
 

Electrode Los-Alamos Type (ELAT),
 
296
 

Electrode potentials, 75, see also
 
Standard electrode potentials
 

concept, illustration, 43t
 
manipulation, 75f
 

Electrodes
 
attachment, 293
 
kinetics, introduction, 71-76
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Electrodes (cont.)
 

layers, 205-206
 
materials, selectivity, 280
 
structure transport, flow structure
 

transport (contrast), 162-164
 
tortuosity, 168
 
transport, 164--176
 

Electrode surface
 
hydrogen, surface, 76
 
smoothness, 91
 

Electrolytes, 207
 
carbon dioxide degradation, 274
 
cell, anode/cathode identification, 14
 
degradation, 322
 
membrane, ohmic losses, 203-204
 
resistance, dominance, 122-123
 
stability requirement, 126
 
thickness, 207
 

Electrolyte supported MEA, 311
 
Electrolyte-supported SOFCs, 204
 
Electronic conduction, 16
 
Electronic conductivity, 426
 

values, calculation, 125
 
Electronic conductors, ionic conductors
 

(contrast), 123-124
 
Electrons
 

conductivity, see Metal
 
energy, potential (impact), 74--75
 
hole, formation, 146
 
mobility, 125
 
orbitals, evolution, 99f
 
passage, 279
 
release, 277
 
stoichiometric coefficient, 58
 
[heft, 276
 
transfer, 76
 

Electro-osmotic drag, 135
 
balance, 200
 
coefficient, knowledge, 135
 

Electro-osmotic water drag, impact, see
 
Water
 

Emission data
 
application, environmental impact
 

(quantification),470--472
 
control volume, 471--472
 

Emission factor, usage, 471
 
Endothermic reaction, HC fuel/steam
 

combination, 375
 
Endothermic reactors, 362
 
Endothermic SR+WGS reaction,
 

calculation, 380
 

Energy
 
accumulation, absence, 41
 
buffers, usage, 351
 
changes, see Negative energy change
 

calculation, 32-33
 
conservation
 

equation, solving, 421
 
explanation, 421
 
law, 27
 

conversion device, see Fuel cells
 
creation, 64--65
 
definition, 7
 
density
 

comparison, tOf
 
explanation, 7
 
Ragone plot, 366
 

dumping, 29
 
explanation, 7
 
landscape, 155
 
necessity, 31
 
noble form, 28
 
power/time equation, 7
 
process, carbon dioxide emissions
 

(impact),466
 
release/absorption, 5
 
source, conversion, 13
 
transfer, 27
 
transit, 28
 

Enthalpy (H), 26, 31, see also Reactant;
 
Reaction enthalpy
 

calculations, see Bond enthalpy
 
calculations
 

computation, see Formation enthalpy
 
differential expression, 34
 
temperature dependence, 36-37
 
values, usage, see Standard enthalpy
 

values
 
Entropy
 

change,29
 
concept, 27
 
demonstration, 28f
 
losses, 217-218
 
meter, 30
 
variables, 29-30
 
variation, 36
 

Environmental impact, quantification,
 
see Carbon dioxide
 

Equivalent circuit elements, impedance
 
summary, 245t
 

Equivalent circuit fuel cell model,
 
245-250
 

Equivalent circuit models, 238
 
Equivalent circuit models, proposal,
 

240f
 
Equivalent weight, 137
 
Exchange currents
 

density, 81
 
concentration density, 86
 
explanation, 426
 

electrocatalysis, relationship, 88-91
 
Exothermic POX reaction, calculation,
 

380
 
Exothermic reactors, 362
 
Exponential Boltzmann factor, 156
 
Ex situ characterization techniques, 227
 

explanation, 254-256
 
methods, 228
 

External heat transfer, 400
 
External reformers, examples, 344f
 
External reforming, usage, 343
 
Extrinsic carriers, 144
 

contrast, see Intrinsic carriers
 

F
 
Faradaic resistance, 239
 
Faraday's constant, 44
 

necessity, 73
 
usage, 123, 126, 129
 

Faraday's law, 72
 
Feedback loop, implementation, 350
 
Fermi level, 74--75
 
Feynman, Richard, 25-26
 
Pick's diffusion equation, 420
 
Fick's law, 187, see also Binary
 

diffusion
 
Final state-initial state, form
 

(computation), 35
 
Fixed-flow-rate condition, 234
 
Fixed stoichiometry condition, 234
 
Flemion TM (Asahi Glass Company), 288
 
Flip-flop designs, 335
 
Flow channels
 

design, 176
 
diffusive transport, 203
 
geometries, 191f
 
mass transport, 182-185
 

Flow field plates, usage, 15-16
 
Flow rate, impact, 234
 
Flow-rate condition, 234
 
Flow structures, 226
 

design, 189-192
 
impact, 176
 



geometry, interaction, 195
 
transport, 176--192
 

fluent®, 418
 
fluid enthalpy, 421
 
Fluid mechanics, 176--181
 
Flux, 111-112, see also Backward flux;
 

Charge flux; Forward flux; Molar
 
flux; Net flux
 

balance, see Fuel cells
 
principle, 200
 

schematic, l12f
 
types, 112-113
 

Forced convection, usage, 336
 
Formation enthalpy, 36
 

computation, 35
 
Formic acid (HCOOH), 275
 

fuel cells, see Direct formic acid fuel
 
cells
 

Forward activation barriers, changes,
 
85-86
 

Forward current density (increase),
 
activation overvoltage
 
(requirement), 88
 

Forward flux, 147-148
 
Forward hop, activation barrier,
 

150-151
 
Forward reaction, 80
 
Fractional vacancy concentration,
 

143
 
Free energy, 26
 

curves, 89-90
 
difference, see Chemical free energy
 

difference
 
maximum, overcoming, 77-78
 

Fuel
 
availability, problems, 8
 
crossover, 121
 
delivery/processing subsystem,
 

331
 
explanation, 339-345
 
summary, 345
 

heat potential, 34--37
 
partial oxidation, 377
 
processing subsystem
 

complexity, 371-372
 
design, 371
 
example, 373f
 

processors
 
control volume analysis, 357
 
reactor design, 392
 
subsystem, 354--357
 

reformers
 
efficiency, description, 356
 
reactor design, 392
 

refonning,372
 
overview, 372-385
 

utilization
 
efficiency, 63
 
losses, 61
 

work potential, 37--46
 
Fuel cells, see Alkaline fuel cell;
 

Phosphoric acid fuel cell; Polymer
 
electrolyte membrane fuel cell;
 
Solid-oxide fuel cell
 

activation overvoltage, equilibrium
 
state, 105
 

advantages, 8
 
application, fuel/fuel system choice
 

(qualitative summary), see
 
Mobile fuel cell application;
 
Stationary fuel cell application
 

behavior, 174--175
 
bipolar plates, examples, 337
 
bipolar stack, 3D view, 333f
 
catalysis, understanding, 98-101
 
catalysts, function, 99
 
cathode, 100
 

outlet, 215
 
characterization, 225
 

defining, 226--227
 
techniques, overview, 227-228
 

charge transport, 111, 114
 
resistance, characteristics,
 

118-123
 
comparison, 282-283
 
composite membranes,
 

incorporation, 291
 
concentration loss, summary,
 

174--176
 
concept, see Hydrogen-oxygen fuel
 

cell
 
constant flow rate condition, 63
 
constant stoichometry condition, 63
 
control system, 350
 

schematic, 350f
 
cross-section, l5f
 
current
 

density, 208-209
 
load (500 rnA), 251-252
 
steady-state value, 229
 
supply, 17
 

CV curve, 253f
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definition, 3-5
 
design
 

computational fluid dynamics,
 
usage, 417--433
 

equations, usage, 418--423
 
diffusion models, 206--207
 
disadvantages, 8-9
 
efficiency, 59-64, see also Real fuel
 

cell efficiency
 
constant stoichiometry/constant
 

flow rate conditions, contrast,
 
64f
 

ideal, see Reversible fuel cell
 
efficiency
 

EIS characterization, 248f
 
electrodes, 165-166
 

porosity, 419
 
electrolyte
 

classes, review, 126--147
 
materials, doping, 144
 
resistance, minimi zation, 121
 

energy conversion device, 64-65
 
environment, relationship, 20-21
 
environmental impact, 451
 
example, 6--7
 
explanation, 272-282
 
factory analogy, 8
 
flooding, 16
 
flow channels, gas flow
 

(smoothness), 179
 
flux balance, 200-202
 
fuel supply, 66
 
galvanostatic techniques, 229
 
GDL, gas/electron transport, 295f
 
geometric design guidelines, usage,
 

418
 
geometry, construction, 424
 
Hz-utilization, impact, 354, 356
 
heat generation, 66
 
heat recovery, importance, 400
 
high-voltage requirements, 332
 
impedance model, see Simple fuel
 

cell impedance model
 
innovations, acid test, 226
 
i-V curve
 

power density curve, combination,
 
l8f
 

schematic, l7f
 
j- V curve, shape, 64
 
j-V performance behavior, 174
 
laptop, DC power (usage), 347
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Fuel cells (cont.)
 
