CHEMICAL INDUSTRIES/132

The Chemistry and
Technology of Coal

Third Edition

James G. Speight

CRC Press
Taylor &Francis Group




The Chemistry and
Technology of Coal

Third Edition

James G. Speight

CRC Press
Taylor & Francis Group
Boca Raton London New York

Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Version Date: 20120719
International Standard Book Number: 978-1-4398-3646-0 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

Preface 10 the Third EGITION..........u.c 5605 cnenscesneeos 5565365500 nnnonsnes 5565555555 0 nn e nns 558535555555 655 6 nesauassassssasens X1X
Preface to the FIFSt EQIION .....ooooiiiieiieeeee ettt e e ettt e e aeee e saaeeesssaasnssneeaannsseannns xXxi
AULNOT Lottt e e e e s e te e e e e eteeeeean s e e et taeaasaaaeanseteaannteaaansrasaasseeeanasans xxiii
Common Conversion Factors Used in Coal Technology ........c.cocveviverviirerieiinrnicinnnae e nerenee XXV

PART I Character and Properties

Chapter 1  Occurrence and RESOULCES..........cveeerreererrrrerreitereeeerenstesnessaseseseeeenessesssesseessesaseeseessees 9
1.1 INETOAUCION oottt e et et eetee st eessaesate e ssnastsaesnnannnas 9
1 1o 1 — 12
1:3  Rock Environment: s .o e srrsesmm s sy s oo e s s 14
1.4 SEAM SITUCLUTE ...ooieeiiiieiiiieceeeeeeteeeecte s e e sttt e e eemeeeeeare e e b baeeenneanassnnsensansesannns 19

1.4.1  Shale Partings and Split Coal........cccccovoiiinnniniiiniiiinie 19

142 WASHOULS «eoeereiiieeceeeeicete et ee e e eese st e s setae e e e enar e e easeaesnsnaes 20

1.43 Dipping and Folded Strata...........cocoeeoeiieiiieenennnieereeeeceece e 20

144 FaUlLS c.ooiiieee ettt re e s ne e e e e e e s nteser e se e e e saaenane 21

1.45 Clastic Dikes and Clay Veins .......coceeviireinicenieeninen e 21

1.4.6  Fractures and ClIEALS ........eeeuuvemeecieieeeinieeeiieeceseeeerteeeeeseseesneaeeennnaens 22

L 0 e < ) L —— 24

1.4.8  I2Neous INUSIONS .....coceeeviiieirrrieeeteeeieeireee e e seceer e seer e e sesenes 24

1.5 RESEIVES ittt sttt st et r e s e srebe e s e ereeaane 25
1.5.1 Proven Reserves (Proved ReSErves) .......oovvecvierriieeicecciieiveenciennnneenne 27

1.5.2 Inferred Reserves (Unproved Reserves).......occooveeerccecivnneenncrecencennes 28

1.5.3 Potential Reserves (Probable Reserves, Possible Reserves)............... 28

1.54  Undiscovered RESEIVeS.......ooovviiiivieceiiieecie sttt eee s ve e 28

1.5.5 Coal Bed Methane.......cccocooeeuieeieeneiieeieecieenee s ieeeieeeeaeneesereesnneeeanes 29
1551  Reservoir CharacteriStiCs o smmmmommmarmsmmsmnsimnmms 29

1.5.5.2  Contamination ............cccevvuerrrimreeieseieesisrenresasseeessensaesranenns 30

1.55.3  RECOVEIY c.eeiiiiiiiicciiiiceccte e 30

1.6 RESOUICES.....iiiciiieeiiiiieiieeitaeestes s trenaee et eesaessaassnaaanseesstsesssaasssaenaressensessassanns 30
2 LS ST 1 — 34

Chapter 2 ClasSIfICAtION c...oeouieiiieiieeriieeiee et cetee s st e eeae e sbessaeeantaeestessssaesbaensnaeeaseasssaessssennssean 37
e 11116 101110 | 37
2.2 Classification SYSIEIMS ... c..siisinisssionnenn it siississmssommeniisinisisiisnineesmistiasiniin s 38

221 Geological AZe...cooiiieiieeeeeee e 44
2.2.2  Banded StTUCLUTE.......cccovviieiierieeeee et st eeesvarvae s seereses s saesanens 45
e T L (T ——— 45



vi

Chapter 3

Chapter 4

Contents
2.2.4 Coal Survey (National Coal Board, UK) ....ccooooiiininiican 51
2.2.5 TInternational SYSeMi uesun it srovemesseiores 52
2.3 Correlation of the Various SYSEIMS.......ccccerreiiiieniminninicicees e 56
2.4 EPIHOGUC ..ottt 56
REFETEIICES ...ttt ettt e b et eas 58
AN Organic SEAiMEnt........ccoooveeriiiiiic e e 59
3.1 IDEFOAUCHION «.eeveeieece sttt et st e bbb eae s r e sresncebens 59
3.2 Precursorsof Coal s s an s s mm s iy o 62
BT TSI coeeeronssmraneenssserassnssmsssonnssns ST R s ShE5H SEREEAI TR S BT RR P TERO T R S 63
3.2.2  Carbohydrates........cocoiiiiieiiiiiniiiiinccii s 66
3.2.3  PLOBINS. .oueieeriieenieereeieteeeite et bt ne e ittt st st ers s an e snas 68
3.2:4.  Oils, Fats; and WaXes§ cosmmsmssrsasenmsmss s sy mmmsyessees 71
3.2.5 Miscellaneous Organic Materials .........coocoeovvievciiniiiiininiinecnns 74
3.2.5. 1 RESINS.ctiieeieieiieeitetete et st n s st erese e s e 74
3.2.5.2  TANMIDS coveccceieeiceeccecereet et s s 76
3253 AlKaloidS e arnssman e seies 78
B N & o4 L T T 78
3.2.5.5 Hydrocarbons.........cccccouiiiiiciiiinmnriniiese e 78

3.2.5.6 Inorganic Constituents (Mineral Constituents)
OF PIAGES woooomspensmvsmmmmmrssmsmmsonimvemmsasr vosmveveeissssseres 82
8.3  Codl-Forming PrOCESSES. ... e.oisiienesewriisnss s, sesssississs srssss st s sammospissresems 82
3.3.1 Establishment of Source Beds...........ccccccoiiiiiniiiniiiiiine, 86
3.3.1.1 Transportation Theory (Allochthonous Theory) ................ 87
3.3.1.2 Peat Swamp Theory (Autochthonous Theory) ................... 88
3.3.2 Geochemical and Metamorphic Processes ..........ccccoceevvvcceniiiiennne 88
3.4  Heteroatoms in Coal........cocoeoiiiiiiiiiiiiicccciii e e 92
3401 NITOZEN ettt sttt s e saba s e 92
342 IOXYPON surervommssssrmssinsssmesis e e 0 (50 1yes s wesva gy s S oetvnsna i s an e 94
BA3  SUITUL......osse e s ooy sss s R SRS F R SRS VTSP ER 94
344  Other BISMENtS...oovviiiirieeiiciciiiieceiiiese et iae e 95
3.5 EPIHOZUE oottt e 97
R CTENCES wssossmmsmspssmsmsssss oo eSS S O 35 R SRS Sw 6 (S BT e o s SRS an o 98
AN Organic ROCK . .....cooiiiiiiiiii e e 101
4,1,  TolroBUCTION, rovionssvomussss v s s e s ag s pews vovaggssssvavans 101
472  Physical SIUCTUTE. ..crcovosrmeostissonssosmss s ammn s m s snes 104
4.3 PeLIOIOZY .ovee ettt 105
4.4 PeITOZIAPNY ..ceiciereieieieie ettt st sb e et s e s 106
4.4  LithobyPeS cumsmmsmmammmmrmmmmsrursmmsimies s gupyes oosismest o snsiros 107
442 MACETALS .. ceeenneemmenencishenenmnsisss s a0 SRR S S FS AR RSO ST AR ST R R S0 111
4.42.1  Vitrinite MaceralS.......cocooveeneeeniniinneene i 114
4422 Liptinite Macerals........cccccoccociiminineeen, 115
4.4.2.3 Inertinite MaceralS... oo 118
443  MicrolithOtYPes ... e, v smsrmsmms s s 120
4.44  Inorganic CONSHIEUENLS ......ocoeiiiviermiiiiiitieen et e 120
4.5  Petrology, Petrography, and Behavior ..........c..cooii 122

