Table of contents

Energy Technologies

Subvolume C: Renewable Energy

1.1
1.2
1.3

1.4

1.4.1
1.4.2
143
1.4.4
1.4.5
1.4.6
1.4.7

1.5
1.6

2.1

2.1.1
2.1.2
2.13
2.14
2.1.5

2.2
2.2.1
2.2.1.1
2212
2213
22.1.4
222
223
224
2.2.4.1
2242
2243
225
2251
2252
2.2.6

THELE PAZE c.eveveeteetieie ettt ettt ettt e et e bt e b e e b e e sbesseessa e seenseenbeesse et seseenseenseenbeesseesaenneenseeneas I
LISt OF ATLOTS .ttt et e ettt e e e e e et e eeeeessaaaaaeeeesessnaaaseeessessnsaaseeessesannnes \Y
PIEIACE ..ottt ettt ettt e e Vil
Survey of renewable energy [K. HEINLOTH] .........ccccoociiiiniiiiniiiiiiiicicececeeeeeen 1
Introduction: Renewable energy in the past, at present and in the future............ccccveneenneee. 1
Worldwide demand on energy and potential of renewable energy........c..coccveveveeeeveneennenn 2
Technologies to convert renewable Primary €Nergy .........ccoceeeeeeeerierierieneneseseeseeneeeeeeneas 5
Possible utilization of the different kinds of renewable energy..........cccceceevererenceeeieniennenn 7
Hydropower to produce €leCtriCItY ........coouirierieiieiieieetiet et 7
WINA CNIETEY ...nviitieiieieeie ettt ettt ettt e et e et e e aeseaeeaeesseesbeesseesseessesssesseesseensessaenens 7
SUN TIZNE..eiiiieiee ettt ettt et e b e et e s saesteesaeesseenseesseessensaenseessensaeseas 7
BIOIMIASS ..ttt e e ettt e e e e e ettt e e e e e e ——ateeeeea i aaaaaeeas 8
Heat from €arth INTETION ......oovvviiiiiiiieeeeeeee e e e e e e et e e e e e s enaareeeeas 8
Heat from water, SOIl and AIT...........cccuoiiiiiiiiiiiiie et e e e 9
Survey of main obstacles to increase the use of renewable energy by large ............ccoeeeee. 9
Synergy effects of extensive use of renewable eNergy .........ccocevverierieiinienieeee e 9
RETEIENCES TOI 1 ..evviiieiiiieeeeeee et e e e et e e e e e e e eaaeeeeeteeeenes 10
HYAroeleCtriC POWEL ..........coocuiiiiiiiiieeiie ettt e et eete e e taeeaeeebaeesaeessseenaneenes 11
Introduction to hydroelectric power [TH. STROBL, F. ZUNIC] ......ccccccoviiniininiinieiieceee. 11
Development 0f NYdIo POWET .......ccviiiiiiiiiieiieieeeeeeese ettt staeaeas 12
Waater POWET CQUALION.......eeiuietieiieieeeieetiesteesteeteesbeeteseaestaesseeseesseesseessesssenseeseessenssesssensens 14
ENEIZY OULPUL. ..ottt st et 15
Economical aspects Of Water POWET ........c.ceruieriieieriieitierteeie e sece sttt ettt eneeseeenaeas 17
References for 2.1 and additional Hterature............ccooevirerieieieieeree e 18
River power plants [TH. STROBL, F. ZUNIC] ....ccooiiiiiiiiiiieiieeee e 19
Types Of FIVEr POWET PIANES ......ocviiiieeiiciiiieeie ettt sttt sreebe b e eeaeessesbeeneas 19
StOTAZE CAPACILY ...vievvreerieeieeiiesieeteeieetestesttesteesteesteesteeseesseesseessesssesssesseesseensesnsesssenseeseensenns 19
PreSsure NEAd .......eeeeeeiiiieeeeeee et e e eee s 20
INStAIlEd CAPACILY ..eeuveetieiieieee ettt ettt ettt et e bt e ettt et e eneeeseesbeennean 20
Other dEfINTTIONS ...veeiieviieieeiiee ettt et e et e e e e e s eeateeeseateeeeenseeeeenaeeesnneeessnnes 20
Positioning river POWET PLANES .........c.coieriieriieiieieeieieeie et ae e e e sseenseesseesaensees 21
Diversion canal POWET PIANLS........coueiiiiriirininieiiteceseese ettt 22
Components of hydroelectric plants ............eceeoiiieiieiieieee e 23
POWET NOUSE ... et e e et e e e s et e e s et e e e snaeeesennaeesesaeeesnnes 23
TUIDINE TAYOUL.....eviiiiiieieciieitee ettt ettt st e e b e e aeeesaessaeseensaesseesaensaensees 24
(@815 17:15 o) s WU 26
AUXIATY BUILAINGS. ....evieitieieeie ettt 27
2= U PO 27
STUICE vttt ee e e et e e e et e e e eae e e e eaaeeeeenaeeeeeaaeeeenaaeeeeenteeeennareeeeaneas 28



2.2.6.1
2.2.6.2
2263
227

23

23.1
23.1.1
2.3.1.1.1
2.3.1.1.2
23.1.2
23.1.2.1
23.1.22
2.3.1.23
23.1.24
232
2.3.2.1
2322
2323
2324
233
2.3.3.1
233.1.1
233.1.1.1
2.3.3.1.1.2
2.3.3.1.2
23313
2332
2.3.3.2.1
2.3.3.2.2
2333
2334
2.3.34.1
2.3.34.2
2335
2336
2.3.3.6.1
2.3.3.6.2
234
234.1
2342
2343
23431
23432
23433
2.34.33.1
234332
234333
234334
234335
2344
2345
2.3.4.6
2.3.4.6.1

Table of contents

RESIAUAL TLOW ...t e e e e e et e e e eaaeeeeenaeeeean 29
FISH PASSAZES ..veuveviiieieeieeteteer ettt ettt 31
Effects on the groundwater table .............coooiiiiiiiiieieeee e 32
RETETENCES TOI 2.2 .ottt ettt e e et e e aaa e e s eaaeesesnaeeeenes 33
High pressure power plants [E. PUERER, G. GOEKLER]......ccccocerutrererienienienienienienieeeeeennes 34
) N e Te 1D Te1s (o) s U RPN 34
Purpose and demand ...........c.occviiiiiiiiiiiiieiecicee e raenreas 34
ENErgy ProQUCTION .....ccuviiieiieiieie ettt sttt e b e e esaaessaessaesseesaensaensees 34
MUlti PUIPOSE SCHEIMES .....uviiiiiriiiiriieiieieteteste ettt sttt neen 34
Layout and deSIN.......oouiiiiiiieie ettt naean 35
Catchment area inflow, water intake altitude..........cc.oovvviiiiiiiiiiiiiieeeee e 35
Reservoir volume, Storage CapaCILY ........ccvereervierierieniienieerieeiesresteesteeeeeseesseesseesseessesssensees 37
Determination of capacity of @ HPPP ...........cocooiiiiiiiiiiniccecceeeee 37
Efficiency Of HPPPS ......ooouiiiieee ettt 37
Types of high pressure POWer PIANES ........cceevvievieiiiieiieieee et ebe e sree e 38
GENETAL ASPECLS ..evvieiiiieieiiieciiesit et ettt et et et e et e e testaeste e seesseessesseesseenseenseensenssesssensaensens 38
HPPP With TESEIVOIT ....evveeeeiiiee e e e e e e e enaeeeeneeeenn 38
HPPP WithOUL TESEIVOIT ..nvveviiiiieeeeeeeeee ettt e e e e e e e e e s et e e e e e e s sesnnaaeeeeas 39
HPPP at the toe of @ high dami............cccccoiiiiiiiiiiiiiccceceee e 40
INtAKE ANA SEOTAGE ..e.vvevreiieiieiieie ettt ettt e ete st e seesteesbeeseesaeesseeseessaenseenseessesssensaesens 40
CONCIELE QAIMNS.......eiiieeieeeeeee e e e e e e e e eaeeeeeeaaeeeeenneeeeeenneeeennreeeannns 40
GIaVILY QAMS.....eeiiiiiiieitie ettt sttt e bttt et et e st e sae e bt e teeneeeseenbeennean 42
Constructive particularities for Mass CONCIELE .........evvirruirriiiieriieiieie et eeeesreeaneas 43
Special methods of construction: RCC and RCD .........ccoccvviiiiieniiiiiiieieeee e 43
ATCH dAIMS ..ottt e ettt e e e e e ettt e e e e e e ettt e e e e s e aaaaeeeas 44
Other types Of CONCIEIE dAMS. .......ooiiieiieieiieie ettt eeas 45
Earth- and roCKTIIL dAmS ........ooouviiiiiiiiiceic ettt e e et e 45
Types, conception and HNINES ........cceecvieierierienieieeie ettt et seeseeesseesseesseessesssensees 46
Foundation, sealing in the SuUbSOil........cccoiriiiriiiiiiniiiineeecceee e 47
Safety aspects Of AAMS ......oiuiiiiiiiei ettt et 48
Intake Structures fOr dIVETSION ........ccveiiiiiiiiieiiie ettt ettt e e e eaaeesenaveeesnes 49
INtAKE STIUCTUIE (WEIT)...viuieiieiieiieieeeieettesteeieetestesttesteesseeseensesssesseesseenseenseessenssesssessaesens 49
POWET INEAKE ..ottt e e e e e et e e e e e e e e s aaaeeeesessnnsaaaeeeeas 50
Bottom and meditm OULIETS .........cooiiiiiiiiiiie e 50
SPIIIWAYS. ..ttt ettt ettt sttt e et e e te e et e bt et e e b e et b e etaeeta e te e beesbeeraeeraeeraesseeseenreans 51
TYPES OF SPILIWAYS ...veeerieiiecieeiiet ettt st esb e e saeesaessaeseenseesseesaessaenseas 51
Transition and energy diSSIPAtION .......cc.eeuerueruerieierieriinieneeteeitetetertesre ettt neens 52
Water conduits fOr @ HPPP ........ooooiiieeeeeeee e 53
FTee SUITACE CANAIS........ooiiieiiiiiiiie ettt e et e e e ae e e e eaaeesenaeessnes 53
Free SUIrfACe TUNNELS ......oviiiiiiicccece et eae e e eaaeeeean 53
Pressure tUNNEIS .........oooueieieeiee e e e e e eenee e e e enneeeean 54
Tunnels without lining and SEAIINE .........ceeveiiiiiiiiie e 55
Tunnels with lining and Without SEalINg............cccevvieriieriieriieiiceece e 55
Tunnels with lining and SEAlING .........cccvecviriiiriieiieiieeec e eees 56
Pre-stressed CONCIEte lINING .......eecuieiieieriieiiee ettt seesaenneas 56
Lining with plastic MEMDBIANES ..........couiruierieiieieeieeere ettt e neeas 56
SEECT IIMINE ...veevveetieiiieii ettt ettt ettt e e v e et e e te e beesbeesbeesseessesssesseesseesseessesseesseeseessenns 56
Thin-walled StEel LINING .......c.eccveeieiiieiieieeiecee ettt ste et ebeesseesaesseensees 57
Pressure tunnels with conventional or pre-stressed reinforcement...........c.ccoceeeverceeenenne. 57
SULEE tANKS. ...ttt ettt e e b ettt ettt ene et enee et ens 57
PresSUIE SNATt.......ooiiieiiiiee ettt ettt e s et st e e s e e e e eaes 59
PEISTOCKS ..ttt e et e e ettt eeaereee s 59
Penstock Manifold............ooooviiiiiiii e 60