LCA, 454-459
 
losses, 19
 
mass balances, 64--67
 
mass transfer losses, 175
 
mass transport, 161
 
model,217-218
 

basics, 195-199
 
CFD basis, 218-221
 
geometry, construction, 424-425
 

modeling, 195
 
monitoring system, 350
 
net current
 

extraction, 85f 
production, 92
 

operation, 13-16, 180
 
operational sweet spot, 332
 
parameters, 217
 
perrormance, 17-19
 

activation overvoltage, effect, 
87f
 

concentration loss, impact, 175f
 
ohmic loss, effect, 118f
 
test conditions, 233-234
 
understanding, 227
 

physical property, calculation, 430,
 
432
 

planar anode-electrolyte-cathode
 
structure, 13f
 

planar structures, 13
 
platinum electrodes, usage, 6
 
potentiostatic techniques, 229
 
power
 

conditioning, tasks, 345, 347
 
density curve, 17-18
 
density infonnation, usage, 363
 

product removal, 15
 
properties, 226
 
reactant delivery (transport), 15
 
reaction
 

impact, see Kinetics
 
kinetics. 71. 96
 
kinetics, facility, 242
 
surfaces, providing, 13
 

real efficiency, calculation, 62
 
real voltage output, 19
 
relationship, see Electrochemical
 

impedance spectroscopy 
resistance, 118-119
 

additivity, 121-122
 
properties, 118-119
 

reversible thermodynamic efficiency, 
62--63 

reversible voltage, prediction
 
(non-standard-state conditions),
 
46-59
 

schematic comparison, 9f 
sealing method, example, 334f 
sizing, case study, see Portable fuel 

cell
 
stacking, 19-20
 
steady-state galvanostatic
 

measurement, 229
 
steady-state properties, 230
 
structures, 217
 
subsystems, 357-359
 

example, 358f
 
function, 354
 
gross/net efficiency, 359f
 
net electrical efficiency, 357
 

technology, 19-20
 
temperature, 441
 
test stations, 232
 

requirements, 230--232
 
thermal balances, 64--67
 

example, 66f
 
thermodynamically predicted voltage
 

output, 19
 
thermodynamics, 25
 

equation, 52
 
total ohmic resistance, 122f
 
transport model, schematic, see
 

Two-dimensional fuel cell 
transport model 

types, 9-11
 
comparison summary, 283t
 
contrast, II
 
description, 12t
 
overview, 261
 

vehicles
 
adoption, example, 475-476
 
annual hydrogen consumption,
 

459f
 
on-board fuel processor R&D,
 

DOE discontinuation, 345
 
voltage, see Nonreversible fuel cell 

voltage; Reversible fuel cell 
voltages 

description, Nemst equation 
(usage), 101-102
 

efficiency, 62--63
 
instantaneous rebound, 251-252
 

maintenance, difficulty, 18
 
obtaining, 209
 
profile, l17f
 
profile, shape, 83f
 
translation, 42
 

Fuel cell stacks (subsystems), 331
 
cooling, importance, 337-338
 
design, requirements, 332
 
electrical power output, 403
 
explanation, 332-335
 
hot stream placement, 410
 
requirements, 232-233
 

estimates, 436
 
usage, 434
 
voltage, generation, 446
 

Fuel cell systems
 
components, specification, 442-445
 
configuration, selection, 436
 
design, 417, 441
 

case studies, 351-367,433-447 
hot/cold streams, thermodynamic 

data,402t
 
j-V performance curves, 446
 
review, 445-447
 

electrical efficiency, 362
 
heat management, 397
 
in-use time, maximization, 365
 
iterative process, 433
 
neutral water balance, achievement,
 

356
 
optimization, 365f
 
overview, 331
 
resizing, 362
 
schematic, 332f
 
simplified equivalent circuit,
 

25Jf
 
size/operation lifetime comparison,
 

367f
 
slow-scan j -V curve measurements,
 

acquisition, 233
 
thermal management subsystem,
 

design, 409
 
Fuel-processing subsystem
 

example, 355f
 
function, 354
 

Fuel-rich flame, proximity, 
280--281
 

Fuel species, electron movement, 5
 
Fuel storage, availability, 8
 
Full PEMFC model, description,
 

203t 

( 

G 
G: 
G: 

G,
 
GI
 

GI 



G 
Gadolinia-doped ceria (GDC), 144
 

advantages, 305, see also
 
Yttria-stabilized zirconia
 

electrolytes, conductivity, 145f
 
GDClO,304-305
 

electronic/ionic conductivities,
 
305
 

GDC40, 315
 
ionic conductivity, increase, 302
 
SOFC electrolyte material,
 

candidate, 301-302
 
Gadolinium-doped ceria (GDC), 279
 
Galvanic cell, anode/cathode
 

identification, 14
 
Galvani potential, 81-83
 
Galvanostatic techniques, 229
 
Gas diffusion layer (GDL), 98
 

carbon cloths, usage, see Polymer
 
electrolyte membrane fuel cell
 

chemical surface oxidation, 321
 
electrode materials, 295-297
 
materials, 296-297
 
requirements, 294-295
 

Gas/electron transport, see Fuel cell
 
GDL
 

Gases
 
constant, 126
 
critical properties, 167t
 
depletion, effects, 215-217
 
flow
 

rates, 231£
 
turbulence, 179
 

fluids, equivalence, 177
 
heat capacity, 440t
 
kinetic theory, usage, 178
 
mixtures, usage, 179
 
permeability, 228, 255
 
pressures, impact, 205-206
 
transport
 

dominance, 162
 
modes,192f
 

Gasification, 372, 383-384
 
Gasifiers, efficiencies, 384
 
Gasoline vehicle supply chain,
 

bottleneck processes
 
(identification), 457
 

Gaussian (computational tool), 99
 
GDC, see Gadolinia-doped ceria;
 

Gadolinium-doped ceria
 
GDL, see Gas diffusion layer
 

Generalized mass-transfer driving
 
force, 175
 

Geometric design guidelines, see Fuel
 
cells
 

Gibbs free energy (G), 30-31
 
calculation, 37-39
 
differential expression, 46, 48
 
electrical work, relationship, 39-40
 
impact, see Reversible voltage
 
reaction spontaneity, relationship, 42
 
relationship, see Reversible fuel cell
 

voltages
 
representation, 37
 
reversible fuel cell voltage,
 

relationship, 52
 
usage, 60
 
voltage, relationship, 42-43
 

Global warming, 461-462
 
emissions, relationship, 460-472
 
evidence, 462-463
 
external costs, environmental impact
 

(quantification), 469-470
 
fuel cell vehicles, impact, 464
 
hydrogen, contribution, 463-465
 
impacts, 469
 

Global warming potential (GWP), 466
 
values, 468
 

Gore-Select" (W.L. Gore and
 
Associates, Inc.), 288
 

Gravimetric energy density (specific
 
energy), 7
 

calculation, 339
 
Gravimetric power density (specific
 

power),7
 
Gravimetric Ragone plots, see Portable
 

power solutions
 
Greenhouse gases, concentrations, 462f
 
GWP, see Global warming potential
 

H 
HC, see Hydrocarbon
 
Heat
 

absorption/release, 217
 
availability, 407
 
capacity effects, 36
 
delivery, 361
 
energy, chemical reaction (impact),
 

41
 
engine, operation, 40f
 
generation/heat balance, 226
 
generation rate, 440
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management, 435
 
potential, see Fuel
 
relationship, see Work
 
release, 4
 
transfer, see External heat transfer;
 