RETETEINCES «eeeeieeeeeeeeeee et eteeeeeeirereee e e s aseeeesrasbaseseaeesssnaa e e s snasaaseesnsnteneenbaetaeennnes 125



Contents vii
(00 Y0 o I S 0T —— 129
S50 IEPOAUCHION ..ottt et et ces e st s ras s sacens s nans 129
5.2 Exploratory Drilling Equipment and Techniques .........ccocccoevcivininnininnnne. 130
5.2.1 Equipment and TeChNIQUES ......cocerrvriirievrcirieriiienienere e 131

5.2.2  Receit AAVANCES v oissmsvomummmss sovsmmaomssiss sosos s s st 134

5.3 MADING ... neorecoomcnunsiononnnmsossmninnsst Lasniossiineebhans il sobidhei8Hes 358004 LRI IRSFHT SRR ES 135
5.3.1  Underground MInINg.......ccccooieviieiiiniiiiiiiiiiiicnie e 136
5.3.1.1 Conventional Mining ..........ccccoviiiiiiininnicniiinini 138

5:3:1:2  'Continious MITINE seiswaivms s avesemmmssy 139

5.3.1.3  Longwall Mining ......ccooceviiiiecnieniieicninontecereeneecnenennan 140

5.3.1.4  Shortwall Mining.........ccceevemeiiniernienriiiicieieiceevceceee 141

5.3.1.5 Room and Pillar MiNiNg....cccocoeecvrieiieerinecenerneeeeecvneees 141

5.3.1.6  Miscellaneous Methods..........coceeivceniiniiiiiniescciceeee 142

532 Mine ENVITONTIENE i. .o iteenss s 6o s855en 5008 6 on 585505550058 o3850 58350 S5 0RE043585 142
5.3.2.1 Mine Floor and Roof Strata............coccorininninnnnn. 142

53.22 Gas Evolution.......cocccooerieiiioiiiiiiccceceee e 143

5:3:28 Roek BUTStS: ovmmmammmmmmmomsmussmmssrmssmsr oo 143

5.3.24 Coal DuSt s s s snmmsers snssssmsenass s 143

5.3.25  Mine FIresS o ioiiiiiee et 144

5.3.2.6  Mine Ventilation ......cooooveicirieninciiceceieececee e 144

5.3.3 Underground TransSportation ...........ccccecceercecoeierneesnsrenenncenneannn 144

534  IVINE GIASES . ccosimaisin e vinnnisnnssmsnssnssumsenss sssssss s5usvaes a0 4555 250 BUEEaToR Faminea smns 144
5.3.4.1 Firedamp (Methane) ......ccccoveverreriirceeeienenieeeireccoeeeeene 144

5.3.4.2 Whitedamp (Carbon Monoxide).........ccccevvivecveeiinncnnnn, 145

53.43 Blackdamp (Carbon Dioxide) ........ccoocovcimiiiinaninoinnnns 145

5.3.4.4 Stinkdamp (Hydrogen Sulfide) ......cc.cccconereiencninncnnnnn 145

5.3.45 Afterdamp (Mixed Gases) ......ccoceeeievrreeecieenieeniecineeeeeaee 145

5.35  Mine Hazards ........ccccooiomeieiiienininintitcscerienetcesenese e 145

S 1§ T T —— 147
5:3:6:1  Strip Mining svecssmmummranmmommeimemnen s 147

5.3.6.2  Open Pit MINING c..cooiiiiiiiiiniiiieiciicrceeicrere e 148

5.3.6.3  Contour MIHNE .....cooecviirirenioiirecririe et scevecnns 149

5.3.6.4  Auger MINING ....ccooiiiiiiiiiiiinieiie et 151

5.3.6.5 Mountain Top Removal ........c.ccceviviiinininiiiininnincnnncnn. 152

RETEIENCES ..ottt e 152
Chapter 6 Preparation, Transportation, and StOTage............cceeveeiviniiniiescnerencnecrecnenieee 155
(T8 TN {11 (67 11T 410 ¢ W T S i S S g oy 155
6.2 C0al Preparation ........cccceeieicenreeereeete et s ne e e 158
0.3 SiZ€ REAUCHION c..ooiiieiiiiiiieiic e e s 161
(o O o vl T Y T — 164

6:3:2 . Roll Crusher sussmsnenmmmmansn smommamas ooy 166

6.3.3  Hammer Mill......ooooiiiiiiiiiiiiic et e 167

6.3.4  IIMPACLOTS c.eeviiiieere et citeeete sttt enr e s e e s e e s saeae e e snee e 168

635 Tamblng MillSsmsmumammmmens ey 169

6:4  Coal Cleaning s omssmmemams sy s s s e s 170
6.4.1  Effect of Composition and Rank ........c.ccococeeviiiiiiiiiiinnnicnnans 171

60.4.2  MEhOGAS coeeiiree ettt e 172
6:42.1 Dernise=Media WashiNg ...... comsvorvesmasorssissmenssmnssgesrisns 172

6:4:2.2 Pneumatic:Cleaning. s vswismmmmnnsmnmssmmmmss 174



viii

Chapter 7

Chapter 8

Contents

64.2.3 Jig-Table Washing ....cciinin s 174

6.4.2.4 Water Clarification........cccocoveiceveeinriinineiniiescenis e 174

6.4.2.5  Other Processes .....occeiveieerierriienceeeieenniecnionneeenise s 174

05  Coil DIVING sonormmmmmmsmimen s oo soonpgysoiss s tsssss oo rsbosstoss s s ssras 177
6:6  DesulfUrIZation. ... oussmssmamssmuysmmmms s s s s s pass s s sessesons 178
6.7  COAl SAMPLING ....oovcorevroimonemcnescsorssnmsassreifsisismenns sish s R RE R TS 180
6.8 TranSPOTLALION .....ccoceiruiiiriinriciriieneie e re e e e re e s s st s e aere et sas s ae s e ene 181
6.8.1  UIIE TFAIN c.vouvreieieeiieee et ecrr e st cee et s cacsebs st s nrn e ens 181

6:8.2  C0al BArge c v sommusssussmreurmss s crassiss sivssm iy spesaionsyss s vevwasuas 182

6.:8.3 €08l PIPCIING.....oneiunonnsmemenesioms s s ohs i simss s s sy sosss 57essss 183