235

2.3.5.1
2352
2353
2354
2.3.5.5
23.6

2.3.6.1
2.3.6.2
2.3.6.3
23.6.4
23.7

2.3.7.1
2.3.7.2
23.7.3
238

2.3.9

24

24.1
2.4.2
24.2.1
2422
243
2.4.3.1
2432
243.2.1
24322
24323
24324
24325
24326
2433
2433.1
2433.1.1
24.33.1.2
2433.13
2433.14
243315
24.3.3.1.6
24332
243321
243322
243323
243324
243325
243326
2.4.3.3.2.7
2433238
24333
243331
243332
243333

Table of contents

Powerhouse 0f @ HPPP ........oooiiieiiiieeeeeeeeeee e 61
General arrangement of the POWETrNOUSE ........cceoeririiiiiiininiireccee e 6l
OPEN AL POWETHOUSE ...ttt ettt ettt ettt e bttt e e st esaeesaeete et e enteeneeeseenneas 63
Underground POWET STATIONS ......ccueevveeieiereieeeiteesteeteeteereeteeseesteesseeseessesseesseesseesseessesssesses 63
Powerhouse at the toe of high dams ...........c.ccceeviiiieiiieiiceeeee e 64
TAILITACE ..ottt e e e ettt e e e s e e sttt eeeesessaaaaaeeeesesanraaareeeeaaas 65
ECONOMICAL ASPECTS .....eeieiieiieieee ettt ettt et se ettt et e st et et e enteeneenneas 66
INVESTMEINT COSTS...uvviiiiiiiiiiiiiiii ettt ettt e et e e e e e et e e e e e eeeestaareeeeeseennaereeeeeeans 66
Costs for operation and MAINTENANCE ..........c.evverveerieerieiieiieeiereeteeeeeeeeseesseesseesseessesssesenes 67
TS (ot U SRR 67
ENCTEY COSES, PIICE ..uuiitieiieieeiie ettt ettt ettt ettt e sttt e e et s e saeesae et e eneeeseeseeenneas 67
Further aspects Of HPPPS.......cc.oooiiiiiiiicecceee ettt 67
SEAIMENTATION .....oeeiiiiiieieiice ettt e e eeaae e e e et e e e et e e s enaaeeeeenaeeeeenareeeenneas 67
Effects of @ HPPP 0n the €C0l0ZY .....c.coouiiirininiiiiiiiciceesceceeetcceese e 68
Reflections on flood diMEeNSIONING .......cccueeiuieiiiiiiieitieeee et 69
Examples of HPPPs and PPs at the toe of @ dam..........cccoceeeviiiiiniiiiiiciiieceeeee e, 70
REFErenCes FOT 2.3 ..ot e e e eeeeaeee s 71
Mechanical and electrical design of the TGP [D. YUAN, Z. TIAN, S. WANG] ....c.cccvvvennen. 73
Introduction of the Three GOorges Project .........ccvvveeierieriierieie ettt 73
Content and characteristics of the mechanical and electrical design .........cccceceecveienienicnnns 75
The design content of the mechanic and electric engineering ............ccceeeeeeeereesiereennennen. 75
Characteristics and principles of the mechanical and electrical design .........cccccccevevenennens 5
Hydro-turbine generator units with a rated power of 700 MW ..........ccccoveiieienieniieieeieen, 17
Basic conditions for the selection Of UNItS ..............ooovviiieiiiiieeiie e 77
Measures for main technical Problems ...........coeoiiiiiiiiiiiie e 78
Study on stability of Francis tUrbInes ...........ccceeieviieeiieiieiiiiieieeie e 78
Alternatives Of teMPOTATY TUNNETS .........ocvvevreiieieeiiesteeieeiesieseesteesseeseesssesseesseesseessesssenses 78
Time limit for the installation Of UNItS ...........ccooviiiiiiiiiieie e 79
Study on anti-vibration of the POWerhOUSE..........cceeiiiiiiiiieeee e 80
Cooling method 0f the ZENETatOr ..........ccvivvieiiieiieiecie ettt 80
Arrangement of the thrust DEaring ..........ccoevveeierierieiiieie e 80
TRE TUIDINE ... e e e e e e e e e e e e eneeeeennreeeennns 81
Basic characteristics 0f the pOWer STation ..........coceerieiiiiiiiiei e 81
Water levels and discharges of the power Station..........c..ccevvevieriiecieiieneeie e 81
Operating parameters of the POWET StAtION ...........ccveeieeieriieriieie et 81
Probability occurrence of the various heads ...........ccccceverininininieniiiininnccrceeceeen 82
Power station Operation MOMES .........ccceeruiriiiiirieiete ettt eaee e e e 82
TAIl WALET LEVELS ....eeiiieiiieeeeeie ettt e et e e saae e e eenaeeesenaeesenes 83
Special requirements for the TGP turbine operation .............cccceeeveveierienienieecieseeneee e 84
Basic characteristics and main parameters of the turbine .............ccccocevenenicnninceiecicnene. 84
Type Of the tUIDINe.....cc.eiiiiiiiei e 84
SPECITIC TALINZ ...evvieviieeiietiecieeie ettt ettt e te et e te et e esbeesbeesaesaeesseesseesseessesseesseesseessenns 84
OPHONAL SPEEA .....eveeieiieiieie ettt ettt e et e e besaaesseesseesseesseessesssenssessaensaensens 85
Cavitation coefficient and SEHNG ........c.cecuerieriiriirinirirreeeteeeese et 85
OPETAtiONAl TANZE. ... .eeitieiieiiet ettt sttt ettt et e et e et e sae e te e beeneeeseesbeenneas 85
Turbine efficiency and energy production............cceecveveeiierieniierie et sreeneas 86
Cavitation AAMAZE .......c.eecveeierieriieitieieeieeteste e esteesteebesaesteesseesseesseesseassesssessaesseessenseensens 88
Cracking guarantee of the TUNNET...........coiviiiiiriiiiie et 88
1Y e (3 = £ RRRRRR 88
Efficiency and OULPUL.........ccceeviiiiiiiiciicteeete ettt ta e te e be b essessaereas 89
(OF: AT 17:1 50 ) s WSRO 90

OPErating STADIIILY ....c..covertirtirieitieiieeet ettt ettt st 90



243334
24334
24334.1
243342
243343
243344
243345
243346
2.4.3.34.7
2433438
2434
2434.1
24342
243421
243422
243423
243424
243425
24343
24344
24345
2.4.34.6
244
244.1
2442
2.4.4.2.1
24422
2443
2444
2.4.44.1
24442
24443
24444
2.44.5
245
24.5.1
24.5.1.1
2.4.5.1.2
24513
2452
2453
2.4.5.4
24.6
2.4.6.1
2.4.6.2
2.4.6.3
24.7
24.7.1
24.7.2
2.4.8

2.5

Table of contents

Hydraulic thIUST ......cceeeiieiieiieic ettt et e b e e saeessaesseesseessessaensees 92
Structure Of MAIN PATES.......eovietirieiieieteereeer ettt ettt nee 93
General arran@eIMENT. ........coouiiiiiiii ettt ettt et ettt e et et et enteeneeebeennean 93
STAY TINZ . c.veevieiieeiieteeett ettt et et e st e st este e bt ebeesteeseeese e beesseesbeesseessesssesseesseesseessessaesseeseesseans 93
SPITAL CASC ..uvviuiieieieiieetieetiete et ete e ste st e bt e bt eseeesaeestesseeseesseesseessesssesseesseenseansesseesseeseensenns 93
Gate operating MEChANISIN.....c..coiiiiiiriiriiereeeet ettt ettt en e 95
Runner and connection between runner and main shaft...........ccoeovviiiiiiiiiiicceee, 96
Bottom ring and head COVET........ccuiviiiiiiiiciiciecteeeete ettt saees 96
Turbine shaft and shaft SEAL............ccooiiiiiiiiieie e 97
AIL adMISSION SYSTEII....ccuvitiiiriiriiitieiietete sttt ettt ettt ettt se et bbbt eae e eneen 97
(€ 153115 210 PPN 97
Main parameters and performance of the generator .............ccccovveveevieviieciieeecieecre e, 97
Structures, dimensions and weights of the generator main components.............cc.cceevennenn. 99
N 7210 TR USSR SR UUTRN 100
) 206 ) OO 101
Bearings 0f the ZeNerator.........c.ocviiiiiiiiiiieeie ettt eae e ereesreebeenre e 102
(€15 1153 100 A T ¥ i £ SRR PRRPRR 103
Upper and 1oWeT DraCKets ........coouiiiririniiieieieeteesc ettt 104
Stability Of the eNerator.......ccccoviiiieeeee e 104
Rigidity and Stren@th...........ccceiiiiiiiriicii ettt sre bbb re b e 105
Generator cooling method and cooling SYSteM............ccvervieciieienienieieeie e 105
The generator neutral point grounding SYStEIM ........ccceevvevvirireniererieiereienene e 107
ELeCtrical deSIZN..ouueeueieiieeiieitieet ettt ettt ettt ettt sb ettt et sae et ens 109
Integration of the power station into the pOWer SYSteM............ccoccvevvierrieierieneeieere e 109
Electric main single line dia@rami.............cccccverieriieciieienienieeieeie e seesieeae e seeseeesseenseees 110
Combination between generator and transformer...........coceeeeverierienenineneneeeeeenenee 111
Diagram of the 500 KV SWItCh@EAT .......covuiiiiiiiiiiiiieiee e 112
Selection of the main electric EqUIPMENT .........ccvivviiierierieeie ettt eeees 112
Explanation of the main technical iSSUES ...........ccvevvieierieiieiieie et 114
Partial discharge 18VEl.......c..couiririiiiiiiiiicec e 114
INSUIALION TEVEL.....eeviiiiiiieeeeee e e e e e e et e e e e s enraaaeeeeas 114
Very fast transient over voltage (VEFTO) .......coveviieiiieiiiieieeeee et 114
100% breaking DC component of circuit breaker ...........ccveeveeciercienienienieeieeeeeeeeeens 116
Arrangement of the electric €qUIPMENT.........cccoiririreriririeiete e 116
Automation of the Three Gorges-Gezhouba cascade project ..........cccceveerveiieeenceneennene 118
Functions 0f the SYSteIM .........cciiiiieiiiiiiiceee ettt s 118
Functions of the cascade dispatch 1evel..........ccoooieeiieiiiiinieiiee e 118
Functions of the station subsystem leVel..........cccooiririiiiiiiniiinineeeeee 118
Functions of the 10Cal IEVEL..........cooivmiiiiiiiieie e 120
SYSEIM STIUCLUTE ....euviiiiieetieiiteetteeteeettesteeeteesbeesabeessbeesaeeseseeasseessseessseessseenssesssseenseennes 120
Main technical characteristics 0f the SYSteM.........cccvvecierieiieriieiecie e 120
Communication of the computer supervisory control System.........c..coceeerererereeeecennnn 121
Communication of the Three Gorges-Gezhouba cascade project..........cccceveeeveereeneneenne. 122
Functions of the cOMMUNICALION SYSTEM........ccvevvieirieieeieieerieeie et eeeeeee e esreereeeneeeeesreens 122
Scheme of the COMMUNICAION SYStEIMN.......eeivieiirieriieiieie ettt eeesre e seesaesseeeees 122
Supervision and management system of communication NetWork ............c.cceceveeeerennenne. 123
Electric drive and control of the double-line continuous 5-level ship lock ....................... 124
Electric drive and control of miter gates and the culvert valves...........cccocveevvvveieenneennnnne. 124
Central auto supervisory control of integral operation for the permanent ship lock.......... 127
Economical aspects of the Three Gorges Project.........coccevevvevieninininiiniencnenieieienieenn 128
Tidal power plants (TPP) [WON-OH SONG, W. VAN WALSUM]....ccccccevuimeneneneneeeennenn 129