Internal heat transfer
 
Heat exchangers
 

definition, 398
 
economic trade-off, 391
 
function, explanation, 398, 400
 
incorporation, impact, 405
 
network, redesign, 409
 
orientation, scenario analysis, 398
 

conducting, 409
 
performance, 40 I
 
specifications, 443t
 

Heat/expansion engine (description),
 
Carnot cycle (usage), 60
 

Heat recovery, 338, 361
 
amount, 338
 
efficiency, 362-363
 

calculation, 338
 
example, 363t
 

importance, see Fuel cells
 
subsystem efficiency, 361-362
 

Helmholtz free energy (F), 31
 
Heterpoly acid catalysts, 302
 
HHV, see Higher heating value
 
High-current-density region,
 

consideration, 171
 
High-energy reactant bonds, movement,
 

4---5 
Higher heating value (HHV)
 

calculation, 458
 
efficiency, 60-61
 

yield, see Reversible HHV
 
efficiency
 

heat recovery efficiency, 478
 
usage, 356
 

High-frequency intercept, 242
 
High-potential-energy initial state, 34
 
High-power-density automotive stacks,
 

active liquid cooling
 
(requirement), 336
 

High-temperature fuel cells, 337
 
heat, supply, 343
 

High-temperature oxidizing
 
environments, 317
 

High-temperature WGS processing,
 
387
 

Honda Clarity (2008), rendering, 265f
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Honda FCX (2005) fuel cell car power 
train, 265f 

Honda Home Energy Station, 344f 
Hopping activation barrier, linear 

voltage gradient (impact), 150f
 
Hopping mechanisms, usage, 16
 
Hopping model, see Solid-state ionic
 

conductor 
Hopping process
 

atomistic view, 149f
 
attempt frequency, 125-126
 
physical picture, 149f
 

Hopping rate
 
exponential activation, 149
 
expressions, 151
 

Hopping-type mechanisms, 147
 
HOR, see Hydrogen oxidation reaction
 
Hot reformate stream, temperature
 

range, 401
 
Hot streams
 

identification, 398-401
 
minimum temperature difference,
 

selection, 403-404
 
temperature-enthalpy diagram, 405f,
 

406f, 408f, 41lf 
temperature profiles, 400f 
thermodynamic data, see Fuel cell 

systems 
transfer, 441-442
 

Hot T-H diagram, shift, 406
 
Hot water heating system, heat delivery,
 

361
 
Hydrocarbon-fueled fuel cell
 

performance, improvement, 312
 
Hydrocarbon (HC) fuel, usage, 371
 
Hydrocarbon polymers, 289
 
Hydrogen
 

absorption, 76
 
peaks, 253f
 

adsorption, 252
 
atoms
 

chemical bonds, 26
 
separation, 100
 

carriers
 
effectiveness, comparison,
 

341-342
 
usage,339,341-345
 

charge transfer reaction, 90
 
combustion, 3-4
 
combustion reaction, splitting, 6
 
compression, 455
 

concentration cell, 54f, 56
 
components, 54-55
 

concentrations, see Anodes
 
profile, 432
 

desorption peaks, 253f
 
direct usage, 339
 
economy dream, schematic, 20f
 
flux, 200
 
fuel cells
 

operation, 343
 
platinum, usage, 297
 
STP, 65-66
 
vehicle fleet, supply chain, 455f
 

gas, mass transport, 76
 
generators, emission factors, 456t
 
ions, mass transport, 77
 
macroscopic energy, absence, 26f
 
molecule, separation, 76
 
reactants, 35
 
reduction reaction, 96
 
stoichiometric number, 216
 
storage, 339-341
 

efficiency, 340
 
methods, 339-341
 
systems, comparison, see Direct
 

hydrogen storage systems
 
supply, 434
 
yield
 

calculati on, 381
 
limitation, 390
 

Hydrogen-fueled PEMFCs, 297
 
Hydrogen-hydrogen bonds
 

bonding energy, internuclear
 
separation (contrast), 5f
 

breakage, 4
 
Hydrogen oxidation reaction (HOR),
 

14, 76
 
comparison, see Electrochemical
 

reactions
 
electro-catalyst, 297
 
kinetics, speed, 94
 
standard-state exchange current
 

densities, 95t 
surface-limited reaction, 72f 

Hydrogen-oxygen (Hz-Oz) APC, 
schematic, 266f 

Hydrogen-oxygen (Hz-Oz) combustion 
reaction, schematic, 4f 

Hydrogen-oxygen (Hz-Oz) fuel cell 
anode, cathode (contrast), 94f 
cathode impedance, 247f 

concept,4f
 
example,6f
 
model, equations, 423
 
protons/electrons, accumulation,
 

113f
 
reaction, 33, 42-43
 
reversible HHV efficiency,
 

comparison, 61, 62f
 
standard-state potential, 45
 

Hydrogen-oxygen (Hz-Oz) MCFC,
 
schematic, 268f
 

Hydrogen-oxygen (Hz-Oz) PAFC,
 
schematic, 262f
 

Hydrogen-oxygen (Hz-Oz) PEMFC,
 
schematic, 264f
 

Hydrogen-oxygen (Hz-Oz) SOFC,
 
schematic, 271
 

Hydrogen-oxygen PEMFC, 113-114
 
Hydrogen-pump-mode configuration,
 

252
 
Hydronium atom, formation, 100
 

illustration, 100f
 
Hydroperoxy (.OOH) radicals,
 

320-321
 
Hydrophobicity, increase, 296
 
Hydrophobic treatment, 296
 
Hydroscopic oxide, inclusion, 290-291
 
Hydroxide (OH)
 

compounds, ionic conductivity,
 
128-129
 

groups, interactions, 101
 
Hydroxide (-OH)
 

concentration, 267
 
zinc oxidization, 279
 

Hydroxy (.OH) radicals, 320-321
 

I
 
ICE, see Internal combustion engine
 
Ideal gas, species activity, 50
 
Impedance
 

behavior, 243
 
calculation, 241-242
 
component, 242
 
data, plotting, 236-237
 
measurements, 235-236
 

confinement, 237f
 
requirement, 248f
 

response, 236
 
measurement, 247-248
 

Incremental voltage loss, calculation,
 
170-172
 

I
 

f, 

II
 

Ie
 

Ie
 

Ie
 



Independent variables, relationship, see 
Thermodynamics 

Industrial Revolution, changes, 
462--463 

Inertial forces, viscous forces (ratio), 
177
 

Infinite Warburg behavior, 244-245
 
Infinite Warburg element, equation, 243
 
Infinite Warburg impedance element,
 

Nyquist diagram, 244
 
Ink deposition, 293
 
Ink formulation, 293
 
Inlet condition, 429
 
Inlet gases, preheating, 337
 
Input voltage, increase, 347-348
 
In situ electrochemical characterization
 

techniques, 228-254
 
Interconnect degradation, 323
 
Interdigitated flow, 191£, 192
 
Interfaces, impact, 204
 
Interfacial potential, buildup, 81-82
 
Intermediate-strength bond, usage, 90
 
Intermediate-temperature SOFC design,
 

272
 
Internal combustion engine (ICE)
 

vehicles, supply chain, 452f
 
Internal energy (U), 26, 31
 

change, 27, see also Closed system
 
Internal fluid friction, measure, 177
 
Internal heating, examples, 338
 
Internal heat transfer, 400
 
Internal reforming, usage, 343, 345
 
Internuclear separation, see
 

Hydrogen-hydrogen bonds
 
Interstitials, 124
 
Intrinsic carriers, 144
 

extrinsic carriers, contrast, 143
 
Intrinsic hopping rate, diffusivity
 

information, 149
 
Ionic charge
 

carriers, 11, 142
 
transport, difficulty, 116
 

Ionic conduction, 15
 
explanation, 16
 

Ionic conductivity, 121
 
creation, 290
 
explanation, 426, 429
 
representative examples, 304f
 

Ionic conductors, contrast, see
 
Electronic conductors
 

Ionic resistance, domination, 122-123
 

Ionic transport, 130-132
 
occurrence, 317
 

Ions
 
conduction, quantum 

mechanics-based simulation, 
see Oxide electrolytes 

conductivity
 
addition, 271-272
 
characterization, 302
 

conductors, usage, 153-154
 
diffusivities, 126
 
mobility, 125-126
 

Iron oxidation reaction, standard-state 
potential, 45
 

Irreversible reaction process, 91-92
 
Isothermal reaction, computation, 37
 
i-V curve, schematic, see Fuel cells
 

J
 
Jump attempt frequency, 149-150
 

K 
Kinetic energy, representation, 26f 
Kinetic Monte Carlo (KMC) 

techniques, 156, see also 
Quantum-KMC technique 

Kinetic performance, improvement, 
88-91
 

Kinetic properties, 226
 
Kinetics (production), fuel cell
 

reactions (impact), 94-97
 
KMC, see Kinetic Monte Carlo
 
KOH aqueous solution, conductivity
 

(calculation), 129
 
KOH electrolyte solution, calculation,
 

129
 

L 
Laminar flow
 

computation, 181
 
conditions, micro-scale
 

channel-width dimensions 
(necessity),278 

turbulent flow, contrast, 180£ 
LAMOX (LazMoz09 ) , materials
 

basis, 306--307
 
development, 307
 

Lanthanum gallate (LaGa03),
 
307
 

LaGa03-based materials,
 
disadvantages, 308
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Lanthanum strontium cobalite ferrite
 