6.8.4  Truck Transport....c..coeecrevtiiieiioiineiree et n e 184

6.8.5  Ocean TranSPOTt........ccccoveemiecrceiiesiecc et es et se e easeressnees 184

6.8.6 Conveyer Belt TrafiSPOTt. .o omvirmssessssmssismssapresssnsagessasmsanrensarasss 185

B9 SUOTAZE - -oervenremecnoeesonnmern obnannnenoan G 4E0ESE S PR S5 6348 F RSOOSR VSR ESH T RN R S 185
6.9.1 Oxidation and Spontaneous Combustion ...........ccceceviiiiiniiienneeenns 185
6.9.1.1  OXIdALION ...cvviiieeieieiene et e 186

6.9.1.2 Oxidation and RANK.. oo 186

6.9.1.3  Pyril€uio. ... sossssmmammvesimsonsaiisssi i smism sy ssses 187

6.9.1.4 Coal Size and Stockpile Ventilation ............c.cccoeeiennne. 187

6.9.1.5 MoiSture CONent .....ccceomeereeenierercrcceiiennncnieeeeeeeeseens 188

69:1.6 Tifi€ Fadlof e 188

6.9.2  Effect of Storage on Coal Properties.........c.ccvvcvivicnvnenicnennnncenennns 188

6.9.3 Elements of Safe Mine Storage and Reclaiming of Coal................. 189
6.9.3.1  Long-Term StOrage .........cccceevecccecininnineerecnininnsieeesnes s 189

6.9.3.2  Short-Term StOrage ......ccovcvreeereeerierricnniennnienienreseeeens 189

2 ) 1 1 o 190
MINELALIVIAIET .ot .nnno. o sssssisssssisssssss o sve s 5o sm i i s8E8Es o4 S9HTEF T T0S 4R RESF SE RO FEgmw s ses 193
Tl INEFOQUCHON ..evveeieereececceemie et ereeec e st scat s st n e aesae s steab e eanennanies 193
7.2 Origin of Mineral Matter in Coal.......ccconiiiiii 194
T8 DCCULTEAGE romumcrvrssrsurisss v s T S oo S¥ et s SRR SRS 196
TFA  VINETAL THDES. .- e ennsnessh 555 nehodwsas 55 55 AV TS TSR RSO R AT SR 198
7.4.1  Clay Minerals (Aluminosilicates) .........ccooeeooieioieoiniiiececncene 198

742 QUArtz (STHCA) covvereeereeeieeetecireerce et 200

7.4.3  Carbonate Minerals.........cc.ccooeecciiimiimrinccniiinnnncce e 201

7.4.4  Sulfur (Sulfide and Sulfate) Minerals .......c.ccooervceiinrceicninininens 201

7.5 ClaSSHICALION ..vvveveeereesreerceermresneeoeneseesaeamensitionnansenenendisississssessnss sasassssisessssassses 202
7.6 Evaluation of Mineral Matter......ccccooieiiiiininniinciiiceeiie e 203
261 AShing: TeCHNIGUES s susmssompresssrvmpgmamesvssvorornsovsssimsmtosinsmmonsssanssaras 204

7.6.2  Ash Analysis and/or Direct Mineral Analysis .......c.cccooeiirineinnee. 206

7.7  Chemistry of Ash FOrMation..........cccocvricmmirimiiiminrienieeeresienceeesreseses 208
7.8  Effect of Mineral Matter in €Coal.......cccccooviiveininiinini e 210
RETETENCES ....vviiviicteieecieeeitere et e e et e st e st et sonaeesaaessr e s e rs e ss s aesaeeeseetbsnranante s 211
Coal ANAIVEIS s i sy ses s v s s oo ot s i o e s s s 215
81  IntroduCiOn .........s..comssemas sy e ST e e 215
8.2 SAMPIING.c.eitieiieeiiiirtite ettt e et s 218
8.2.1  In Situ SAMPHNG . ..ottt 219

8.2.2  EX Situ SAMPING....ccveiiiiieireiiitierrecrerieris et ere e 220



Contents

Chapter 9

8.3 Proximate Analysis......ccccooiiiiiiiiiininiiiniiiiii e 225
831  MOISHITE coeomnrcmmmsrsrmmmsmsers s s e RS (R s v 226

8.3.2 Natural Bed Moisture (Equilibrium Moisture,
Capacity MOISTUIE) ....ccovuiiiiiieienieieeeinreceee e e e eee e 227
8.3.3  Volatile Matter.....cooooiioiiieieicieeceee et e ces e 227
834 ASh ot 229
8.3.5 Fixed Carbon . couismms s s v 232
8.4  Ultimate Analysis (Elemental Analysis) .....cccccooeaeiiiniiiciiiiniiiiicceceene 232
8.4.1 Carbon and Hydrogen ..........cc.cooveeveeiianiinionniiiccccnecnceeececeeeene 233
842 NIITOZEI ...oeiiiiiiiiteieeiee ittt see et e s ee e cese et enaas 233
o T ) 1 — 234
B4 4 OXYEON -ttt ee e et eer e e see e e ee e ee e ans 235
845  ChlOTINE....coiiiiiiiieiieiee e 235
840 MEICUTY ..oueioriiiiiieeteercrce s ee et bs s aaaas 236
8.5 Calorific Value.wimmsmmmmossns e s s s 236
8.6 Reporting Coal ANalySes.......ccccviiiiiriicinreicrieeneeee et st sveesneeees 237
8.7  Precision and ACCUTACY ..c..cceeeeiriiiiciiie ettt st s 240
8.8  Interrelationships of Analytical and Physical Data..........cccccoevevininiiinnnenn. 241
RETCTENCES mnsesasmumsomurmmsasmsmenasswssmsssss sy o mss o sy Sses s S S DS S S B ISR s T 245
C0a] PTOPEITIES ...ceeeenreeeuieiiiienic et e e e e e e e s s e s ssa s 251
9.1 INtrOdUCHION seessass son vmsims rmssssssmavsmes s £ 0% o5 eSS 0008 £ 35S AR AR KRS PSS 251
9.2 Physical Properties ............cccccciiiiiiiiiiiiiiiiisns s 252
9.2.1 Density (Specific GIavity) .......ceevimieievcininiiniinienecnresenennes 252
0.2.2  Potosity afid SUMTECE AT cousivrnrmmmmssmrassssiservsissramsosig 257
9.2.3  Reflectance s sy s s 259
9.2.4  Refractive INAeX ......cccovuevieeieiiineeincneeeccecereere e 261
9.3 Mechanical Properties. .......ccceoervueerierummnienniereeeiieeneee e et sm e cceceene e 261
931 SHIENEUR et e e e e 261
9.3:2  HAFANGSSusueeumsmmummsmossenms st psss s s s s S sas e vovsss 263
933 Friability .ooeeeeeiiieccceeeeet ettt 263
9.3.4  Grindability ..c..coccemeeriiiiiriitete ettt 264
9.3.5  Dustiness INdex ......cccooreeiriiiiieiaiiircce et 266
9.3:6  ClRAt SErUCTUIC sussw suse somvssssnsrmsvmsmssms st o asoims e oo s vavasssn sx svwsvsass 267
9.3.7 Deformation and Flow under Stress.........ooceveevieveenieneenrensneieecnnns 268
9.4  Thermal Properties.........oocooiiiiicieiciiiniiini ittt 268
9.4.1  Calorific Value.......cocooeeniiiiiiiiiiiiiiiiccccrinnicc s 268
L o [t | A o Tt R — 269
9.4.3 Thermal Conductivity :....:ccismismmimsn s 27
9.4.4 Plastic and Agglutinating Properties.......cccuvevinvvieonecuennncrninenan. 272
945 Agglomerating INdeX.........ccoceieeneeniniinnicineeceeeneeceeeccecce e 275
94.6 Free Swelling INdeX.......coccovueieeneeicncenic e 275
9.5  Electrical Properties sumemmmunsmmnnmmssasmmss e s s 2717
9.5.1 Specific Resistance (ReSiSHVILY) .coveerveerrecmerreenimieiiiereccereeeceeeecae 277
9.5.2  Electrical ConduCtVILY ......ccivverirerrirererenteeereerirerereseereeneesemeeeneene 277
953  DiClCCtriciCONSIANL: wemsesmrrmmrurp e asesssmi 278
960  EDHOGUE cuossnessmssssmsumummsiosasssmssassussa oy sssssa s stsesss 0 e epbusss s i as osssgusans 279