2.5.1
2.5.2
2.5.2.1
2522
2523
2.5.2.4
2525
253
254
2.5.4.1
254.1.1
2.54.1.2
2.54.13
2.54.14
2.54.1.5
2542
255
2.5.5.1
2.5.6
2.5.6.1
2.5.6.1.1
2.5.6.1.2
2.5.6.1.3
256.14
2.5.6.1.5
2.5.6.1.6
2.5.6.1.7
2.5.6.2
2.5.6.3
2.5.6.4
2.5.64.1
2.5.6.4.2
2.5.643
2.5.6.4.4
2.5.6.5
2.5.7
2.5.7.1
2572
2573
2.5.74
2.5.7.5
2.5.8
259
2.59.1
2.59.2
2593
2.5.10

2.6
2.6.1
2.6.2
2.6.2.1
2.6.2.2

Table of contents

T80 e 18 o1 5o VOO 129
TRE HIACS. .. e e et e e e e e e et e e e e e e e aaeeenneeaan 130
CAUSE ANA EFTECT.....eiiiiiiieeieeee et e e e et e e e e e et e e e e e e e eennraaaeeeeas 130
CRATACTETISTICS ..ot ettt e ettt et e e eate e e e eaaaeessaaeeesenteeesanereessnaeessnnneeeens 131
RESOMANCE ..ot e e e e e e e e e e e eetaaraeeeas 131
ENergy POtential........c.ccieeuieiiieiieie ettt ettt ens 132
Coastal zones with substantial tideS.........cooovuuiiiiiiiiiiiiiiee e 133
Schemes and operating modes Of TPPS ........c.cccveviiiiieiiiiecieceee e 134
Preliminary assessment of the annual energy potential of single-basins TPPs.................. 138
Application of the modeling technique to a single, high-basin TPP........c..cccccccceiniinn 140
Geography and hydrography of the chosen Site..........cccoeoiriiiiiniiiiiieeeeee e 140
STUICINE ...ttt ettt ettt et et e et e e te e te e beesbeesbessbesseesseesseesseesseesseassesseesseessessseseas 140
POWET GENETALION ......eeviieniieiiieiieciie ettt et et e et e et e eebestaessaesseesseenseensessnesseenseensenns 141
Change in water level L, of high basin ........c..cocooieiiiiiiiininineee 141
Building and operating the model.............ooieiiiiiiiiiee e 141
Application of the modeling technique to a single, low-basin TPP.............cccocevvevieiennns 142
The economic value of tidal eNergY........cccocveviieiiiiciiiiecie e e 142
Economic fringe Benetits........ccccouiririiiiiiiiiciciencercneree e 143
Tidal power engineering since the 19607S .........ccoooiiiiiiiiiiiiiee e 143
The La RANCE TPP ...ttt ettt eaaa e senneeeean 144
PUIPOSE ettt ettt ettt ettt ettt ettt e st e e et e st e e nab e e sabeenntes 144
TRE SIEE...eeiiei ittt e e e e e ettt e e e e e ee ettt e e e e e se et et e eeeeeeearaaareeeas 144
TRE PIANT ...ttt ettt ettt e e e eae e bbb et e 144
(O70) 115 4 D 1o1 5 o) + DU PP P PR 145
OPECTALION ...eeveiieiiestiete et ete et et et et e esbeesaestaesseesseesseensesssesseessaenssansenssesssesssenseensennsesssesnns 146
ENVITONIMENT L.ttt e e e e e e e e e e e e e s esnaaaeteeeessenanaeeeeas 149
OO A0} 1<) 1 3 ¥ USRI 149
The Annapolis PIlot TPP........cciciiiiiiiiiiece et 149
The Kislaya Guba pilot TPP ......cc.ccoiiiiiieiieieece ettt 151
Tidal power applications in ChiNa .........c.cceceeieiieniininininereeteeetceeee e 152
The Jiangxia experimental TPP ...........coccoiiiiiiii e 152
The ShasShan TPP .........oooiiiiiiiiee e ettt e e et e s eaaeeseenneeeeas 154
The HaiShan TPP ..........ooooiiiiieie et eaae e eaneee s 154
The Xingfuyang TPP .......cccooiiiiiii ettt 154
Environmentally-oriented pilot TPPS ........cccoooiiiiiiiiiieeee e 154
Layout and civil works design of @ TPP .......cc.cccovviiiiiiiiiieiiceecece e 155
Construction in the AIY ......ooiiiieiiiieieeeee et e s ees 156
COoNSIUCHON 1N thE WET....oouviiiiiiiiee e e e e e e e eneeeean 156
POWET Plant deSIZN......ccuiiiieiieieee ettt ettt ettt ettt en 157
STUICEWAY AESIZI ...vviviiiiieiieie ettt ettt ettt et e e teesbesaesreesaeesbeesseessesssesseenseessesssesseas 158

Numerical, hydraulic and hybrid models as tools for design and construction planning ..158

Some rules-of-thumb for assessing tidal power potentials .........c..ccccoverinieninercenecnienenne. 159
The future of tidal ENEIZY .....eoovieiieieee e 160
ENnvIronmental CONMCEITS ........covouviiiiiiiieiiiiiie et ettt eee e e e e e et esesaaeeeeenaeeesanaeeens 161
Lack of confidence in COSt €StIMALES ........ccuveeevviiiieieieeeieeeeeeee et et eeaeeeeeeneeeen 161
Concern about the value of tidal €Nergy ........ccceevvevierininiininiiccc e 161
RS (S (5 SIS (o) e SRR 162
Pumped storage power plants [W. BOGENRIEDER] ......cc.ccccvereriieieienienienienienieeiceeeeeeneenne 165
2 F T (e 1] o<1 £ PP SUSTSRPSRT 165
UPPETr anNd JOWET TESEIVOITS......cuviivieitierieteeieeteeeeesteeseeseeseessasseesssesseesseessesseesseesseessessenns 168
NALUTAL TESEIVOITS......veeiiieeee e e eeee et eee e e et e e e et e e eraae e e eeaaeeeeenaeeseeaeeeeenaeeeeeenneeeeeneens 169
ATHIICIAL TESCIVOILS ...ttt ettt ettt et et e e et e seaesseeseenseensesnnesseenseenseenseans 16



2.63
2.6.3.1
2.6.3.2
264
2.6.4.1
2.6.4.2
2.64.3
2.6.4.3.1
2.64.3.2
2.6.4.3.3
26434
2.64.34.1
2.64.3.4.2
2.6.4.3.5
2.6.4.3.6
2.6.4.3.7
2.6.4.4
2.6.5
2.6.5.1
2.6.5.1.1
2.6.5.1.2
2.6.5.1.3
2.6.5.14
2.6.5.1.5
2.6.5.1.6
2.6.5.2
2.6.6
2.6.7
2.6.8
2.6.8.1
2.6.8.2
2.6.8.2.1
2.6.8.2.2
2.6.8.2.3
2.6.8.24
2.6.8.24.1
2.6.8.2.4.2
2.6.9
2.6.9.1
2.6.9.2
2.6.9.3
2.6.9.4
2.6.9.5
2.6.9.6
2.6.9.7
2.6.9.8
2.6.10
2.6.11

2.7
2.7.1
2.7.1.1
2.7.1.2

Table of contents

Intake and OULIEt STTUCTUIES ......ccvviiiiiiieeeeiie et et e e et eeeaaeeeeenneeenn 172
Lateral INTAKES ....ccvvveeieeei ettt e e e e e et e e e e e s e aae e e e e e s eenraaaeeeeas 172
INTAKE TOWETS ...t e ettt e e e e e et e e e e e s e e ssaaareeeeeesenraaaeeeeas 173
POWET STATIONS .....evveiiieiiiieeeeie ettt et e et eeea e e e et et e s eaaeeesenaeeessntaeesenneeeesennseesnnneeeens 173
BaASICS ..ottt e et e et e e enaaeeeaaaeeaan 173
Preliminary eXploration ..........cocoeierereeieienieeneneee sttt 174
Preliminary deSIZN ......oeui ettt sttt ettt 174
CAVEIN ZEOMMEEIY ..veeevieeuiieeiieeieeeieeeteeeteeeteeeteeesseeesseessseeenseessseeenseesssesnseesssessessnseessseens 174
L0Cation OF the CAVEIT .....ooovviiiiiiii ettt eaee e 175
Layout of the parallel and auxiliary StruCtUIEs. ..........cccecvevieriereriniencrenerceeeeeeeseee 175
Stability CAlCUIAtIONS ... .eeueieiieiieetiett ettt ettt e naean 175
Determination of geotechnical design parameters ..........cecvvevveerueeveeeereeneenreeeeeeeeeesreens 175
Calculation METNOAS ......ooooviiiiiiie et e e e e e e eneee s 176
SAFELY MEASUIES ....couviuretiterieetieiteitet ettt ettt ettt sttt sttt se et be et ebe b ees et ennen 176
Dimensions of steel reinforced CONCIELE ........oovuvuviiiiiiiiiiiiieeee e 176
SUPETVISION OF SEIUCLUIES ...vvivieieieiieiieii ettt ettt ete et e st te b eae e e e sreebeesbeesseessesaees 176
Hints on construction performance............covevuierieeiieeienieneesieeie e seeseesseesseeseesseesaessaens 176
Penstocks and tAIlTACE ........ccveei i 177
Headrace PIPElINes ..........ooeeiieriieieie ettt ettt ettt ettt st ea 177
Non-lined pressure Shafts.........ooiiiiiiieiiiiieicieeieee e aees 178
SIMPIE CONCIELE LINING ...vvevieiieiiieiecieeieeie ettt e e e sseesseesseessessaensaensees 178
Reinforced concrete lNING.........coeveeieieieiiininenneeeceeeeeee et 178
Concrete lining with sealing foil...........coocoioiiiiiiiii e 178
Thin-walled steel liner with concrete INNEr TN ........c.cecveeierierieecieeieneeie e see e 178
Thick-walled STEE1 LINET ........oeiiiieiiiiiieceecee et eaee e 179
TAIITACE TUNNEL ...ttt e e e e et e et e e e e e st aaeeeesesssnnanaeeeeas 179
SULEE tANKS. ...ttt ettt ettt s et ettt e ne e e aeeenee b e naean 180
SRUL-OTT AEVICES ...ttt e e et e e s e e s eaaeesenaeeeenes 180
Mechanical EQUIPIMENL ..........c.eiieriieriieieeteeieste et eteeaeseesteesseeseesessaesseesseesseesseassesssensenns 181
Conventional CONSIIUCTION ........c.vviiiirieeeeteee e et e eeee e e ee e et e e e e e e e eetreeeeereeeeerneeeenneeenn 181
Reversible pump tUIrDINES ......cooueeuiiiiiieiee et 183
DIESIGI . uiiutieeieetiecttete ettt ettt ettt e et e e bt e st e te e beesb e e st e e re e re e beenbeenbeesbeest e taebeenbeenteereeeees 183
3 e 15311 USRS 183
CONTOIIADIIIEY ...ttt ettt st 184
Pump turbines with variable speed ...........cooieiiiiiiiiiee e 184
TUIDING OPEIALION. ... .eeviieiiieiiciiieiteett ettt ettt e steesteete e e e e e e steesseesseesbeessesssesseeseessesseesens 184
PUMP OPCIALION .....eeniieiiieiiieiieeiie ettt sttt et et e e st e ste e baesbaessesssessnessaenseenseensenns 185
Electrical SqUIPIMENT .......cccveiieiiieiieie ettt ettt te s te e seeesseeseensesneesseeeeens 186
1A (o] 10 0SS 1 13 2110 OSSPSR 186
EEXCIEEIS ..ottt e ettt e et e e et e e e eate e e s eaaaeeesaaaeeeeentaeeseateeeeaaaeeesanaeeeeas 187
SEAItING AEVICE ..evvievreeiieiieiietesteeee sttt ettt e te e teesbeebessaessaesseesseessesssesssenseenseessenssenseensens 187
SWILCHING AEVICES ....euvenvitiriietieiteitetest ettt ettt sttt ettt st eneen 188
OSSN0 V013 0] 400 1< GO 189
NEEWOIK CONMECTION .......vviiiieiiie et ettt e et e s et e e e e e e e eraaeeeeenaeeeseareessnneeas 189
Station SETVICE SYSECIM...ccuuiiuieriiertieieeteetiesteeteetestesseesseesessesseesseesseesseessessaesseensesssesseensees 190
[&C and ProtectiVe SYSEIML.....c.ceuiriiriiririirierieeiietetente sttt ettt na et st st ebe e e ennenee 190
Case study — Goldisthal PSP.........oooiiiie e 191
RETETENCES TOT 2.6 ...ttt e e e et e e et e s eeaaeeeseaneeeean 196
Turbines for hydroelectric power [W. BRAITSCH, H. HAAS] .....oooiiiiiiiiiiiecce 197
T80 e 18 To15To) s FO PP PP 197
Theory Of tUIDINES. ... .ccvveiieii ettt sttt et et easestaesseeseensessneses 197