(LSCF),272
 

Lanthanum-strontium cobalite (LSC),
 
272
 

Lanthanum-strontium ferrite (LSF), 272
 
Lanthanum strontium gallium
 

magnesium (LSGM)
 
conductivity, 307-308
 
ionic conductivity, 307, 308
 

Lanthanum Strontium Manganite
 
(LSM), 145-147,279, see also
 
Strontium-doped LSM
 

LSM+YSZ, mixed interfacial layer,
 
311
 

LSM-YSZ cathodes, MIEC
 
alternatives, 318
 

LSM-YSZ composite cathodes,
 
formation, 318
 

LSM-YSZ composite materials,
 
oxidative degradation/secondary
 
reaction, 322-323
 

phases, 311-312
 
reliance, 317-318
 

Law of conservation of energy, see
 
Energy
 

Lawrence Livermore National
 
Laboratories (LLNL), vehicle use
 
(hybrid cryocompressed gas
 
storage option), 340
 

LCA, see Life cycle assessment 
Le Chatelier's principle
 

example, 49
 
usage, 375,386
 

Legendre transform, 30
 
LHV, see Lower heating value 
Life cycle assessment (LCA), 451--459,
 

see also Fuel cells
 
conducting, 470
 
emissions, 460
 
example, 457--458
 
methodology, 452--453
 
scenario analysis, 476--479
 
stages, 452
 
tool, 452--454
 

Lifetime
 
importance, 320-323
 
issues, 226
 

Linear Tafel fit, usage, 93
 
Liquid-fueled portable power fuel cell 

system, battery system 
(comparison),367f 
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Liquid fuels, direct operation, 273
 
Liquid-gas transport models, 204
 
Liquid hydrogen, usage, 341
 
Liquid-tin anode SOFCs (LTASOFCs),
 

261,272
 
explanation, 281-282
 
operating principles, 282f
 
operation, 281-282
 
power densities, level, 282
 

Liquid water product, standard-state
 
conditions, 43
 

LLNL, see Lawrence Livermore
 
National Laboratories
 

Log-scaled t-v curve, 235f
 
Lone pair substitution (LPS), 307
 
Low carbon fuels, usage, 465-466
 
Low current densities, 234
 
Low-current-density j -V curve
 

regimen, 234
 
Low-energy associations, formation,
 

303
 
Low-energy product bonds. movement,
 

4-5
 
Lower heating value (LHV), 61
 
Low-potential-energy final state,
 

34
 
Low-power portable PEMFC systems,
 

cooling (absence), 336
 
Low pressure equation, Nerost equation
 

(indication), 54
 
Low-temperature acidic fuel cells,
 

97
 
Low-temperature fuel cells, 336
 

systems. heat production, 400
 
Low-temperature methanol fuel cells,
 

Pt basis, 273
 
Low-temperature WGS processing,
 

387
 
LPS, see Lone pair substitution
 
LSC, see Lanthanum-strontium
 

cobalite 
LSCF, see Lanthanum strontium 

cobalite ferrite
 
LSCV-YSZ composites, 316
 
LSF, see Lanthanum-strontium ferrite
 
LSGM. see Lanthanum strontium
 

gallium magnesium 
LSM, see Lanthanum Strontium 

Manganite 
LTA-SOFCs, see Liquid-tin anode 

SOFCs 

M 
Man-made sources. U.S. emissions, 

468t 
Mass balance, 437-442
 

calculation, 433
 
usage, 438-439
 

Mass conservation, 202
 
explanation. 419
 
simplified form, 418
 

Mass flow controllers, 230
 
Mass storage efficiency, calculation,
 

340
 
Mass transport, 243-245, see also Flow
 

channels
 
low frequencies, 247
 
model, see Two-dimensional mass
 

transport model
 
properties, 226
 
schematic, 165f
 

Material, importance, 320--323
 
Matrix material. fuel cell usage, 127
 
Maxwell-Stefan equation, 420-421
 
Maxwell-Stefan model, 206-207
 
MCFC, see Molten carbonate fuel
 

cell 
MEA, see Membrane electrode 

assembly
 
Mechanical integrity, 121
 
Mechanical stability, addition, 271
 
Mediator-free approach, bacteria usage,
 

276
 
Membrane degradation, 320--321
 
Membrane electrode assembly (MEA),
 

264
 
fabrication, see Polymer electrolyte 

membrane fuel cell; Solid-oxide 
fuel cell 

manufacturing, 321
 
Membraneless fuel cells, 261,272
 

design, Y-shaped micro-fluidic 
channel configuration basis, 
277f 

explanation, 277-278
 
simplicity/compactness, 278
 

Mercury, injection, 254-255
 
Meta
 

macrocycles, 300
 
Metal
 

carrier concentration, calculation,
 
125
 

electrodes, 114
 

electron conductivity, 125
 
interconnects, 319
 

Metal-air cells, 261, 272
 
explanation, 278~279
 

zinc/aluminum/magnesium, usage,
 
278
 

Metal-based GDL materials, 297
 
Metal hydride
 

cylinder
 
attention, 443-444
 
specification, 444t
 

tank, 442
 
usage, 341
 
volumetric storage capability, 434
 

Metallic electron conductor,
 
free-electron model, 124
 

Metal surfaces
 
chemisorption, 77
 
standard-state exchange current
 

densities, 95t 
Methane (CH4 ) 

carbon monoxide, selective 
methanation, 387-388
 

consumption, see Reformer
 
presence, 353
 

Methanol (CH30H)
 

combustion reaction, calculation.
 
35-36
 

electro-oxidation
 
kinetics, 274
 
reaction, 273-274
 

fuel system, equivalence, 342
 
oxidation, 264
 

Microporous layers, 296
 
Microstates, 28-29
 

availability, 29
 
MIEC, see Mixed ion-conducting and
 

electronically conducting
 
MIECs, see Mixed ionic-electronic
 

conductors
 
Migration energy barrier, illustration,
 

156f
 
Minimum temperature difference,
 

selection, 403-404
 
Mixed ion-conducting and
 

electronically conducting (MIEC)
 