R O EIICES .. eoserunssresveeiesusssnsonsnesssssssnssuasnnssnssssnnansnessonsnssantnas sasbesbeds s issnssnisnivs issssnsns 279



X Contents
Chapter 10 Organic CONSHIUENES ...c.cocrerrmrsseriiriisissiarie st i tesiiesintestssassesserssavassssssseresassesessens 283
TOT  I0UTOAUGCTION 1. snnemnosnsneshinndis 555 5assssas oS s S TS S SRS SR e 283
10.2  Solvent EXIFACHON ...c.ieeiiviiecieerteteeneenie e st s sae e aee e eamsaaeane s 284
10.2.1  Soluble CONSLLUEHES ..eocvevreeeeetireeeec ettt neas 286

10:2.2  InSeluble CONSHITEATS corsmsmmmrmrasopisgesimssinsms sawsn 291

10.3 Chemical Methods... ..o onmsssrermsymes i s s 292
10.4  Spectroscopic MEthodS........ccviiviemiiiinirniiinieere e 294
10.4.1 Infrared Absorption SPECIrOSCOPY ....ccvvivierimviireriirininniesiereee e 295

10.4.2 Nuclear Magnetic Resonance SpectroSCOPY ......ccvvmvveeveinreinnneiens 299

1043 X-Ray Diffractionsasusarsmmmmsmesmnmm i 301

10.4.4 Electron Spin RESONANCE. ......cccurcuiiriiniiaiieiiniiriir et 302

10.4.5 Mass SPECITOSCOPY -ecvemveremiruciieiiicitcisriniicssi st s rasse et e 304

10.4.6 Ultraviolet SPECtTOSCOPY «.eviuveruiviicciciicciiciiiiecietecrrests s s 305

104.7 Electron MICTOSCOPY «wsussoewssssmamisoamn ssusinssorsarsssisssssasasssssaiingsvessyores 305

10.5 Physical Property Methods.......ccooiiiiiiiiiii e 305
10.6  HELCrOALOMS . .covvieiieeeveieeireeeseeeateeneesiereeseseses e reesneesnnesnecsresasesssnesstensennes 310
TO6:]  NITOBEH. s oromtvsseommvesissmses s seeisswtos siwnsen s 310

TOU6.2- OXYZEIL s cusnaunsomsss vrswssmorsnsss s v 08 o s P R P SE T oo o 311

TOD:3  SUITUL....veouverarenrareremnnnsssonsfussbencs sedacd s ssss s 82558 058 8 ¥ e SR BT F RN 0055 314

10.7  Molecular Weight «......coovveeeiioieiinieici s 315
10.7.1  Depolymerization ........ccovcviririeieniimiimiieie et 316

10.7.2. Reductive Alkylation s essmmnsmammsmassemsopgsosns 316

TOT. 3 ACKIAEION e ereeoronnenesmnmanontio 8550 a3 s S0 PG SRR RS R S Do S e 317

10.7.4 Base Alcohol Hydrolysis .....c.ccoeiiiiiiviiiininiiniinieece e, 317

10.7.5 Miscellaneous Methods........ocoovevieiereieeiie et 318

10:8 Assessment of Coal SHUCIUTE: .o mmmspagsrvpmosssisin 318
10.8.1 Elemental Analysis........cocmanmmsmm sy e 331

10.8.2 Oxygen Functional Groups in Coal........ccccovoiiiiiiiniiiiie 331

10.8.3  POIE SUIUCIUTE ...oevieeiriieriereirerereeaessasresessaressesssesereoneeresesrensaeenscsses 331

R O TGOS s v S 4 S S S ¥ SA™ S g Vo e o a5 332
Chapter 11 Solvent EXIIaCtON ...c.ocoovivieiiiiiiiiieiieee et 337
111 INUrOQUCHON .oovecitiee ettt ettt e s e ebe e sa s e saen s e 337
11.2  Physicochemical CONCEPLS .......civirmiiieiniiiiriinireini et 341
11.3  Action of SPecific SOIVENLS......occvvevivererenceirenieenecniresiensnreee e 344
11.3.1 Influence of Coal Rank ...t svmsismsssss 345

11.3.2 Influence of SoIVEnt TYPe.....cccoiviviiiieininiiriiceceeerense e 345

11.4  Composition of the EXIacts ........cccoeoeinioiniiiiiniirni e 348
TLS  SOIVOLYSIS comvvorssmrasmmosscvmss o ist srs e 590 i85 T8 By a3 evess stvasios s et et st am s 350
116 Solvent Swelling of Coal ... cunumm s mammnmmmmasmee SO0
1T EPIHOZUE. ..ottt et 354
RETETENCES et cteeet e et ettt e ee e st e e e e e et e e sube s s e b n e e srabe s e ebeeas 355
Chapter 12 Chemical REACHVILY ....cocoviiiniiiiiiiiiineiesce et 359
128 INTrOAUCHON .vovvneroomsosntonsiesiinsissmasssmssssmsmss vmess s mms £ R F AP R S 359
12.2  Reactions with OXygen (OF AQl)....ccccvmicrrieniiniercinmes et 361
12.2.1 Chemical and Physicochemical ASPects.........ccocoivirionvinriniennnnns 363