TYPES OF TUIDINES ...ttt 200



2.7.2
2.7.2.1
2722
2723
2.7.2.4
2725
273
2.7.3.1
2.73.2
2733
2734
2735
2.7.3.6
2.7.3.6.1
2.7.3.6.2
2.7.3.7
2.74
2.7.4.1
2.7.4.2
2.74.3
2.74.4
2.74.5
2.7.5
2.7.5.1
2.7.6
2.7.6.1
2.7.6.2
2.7.7
2.7.8

3.1
32

33
33.1
332
333
334
3.34.1
3342
3343

34
34.1
342
343
344
344.1
3442
3443
3444
3445

Table of contents

Francis tUIDINES ........ooooeiiiieie et e et eaae e e e eaeee s 202
Example and working principle of a Francis turbine..........c.cccccoevenininicncnincenicncnennenn 203
Hydraulic design of @ Francis runner............cocieiieiirienieiieieee e 203
Manufacture 0f @ FIancisS TUNNET............oovvviiiiiiiie ettt eeaee s 204
Operating problems with Francis turbines.............ccoocvevveriieviieienieniieieeie e 204
PUMP TUIDINES ...ttt s s 205
Kaplan tUIDINES ......cooueiiieiieieee et ettt ettt ettt eae e ea 206
Example and working principle of a Kaplan turbine ............cccceevivienieciinieiieniee e 206
Hydraulic design of @ Kaplan runner...........cocvevvveeiieienienieniieie e 209
Manufacture of a Kaplan runmner............cocceevieiieiieniinienininenceececcese e 209
Operating problems with Kaplan turbines ...........c.ccooeeiieiiiiiiiinieiiecceeceeee e 209
Comparison between Kaplan turbines and Francis turbines............cccoccvevveeciviieveenneennnne, 210
TUDULAT TUIDINES ... et e et e e e aae e e e ent e e e eareeeeaaeeeeeaneeeenn 210
Example and working principle of a tubular turbine ............ccceeevinininininincenccncen 210
Types of tubular tUIDINES ........ccooiiiiiieie e e e 212
Comparison between tubular and conventional Kaplan turbines.............ccccvevverieenneennnnne. 212
PEItON TUIDINES ..ottt e e e e e e e et e e e e e e e e eaaeeeeenneeeean 213
Example and working principle of a Pelton turbine ..........cccceceevveviivininincninnceienenenn 213
Hydraulic design of @ Pelton runner ............ccoovoiieiieiineieeeeee e 215
Manufacture 0f @ PEION TUNNET .......cc.oiiiiiiiiiiiiieeeeee ettt eaaee e 215
Peculiarities and operating problems of Pelton turbines...........c.cceceverenincnienencnenennenn 215
Comparison between Pelton and Francis turbines ..........c.ccecceeveveevienininincninceicnenenenn 216
Michell-BaAnKi tUIDINES ....coooiieiiiiiiieeeeeee ettt eaaee e 216
Example and working principle of a Michell-Banki turbine ............ccocoooeviniiiienennnne 216
Performance and control Of tUIDINES........c...oeivvuiiiiieiie et 217
Basic CONSIAETATIONS .........oeevieeiiiiee et e e e e e e e e e e e eaeeeeeenneeeeeneeeean 217
Performance characteristics Of tUIDINES .......oovvvvviiiiiiiiiciieie e 219
COSES OF TUIDINES ...eeiieeiieeeeee ettt e s et e e e s eaae e e eenaaeesenneeeeas 221
References for 2.7 and additional HEETAtULE ...........cccuvieiiiuveeeeieeeeeeee e 222
Wind energy conversion [H.-J. WAGNER].........ccccceoiieriiiiiiiiiecieeeeeeseeeeee e 223
D 1] 10 TP 223
Different CONVErter types: an OVETVIEW.....cceevvieveieeieerieereeeeeteesreeseeeseessesseessesssesssesseesnes 224
PRYSICAL DASICS ...veutieeieeiieeiiesiieieee ettt ettt et et e st e st et e e e snaesneesneenneenneenneens 225
Origin Of WINA ENEIZY . .couviiiiiiiieeieiieie ettt ettt et et ettt e saeeseeeneeeas 225
Energy content of the WInd............ccoeiiriiiiiieiiiic et 226
Energy conversion on @ blade...........ccueeiieiiiiiiiieiieniec e e 227
POWET COBTIICIENTS. ...uvviiiiiiieeeieiee ettt e e e e et e e e e e eeaaeeeeeesssnaaaeeeeas 228
Betz* law and the power COSfICIENT CP......oeuviruieiieiieieeieceecee e 228
TP SPEEA TALIO .ottt ettt ettt e sttt e et e et e e reesteeseesbeesbeessassaesseesseessessnesens 229
POWET CfTICICICY ...vvivieiieiieiceie ettt ettt e e st et e b e e s e ssbessnesseesseenseenseens 229
Technical design Of CONVEITETS .........cvuieiiieiiiiiieie ettt 231
The design With ZEarbOX........ccuieviiiiiiiieiieiieie ettt eab e sreesaeesreereens 231
The design WithOUt EATDOX.......cc.ecvieriieiieiieie ettt ettt ae s saeesseense e 231
The Multibrid deSIN ....c.eoverueiiiiiiiiirireeece ettt 231
ASPECES OF AESIZN ..ottt ettt ettt sttt sb ettt eeaeeeae et ens 233
TRE TOWET ...ttt e et e e et e e et e e e eaaeeeesenaaeesssneeeesanereessnaeeesnnneeeens 233
HEAL ENETZY ..eeeneiieiie ettt ettt ettt e st e et et e e seteesabeenans 233
Control and MONITOTING....c..eoveruiriiriieieientitere ettt ettt st et seeae e 233
Mechanical StADIIILY .....cc.eeviiieiiei ettt et s 233

WinNd dIr€CtioN SEE-UP ...veecvieitieiieiicie ettt ettt et e be et e esaeeeaesraesreesseesseessessseessessenns 234



345

3.5

3.5.1
352
353

3.6
3.6.1
3.6.2

3.7
3.7.1
3.7.2

3.8
39

4.1
4.1.1
4.1.2
4.1.2.1
4.1.2.2
4123
4.1.2.4
4.1.2.5
4.1.2.6
4.1.2.7
4.13
4.1.3.1
4.13.2
4133
4.13.4
4.1.3.5
4.1.3.6
4.1.3.7
4.14
4.14.1
4.14.2
4143
4.1.5
4.1.5.1
4.1.5.2
4153
4.1.5.4
4.1.5.5
4.1.5.6
4.1.6
4.1.7
4.1.7.1
4.1.7.2
4.1.7.3
4.1.7.4

Table of contents

Technical figures for two modern Wind CONVEILETS .........ccvveverierieeriieieeieereseesieere e 234
Connection to the electrical Srid ........ccoooieiiriiiieiiee e e 235
Requirements 0f the @rid..........cooiiieiiiiiii e 235
Adaptation of grid frequency and speed of electrical generator ...........cccceceeveveienienienene. 236
Special aspects of the connection of offshore wind parks ...........ccoccvevvriiiniinienineeeee, 236
USE Of WINA CNCTEY . .veevvieiiieiiieiieciiecte ettt ettt ete et et e e tsestaesteesbeesseessesssessaesseesseensenns 237
WOTIA-WIAE STALUS ....evvieieeiiie e et e e e e et eeeeareeeeaaeeeeeaneeeean 237
Federal Republic 0f GErmMAany ..........cocceceeeeieriinienininenceeeeetetestee ettt 237
Economical and environmental @SPECLS ........ccveevivieiieriieniieieeeieeieesreereeereseee e e e esresene e 239
Environmental COMPATISON ........cc.ieiiriieriieiieieeiestesieesteeteeeeesseesteeseesseessessaesseesseessesssenens 239
Energy payback tiMe .......ceeiieiiieiieie ettt 239
(01014 1Yo <R PPRRPRR 241
ReferenCes FOT 3 .. ..o e e e e 241
SOLAL POWET ...ttt ettt e ettt e e bteesate s baeenaeesbeeesneenns 242
Solar thermal power plants [A. NEUMANN]......ccoiteiuteiierienienieeieeteseesseesseesseessessnessnensens 242
OVEIVICW......eveieeeeeeee e et e e e e et e e e e e et e e e e eateeeeeseeeeeeaneeeeeaseeeeeseeeeennreeseenneeeenn 242
Principles of the technology of solar thermal power plants............cccccovieiiiiininienienne 243
NTo) P gl =T L E= 15 (o) o DR PROPRTR 243
Solar brightness diStriDULION .........ceevieriieiieieeieceee ettt e e seebeesaeesaenaees 247
OPLICAl PIINCIPIES ....onviuiitiiieieeieeieetet ettt st 248
Concentration Of TAAIATION ..........oiiiiiuiiiieiee it ee e e e e e e e e e e e eaae e e e e e e seeaaaeeeeas 248
Parabolic GEOMELIY .....ceiiviiiiiiiieiieieetee ettt ettt et e beesseesaeseneereesaeees 249
Fresnel EOMELIY.....ccvicuieiieiieiecie ettt et ettt et beessessaesanessaenseenseenseens 251
NON-IMAZING OPLICS. .. nvveutieieeieiiesiesiestt et eeeeteeetestee e e st essesaeeeesseesseenseenseenseensesseenseensenn 251
Designs for concentrating solar radiation .............cecceeieroeiiiiieieec e 252
Paraboloidal TEIIECTOT . .....ccouvviiiceeie ettt e s eae e e s eaneeeeas 252
SPRETICAL TEIIECTOT ... eviiiieiieie ettt s seesseesseenbeessessaensees 253
Hemispherical bOwW] CONCENITALOT ........ccueuiiiiriiniriniineeicteectenesec e e 253
Two-stage heliostat concentrator deSIZN.......ocveruierireiirierieieeie e 254
Concentrating heliostats and tOWET ..........c..cceevieriieriiiiicieceeie et 255
Beam dowWn tOWET dESIZN....cc.eeeviiiiiieiieriieiie ettt eteetee e e teebeseaesaesteesseeseessesssessnesseensenes 255
Parabolic trough reflector ..........coiviririiieieice e 255
Solar to thermal energy CONVETSION .........ccuieuieierieitieiteeie ettt ettt eneeeeeeneeas 256
General CONSIAETATION .....ccouvviiiieiiieieiiee ettt et e e e e e e e e s erteeeseareeeeenaeeeseneeeens 256
Energy flow in a solar thermal power plant............cccceevverieriiireiceiiereee e 258
Schematic solar thermal pOWer Plant...........ccceueviirininirinieieiec e 259
RECEIVET AESIZIS ...ttt ettt ettt et s e e s b e bt e bt et eeeeesaeenaeenneens 260
EXTEIMNAL TECEIVET ...ttt e e e e e s st e s eareeesnaeeesnnneeeeas 260
Evacuated tUDE TECEIVET ........oeiieuieiiicieie e et eeaae e eeaneeean 261
INterNal CAVILY TECEIVET ....uvieueieeieiieiieieeite ettt ettt et et e et esaeesseeseensesnaesneesneenseeneeenes 261
VOIUIMELIIC TECEIVET ..vvvviiiiiieiiieieee ettt ettt e e e e e et e e e e s e et e e e e s seenaaeeeeeessennaaaeeeeas 262
DiIrect abSOIPHION TECEIVET . ... .ccvieieeetieeieiiieitiesieeteeteeeeesteesseebeessesesesseebeesseessesseesseesseessesnes 262
COMPATISON OF TECEIVETS ...evvieuvieeieeeieriieiieieeteetestesteesseesseessessaesseesseenseessesssesssesssesseessennes 263
Storing thermal ENEIZY.......coceeuerieiiiiiriiinireeetet ettt 263
Solar thermal POWET PLANTS ......couiiiiiiiiiiee e 266
Solar pond POWET PLANT.........cc.eiiiriieiieie ettt et e e e e reesbeebeesbeessesaees 266
Solar Chimney POWET PIANT ..........ccieriiiriieiieieeiereeie ettt eae e sseesseesbeesbeesaessaensees 267
Parabolic trough pOWer Plant...........coccoeviririieiieiiininceecee e 268