ceramic material, 271-272
 

Mixed ionic-electronic conductors 
(MlECs), 144-147, 317
 

ceramic materials, 145-146
 
conduction, 145
 



development, 146-147
 
prototype, 145-146
 
SOFC cathode electrode, 146f
 

Mixture
 
density, 181
 
molecular weight, 181
 
viscosity, 181
 

Mobile fuel cell application, fuel/fuel
 
system choices (qualitative
 
summary), 346t
 

Modeling, importance, 19
 
Molar concentration, conversion, 187
 
Molar diffusion flux, conversion, 166
 
Molar flow rate, 73
 
Molar flux, 112
 
Molar input/output flow rate, see
 

Species
 
Molar quantities, 32-33
 

usage, 40
 
Molar reaction quantities, 47, 48
 
Molar-weighted reactant, differences,
 

35
 
Moles, number (representation), 35
 
Molten carbonate fuel cell (MCFC), 9,
 

261
 
advantages, 270
 
disadvantages, 270
 
electrolyte, usage, 268
 
example, 338
 
explanation, 268-270
 
high operating temperature, 270
 
molten (KlLi)"C03, usage, 127
 
nickel-based electrodes, 270
 
operating temperature, 268
 
system, photograph, see Pressurized
 

MCFC system
 
temperatures, operation, 371-372
 

Momentum conservation, 420
 
Multicomponent gas diffusion, 206-207
 

N 
Nafion, 288-289
 

chemical structure, 131
 
conductivity
 

local change, 135
 
water content, impact, 133-135
 

equivalent weight, 137
 
free volumes, aggregation, 131-132
 
ionic conductivity
 

temperature, contrast, 134f
 
water content, contrast, 134f
 

membranes
 
behavior, see Polymer electrolyte
 

membrane fuel cell
 
calculated properties, 140f
 
conductivity profile,
 

determination, 214
 
restriction, 288-289
 
water content, linear increase, 212
 
water fluxes, existence, 207
 

sulfonic group, valence, 137
 
water, absorption, 132-133
 
water content, water activity
 

(contrast), 132f
 
water diffusivity, 138-140
 

constancy, 212-213
 
illustration, 138f
 

Nafion, ionic transport, 130-132
 
Nafion-based fuel cell system, 288-289
 
National Emission Inventory (NEI),
 

469-470
 
Natural desulfurized gas fuel,
 

composition, 353t
 
Natural gas fuel, 353
 

processing, 455
 
Natural greenhouse effect, 460
 
Natural logarithm function, application,
 

103
 
Negative energy change, 32-33
 
NEI, see National Emission Inventory
 
Neosepta-F" (Tokuyama), 288
 
Nernst equation, 49-54
 

application, 52
 
Butler-Volmer equations, relationship
 

(understanding), 102
 
connection, see Butler-Volmer
 

equation
 
derivation, 56-57
 
indication, see Low pressure equation
 
logarithmic form, 89
 
modification, 53
 
rederivation, 56
 
relationship, see Pressure
 
usage, 105, see also Voltage
 

Nernstian concentration losses,
 
consideration, 173
 

Nernstian losses, 164--165
 
Nernst voltage
 

concentration, impact, 170-171
 
decrease, 169
 
value usage, 170
 

Net electrical efficiencies, 362-363
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Net flows, environmental impacts, 453
 
Net flux, 151
 
Net reaction rate, 80
 
Neutral system water balance, 356
 

explanation, 356-357
 
Neutral water balance, achievement, see
 

Fuel cell systems
 
nF, usage, 44
 
Nickel (Ni) agglomeration,
 

acceleration, 314
 
Nitrates (NIT), impact, 461-462
 
Nitrogen consumption, absence, 216
 
Nitrogen flux, 209
 
Ni-YSZ advantage, 314
 
Ni-YSZ anode-based SOFCs, 314
 
Ni-YSZ anodes, YSZ electrodes
 

(matching),313
 
Ni-YSZ cermet
 

anode materials, 312-314
 
electrical conductivity, 313f
 

Ni-YSZ ratio, impact, 314
 
Nominal diffusivity, calculation, 167
 
Nonideal gas, species activity, 50
 
Nonideal solution, species activity, 50
 
Nonlinear electrochemical systems,
 

237
 
Nonplatinum ORR catalysts, 300--301
 
Nonpolar gases, final parameters, 167
 
Nonreversible fuel cell voltage, 33
 
Nonspontaneous reaction, 38
 

temperature, 39
 
Nonstandard fuel cell types, 272
 
Non-steady-state conditions, 229
 
Nonstoichiometry,305
 
Nonuniformities, 121
 
No-slip condition, 178
 
Nyquist impedance plot, see
 

Resistor-capacitor series
 
Nyquist plot, 24lf, see also
 

Electrochemical impedance
 
spectroscopy; Parallel RC; Porous
 
bounded Warburg element;
 
Resistors; Simple fuel cell
 
impedance model; Warburg
 
element
 

example, 238f
 
generation, values (summary), 247t
 

o 
Ohmic activation losses, 238
 
Ohmic conduction process, 239
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Ohmic losses, 18, 116,245, see also 
Electrolytes 

effect, see Fuel cells 
Ohmic overvoltage, membrane 

resistance (impact), 139
 
Ohmic properties, 226
 
Ohmic resistance, 239
 
Ohmic voltage losses, 120
 

determination, 207
 
Ohm's law, 234
 

voltage loss, impact, 116
 
OM, see Optical microscopy; Organic
 

matter
 
On-board fuel processor R&D, DOE
 

discontinuation, see Fuel cells
 
One-dimensional (lD) fuel cell model,
 

199-218
 
assumptions, 202-205
 
considerations, 217-218
 
examples, 208-217
 
geometric effects, 22D-221
 
governing equations, 205-208
 

One-dimensional (ID) PEMFC 
flux details, 20If 
model example, 21D-215 

One-dimensional (lD) SOFC model
 
example, 208-210
 
flux details, 20 If
 
modification, 215-217
 

One-phase AC power, requirement,
 
349
 

Open solid oxide fuel cell (no-chamber
 
solid oxide fuel cell), 280
 

Operating temperature, selection,
 
437
 

Optical microscopy (OM), 256
 
Optimal A, selection, 216
 
Organic matter (OM), enhancement,
 

461
 
ORR, see Oxygen reduction reaction
 
Orthorhombic tungsten bronze (OTB)
 

crystal structure, 316--317
 
Outlet condition, 429
 
Oxidant species, electron movement, 5
 
Oxidation, 14
 

reaction, standard-state potential, see 
Iron oxidation reaction 

Oxide electrolytes, ion conduction
 
(quantum mechanics-based
 
simulation), 155-157
 

Oxide ions, diffusing species, 155
 

Oxygen
 
concentration changes, 188
 
concentration profile, 432
 
deficiency, 378
 
density
 

increase, 189
 
profile, 189f
 

electro-reduction, 317-318
 
flux, consumption, 187
 
molar ratio, 67
 
reactions, 35
 
stoichiometric amount, 378
 
stoichiometric number, 216
 
supply rate, 189
 
vacancy
 

formation, 146
 
hydration, 309
 

y-direction mass transport, 187
 
Oxygen-deficient perovskites, 316
 
Oxygen-ion-conducting LaGa03,
 

308f
 
Oxygen-ion-conducting Perovskite
 

oxides, 307-308
 
Oxygen-oxygen bonds, breakage, 4
 
Oxygen reduction reaction (ORR), 14
 

catalysts, see Nonplatinum ORR 
catalysts
 

complication, 94-95
 
platinum, activity, 298
 
standard-state exchange current
 

densities, 96t 

P 
Pacific Northwest National Laboratory 

microfuel processor, 344f
 
PAFC, see Phosphoric acid fuel cell
 
Palladium membrane, H2 yield, 390
 
Palladium membrane separation, 387
 

explanation, 389-390
 
Parallel flow, 191, 191f
 
Parallel RC, circuit diagram/Nyquist
 

plot, 243f 
Parallel serpentine flow, 191f 
Parasitic nonelectrochemical reactions, 

180
 
Parasitic power, 357
 

, Partially humidified air, 133
 
Partial oxidation (POX), 372
 

fuel reformer, 378-379
 
reactions, 377t
 
reforming, 377-379
 

Passive cooling, usage, 336
 
PBI, see Phosphoric acid doped 

polybenzimidazole; 
Polybenzimidazole 

PCD, see Power control unit 
PEEK, see Polyaryletherketone 
PEMFC, see Polymer electrolyte 