12.2.2 BIfECt OF MOISTUTE «..oeeeeceoeeeeieensnesirerrensesasaressseesssssnesesesesssencensseens 365



Contents

Chapter 13

PART 11

Chapter 14

xi

12:2.3  Effect of PYRitG nmmusnvmsmnarnmesumpeeemmmgromesss e 366
12.2.4 Spontaneous INItioN. ......c.ociimriiiniiiiniiei et 367
12.3  Reactions with OXIAANES......ccovreiriririiiieiiini e e 369
12.4  Bacterial Oxidation of Coal........ccocoviiiiiiiiniinini e 370
12.5 Hydrogendlion «emssmsssmsssmsmsmmssesssmmssis sty e ioss 372
12.5.1 Liquid-Phase Hydrogenation ...........ccoveveemiimoiminininieie e 374
12.5.2 Vapor-Phase Hydrogenation ...........c.ccveoieioiirieeicensnesniesinceene 376
12.5.3 Influence of Petrographic CompoSItion........cccovveiivievinenieniecnienin 376
12.5.4 Desulfurization during Hydrogenation ..............ccccoevvermrrenienrennnn. 377
126 HAIOGOIATION ... oemcins e 553 550 G863 008 S A R T FE ST ST 378
127 ALRYIAHON (.ot e 379
12.8  DepolyMEriZation ........ceeieiecimieiniiireseesinre s eseers e et saniss s na e sssoseens 381
12/9  HydrolySiSisssmsrmsmumsssmuris o i 5 e gies sgesesasvos st sevsasainsavsassn sesmes 382
12.10 Miscellaneous REACHONS .......ccccovciniiiiiiiiiiniiniiir e 382
12.10.1 Reactions of Oxygen-Containing Functional Groups...................... 383
12.10.2 Reactions of Sulfur-Containing Functional Groups ..........cccceevnnee. 383
12.10.3 Reactions of Nitrogen-Containing Functional Groups .................... 385
12.10.4 Reactions of Mineral Matter and Trace Elements.............ccoccoeeinn 386
RETETEIICES «nvnvvevneeesocameossrsvnmassansssonsssansonansssnsmssnanssunss ionifiiend AR HEEAHE S0) SHRRRERERS SR RS TR 386
Thermal ReaCliVity s s o s a5 sy e te e ressnon wmss rassassssaasseas 391
13,1 IOECOQUCHION evrmerernremeenomnemsnes smesioendinnt e i S55808E8 50a 67 7000 S0ERS SHRRILH I BpR TR omR BN 391
13.2  Thermal Decomposition Processes ......cccooiomiimiimniiierenicie it 391
13.2.1 PYPOIYSIS 1ottt ettt ee e eanss 393
13:2.2 (CArbOnI Zati0N sssesssssusoms sossssvesvans sosmimrussmsssmeivgssvos poicvavssvossenvissvsnsinse 396
13.2.3 Flash Pyrolysis and Hydropyrolysis........c.ccoeviiiinninnniienienenes 398
13.3  Physicochemical ASPECLS ......ccccreviiuienimiiieniiiniiinienr et 400
13.3.1 Thermal and Rheological Behavior ..., 401
1332 Kinetc ASPECES smsmmmssvsmmsmmnmssmosgisvggsevsare oo issimsniases 404
13.3.3 Petrographic COmMPOSION ........ccooiiiiiiniimniiiniiiieniitne e sesencceneinns 407
13.4  Thermal Decomposition Products........c.ccoccvviiiiiiiniiiinnicnceeiinesenen 409
13.4.1 Gaseous and Liquid Products.........ccoocoiimiiiinicne 411
13:4:2 Sohd PEOdUCES wvvmemsnmmmmussmsmressvessps s s osvsarssoes 418
2= (1 £ L= S P 419

Technology and Utilization

COMNDUSTION. ..ot ceteeieeeeie e et ee vt e ereeeeeteesetesassesaseaesseessanesnsarassaaraseteseeesseenmasernaesrs 431
T4.1  INEFOAUCIION «..ooeeevviieceiiee et cee e e aeeie e e e ee e e eeemeeeesaseeearamnt e s saanassntaeessrnts canrnen 431
14.2. Chemistry and PhysIes we oo snmsssmemsimssspiessssnsyisenyesoesroses 432
14.2.1 Influence of Coal QUality......cccocviiimiriniiiiiieee e 435
14.2.2  MEChANISINS...vevvieeeiiieeieeieeeieeeeieaeeereeeeeteeetes e rseeveeeesseeiaseaeens 436
14.2.3  IZNILION .oootiiiiiiiciiii ettt eve et b e 438
14.2.4 Surface BITECtS ...ooiviiveiiieieee et ce et caneessnte e 438
14.2.5 ReaACION RATES . 00wnsionsnbhns s iy i s mss s s s s vass s s s e saaeusss 439
14.2.6 Heat BalanCe .....oooovovmvieieeieeeeiieee e eceeeres e e s ece e see s s beseeeeesnanee 440
14.2.7 SO0t FOIMALION ...cc.veoiiiiiiieeeieeiiieeecniteeeenne e sereeesieeseesesseressessnnnenanes 442

14.2.8 Convection and Radiation ..........cceceeereeieeiveineeesriiieenieesesneeseereeseenee 442



xii Contents
14279  TFOMIING srvosmmsssmoms oo s s me s ois e gsvstorsvess varsocasmtsanmas vossased 442
14:2.10 Additives and-Catalysts ...y 442
14.2.11 EXCESS AT civveeeiiirierrreeiieaecseerauissserentesmsossnsassassrsssssssssnsssensssssrasassns 445
14.2.12 Coal/AIr: TranSPOLL ... .ccccovimviieiecieicnii et enc s 445
14.2.13 Spontaneous COmMDUSIION .........oovvieriiiiieriireeiare st 446

14.3  Combustion SYSIEIMS c...,.ccccusmssimime oot masem s csnsssssasrssasosasevsosgorss 448
14.3.1 Fixed Beds (Slowly Moving Beds).......coocoiviminiininieieie 450
14.3.1.1 Up-Draught Combustion..........ccocvimvmremienirniainininiananens 450

14.3.1.2 Down-Draught Combustion..........cccceveiiniciinnniarinnsrncne. 452

14.3.2 Fluidized Beds:mmmmmmuurmaresmmrisissmgmeesriome 454

14.3.3 Entrained SYSEIMIS .c..ccouiiiiviiininiiicniiennee i sienienes 461

14.3.4 Miscellaneous SYSIEIMNS ....c..cciciiiiiiniiniirierinr e eere e snasresseaes 463
14.3.4.1 Colloidal Fuel-Fired Units........cccocoveeiiininniniiiriceinenne 463

14.3.4.2 Tenifluid: SYStemicsmmsmmmosmmmsessmsesssgegoieisonins 463

14.3.4.3 Submerged Combustion Systems..........cccecevvermerirneennans 463

14.3.5 FUuel FEEderS ..coimiiiiiiieieie ettt 465

14.4  Coal-Liquid MIXIUIES .....covvveverriiirirrrirenenriss st 465
1441 Coal—O1l Mixtufes «usssmnsmsasossrsmmmes sy s srers 466
14.4.2 Coal~Water MIXTUIES ..ecvoreieceeeceieiinieciiiei ettt enaane 466

1443 Process Technology ......cccciiiiiiiiniiinini e 466
14.4.4 COMDUSTION.....ceiireteiiiiiriinereierceetee it ses e esae et e e aa s aenane 469

145 Coal Combustion ProdUels . umssssmisnmmmmsssessiseepmpgt scsammssaissssssesors 470
RETETENTES ... cxvvernvessenssnonnonssnmssmnsmsssnnnsionfasnnith 5648 TS S S0 57 SRS RS RS A BT 05 48 472
Chapter 15 Electric POWer Generation..........c.coeeeeeiinieiiniitntnscsnsssesesstescssesreeraons 475
151 INETOAUCHION ..vvveieieeetere e c e st b st a s e s bbb e e n e e s s snaass 475
152  Electricity trom €02l smsmmvmasmmsmrirsmmisimisaseninsinmessssnsrers 475
1520 'Coal Properties s.q. . cassmmssmussssssns s st s msse 476

15.2.2 Combustion Technology ......cccooiveeaiiinnniiinieiiiitinr e 477
15.2.2.1 Direct Combustion Technology...........ccovnrininnnninnnc 478