DiSh POWET PLANT......c..iiiieiiieieeee ettt ettt st e bt et e ens 271



4.1.7.5
4.1.8
4.1.8.1
4.1.8.2
4.1.9
4.1.10

4.2

4.2.1
4.2.2

423

4.2.4
4.2.4.1
4.2.4.2
4.2.5
4.2.5.1
4.2.5.1.1
4.2.5.1.2
4.2.5.1.2.1
4.2.5.1.2.2
4.2.5.1.23
4.2.5.1.2.4
4.2.5.1.2.5
4252
4.2.5.2.1
42522
42523
4253
4.2.6
4.2.6.1
4.2.6.1.1
4.2.6.1.2
4.2.6.2
4.2.7
4.2.7.1
4272
4.2.73
4.2.8
4.2.8.1
4.2.8.2
4.2.9
4.2.10

43

4.3.1
432
433
4.3.3.1
4332
434
4.3.4.1
4342
434.2.1

Table of contents

Central 1eCeIVEr POWET PLANT......cc.ieiiieiiiieiieieeie ettt ettt sbeebeebesneeseeesseenseens 273
Comparison of solar thermal pOwWer plants ............cccccceveriririnieeieiienienenseceeeeeeane 275
PeITOIMANCE ...ttt e e e e e e e e e e e e e enraaaeeeeas 275
COSES ettt ettt ettt et a bbbt h ettt e a e h e bt et et ea e eht e bt e bt e bt et saeesae 276
(1014 16 7o) RO 277
ReferenCes FOT 4.1 ... e e eeeneee s 278
Photovoltaic power generation [A. GOETZBERGER] ....c..ccceerueruieeeienienienienienieeieeneeeennene 280
Introduction, PV MarketS.........ccoovimiiiiiiiiiiieiiee et eeaaaeee s 280
Principles of photovoltaic CEIIS.......ciiiiiiiiiiiiiiieie et 280
Potential and relevance of photovoltaic Solar Nergy .........ccocceeverieriievenienieieereevenieens 283
PhySics Of SOIAr CEIIS......cuiiiiiiriiiririeeee e 285
| AV 1T v o< ¢ 115 (RO 285
LLOSS INECRANISINIS ...ttt ettt e e e e e e e e sntaeeseaseeesenaeeesaneeeeas 287
Solar CEll tEChNOLOZY ....ccvvevvieiieiieiieiieettete ettt et e eesaesseebeenbeessensees 287
NS TeT) s B RRRROURRt 287
STHCON MALETTAL ....eeiiiiiiieeieee ettt e e e e e ettt e e e e e s eenaaaeeeeeeeaans 287
Cell and module teChNOLOZY ......cc.ecvieiieriieiieiecie ettt sae e e ees 289
Production of pn- and pp-JUNCLIONS ........c.cccverierierieriieiieieeieeeestesee e eae e eseseneesaessaens 289
OXIAION PIOCESS ..eveevevrenrenreiertenteeieettet ettt et ebe et et et e st st e bt sbeebtententenaestesbesbeeseeaeensenee 289
J 2 STei g Ttz ] R elo) o1 [o1 £ RO 289
Antireflection teChNOIOZIES ......c.eeiviiiiiiiiiicieee ettt e reesaeebeesre e 289
MOAUIE tECHNOLOZY ....eevieeiieiiieiiieiieciectee ettt ettt sae s taesreeseessesnaessnessaenseensenns 290
Thin fIlM MALETIALS.....ccciiiiiiiiieie ettt e e et ee e e e e s e s saaaaeeeeesessnranaeeeeas 290
AMOTPIOUS STHCOM ...ttt ettt et st sae e ene 290
Copper indium diselenide and related compounds ..............cceeveeienieniiecieeieieeseee e 291
Cadmium tEIIUTIAE ......vveeieeieic et e e e e e e e eenaaeeeeaneeeean 291
Tandem cells, concentrating SYStEIMS .........ccueverueriireririerieietetetente ettt 292
Future developments and new materials...........cccoeiieiiriiieiieniee e 293
CrysStalline SIHCOMN .....veecviiiieiieieciieieete ettt ete ettt be e b e esbeesaesaeeseesseesneees 293
Materials teChNOLOZIES .....c.veivveiieiieiieie ettt ettt tte st te et e seaeseaestaeseessessaessaesseenseensenns 293
The silicon SUPPLY Problem.......cceeveiiiiiriinininieeeeeeeee ettt 293
Other materials and CONCEPLS .....euieiiriieriieiieie ettt ettt sb e e 294
APPIICALIONS ....ecvvieevieeieeiieeteecte ettt ettt et e esb e et eetaeste e beesbeesseessessaesseesseenseesseesseseensenns 295
SUIVEY Of APPLICALIONS ....vveviieiiiieieciierie ettt te et ste e eaessaesseesseesseenseessessaensees 295
Stand aloNE SYSTEIMS ..c..everuerueriieieienterterert ettt ettt sttt sttt eneen 297
Grid-CONNECTEd SYSTEIMS ....eeuviiuiieiiieiieetietieie ettt ettt ettt et et et eetessteseeesbeebeeaeeeae 298
Cost and energy DALANCE .........ceccvieiiiieiieieie ettt ettt eaeseeesee e re s ens 300
Ot ettt ettt e e e e e e e e et ——aeeeeeeaa—————aaeeeeea—————aaaeeeanraraaaaas 300
Environmental effects and energy balance ...........ccceeceeieiierienienieeeeeee e 301
COMCIUSIONS. ...t ettt e e ettt e e e e e e et e e e e e e e sesaaaaeeeeeseessnnaareeeeeesannranreeeeas 302
RETETENCES TOT 4.2 .ot e e e et e e e e e s eaaeeesenneeeeas 303
Nonfocusing solar heat collection [N.M. FisCH, V. HUCKEMANN] .........cocvevvieiinienrrennenn 304
SUIMIMATY ... eutieeiie ettt ettt ettt e e e bb e e tte e bt e esate e bt e esabeessbeensseessteenaseesaseansseesnseensneenss 304
Active use of solar thermal energy — range of application ..........c.ccecceveeerceecienieniencnennenn. 304
BaSICS .-ttt ettt et e a e bt e bt et et e e atesneeeaeesaeeteenteens 305
COJLECTOTS .ottt e et e e et e e et e e e e eaee e e s eaaaeesesaeeeesanaeeesenaneessnnneeeens 305
SEOTAZE .o uveeeneie ettt ette ettt ettt ettt et e e bt e et e s be e e beeeabeeesatesabeeenaeeeabaeenseesabaeenseesabaeenseesnbaeesaennns 307
Technical realization of low temperature applications ..........c..coceeererenereneneeeecnenennenn 310
Plants With @DSOIDET ........coiiiiiiiiiieeeeeeeee e e e eeaaaeeeeas 311
Small solar plants and system configuration.............ccoccueveereeviieieneenieereeee e ene e 312

Solar plants for domestic hot water preparation ...........cceccveeveeveeeeneeneenieeeieeeeseeseesve e 312



43422
43423
4343
4.3.43.1
43432
4.3.4.4
4.3.44.1
43442
43443
43444
4.3.4.4.5
435
4.3.5.1
4352
4.3.6

5.1

5.1.1
512
5.1.3
5.13.1
5.13.1.1
513.1.2
5.1.3.1.3
513.14
514
5.1.4.1
5.1.4.2
5.1.5
5.1.5.1
5152
5.1.53
5154
5.1.5.5
5.1.5.6
5.1.6
5.1.6.1
5.1.6.1.1
5.1.6.1.2
5.1.6.1.3
5.1.6.14
5.1.6.2
5.1.6.2.1
5.1.6.2.2
5.1.6.2.3
5.1.6.3
5.1.6.3.1
5.1.63.2
5.1.63.3
51634
5.1.6.4

Table of contents

TWO SPECIAL AESIZNS ..veuvveiieniieiieeiieiie ettt e ste st e ettt et e esteeaaessaeseensesnsesnsessnessesnsenens
Solar combisystems for DHW-preparation and space heating .........c..cocceceeeeeeneenecnienncnne.
Large scale solar plants with short- and long-term storage ............cceccveeeeenieeneeienienenne
Large scale plants with ShOTt-term StOTagE ........c.ccovreiiiierrieiieieeiece et
Large scale solar heating with long-term StOTage ...........cceecververieniiecieeieniere e
ProOJECt EXAMPIES ..c.eviiiitiiiieiieiteceer ettt e
Pilot project “Friedrichshafen-Wiggenhausen™ ............ccccooveiiiiiiiiiiinieniee e
Solar district heating in Hanover-Kronsberg ...........cccocvevieviiiiiiienicieeieeeeeeeseee e
Neckarsulm-Amorbach — an extensible long term storage ............cccveeveecveeeereerieecvesnennnnn
Hannoversch MUNAEN .........cc.oviiiieiieiieeee ettt et et sneesneeee e
Comparison of the above mentioned Projects.........cooeerierierieeienienieeeeee e e
Market development and potential of solar thermal plants............ccccceveevieviieeeneenieenns
Cost development of small scale solar thermal plants .............cccoeeverieniecencienieieee e,
European solar thermal market ............cccocceeeieiieiiininininneeecceee e
References for 4.3 and additional [iterature............coevereeiieiiiieic e