membrane fuel cell 
Perfectly smooth electrode-electrolyte 

interface, 240
 
Perfluorinated polymers, 288-289
 
Permeability (K), 426, see also Gases
 
Perovskite anode materials, 316
 
Perovskite oxide, proton conductivity,
 

308-309
 
Perovskites, proton conduction, 309
 
Perovskite structure, 308
 
Persulfonated polytetrafluoroethylene
 

(PTFE), 130, 131
 
Phase-shifted current response, 236
 
Phosphoric acid doped
 

polybenzimidazole (PBI), 290
 
impurities, sensitivity, 371-372
 
membranes, conductivity, 290
 

Phosphoric acid fuel cell (PAFC), 9, 97,
 
261
 

advantages, 263
 
disadvantages, 263
 
explanation, 262-263
 
optimal performance, 262
 
schematic, 262
 

PHosphotungstic acid, 291
 
Physical picture, see Simple fuel cell
 

impedance model
 
Pinch point analysis
 

definition, 398
 
multiple scenarios, evaluation,
 

409-412
 
steps, overview, 398-412
 

Pinch point temperature, level, 412
 
Planar anode-electrolyte-cathode
 

structure, see Fuel cell
 
Planar concentration, conversion, see
 

Volume
 
Planar connection designs, exploration,
 

334
 
Planar fuel cell, cross-sectional view,
 

15f
 
Planar series interconnection, 335f
 
Planck's constant, usage, 79
 
Plates, flow, 177-178
 



Platinum-electrolyte-platinum
 
membrane structure, usage,
 
54-55
 

Platinum-free catalysts, outlook, see 
Polymer electrolyte membrane 
fuel cell 

Platinum (Pt) 
alloys, 297-298
 

catalysts, complications, 300
 
usage, 299-300
 

atoms, hydrogen molecule
 
approach, 99f
 
interaction, 99-100
 

catalyst surface, oxygen molecule 
(approach), IOIf 

current Pt/C catalysts, optimization, 
299
 

expense,297
 
Pt-particle-size deactivation effect,
 

299
 
usage, 298-299
 

Poisoning, impact, 386
 
Poly-2,2' -rn-tphenylene)-5,5'­


bibenzimidazole, see
 
Polybenzimidazole
 

Polyaryletherketone (PEEK), 289-290
 
structure, see Sulfonated PEEK
 

Polybenzimidazole (PBI) 
(Poly-2,2' -m-(phenylene)-5,5'­
bibenzimidazole),290f 

Polymer 
chains
 

ion transport, schematic, 130f
 
sulfonation, 290
 

free volume, 130
 
ion conductor, 130
 
structure, density, 130
 

Polymer electrolyte membrane fuel cell
 
(PEMFC), 9, 97, 261, see also
 
Hydrogen-oxygen PEMFC
 

acidic environment, 300
 
advantages, 264
 
anode catalysts, 297-298
 
applications, 130
 
cathodes
 

catal ysts, 298-30I
 
costs, reduction, 298
 
platinum-free catalysts, outlook,
 

301
 
construction, 263-264
 
disadvantages, 266
 

dual-layer approach (gas-diffusion
 
layer/catalyst approach),
 
293-295
 

electrode/catalyst materials, 
291-301
 

electrode structures, 292
 
electrolyte materials, 288-291
 
environments, 100
 
explanation, 263-266
 
GDL applications, carbon cloths
 

(usage), 295-296
 
geometry, 186
 
impurities, sensitivity, 371-372
 
materials, 287
 

durability/lifetime issues, 320-321
 
MEA fabrication, 292-293
 

explanation, 293
 
process, 292f
 

membrane resistance, ohmic
 
overvoltage, 214-215
 

model
 
challenge, 211-212
 
results, comparison, 199f
 

Nation membranes, behavior, 135
 
PEMFC-based direct alcohol fuel
 

cells, attractiveness, 298
 
physical properties, 213t
 
platinum, usage, 98
 
polymer membrane, usage, 11,264
 
power density, 264
 
serpentine flow channels, 218
 
stacks
 

configuration, 333
 
usage, 265f
 

start-up/shutdown local cathode
 
potential, 321
 

test station, 23If
 
volume conditions, 427f
 

Polymer electrolytes, ionic conduction, 
129-141
 

Polymer ion conductors, 129-130
 
Polymer-ionic composite membranes,
 

290-291
 
Polytetrafluoroethylene (PTFE), see
 

Teflon
 
Pore size distributions, 254-255
 
Porosity, 426, see also Effective
 

porosity
 
definition, 254
 
determination, 228
 

explanation, 254-255
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Porous bounded Warburg element, 
circuit diagram/Nyquist plot, 
245f 