15.2.2.2 Fixed-Bed Combustors..........cccveinimrcuiniiirevnninencenerenee. 479

15.2.2.3 Entrained Pulverized Coal Firing ........ccoovvveervevmeennn. 480

15.2.2.4 Cyclone-Fired System ......ccocorrimiimomiieiniieniicens 481

15.2.2.5 Tangential-Fired SyStem........occcovivrimmriniiniiieeceecenne 482

15.2.2.6 Fluidized-Bed Combustion...........cccccomviniainniiiiiiinnnnn. 483

15.2.2.7 Arch-Firéd SYSIEMS coucisimsmsmmimmasiomsisseravoainss 486

15.2.2.8  Gas Turbine SYStEmS ...c.cccovviieiecrciriiririimis e 486

15.2.2.9 Combined-Cycle Generation .........cccccevvenveniinnieenneennnenn 486

15.2.2.10 COZENEIatiON ..c.ccvviveiricieiariaiinine et esns et eis s e eeens 486

152201 IGCC TechNOIOBY .ovconsmsimimemsspsmmraiomomesiscsmmmssrsssrenes 487

15.3  Steanm GeNETAtION ............ioci..sssass oo s s vsssimss sy svassioons 487
15.4  Power PIant Waste ......occeoireeeecreciniec ettt ee e e e sas e 489
15.4.1 Coal ASh...oiiieiiieeceeeeteeeecee e 490

15.4.2 Flue-Gas-Desulfurization Waste..........cocoviirinniienininieieinnne 492

1543 "Wasie Heal.........ins0mi5 ssmssssmssmmmmmsssensmmmsiss s s psseasssvons 492

15.5 Coal-Water FUELS.....ocuiieeeiieieceerrce et 493
15.6  Air Pollution Control DEVICES ........ccccveviiiieiiriiiiiiniice s crenis e 493
15.6.1 Nitrogen Oxide EMiSSiOnS. .....covimimimiiiiiiiiciiinine e 494

15.6.2 SulfurOxide BmissSionS v ssnmmmissarmrssssaasssasmvevges 494



Contents

Chapter 16

Chapter 17

157 Carbon Capture and Storage Technologies .........o.ooooiiiiiiiniininees 495
RETEIENCES ...ccvveevrieieeiie et eere ettt et e st s an e eras s s s e e e e sbe e sasaessannnssnas 497
CALDONTZATION ... 0eoemeeseis o ssssswssass sumsssss ssasms sss 8 A SRR SSAEEH HH3 SRS ST R SO YA Yo v s oo i wvasvasos 499
16,1 INEFOAUCHION ..ooeee ettt et e e s eae s e is s b e st e s e s atensee 499
16.2  Physicochemical ASPECLS ........ccevuiriiiiiiiiiniinenere et 500
16.2.1 Effect of Coal PrOPerties. ... smimmiasisnsinsesmiiimisensissssssenes 504

16.2.2 Determination of Coke Properties .......cocevvverevimrineesinsicierevneennnnes 508

16.3  Process CONCEPLS ...oouvrerreeirreeeiiereenmecreceiesesiesstssstessnesaes e seasenseesnaenseessesassseas 510
16.3.1 Low-Temperature Carbonization .......c..cccecevvininueenemeneinsiensssnses 512

16.3.2 High-Temperature Carbonization...........ccecceeeemiieimsieiereesennssteenns 513

TO:2: T TAT covsvneonnnossnnnnn snnee 5Faesssss v 38T R oS08 788 FH TS U F NS S S S s 516
1.5 COKR.c.unievervearrineaminsamsarasmsnonsossmesnansonassasssnsns somsosns s ibh 78 HUSEEEIFEEFOTRSIRARINEIEASE 518
16.6 CRharcoal ......ccueeeerieeeceeeeeeetet ettt s e 519
RETCRENEES sumrsvrmmmmmms oy oo sy S S s o33 H PSSV Sa e i s s s e 521
Briquetting and Pelletizing..........ccococooiviiiiiiniinieeiis et 525
17.1  INEFOAUCLION «....evieirereicee et ciet e e e e vssas s sbe s ns e s e s e s s e s b s sreesabesas 525
17.2 General CONCEPLS .......eonviemiciiciecciiinis et er e e b s 526
17:2:] 1Coal BrGUEHES cursvesvmmsmsmssssmmmssssmsssssasomaeserssvssserasarsinssrasse ssasas e 526

17.3  Briquetting TechnolOgy .......c.ccouioiiiiiiiiiiie e 528
17.3.1 Briquetting Techniques ... 529

17.3.2 Technology OVEIVIEW ..ccccoireeeirreieirieinieienierere e essesseesassennes 530
17.3.2.1 Carbonization Stage.........cc.cccoeerviniiiniiiniiiieenenieiee e 530

17.3.22 Forming Stage: msmmsmmsmssmsamsemss i s 531

174  Charcoal BriQUeLLes ........covueeuceicriiiiiiiiiiiie it et cr s et ssaessa s snseee 531
17.4.1 Raw Materials ....coeoueeircieriiiieenreeeicecii it ete s 532

17.4.2 Manufacturing ProcCess .......ccccceeecrrereiiniininiinessnisesensensesseesseesens 532

17.4.3 Feedstocks and Briquette Production...........ccccccevcvnnninncicrenecncinne, 533

17.4.4 By-Product Waste......c.cceievivcimiiiiiiieenenee et 534

17.5 BiO-BIQUELES....ceiiiriieiciceeieiitct ettt et s an e sbeene 534
17.5.1 ProduCtion ........cceeieeeevienniienieeeteniteesieeeneesaerescesssesssnesssns e ssesanes 535
17.5.2 Bio-Briquettes versus Coal Briquettes ..........cccoovvvievrinnreniccccennn, 536

17.6  Briquette PrOPETLIES.....c..coviiuiriireiiiiniiiie it en st bsa s b 537
17.6.1 Influence of Coal TYPE ...cccoiiirveiimiiiiiiiciiiii e 537

17.6.2 Influence of BINdEr......c.cceveeniinninniiiiiiciireniicnceeseee e 538
17:6.2:1 Coal TAr sisvsmmmemsmmosmmsrsmsirm o 538

17.6.2.2 Petroleum Residua ..., 538

17.6.2.3 Sulfite LiqUor....co.cccoiciiiiiniiiiieien v 539

17.6.2.4 Starch Materials........cccoceevvmeriiniiiiiiiiii e 539

17.6.2.5 LIME..ooiiieieieiieiiteieeeeree et sttt ssens e n 539

17.6.3 Types and SIZeS wucussmnussimamaimanmsssimsissssmsimsaisssversaressossossyrss 540
17.6.4 Mechanical and Burning Properties ..........ccccooviiinninniininnnenneen. 540

17.7  PLOCESSES ..vveerereeirierieersrrensresseseesssteiseesasesssnessasssssssssnnssssesansinassssssssasssssnssennas 540
17.7.1 Anthracine ProCess .....c.ccoveeeiemieciiiiiiininrinessrsoseseesnessseeenasnens 540
17.7.2 Thermal Oxidation in a Sand Bed.......cccocevvverriicniiniinniiieeece, 540