23 11) 1 1 T TR

Biomass energy — An overview [F. ROSILLO-CALLE] ....c..coceveririeiininiincninecceeeeeeenne
GENETAL OVEIVIEW ...ttt ettt ettt e st e ettt eseeebe et e enteeneeeneeseeeeaee
INEEOAUCTION. ...ttt ettt ettt ee ettt b e bt e st e e nee
Biomass POLENLIAL........cccuivieiieiieiieie ettt ettt e ete e aestaesseebeesbeenneesaenreens
UtiliZation Of T@SIAUES .....eeveeeieieieiieie ettt et e te e teseee st eteenteenseeneeneeens
AGrICUITUIAl TESIAULS ...ttt ettt ettt e sae e e et ens
FOTESIIY TESIAUES .....ovvivieiiieiiete ettt et ettt e et ebe et esebesta e beesbeessesssessnesseesseeseensenns
LAVESEOCK TESIAUES. ..c..euveevienieiieieieete ettt sttt
ENEIZY fOT@StIY/CIOPS. c.veveeeeeuieietete sttt ettt sttt
Current and future uses of biOMASS ENETEY ......eeverirrierieiieieeieeee sttt
Traditional applications 0f DIOCNEIZY .......cccvevuiiriiiriiiiieieeeeteete ettt
Modern applications 0f DIOENEIZY .......ceceeruieriirierieriieiieteetesteesreereeaesaesaesseesseenseeenenns
TeChNOLOZY tIEIAS ....cueiiiiiitiitirteeieete ettt st
(0703501011 1 5107 s DTSSR
CogeneratioN/CHP .........ccooiiiiiieiicicceeeeee ettt sbe e ees
Cogeneration of electricity from sugarcane bagasse..........cecvevreierienieenienieeneeseenreeneeens
COTITIINE .ttt ettt sttt eb et ae st besbe bt nee
GASTTICATION ...ttt sttt ettt e a et e bt et en e e eseesbeesbeeneeeneeeaee
PYTOLYSIS 1uvtitieiieiie ettt ettt ettt te e s te et e esbeesseeteesbeesseenbeesbeessesseebeesseenseeneeenes
Liquid and gaseous fUCLS.........cveiirierieiieiieie ettt st ees
Ethanol fUCL.........ooiiiieiee ettt sttt et esneenae e ens
23 v 4 | OSSOSO

TEChNOLOZY tIEIAS ....eueiiiiiiiiiiiteeee ettt st
BIOIESEL ...ttt b



5.1.7
5.1.7.1
5.1.7.2
5.1.7.3
5.1.7.4
5.1.8
5.1.8.1
5.1.9
5.1.10
5.1.11
5.1.12
5.1.13
5.1.14

52

5.2.1
522
5221
5222
5223
523
5231
5232
5233
5234
5235
524
5241
5242
5243
5244
5245
52451
52452
52453
52454
5.2.5
5.2.5.1
5252
5253
5254
5255
5.2.5.6
5.2.6
5.2.6.1
5.2.6.1.1
526.1.2
5.2.6.13
526.14
5.2.6.2
5.2.6.3
52.6.4
5.2.6.5

Table of contents

Socio-economics 0f MOErn DIOMASS ......c..ceerueruieiiniinieniiniere ettt
Biomass energy and rural development...........ccccueviireririninenieieieiccenese e
Bioenergy and emplOymMeNt ........cc.eeouiiiiiiiiieiieie ettt
The “Food versus fuel” argument .............cceevveiieiieiieenie e ees
The role Of eXtErNAlILIES ......co.eeiiiiiiierere e
Environmental CONSIAETatioNS..........cueeverierieriieiieie et et seee e ee e eneesseenseens
Carbon sequestration versus carbon SINK..........ccceerieiiiiirienieieeeeee e
Institutional changes in the energy market — Implications for bioenergy ............ccceoueneene.
COMCIUSIONS. ...ttt et eb et ettt be bt eb b et et e sae bt ebeebeebe e e ensenee
Policy recommendations and R&D Needs ..........coccoiveriririeieniiniinininceeccceeeeene
LiSt Of QDDIEVIATIONS ...c.veetietieiieiie ittt ettt ettt ettt st e st e be bt eaeeeeeesneenaeeneeens
Main INEETNEE CONTACES ....euvetiteitietieteetiet ettt ettt ettt et e et et et et e ebeebeeseeneenseneensenes
REfErences O 5.1 . .oouiiiiiiiiiiiee e

Conversion of biomass to heat and electricity [D. HEIN, J. KARL]......c.cccovvivrieniierennnnne,
INEEOAUCTION. ...ttt ettt et e et et e e st e enaeeseesseeneensesnneenes
FUCL PLOPETLIES ...ttt ettt ettt et e saee b e bt et eateeneeeaeeneeens
Heating value and energy density .......c.cccovieruieriiiiiiieieeie et
INhomoEeneity and dIVEISItY.......coccueeieriieriieieiie sttt ettt eebeseaesteebeesseseaeseeenes
Heating values of s0lid DIOMASS ......c..ceceeeeiiniinininiinencetectecee et
Generation of heat and power from biomass ..........cccceevieiiiiiiiiniereee e
Generation OF NEAL.........cc.oiiiiii et
Large scale POWET PIANTS........cocviiiiiieiierieeie ettt ettt e e seaesaaesseeseenseenseens
CO-COMBUSEION ... .eeteeniieteete et et et et et e e eeeseeesee e seeseeneesneesseeseanseensesnsesseesseeseensesneesnes
Decentralized generation and combined heat and power production (CHP).....................
ECONOMICAL SPECES.....cuviieiiitiiiieiieteeiie ettt ettt ste b e e b e e tseete e beesbeesseessesseesaeeseeseesens
CombUSHION Of DIOMASS ...c.veuviiiiiriieiieiieteese ettt et
CombUSHION EfFICIEICY ..c.veviveriieiieiieicerte ettt
EIESSIONS ..ottt ettt ettt et e e b e b e e be e bttt eneeeaeenaeenteens
ASh MEItING DENAVIOT......ccuiiiiiiiiciicicciece ettt be e e eaeeaeesreesre e
ChIOTINE COTTOSION ...ttt ettt ettt sttt et ettt ettt ebe bt e e e enee
COMDUSHION SYSTEIIS ....euvetitertieiieieeitetentente sttt ettt ettt st ebe bt ees et et esaestesbeebeenneneensenee
Under StOCKET fUIMACES ......ccuvieuieitieitieiieie ettt ettt ettt ettt e b e nae et ens
GTALE TUIMACES ...ttt ettt ettt ettt e bt st es et e e sbe et e ebeeseeneeneeneenes
Fluidized bed cOMDUSHION SYSTEIMS .....c.eevvviriieiieiieiieiieniesteesieeie e seeeseeesseesseessessnesseeseens
SPECTIAL AESIZNS. ..veeuiiniitieieriiete ettt ettt ettt sttt ebt et ebe et et eneen
Gasification Of DIOMASS .....cc.eeiuieiieieitieteee ettt ettt et ettt e enee e e
DIETINITION ...ttt e bbbttt et e et e et et e sbe et e e st e st ene et e st nee
DAESTION ... .eeutieiiieiie ettt ettt ete sttt e st et et e e e e st e ta e teenbeessaessesssessaesseenseenseessesseenseenseans
Thermal gasifiCation ...........coeeiiiiriiiiininiree ettt
Autothermal gasifiCation.........ccccoiiiiiiiiiiiieee et
Allothermal asifiCatiON...........ccueiiiiiiriieiieieei ettt ere e eae e sreebeesbeeeseeseenreens
Gas cleaning and Process INtEZLAtION. ........ceerueerueerieereriertiesieeteeresseeseesessesseesseesseessennns
521 o) (SO
Elementary composition and heating values.............ccccerveiiiriiniiiiieeeeee e
WOOAY DIOMASS .....oovieiieeiieiiieiieciie sttt ettt ettt te e beesbeesaessaesraesreeseesseesseessesseessenns
Herbaceous DIOMASS ........eoueiuieiiiiiierienieie sttt st
L0 71513 ol o1 10) 4 ]S
WVASEES ..ttt ettt ettt e b e saa e e nbt e sab e eet e saeeenaee
ENEIZY AENSILY ..viviiiiiiiiii ettt ettt ettt et e b eabeeasesas e baebeesseenseenneees
GASECOUS TUCLS ...ttt et sttt
Ash Melting BERAVIOT.......coeiiiiiiiiiiic et
Biomass digestion effiCIENCY ......cc.eeruieiiiiiiiieeieeeeee et

(o8]
9
[oe]

(98]
(93]
oo

W
W
\O

W [ |W
[®)) (@)}
W N |—

[O8)
(@)}
~

[089)
[@))
N

U3}
N
~

(O8]
[®))
oo

(O8]
[*))
O

(98]
~J
S

(U3}
~
S

(08
~
Ny

W
~
~

[O8)
-
N

(O8]
~
W

(U3}
~
(@)

(8]
~
(o)

(98]
|
3

(98]
~
~J

(08
~
o0

W
~
oo

(98]
~J
=)

(%)
o0
o

(8]
[oe]
—_

(O8]
oo
—_

[O%)
oo
[O8)

W |
o0 |00
EE S

(O8]
oo
(%)}

(O%)
o0
(@)}

(%)
o0
~

(8]
o0
~

(O8]
oo
~

[O%)
o0
oo

W |
o0 |00
\O |00

(O8]
oo
\O

W
\O
—_

(O8]
\O
\S)

8]
\O
N

()
\O
(@)

(98]
O
(@)

93]
\O
(@)}

AN
S
S

N
S
[\S]

N
e
W

-lk-lk-lk‘
S
N DN |

N
(e
oo



5.2.6.6
527

6.1

6.2
6.2.1
6.2.2
6.2.2.1
6.2.2.2
6.2.2.3
6224
6.2.2.5
6.2.3
6.2.3.1
6.2.3.2
6.23.3
6.2.4
6.2.5
6.2.5.1
6.2.5.2
6.2.5.3

6.3

6.3.1
6.3.1.1
6.3.1.2
6.3.1.2.1
6.3.1.2.2
6.3.1.2.3
63.1.24
6.3.1.2.5
6.3.1.3
6.3.1.3.1
6.3.1.3.2
6.3.1.3.3
6.3.1.34
6.3.1.3.5
6.3.1.3.6
6.3.1.3.7
6.3.1.3.8
6.3.1.4
6.3.1.5
6.3.1.5.1
6.3.1.5.2
6.3.1.53
63.1.54
6.3.1.5.5
6.3.2
6.3.2.1
6.3.2.1.1
6.3.2.1.2