Porous bounded Warburg model, 244
 
Porous electrode geometries, impact,
 

15-16
 
Porous structure, porosity, 168
 
Portable fuel cell
 

sizing, case study, 363-367
 
system, 332f
 

optimization, 364---365
 
Portable power solutions, gravimetric
 

Ragone plots, 366f
 
Portable SOFC system
 

design, 434-437
 
schematic, 435f
 

Post-WGS reactor, 411
 
Potassium hydroxide (KOH),
 

concentration, 266
 
Potential
 

gradient, 152
 
impact, see Electrons
 
rate, relationship, 83-88
 

Potential energy 
reaction progress, relationship, 4f 
representation, 26f 

Potentiostatic techniques, 229
 
Power
 

conditioning devices, usage, 359
 
definition, 7
 
electronics subsystem, 331, 359-360
 

example, 360f
 
explanation, 345-351
 
function, 354
 

explanation, 7
 
inversion, 345, 348-350
 
regulation, 345, 347-348
 
supply management, 351
 

Power control unit (PCV), electrical 
power output management, 265f 

Power density 
comparison, see Technologies 
curve, see Fuel cells 

combination, see Fuel cells 
explanation, 7
 

POX, see Partial oxidation
 
Preheater, heat delivery, 361
 
Pre-leached Pt-alloy catalysts,
 

poisoning rates (reduction), 300
 
Pre-leaching process, introduction,
 

300
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Pressure
 
gauges, usage,230
 
impact, 233-234
 
temperature/Nernst equation,
 

relationship, 53
 
Pressure-swing absorption, 387
 
Pressure swing adsorption (PSA), 389
 
Pressurized MCFC system, photograph,
 

269f 
Primary fuel reforming reactions, 

chemical reaction characteristics 
(comparison),374t 

Primary H2 production methods, 
advantages/disadvantages, 375t
 

Processor efficiency losses, 390-392
 
Product
 

concentration, 165-166
 
profile, 166f
 

formation enthalpies, difference,
 
35
 

surface concentration, 80
 
Product/reactant species, 52
 
Product removal, 16, see also Fuel
 

cells
 
Products-reactants, impact, 35
 
Proton conducting BaZr03, 308f
 
Proton-conducting Perovskites,
 

308-309
 
Proton-conducting polymer electrolyte
 

membrane, usage, 263-264
 
Proton conducting polymer (Nafion),
 

conductivity, 302f
 
Protons
 

accumulation/depletion, 114
 
conduction, occurrence, 290
 
flux, 200
 
introduction, 309
 
release, 277
 
water, relationship, 135
 

Prototype portable DMFC systems, 
274f
 

PSA, see Pressure swing adsorption
 
Pt-based catalyst, usage, 97
 
Pt catalyst, effectiveness
 

(maximization), 293
 
PTFE, see Persulfonated
 

polytetrafluoroethylene
 
Pulse-width voltage modulation, DC
 

transformation, 349f
 
PureCell™ 200 power system,
 

photograph, 263f
 

Pure LaCr03, conductivity, 319
 
Pure resistors, representation, 242
 
Pyrochlore-type oxides, mixed
 

ionic/electronic conductivity,
 
317
 

Q
 
Quantum-KMC technique,
 

156--157
 
Quantum mechanics, 98-10 I
 

R 
Radial frequency, relationship,
 

235-236
 
Raw material production, supply chain,
 

454
 
Reactants
 

concentration, 165-166
 
changes, 232-233
 
decrease, 89, 173
 
effects, inclusion, 90
 
increase, 89
 

consumption rate, 65
 
convective mixing, 165f
 
crossover, 127
 
flux, 168
 
fuel, enthalpy, 65
 
surface concentration, 80
 
time dependence profile, 166f
 
transport, 15-16
 

Reaction
 
current per unit area, 90-91
 
enthalpy, 34-37
 

calculation, 34-36
 
input, electrical power output
 

(difference), 65--66
 
interface, Galvani potential, 84
 

reduction, 84f
 
kinetics
 

description, Butler-Volmer
 
equation (usage), 171
 

Tafel simplification, 241
 
writing, 102-103
 

losses, 165
 
increase, 169
 

net rate, calculation, 79-80
 
.potential, equilibrium, 81-83
 
sites, increase, 90-91
 
spontaneity, relationship, see Gibbs
 

free energy 

standard-state molar free-energy 
change, 51-52
 

surface area, maximization, 97
 
variation, treatment, 87
 

Reaction rates, 75-76, see also Net 
reaction rate 

activation energy, impact, 
78-79
 

concentration, impact, 171-172
 
equilibrium, 81
 
formula, 80
 
theory, 149
 

Real fuel cell efficiency (practical fuel 
cell efficiency), 61--64
 

Redox active dye molecules, 276
 
Reduction, 14
 
Reformate stream, 354
 

CO, chemical removal, 388t 
Reformer 

efficiency
 
description, see Fuel
 
losses, 390-392
 

example, see External reformers; 
Internal reformers 

exothermic operation, see Catalytic 
fuel reformer
 

methane consumption, 376--377
 
reaction, 275-276
 

Reforming processes, H2 yields
 
(variation), 372
 

Relaxation parameters, see
 
Computational fluid dynamics
 

Resistance, definition, 119
 
Resistance scales
 

area, inclusion, 119-120
 
thickness, inclusion, 120-121
 

Resistive Faradaic impedance, 242
 
Resistor-capacitor series, Nyquist
 

impedance plot, 241
 
Resistors 

circuit diagram, 239f 
Nyquist plot, 239f 

Results analysis, see Solution 
process/results analysis 

Reverse activation barriers, changes, 
85-86
 

Reverse current density, 81
 
Reverse reaction, 80
 

activation barrier, 80
 
rate, 81
 

Reversibility, 33
 



Reversible fuel cell efficiency, ideal,
 
6Q--61
 

Reversible fuel cell voltages, 33
 
decrease, 47
 

temperature, increase, 47-48
 
defining, 47
 
Gibbs free energy, relationship, 47,
 

49
 
variation, 59
 

pressure, relationship, 49
 
Reversible HHV efficiency
 

comparison, see Hydrogen-oxygen
 
fuel cell
 

yield, 60
 
Reversible thermodynamic efficiency,
 

62. see also Fuel cells 
Reversible thermodynamic engine, 

diagram, 40f 
Reversible voltage
 

computation, 43-46
 
magnitude, Gibbs free energy
 

(impact), 42-43
 
prediction, non-standard-state
 

conditions, see Fuel cells
 
pressure, relationship, 49
 
temperature, contrast, 48f
 
variation
 

concentration, relationship, 49-54
 
pressure, relationship, 48-49
 
temperature. relationship, 46--48
 

Reynolds number, 177
 
Right-hand side (RHS), 420-421
 
Rotational diffusion transfer
 

mechanisms, reliance, 291
 
Rotationally mobile tetrahedral
 

oxy-anion groups, 291
 
Ruthenium
 

consideration, 273
 
effectiveness, 298
 

S
 
Salt bridge, connection, 58
 
Salt water battery, components, 54
 
Samaria-doped ceria (SOC), 304
 
Scanning electron microscopy (SEM),
 

256
 
SDC. see Samaria-doped ceria
 
Sealant degradation, 323
 
Sealing material, see Solid-oxide fuel
 

cell
 
selection. 321
 

Sealing method, example, see Fuel cells
 
Secondary-ion mass spectrometry
 

(SIMS), 256
 
Selective oxidation reactor, hot stream
 

placement, 410
 
Self-heating effects, impact, 336
 
SEM, see Scanning electron
 

microscopy
 
Semi-empirical expression, usage, 179
 
Serpentine flow, 191, 19lf
 

channel fuel cell model, isometric 
view,218f 

channel model, cell j -V curves, 219f 
channels, see Polymer electrolyte 

membrane fuel cell
 
Seven layer MEA, 296
 
Shear force, impact. 177
 
Shell, usage, 3
 
Sherwood number, see Constant-flux
 

Sherwood number
 
Shewanella putrefaciens, 276
 
Shorting, 121
 
Siemens-Westinghouse SOFC/micro
 

220-kW gas-turbine system, 27lf
 
Siemens-Westinghouse SOFC systems,
 

335
 
Siemens-Westinghouse tubular SOFCs,
 

photograph/end-on detail, 336f
 
Signal voltage perturbation,
 

application, 237f
 
Silicotungstic acid, 291
 
Silp boundary conditions, usage, 178
 
Simple fuel cell impedance model
 

physical picture/circuit
 
diagram/Nyquist plot, 246f
 

Simplified PEMFC model, description,
 
205t
 

SIMS, see Secondary-ion mass
 
spectrometry
 

Single-chamber flow structure, making,
 
176
 

Single-chamber SOFCs, 261, 272
 
designs. advantages. 279-280
 
explanation, 279-280
 
operating principle, 280f
 
platinum electrodes, usage, 279
 

Single channel fuel cell geometry, 425f 
Single-phase inverter solution, 

example, 349-350
 
Sintering, impact, 386
 
Sinusoidal current response, 236f
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Sinusoidal voltage perturbation, 
235-236
 

equations. 240
 
illustration, 236f
 

Size sensitivity. 51
 
SOFC, see Solid-oxide fuel cell
 
Solid acid membranes, 291
 
Solid-electrolyte ionic conductivity
 

values, 126
 
YSZ, usage, 270
 

Solid-oxide fuel cell (SOFC), 9, 261
 
advantages, 272
 
anode electrocatalyst material, 308
 
anode materials, usage, 270--271
 
assumptions, 204
 
BOP components, design parameters
 

(initial values), 438t
 
catalyst/electrode materials,
 

requirements, 310
 
cathode
 

electrode, 146f
 
materials, usage, 270--271
 

ceramic membrane, usage, 11
 
CO, impact, 95-96
 
current density, 210
 
design, see Intermediate-temperature
 

SOFC design 
end/side views, see Tubular SOFC 

design
 
disadvantages, 272
 
dual-layer approach, 310
 
electrode/catalyst materials,
 

309-320
 
electrode structures, 145
 
electrolytes
 

applications, 307-308
 
conductivity, 143-144
 
dopants, usage, 143
 
materials, 301-309
 

explanation, 270--272
 
fabrication stack materials, exposure,
 

322
 
flux balance, 202
 
hydrogen reduction reaction, 96
 
interconnect materials, 318-319
 
materials, 287
 

durability/lifetime issues, 322-323
 
MEA fabrication, 310--312
 

approaches, 311f
 
model, gas depletion effects, 217
 
one-dimensional model. 199
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Solid-oxide fuel cell (SOFC) (cont.) Spontaneous processes, Stoichometric number, 216 I 1 

operating temperature, 272 nonspontaneous processes concept, 215-216 
operation stack materials, exposure, (separation), 29 Stoichometry factor, 65 I 1 

322 Spontaneous reaction, 42 Stokes's law, 127-128 
oxygen (Oz-) flux, impact, 207 SR, see Steam reforming Storage device, fuel cell system 
performance, enhancement, 313 Stability, importance, 320-323 charging, 360 
physical properties, 210t Stacks, see Fuel cell stacks STP, see Standard temperature and 
polarization curve, 437f Standard electrode potentials, 43--46 pressure 
sealing issues, 334-335 Standard enthalpy values, usage, 35 Streams, thermal data determination, 
sealing materials, 319-320 Standard state conditions, 33 401 
solutions, 431f--432f Standard-state exchange current Strontium-doped LSM, 272 
stack densities, see Hydrogen oxidation Structure determinations, 228 

design parameters, initial values, reaction; Metal surfaces; Oxygen explanation, 256 I n 
438t reduction reaction Subsystems. see Fuel cell stacks 

specification, 445t Standard-state potential, see Sulfates (SULF), impact, 461--462 I T( 

structure, modeling assumptions, Hydrogen-oxygen (Hz-Oz) fuel Sulfonated hydrocarbon polymers, 
204 cell 289-290 

system 
flow rates, 439t 
specification, 445t 

Standard-state voltage, production, 43 
Standard temperature and pressure 

(STP), 33, see also Hydrogen 

Sulfonated PEEK, structure, 289-290 
Sun energy, infrared (lR) radiation, 

460 I 
Te 
Te 
Te 

thermal balance parameters, 442t maximum likely diffusive Oz flux, Sunlight, absorption, 46lf 
temperatures, operation. 371-372 162 Supply chain, see Internal combustion I Th 
test station, elaboration, 232 STAR-CD®, 418 engine 
volume conditions, 427t--428t State-initial state, 32-33, see also Final energy/polluting portions, I Th 

Solid-state ion-conducting materials, state-initial state identification, 454--455 
130 Stationary combined heat/power environmental performance, 453 

Solid-state ionic conductor, hopping systems, case study, 351-363 research and development (R&D), I Th 
model, 124 Stationary fuel cell application, 476--477 

Solution convergence rate, 430 fuel/fuel system choices sketching, 454, 477 I Th 
Solution process/results analysis, (qualitative summary), 346t Supply management, usage, see 