17.7.3 INIEX PrOCESS «o.ccooveouearensanernnnnmciisiiiissviissississimesiassissmvasisnsssssansossss 540

17.7.4 Foundry Form Coke Process.......cccovvviiuininirnncinniiieneinn e 541



xiv

Chapter 18

Chapter 19

Contents

17.7.5 FMOC PrOCESS c..couvimeeecieerieeiiieccesneicecstesas st re e e 541

1776 Ancit PToeesSwrmmmmmmsnmmsnmmm e sy 541

T7:8  POUICEIZIIG .. eoonncrmmmes 8 o stiwnes, o avesmssss s ooy oos ers Eovasss SH oS T R S R 541
17.8.1 Cold PelletiZING ....veoeeeiieiceiciiieeeeecte et srn e 542

17.8.2 HOt PEHEIZING ....coveiviiiiriiieiiciiieiere ittt 543
RETETENEES wevrmsesvmss s s e Sy £ T v gy G F v o o% Ky Co s e TS 543
LAQUETACHON e ettt 545
18,1 INErOAUCTION Leeuiiiiiiieciieiie ettt sttt ne e ens e 545
18.2. Physicochemical ASPECES suusssnsivmsmemsmmsissmessosmsmsssanmessesesasisansassesssasasses 545
18.3 Process ClassifiCAtION ..........cicinencisssmismiimsomamsimismsmnsrissssis s assosses 551
18.3.1 Pyrolysis PrOCESSES ...ocueveueeuciomeamiiirieeiiiiestcee s tesesnei s 552

18.3.2 Solvent Extraction Processes..........ccoovreiimiciiiinnnnininnenenieneene 553

18.3.3 Catalytic Liquefaction Processes ......c.ccccocvmemiiinmieinienesiennine 554

18.3.4 Indirect Liquefaction Processes ........cccovimvniiiiiniiiiiccinenceninae, 555

18.4  REACLOTS c.veueriiieeieereetetaeniesieeese et ee oo e e esssateeeessae st e abessen s s bsnaeen s st s rnensens 557
18.5  PrOQUCES ...oovverieieiiee ettt sat et st sra e ss s e nban e 559
18:5:] “ChataClerizalion oo s st o 561

18.5.2 Compound TypPes.. s st segssmss 563

18.5.3 Asphaltene Constituents..........ccovivmimiiiiimrnieeiie e 568

18.5.4 REMMINE ..c.oivriveiiitieeerteeiee ettt et rte e s s et e s sren e ns 570
RELETEICES ..ovvviivierieeieeiiereeetee e s e et e et s et e et s sae e s s s abesbsene s e et eeneere 573
Liquefaction PTOCESSES .....coccviemriiiiiececciinir et 579
19.1  INITOAUCHON «.coveeeiitiieie it eita et ssete e s e se et e et sanase st sa e e st en s eninnenes 579
192 Pyrolysis PrOCESSeS: e s suoean susrisssmmsosnesmiarimsevess o porivs sypsvavassvavatoress 579
19.2.1 Lurgi-Ruhrgas PTOCESS. .. s s s 579

19.2.2 Char-Oil Energy Development Process ........ccooiveeiniiiiencecinnenee, 581

19.2.3 Occidental Flash Pyrolysis Process.........ccocviininiiniieiccecinnne 581
19.2.4 TOSCOAl PrOCESS ....eoiveviinieniceieeieieeeiettescecnte e ecesste st s eennneene 583

19.2.5 Clean Coke Process. ... s avissmssasnsmions s 584

19.2.6  CoalCOn PTOCESS ..coeciiviieiieeeiriee e ceecnetensssreee s e e siee e sneveseaeeais 584

19.3  Solvent EXtraction PrOCESSES ....ccccorveiiieriierinmieiieiieroiiae e seersneeesssransasses 585
19.3.1 Consol Synthetic Fuel Process .........cccvvieiiiiiiiiienriineeiienccene. 585

1932  CoSIEAN PrOCESS: irrusvsre: srmssnsssiussmessss s maesss s oo gsss sssmssossores 586

19.3.3 Extractive CoKing Process ......cccceeevriernncriinnieniiiniieceneeneeeeenss 587

19.3.4 Extraction by Supercritical FIuids..........ccccovvrvciimiminnicnn, 587

19.3.5 Exxon Donor Solvent Process.........ccoociiiincicinininiceneecneieeans 587

19:3.:6 Pott—-Broche Progess:awesssssmmsssenimsmsessimsse s sees piss s 587

19.3.7 Solvent Refined Coal Process.......ccevviiirieeiiincennnineiiciiineccncene 588

19.3.8 Solvent Refined Lignite Process.........ccccoovviiinniininnnnienciees 590

19.3.9 UOP PrOCESS.....ccceeeveiireeeirriertenereresssnincsstessesstesaeessensa e bessasssanssnass 591

19.4 Catalytic Liquefaction ProCesses......ooviriiriiiiciiininrieiiiineire e 592
19:4.1 H-Coal PrOCESS. ... omererrasroonnnsonsnnsnnebibineseibisiiaissmisiassis s s ans 592

19.4.2  SynthOil PrOCESS ..c.ovieueiiiciiiieciriii ittt 592

19.4.3 Gulf Catalytic Coal Liquids Process.........c.cccoovmiviniiiniiniinninenns 594

19.4.4 Multistage Liquefaction Process .......cccoveevvvciiiiiimniniicneieninaens 595

19.4.5 Bergius PrOCESS ....coocmveeomennciisomnmississinmiisisssssssssssesrassvsmississvonsrsusasons 595

19.4.6 University of Utah Process.........ccooviiiiinniininini e 595

19.4.7 Schroeder PrOCESS ..ocoiiiiiiieeeeiieeeeceeeeeeiceieeseeinerennreessevessseeesoassnasennnans 597



Contents

Chapter 20

Chapter 21

). 4%

19.4.8 Liquid Phase Zinc Chloride Process.........cococevvieiminnnininiinnnne 597

19.4.9 Miscellancous ProCesses .......ceveuviiieeeccieviiireecirreeeeen e sreesssneesesanes 598

19.5 Indirect Liquefaction ProCcesses .......cooeieiiiiieiinnieieeciis e 598
19.5.1 FiSChEr—TropSell PIOCESE ccosivevovpisivirmvmmrmrmivirsomuisvncvminsensass v vusmens 598

19.52. Methanol SynthesiSs:asramnmonmmmmmemmmmmssme sy 601

19.5.3 Methanol-to-Gasoline ............oeiiiuiieeeriererereerenerteeeeeeeeesoreresaeressonnes 601

19.6  Coal Liquids RefiNery ......cccccceiiiiiiiiiiiiiiriieeie et 604
REFETEICES oottt e e et e e e eereaeeessae e e e bbb ae e mae s s et e nestaeeesaanenessssesssnesaasianns 605
GASTICALION ..o ee ettt eeeeet e e eeevateeesteee e e seceannsaeeesearesosaneesanneesesinneesossasesinnns 607
20.1  INIFOAUCTON ...t eeeee e et ee e e ce e erae s eeeesaae e e s eeeesrnessssraessesnnns 607
20.2  GascOUS PTOAUCES ....... e85 o sssssssmassmsmssivs s sssesss s sisisssssis eosassassees 608
20.2.1 Low-Heat-Content Gas (Low-Btu Gas)......cccceeveremenceiiniieininiicinnnns 608
20.2.2 Medium-Heat-Content Gas (Medium-Btu Gas).....ccccoceveeirienncnnnne 610
20.2.3 High-Heat-Content Gas (High-Btu Gas) .......ccoccvcvvviiinicnnin 610
A B (=115 V2 Y 3 1 T — 611
20.2.5 HYATOZEN ...cnveviiieiiitiieieeeeeiee ettt s e sae s b s sh e esns 611
20.2.6 Other ProdUuCES......cooveiiieieieeeeeeeeeciieesieereesnreessiassenseseeersseosneessnesnns 613