Table of contents

Economical data.........c..coiriiiiiiiiieieeeer e 409
RETRIENCES TOI 5.2 ...ttt sttt ettt e e et e sneesseeneeens 412
Renewable carbon-based transportation fuels [A. BANDI, M. SPECHT] .........c........... 414
T80 e 18 Tot5Te) o WO PR PPRRPRR 415
RENEWADIE TUCIS ... .o e e et e e e e e e eaaaeeeeas 417
FUCT OPLIONS ...ttt sttt et et eteeste e aeeabeesbeesbessaesseesneenseesnesens 417
Liquid renewable fUCIS........c.eiciirieiiciieieeieeeeee e e 417
1 4 P s Lo ) RSSO 417
Bio-diesel and vegetable 0118 .........cooiiiiiiiiieieeee e 418
BI0-METRANOL ......oviiiiiiiiee et 418
Synthetic diesel/gasoline fUCIS..........ccveriirciiiiierieiee e 419
BIO-PYTOLYSIS 011 ...ttt ettt s 419
Gaseous TENEWADIE TUELS........oooiiiiiiiiiiie e 420
HYAIOZEN ..ottt ettt e ste e ae et e esbeesbeesaesaeesanenseereeees 420
Substitute natural 2as (SING) ....ccvevieiieriieii ettt ebeessessaesseensees 420
Dimethyl ether (DME) ........ooiiiieiee ettt 420
Costs and CO, emissions of renewable fUEIS...........cooovviviiiiiiiiiiiiiiiie e 421
Renewable fUCIS tOdaY ........cceovvieiieiieieceeee et 423
0 171 o) H R PRRPRR 423
BIO-AICSEL ...ttt ettt e e ae s e et e sneenteenreens 424
23 0 o 1RSSR 425
Technical pathways for renewable fuel generation............cecveeeevierieninieniesiereee e 426
Fuels via SYNthesis a8 ......uiiieiiiiiie ettt ettt s ee 427
Synthesis gas production from DIOMASS...........cc.ecvverrieriierieiieieereeie ettt b e 428
Directly heated GaSifiers .......ccoocveiierieiieiieieseee ettt sre e sae et s e 429
RENUGAS PIOCESS «..cuvieeiieiiiiieiieieete ettt ettt et e ste et eresenesanesaeesaeenneenneenneeas 429
CATDO-V PIOCESS -..euveemeeeneeeiieeiieette et e et et e et te st e s bt e bt e et et e eaeesseeeae e teemteenteemeesneesneeneesmeeeaes 430
HT W PIOCESS ..vieevieiiieeiieeiteeiteeteesteeeitesteeeteessbteeteesaaeenseeesseeensaeessesnsseansseessesnsaesnseenn 431
TEXACO PIOCESS. ¢ uuveeerierteeeiteesttesteesteesiteesteesteesabtesateesabeesaseesaseesaseesaseessseesnsaesnseesnseesnseenn 431
Schwarze Pumpe waste-to-methanol Process ..........coceeriverereeienienienineneneneeeeeeeennes 432
Indirectly heated gasifiers .........ceouieiuiiiiiieiiee e e 432
MTCI ZASITICATION ......vieeiieiiiciieiieeie ettt ettt te et e esbeetaeseaesbaesseesseesaessaesseenseessenns 432
DMT indirectly heated steam Gasifier..........ccoevierieriieiierieiieiieie et 434
DM2 staged reforming PrOCESS........coirererierieiteiententerte s eieeetetete et s st et eaeeanensense e 434
Indirectly heated, twin fluidized bed, steam gasifier (Battelle/FERCO) ..........ccccceeuenene 434
FICFB aSIICAtION. .....cciiiiiitieiiieiieie ettt ettt te e b e et e etae s e e beesseessessaesreesseeseensenns 436
WIIZht-IMAlta PIOCESS ...veevvevieiieiieie ettt ettt et e e te et e et e esaeseaessaesseesseessesssessnenseensenns 437
2 % 110) 1503 (0TSSP 437
AER PIOCESS -.eieitietietieie ettt ettt ettt ettt e st e bttt et e st e eb e e bt e bt e et enteeaeeseeenaeeteenteens 438
CompariSON Of GASTIICIS .....ccviiviieiieiiciieieeieete ettt ettt b e esbeesaesreesaeesreesaeees 439
GAS CIEANINE. .....viieieieieciieieeie ettt ettt ettt e st e e e beesaeeseesseesseenseensesssesssensaenseenseensenssennns 441
PaATtICULALES ....eeeiiiiiieeieeee ettt e e e et e e e e e e et e e e e e eraaareeeas 441
TATS ettt e e e e e e e e e e e et et ee e e e e ———teeeeeeaa———eeeeeeanraaareeeas 442
SUIPhUL COMPOUNS ...ttt et et e b eeae e e eteebeesbeesbeesnesneas 442
Nitrogen-containing COMPONENLS. .......ccuverrierreerrerrreraerreesseesseessessesseesseesseesseessesssesseesseessens 442
ALKl COMPOUNAS ...ttt sttt ettt st nee 442
Fuel generation from SYNthesis @as........ccceeiieiiiiiiiirieieeee et 443
MEthanol SYNERESIS ......cveeuieiieiriiiiiie ettt ettt et e ebeeae e e steesseesseesaeereesseesseenseans 443
Gas-phase Methanol SYNTNESIS ........c.eecverierieriieie e 443

Liquid-phase methanol SYNthesis........coccevecieririnininiieiectecce e 445



6.3.2.13
632.14
6.3.2.2
6.3.2.2.1
6.3.3
6.3.3.1
6.3.3.2
6.3.4
6.3.5
6.3.6
6.3.6.1
6.3.6.2
6.3.6.3
6.3.6.4
6.3.6.5
6.3.6.6
6.3.6.7
6.3.6.8
6.3.6.8.1
6.3.6.8.2

6.4
6.4.1
6.4.2

6.5
6.5.1
6.5.2

6.6

6.7
6.7.1
6.7.2

6.8
6.9

7.1

7.2

7.3

7.3.1
732
733
7.3.4

7.4

7.4.1
7.4.2
7.4.3
7.4.4
7.4.5

Table of contents

Direct oxidation of methane to methanol...............ccccoeviiiiiiiiiiiiiie e 447
Methanol synthesis from Hy and COp.....c.oecvviiiiiiiniieiieieeee e 447
Fischer-Tropsch synthesis of gasoline and diesel fuels ...........ccccoooiioiiiiiiiiiiiieee 449
Fischer-Tropsch synthesis from COy and Hy .......coovvevieiieiiciicieiicececece e 450
Bio-fuels via fermentation ...............oooouiiiiiiiieiiieie et 451
Ethanol production teChnolOZIes .........cccoceeiirieniiiininirierecccceee e 451
Bio-gas production via anaerobic digeStion..........cecueeuerierierieieeie e 452
Bio-fuels from 01l PLANLS ........ccvieiiiiieiieiiciceiecee sttt e 454
BIO-PYTOLYSIS Ol ...viiiiiiieiieiieie ettt ettt et e et estaessaessaeseesseessessnesseeseensenns 455
Further fuel production paths...........c.ceeiiiiiiiiiiiniecccce e 457
HYATOZEN ..ttt ettt b e bt ettt ene et et ens 457
Methanol-t0-gasoling (IMTG) PIOCESS........ccverrieriieirieieeieesteesteeteereeeeeseeesseeseesseessesseesseens 457
Synthetic (SUbStItUte) NAtUTAL GAS ......ccviviieieriieieeie ettt e eeae e eeees 458
Dimethyl ether (DME) ........ooiiiiiiee ettt et 459
Methanol-to-synfuels (MtSynfuels) ProCess.........ceoeeuerueiierieieeie et 459
MTBE/ETBE — methyl (ethyl) tertiary butyl ether...........cccooeviiiiiiiciiiiieeeeeees 460
Higher alcohol SYNtRESIS......c.cooviiiiiiecieciieie ettt saeesaeeseense e 461
Hydrothermal conversion of DIOMASS ...........ccecuieriieireierieeeie e 461
The HTU® PLOCESS -ttt et ettt ettt et e ae e et e st e e bt en e emte e st e eb e e e bt e bt enbe e et eneeeneeeaeenaeenteens 461
Conversion of biomass in SUPETCIitiCal WALET ...........cccevverrieriieiieieiieie e 462
Efficiency of fuel Seneration ............cccooieiieiiiiiiie e e 463
Fuel yield per hectare of agricultural crop 1and.............ccccevieviieciiiiiiieiee e 463
Energy efficiency of synfuel generation from biomass ...........ccceecverieniieciencieneeneenieeneee 464
Resources for the production of renewable fuels..........ccocvveviieiiiiinieciieiecceeee e 468
BIOIMASS TESOUICTES. ...eeeuvvvieeeeeeeeeeteeeeeeteeeeeee e e e et e e e et e e eeteeeeeeaseeeeeaeeesenseeesensreeeensnsesenneeeens 468
Renewable electricity for fuel @eneration .............oceeverieriesieriiesiesiereee e 472
Conclusions / OULLOOK ........ccuereiiiiiieienier ettt 473
AAAIIONAL TADIES ...veeiieeiieeeee ettt e st e e enaaaee s 474
Promising renewable neat fuels and blends for automotive applications .............c.cceenenn. 474
Fuel Properties of selected liquid and gaseous fuels..........ccceceevieniinieninincnncncnieeeeen 475
Glossary and abbreviations ...........oecueeieiieiieie et 476
References for 6 and INternet TEfErENCES. ......cccvviiiiveiiiieieeeeeee e 478
Hydrogen production [S. RICHTER, U. WAGNER].........cccooceniniiiiiiiinieneeceeeeeene 483
T8 06 11 o1 5o WO RO 483
Hydrogen generation by €leCtrolysis .........couerereriniririnieieieiee e 484
Hydrogen from fossil Nergy CAITICTS ........ccveruieriieiieiieeiiesieeieete et ee e seeeeeens 486
StEAM TETOTINING ...c.veetieiieie ettt ettt e b et et e e eneenaeas 486
Partial OXIAATION .......eoiuveiiiieiie ettt e et e e et e e e e e s e eaeeeeseneeeesenaaeeeennneeeaas 487
Gasification 0F COAL........oooiiiiiiiiii et e e e e e e eaeee s 487
Plasma arc process (KVACTNET PIOCESS)......cuerverreruerrirererieierenientenieniestesieeseeseensesensensenne 488
Hydrogen from renewable energy SOUICES .......ccouerieruieriienieeieeiieriienteeieeie e seee e nieeeens 488
Hydrogen generation through photoelectrolysis........cccoveevieiieienieniieiicieceese e 488
Hydrogen from DIOmass..........c.ccveruieriieiieiiriecie ettt ebe s seeesaeesseenseenes 489
Photobiological hydrogen generation ...........c.ccoecevirereneneneeieneeieienene e 490
Photochemical and photocatalytical hydrogen production .............cccccoooeiiiiiiniinienieene 490

Thermochemical hydrogen production ............ccceeeuieiieiiiienierteeriere et 491



7.5
7.6

8

8.1

8.1.1

8.1.2
8.1.2.1
8.1.2.1.1
8.1.2.1.1.1
8.1.2.1.1.2
8.1.2.1.2
8.1.2.1.2.1
8.1.2.1.2.2
8.1.2.1.2.3
8.1.2.1.2.4
8.1.2.2
8.1.2.2.1
8.1.2.2.2
8.1.2.23
8.1.2.3
8.1.3
8.14
8.1.4.1
8.1.4.2
8.1.5
8.1.5.1
8.1.5.1.1
8.15.1.2
8.1.5.1.2.1
8.1.5.1.2.2
8.1.5.1.3
8.15.2
8.1.5.2.1
8.1.5.2.1.1
8.15.2.1.2
8.1522
8.1.5.2.2.1
8.1.5.2.2.2
815223
8.1.52.2.4
8.1.5.3
8.15.4
8.1.6