430-433 Stationary residential-scale fuel cell Electricity I Th 
Spatial separation, achievement, 6 system, 332f Surface-to-volume ratios, 
Species Steady-state condition, 187 maximization, 13 

chemical potential, 55-56 Steady-state j-V measurement, 229 Sutherland's law, 178 
concentration, 102 Steady-state operation, 40 Symmetry condition, 430 I Th 
conservation, 202 Steady states, 232-233 

explanation, 420-421 Steady-state system, requirement, T I Th 
simplified form, 418 232-233 Tafel equation, 91-93 

consumption/production, 163 Steam generator, heat delivery, 361 combination, 188 
flux, 113 Steam reformer, design, 376 Tafel fit, usage, see Linear Tafel fit 
molar input/output flow rate, Steam reforming (SR), 372, 375-377 Tafel-like kinetic process, calculation, 

66--fJ7 reactions, 376t 241-242 
mole fraction, 205-206 Steam-to-carbon ratio, 377 Tafel slope, 92 
transport, effectiveness, 243-244 estimation, 379-380 TEC, see Thermal expansion coefficient I Th 

types, see Charged species value, 379 Technologies, power density 
Warburg coefficient, 243 Step-down converter, 347 comparison, 10f 
z-profile, calculation, 207 current-VOltage-powerrelationships, Teflon (polytetrafluoroethylene) 

Specific energy, see Gravimetric energy 
density 

example, 348t 
Step-up converter, 347-348 

(PTFE), 130-131,296 
backbone I Th 

Th 

Specific power, see Gravimetric power current-voltage-power relationships, hydrophobic nature, 132 
density example, 348f usage, 288-289 I Th 



TEM, see Transmission electron 
microscopy 

Temperature
 
changes, 232-233
 
dependence, 138
 
effects, 93-94
 
excursions, 391-392
 
impact, 233
 
increase. 90
 
profile, 432
 
relationship, see Pressure
 
sensors, usage, 230
 

Temperature dependence, see Enthalpy
 
approximation, 38
 

Temperature-enthalpy diagrams (T-H)
 
construction. 398, 404-407
 
usage, 408
 

Ternary anodes, composition, 315
 
Test conditions, 233-234
 
Tetragonal tungsten bronze (TTB)
 

crystal structure, 316-317
 
Theoretical open cell voltage, see
 

Direct sodium borohydride
 
Thermal balance, 437-442
 

calculation, 433
 
usage, 439-442
 

Thermal conductivity, 318
 
explanation, 429
 

Thermal data, identification,
 
401-403
 

Thermal expansion coefficient (TEC),
 
318
 

matches, 318
 
difficulty, 335
 

Thermal expansion compatibility,
 
271
 

Thermal management subsystem, 331,
 
360-362
 

design, 397
 
example,36lf
 
explanation, 336-338
 
functions, 354
 
representation, 351
 

Thermodynamic engine
 
operation, constant
 

temperature/pressure, 40-41
 
steady state, 41
 

Thermodynamic equilibrium, 117f
 
Thermodynamic plots, evaluation,
 

404-409
 
Thermodynamic potentials, 29-32
 

defining, 31, 50
 
pictorial summary, 32f
 

Thermodynamics, see Fuel cells
 
definition, 25-26
 
dependent variables, independent
 

variables (relationship), 30
 
equilibrium, 81
 
first law, 27
 
review, 25-32
 
second law, 27-29,41
 

Thermodynamic voltage, decrease,
 
169
 

Thin solid acid membranes, fabrication,
 
291
 

Three-phase AC power, requirement,
 
349
 

Time, electrochemical variables,
 
229-230
 

Time-dependent RC, 250-251
 
Time-dependent
 

voltage/time-dependent current, 
ratio, 235
 

Time-invariant techniques, 230
 
Tortuosity, 168
 

e)(planation,429
 
Total air supply, calculation, 439
 
Total charge transport flux. 152-153
 
Total concentration loss. generalization.
 

172
 
Total ohmic resistance, see Fuel cells
 
Total viscosity, calculation,
 

180-181
 
TPBs, see Triple phase boundaries
 
Transfer coefficient, 84-85
 

explanation, 426
 
Transmission electron microscopy
 

(TEM),256
 
Triple phase boundaries (TPBs), 97
 

sites, 310
 
Triple-phase zone, concept, 145
 
Triple phase zones, 97, 293
 
TTB,see Tetragonal tungsten bronze
 
Tubular geometries, usefulness, 335
 
Tubular SOFC design, end/side views,
 

335f
 
Turbulent flow, contrast, see Laminar
 

flow
 
Two-dimensional (20) fuel cell model,
 

geometric effects, 220-221
 
Two-dimensional (20) fuel cell
 

transport model, schematic, 186f
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Two-dimensional (20) mass transport
 
model, 185-186
 

Two-phase flow models, 204
 

U 
Uncharged species, transport, 161
 
Unstructured grids, disadvantage,
 

425
 
Upsteam chemical reactions, 337
 
U.S. electric power, derivation, 457
 

V
 
Vacancies, 124
 

concentration, 142, see also
 
Fractional vacancy
 
concentration
 

van"t Hoff isotherm, 52
 
Vaporization, latent heat, 60-61
 
Vehicle emissions. EPA tabulation,
 

469
 
Vertical stacking, 332-333
 
Vertical stack interconnection, 333f
 
Viscosity, 114-115, see also Mixture
 

calculation, see Total viscosity 
parameters, 179t
 

characteristic, 177
 
explanation, 429
 
pressure dependence, 179
 

Viscous drag interaction, 420
 
Volatile organic compounds (VOCs),
 

461-462
 
nonmethane organic compounds,
 

472
 
Voltage
 

building, 332
 
current. ratio, 234
 
determination, Nernst equation
 

(usage),55
 
development, 55
 
drop, 154
 
efficiency, see Fuel cells
 
electrochemical variables, 229-230
 
gradient, 152-153
 

direction, 116
 
effective strength, 153-154
 
modification, 151
 

losses, 61, 116
 
charge transport, impact.
 

114-118
 
rebound process, 250-251
 
relationship, see Gibbs free energy
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Volume
 
concentration, planar concentration
 

(conversion), 147-148
 
conditions
 

explanation, 426--430
 
physical properties, 426
 

storage density, calculation, 340
 
variables, 29-30
 

Volumetric air flow rate, 439
 
Volumetric power density, 7
 

calculation, 339
 
Ragone plot, 366
 

Vulcan XC-72, 294
 

W 
Wall condition, 429
 
Warburg circuit elements, 243
 
Warburg coefficient, see Species
 
Warburg element
 

circuit diagram/Nyquist plot, 244f 
equation, see Infinite Warburg 

element 
Warburg model, see Porous bounded 

Warburg model
 
Warm-up, usage, 233
 
Water
 

back diffusion, 136
 
concentrations, see Anodes
 
diffusivity, 136
 
flux balance, 200-201
 
flux/charge flux, ratio, 201-202
 

flux existence, see Nafion
 
gas shift reaction, 372
 
liquid presentation, 199
 
molecules, dragging, 139
 
movement, electro-osmotic water
 

drag (impact), 136
 
phase changes, 217
 

Water gas shift (WGS) processing, see 
High-temperature WGS 
processing; Low-temperature 
WGS processing 

Water gas shift (WGS) reaction, 
383
 

calculation, 375
 
examination, 385-387
 
increase, 376
 

Water gas shift (WGS) reactors, 
385-387
 

hot reformate stream, exit, 398
 
usage, 354
 

Water vapor
 
activity, quantification, 133
 
emission, source location, 464
 
form, 186
 
quantity, calculation, 465
 
saturation pressure, 133
 

WGS, see Water gas shift 
Work
 

heat, relationship, 28
 
nobility, 28
 
potential, see Fuel
 

X
 
X-ray diffraction (XRD), 256
 
X-ray photoelectron spectroscopy
 

(XPS),256
 

y 

Yttria-stabilized zirconia (YSZ), 14lf
 
advantages, 305
 
conductivity, 142f
 
dopants, usage, 143
 
electrolytes, conductivity, 145f
 
GDC advantages, 305
 
ionic conductivity, 155
 
mixing, 311-312
 
SOFC electrolyte material,
 

candidate, 301-302
 
thermal expansion, 308
 
usage, 303, see also Solid-oxide fuel
 

cell
 
vacancies, availabili ty, 303
 
YSZ-based SOFCs, 317-318
 

Yttrium doped barium zirconate
 
(Y:BaZrO]) (BYZ), 309
 

Z 
Zero-cost cathode catalyst, volumelTic 

catalytic activity, 300
 
Zinc-air cell, schematic diagram, 27Sf
 
Zirconia, yttria (addition), 141
 
Zirconium cations (Zr4+), replacement,
 

303
 