8.2
8.2.1

8.3

8.3.1
8.3.1.1
83.1.1.1
83.1.1.1.1

Table of contents

(070} 1 To] 11T Lo} + PRSPPI 491
REFCIENCES TOT 7 ... eeaaee s 492
Geothermal energy [C. CLAUSER] ......c.ccccooiiiiiiieieeieete ettt eie e seve st sseesseese e ses 493
The Earth’s thermal TEZIME .......ccueeuieieriieiieie et 493
The structure of the Earth ..........coooiiiiiiiiiiii e 493
Energy budget of the Earth ............ccooiiiiiiiiiic e 496
HEAt INCOMIE ...t e e e e e eaae e e e eaaeeeeeaneeeenaeeeean 497
EXternal NEat SOUICES ........cccuviiiiiiiieeeciee et e e e eneeeean 497
Y] o1 g Vo L E:1 5 1o ) s USRS 497
Gravitational ENETEY ......ccceevviiiiieiieiecieie ettt ettt e et e steesaeebeesbeessesssesseesseesseeseesens 498
INtEINAl NEAL SOUICES ....veeieeeviiieeeeeee ettt ettt e e et e e e e e e eaaeeeseareeeenaaeeeeenneeeenn 498
RAIOZENIC NEAL.......oeiieieiieiee ettt ens 498
OFIZINAL NEAL ...ttt ettt et st sae b et 499
POtENtial ©NEIZY ..ocvvicvvieiieiieiiere ettt ettt et e et e e tbestaesta e beesbeesaeesaessaesneeseenreans 499
FrICtIONAl NEAL .......vveiiieiiie et e et eeeaae e e e eaeeeean 499
Heat @XPEenAItUIE .. ..cc.coueiverieiiiietierceercet ettt sttt 500
Long-wavelength heat radiation ...........ccccoeiieiiiiiiieee e 500
VOICANISIT ... et e ettt e e et e e et e e e et e e e eeaaaeessntaeesensseeesnnneeesanaeeeeas 501
(€1 10) o1 B 1T R o i (o) RS RRRPRR 501
HEat DUAZET ..ottt ettt et et e et esaeesneesneenseeneeens 501
The thermal regime of the Earth’s Crust..........cooieiiiiiiieiieeeeee e 501
HEAL STOTAZE ...vveeeeieeiie ettt ettt ettt et e et e e stteeabeessbeessseensbeesbeenseesnseean 503
Measuring tECRNIQUES .........cceerrieieiieiiereere ettt et e et e e et e et e seaestaesseeseessesssesseesseenseensenns 504
Calculated heat CAPACILY ......co.evveriririiieiieteteeree ettt 505
HEAt trANSPOIL. ....eoeiiiiieeiie ettt sttt s 515
HEat CONAUCTION ...ttt e et e e e e s st eesenateeesenaaeesnnneeeeas 515
Measuring tECRNIQUES .........ccvierrieieiieiiereerie e ete et et e e ebeebestaestaessaesseessessnessnesseeseensenns 516
INAIreCt MENOMS ....coeveeeeeeeeeeee e e 516
Estimation from mineralogical composition and saturating fluids .........c.cccecceeviriincencn. 516
Correlations with other physical Properties ...........ccoevuevverrieriieienieseeie e 518
Thermal conductivity of MINETALS.........cccvevieriiiriiiiieieceee e e 520
Thermal conductivity 0f TOCKS ......ccueoviririririiieicicerercee e 531
Thermal conductivity of sedimentary, volcanic, plutonic and metamorphic rocks ........... 532
Influence of porosity and the dominant mineral phase .............ccoecvevvieviiecierieneenieere e 532
Influence of ambient tEMPETATUIE .........ccveevieierierierieeie ettt et et eseeereseaesseenes 534
Influence of various factors on thermal conductivity .........cccccevverenininiinienieneeieieneene 538
PrESSUTIE ...t e e et e e e e e et e e e e e e et e e e e e e e raaaeaeeas 538
Porosity and saturating fluid ...........cccoeeeiiiiiiiiiiicececeeee s 539
Partial SATUTATION ........ccouviiiiieieie ettt e et et e e eeeenae e e e enteeeseareeeenneeeeenneeeens 539
ATISOIIOPY +nvenvetteitentetent ettt ettt et ettt sttt et ettt et e st st e bt bt e st et es b et e et e sbesbeebeebeeae et enaenee 540
HEAt AAVECTION ...t e e e e e e et e e e e e e e enraaaeeeeas 543
Heat radiation and thermal conductivity in the Earth’s mantle..............cccceevveviieciinienenns 546
REFErenCES FOT 8.1 ...oiieeeiiiieie e e eaae e e eaeee s 548
Geothermal ENEIZY TESOUICTES. ....c.eevirtiriririerieiietetete sttt et ettt sae et st ebt s eneense e 549
RETEIENCES TOI 8.2 ...t e e et e e e e e eaaeeeeas 550
Types of 2eothermal ENETIEY USE ......ecvevvieriieiieieiiecieerie ettt ere e eesesteesreeseesseseeeseas 551
DHIECT USC .ottt e et et e e et e e e e e e e eetaeeeesaeeeeeeaneeeenneeeenn 551
SPACE NEALING ...ttt ettt et et 555
Earth coupled heat eXtraction SYStEIMS .......cccueruierieriieieeiieeiesteee ettt 555
Horizontal Earth coupled heat eXChangers ............cccoevevieriieciieieiieceeeee e 555



83.1.1.1.2
83.1.1.1.3
83.1.1.14
83.1.1.2
83.1.2
83.2

83.3

8.4

8.4.1
8.4.1.1
8.4.1.1.1
8.4.1.1.2
8.4.1.2
8.4.2
8.4.2.1
8.4.2.1.1
84212
8422
8.4.2.3
8.4.2.4
8.4.24.1
84242
842421
842422
8.4.2.43
8.4.243.1
842432
842433
842434
842435

8.4.3

9

9.1
9.2
9.3
9.4
9.5

9.6
9.6.1
9.6.2

9.7

9.7.1
9.7.2
9.73

9.8
9.8.1

Table of contents

Shallow borehole heat eXChangers...........cc.vevieierieiiieieciecee e
Heat eXChanger Piles .......ccveiiriiiiiiie ettt see e ens
Deep borehole heat eXChan@ers ...........covieiieiiiiiieeeee e
Hydrothermal heating SYStEIMS.........ccueeviiiiiieiiieiietieeeee et ete e eaeseee e ebeeaeereeseeesseesseens
Commercial and industrial appliCatioNS..........c.ecveruieiirienierie ettt ere e see e ee e eees
POWET ZENETALION ..ottt ettt ettt et
ReEferences fOr 8.3 ... ..ottt et et

Technological and economical aspects of geothermal energy ..........cccccevveviveciiieeneennnnne.
DITECE TS ..ttt ettt ettt b ettt et e e et b et eb et et es e e e e enee
Earth coupled heat eXtraction SYStEIMS .......ccuervirereririeieienieienentene ettt
Ground-source heat PUMP SYSTEIMS ......ccueeiirierieiierieee ettt e e e e
Deep borehole heat eXChangers ..........c.ccvveviieiiiiiiieiieeeceee et
Hydrothermal heating SYStEIMS. .......ccvevvieiirieriieriieiieie e seeteeae e saeseeesseeseesnessnesseenseens
POWET ZENETALION ..ottt ettt ettt
Natural steam POWET PLANTS. .....cc.eeiuieiiieiiiieiee ettt see s
Dry Steam POWET PLANTS ......cc.eeiiiiiiitieieieet ettt st eb et e
Flash steam pOWET PIANES ........ccveeviieieiieiierieeit ettt ae e saeeseessessnessnesseenseens
Binary POWET PLANES .......ooiuieiieieeie ettt ettt st e st e e ae e st esneenteeneeens
Power plants for hot dry rock or enhanced geothermal systems............cceoceeiircinieniennne
Technical, economic and ecological aspects of geothermal power production.................
3 e 15311 USRS
COSt AN L@ TIME ......eeeieiieieeieeee ettt st et et e et e see e se et e enaeenresneeens
INAUTAL STEAIMN SYSEEINIS ...t eueieuietietietieeteeite et te et e bt eteeeeseee st e bt et e eseeeaeessee bt enbeeneeeneesseenneas
HDR and enhanced SYSTEMS. .......cc.iicviiieriieiiieiieieeteeteeteere et eeeesee e eaeeseesaeseeesseesseenseens
POITULION ..ttt ettt sttt e
ATE POITULION. ...ttt ettt ettt sb et e nee
Waater POLTULION ...ttt sttt et et sae e e e ens
Land SUDSIAENCE. .......eiueeuieiieieiesieet ettt ettt sttt ettt et st ebeseeene e enee e

Summary and AcknowledZements. .........cccuieiirieiieiiiee et
References fOr 8.4 ..... .ottt

Heat pumps [H.J. LAUE] ...ooooiiiiie ettt sttt s s s
INEEOAUCTION. ...ttt ettt et e st e et e e entessaesseenseenseeneeenes
Historical deVelOPMENT .......cc.eeiuiiiiiiiiie ettt sttt et sae e ene
BaSIC PIINCIPIES ...cuveevvieeiieeieciecieeie ettt ettt et b et esteeste e b e esbeessessaesseesseensessneses
Heat pump teChNOLOZY ......eeviiiieiiieieieieeee ettt saa e se s e
HEAL SOUTCES ..ttt ettt ettt ettt e be e e sbbe e bt e e sbeeenaees

Heat pump working fIUids .........ooouiiiiiiiiie e
HECAMIXEUTES ...ttt ettt e ettt et e bt et e st et e e sbe bt ebeeneeneesensenes
Natural Working fIUIdS ........cooveriieiiieiicieeieeee ettt ettt e b e eeaeseees

Heat pumps in residential and commercial buildings .........c.cccccveveneninincnieneeieienenenn
Heating-only heat pumps .........coooiiiiiiiiie e
Heating and cooling heat PUMPS..........c.ccveriiiriieiiiie ettt
Heat pump Water NEALET .......c.ecvieiiiiieieciecitee ettt see e eseesaessseeseessaeseens

Heat pumps i INAUSTTY ....eeueeuiiiiiieneenceeeeest ettt sttt
Closed cycle compression heat Pumps. ........coceereeiirienienieie et

W
(V)]
~

W [
W |
\O |0

wn
N
(e

W
N
[\

(94
N
(V)]

[
N
(@)}

wn
N
(o)}

W
(o)}
~

[
[®))
3

(9,1
NG
[y

)]
~
(O8]

(V)]
~
(V)]

V)]
~
W

(V)]
~
W

W
~
~

W
~
\O

(94
oo
—_

(9]
o0
N

W | [
o0 |00 (oo
(U, (O, NN

(9,1
o]
~

W [ | [ [
\O O |00 (o0
DN 1N [— oo oo

9,1
\O
W

W
\O
w

W
\O
(3]

N
S
W

[© =)
o 1O
[V I (W)

[*))
o
(@)}

N D
[ (]
O [0

(@)
—
—_

(@)}
—
\9)

(@)}
—
\9}

(@)}
—_
i

(@)}
—_
IS

(@)}
—
(9]

N |
—_ =
[V N (V)]

(@)
—
3



9.8.2
9.8.3
9.8.4
9.8.5

9.9

9.10
9.11
9.12

Table of contents

Mechanical vapor reCOMPIesSSiON SYSEIMS ........verveerreerrerrresireriresseesseeseseesseesseesseessessenseens 617
Thermal vapor recompression (TVR) SYStEMS ......cc.coevirerirereeieiencienenene e 618
ADSOTPLION NEAT PUIMIPS ...ttt ettt ettt s e sttt et eneeeaeeneeens 618
HeEat tranSTOITNETS . ......vviiiieeii ettt e e et e et e s et e e s esateeeeenaaeesaneeeeas 618
Energy-efficiency and environmental aSpects ...........ccoeeververiierienireiienieneeie e seesveenee e 618
ECONOMICAL ASPECES.....iiuiieiieieieiieiieie ettt ettt te et ettt e ae e aeseeessee st eseenseennesseeseens 624
(0103161 1T 1) o) o WEE O 625
RETEIENCES TOI D ..ottt e et e e e e etae e etaeeaee s 626




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