20:3 PhysicOChemiCal ASDECES snmummmssmasiressesmysns sonsvnssicrvsssaisrasesssammssyesassess 613
20.3.1 REACTIONS.......s5vssmmmmes sovvasssommmmessn (oiesssseas s ssavass s S5 S5 PsT S S8 SRS o348 614
20.3.2 Process CONCEPLS ...overireeereiceirieeierceisisssssseesbessessassassenssaneesens 614
20.3.2.1 Pretreatment.......ccoceeceeeeieeeeeieeeeeencenniveeseocseeesssnnssecnessens 617

20.3.2.2 Primary Gasification............cccovviiiiiiiiiinnnnie e 617

20.3.2.3 Secondary Gasification..........coccecciiviinierciciinnininnic i 617

20.3.2.4 Shift CONVELSION ....occeiineemneensisisissessisimamsssesssissasisssmiisesiin 617

20.3.2.5 Hydrogasification..........cccccooiinuiiniinriniiiniinnieiesierecens 617

20.4 Process Types and Reactors ........ccccovimiieciriiiiiiiininie s creee e caneene e 618
B B T R 35 T (o o R————— 618
20.4.2 Process TYPES «..ccocvemmereeemmiisiimisiaisassisisssassimssmismssmessissisussansssasses 620
20.4.2.1 Fixed-Bed ProCesses......curieriiceeaniieeeeenieeeerceceseseneeecnnnss 620

20.4.2.2 Fluld-Bed ProCeSSES ......ccouvvireaaceireeeireeeeeiesneneneeesseeennenes 620

20.4.2.3 Entrained-Bed Processes.........cocovvvrrireccreriieerneenieennecene 621

20.4.2.4 Molten Salt ProCESSES .....cveecceererreeeeiniereaneereceveroneenenssnns 621

20.5 Qastfication of Coal with Biomass and Waste.........ccceierveevrienericiiiiieecrenens 622
20.6 Underground Gasification............ccooeuiirieiiiiiimnieiineee it 623
207 Environmental ASPEEES scummsvsmsromssursossusmemmmemssessmsmugs st cvirassarissasaion 625
RELELEICES .oovvevvensmunmenvonmesssssnonsansansanssssnnness i HEES o 480 HEE 04 H AL o D EE S S EE R oS 631
GaSTICALION PrOCESSES «..vvvieeeeeeeteeeeeettreeeteeies e vt aee e esaseeeeestaeseasraenesivasessneenesansans 635
P4 0 T 1470w 7c 1) (o o o O e e R 635
21.2 FiXCA-BeA PrOCESSES...uiviiiiiiieeirereeieeeeernitiieeeeseseneeteeeessneeeeeesnsanreaeseesnnnns 635
21.2.1 LUl PrOCESS. ...eciiiiiiciee ettt ettt 635
21.2.2 ‘Wellman—-Galusha ProCess. o ammmmmssssemmmasmessmsyvseossrysgseveves 638
21.2.3 Foster—-Wheeler StoiC PrOCESS ..c.c.viiiieiireeceieeeniiiieeeiieeeeeneesieerennnes 639
21.2.4 Woodall-Duckham ProCess .......cc.ceeeriereercereraniieeeeieeeseneereseruereersseees 640

21.3 Fluidized-Bed PrOCESSES ...vuuneiieieeiiicicetereeeecieeettes e ete e tcnesnesesesece e 642
21.3.1 Winkler ProGéss covmmmrmmmnmrnmmsmnasmnray paspyess gy 642

21.3.2 Hydrane ProCess. ..o emisiisiin i iiissaimssinsiisiiiaiesissssosssess o 642



Xvi

Chapter 22

Contents

21.3.3 HYZAas PrOCESS:s. ... o, covvessmsasssss s s res s s syaiss e sassssesooss 643
21.3.4 Synthane ProCESS........coteeiviiriirincieireiree st sre s 644
21.3.5 U-GaS PrOCESS c.ueveveeerreereeeciieireteeseeeietesineeccsressess s s s e aasseeans 645
21.3.6 Coalcon Process (Hydrocarbonization Process) ... 645
21.3.7 Pressurized Fluid-Bed Process......ccccoovvevinminiiniiniiee 647
21.3.8 Carbon Dioxide Acceptor Process ........cccooviviiiivinininicccnneccnens, 647
21.3.9 Agglomerating Burner Process .........coeioieiniiicniciinennccnes 649
21.3.10 COED/COGAS PrOCESS .covevereerrerieeeniiriterisnssisnssesssnessenesasnsssseas 649
21.3.11 Catalytic Gasification Process..........coorciivimimniiisiennnineicnieiennn 650

21.4 Entrained-Bed ProCesses...cuouiiiiievirrrreenieeiiiiseesinesnmssrseimessaeeesssseesssassens 651
21.4.1 Koppers—Totzek Process .......cccovvmiiimimiiiieeiniieeiiin s 651
21.4.2 Bi-Gas ProCess ....ccccemvirieiiniciiiiieeniireeci s 653
21.4.3 Entrained-Bed PIOCEsS ommmesumssmmmmemriessorammemsissesmsimssiseons 654

L AA TeXACO PIOCESS ... eennrennsonsnisnnebhihe S8 s eSS SRR S SRR 654

21.5 MOEN Salt PrOCESSES....veeeeterrreererenerrrerteeeniesrseaeaeseerressnesnsenie e tssnesssasseas 655
2191 ALTAS PIOCESS sassomreovsnspsssvvvuussinsosmmmsermmsiasiniansassnen o sunatisnssssansnns o 655
21.5.2 Molten Salt (Rockgas) Process......cceccoveicoiiriniiimsicciiiiinceiiece, 656
21.5.3 Pullman—Kellogg Salt PrOCESS......cccoiviiiiriniieninniessiniceens 657
21.5.4 Rummel Single-Shaft Molten Bath Process..........cccoooveniieiicrrecnnenns, 657

21.6  Underground GasifiCation...........ccooeeiiiiiiminminiiiie e 657
21.6.1 Chamber Method (Warehouse Method)..........coocccoervvvniicnnnvcnennnne, 659
21.6.2 Borehole Producer Method ........cocoocceiiiiiininiiiiiniiiniieenn, 659

21.6.3 Stream Method...........oooiveeioeeieieecee et cisse s 659
21.6.4 Shaftless Methods .........cooeiiieiiiinieniiiecicie e 660

R CTEIICES! . o sonmersirses s s S ST A E e S S Pooo 5 A SRs om s  ama e e 661
Clean Coal TechnOlOIEs .o mrmsam s ngiimsossensasarissssessas 663
D21  TITOAUCTION «oovvvireiraeermrersrnnsonnsnnsserasnssnen s e 55855558385 RER RS SRS RS TSR ST ORS00 663
22.2  Historical PEISPECLIVES .......ccorvmecrcimiciiiiiciininis sttt 667
22.3 Moderi PEFSPEELIVES syissmmversiimspess vpevmssvmsonsosues sssmmsrasssssasvensassoss sssssssmassssentors 668
22.4 Clean Coal TechNOIOZY . cvsiscssassmasisemsmsmmemismisermsssesossivesasasssssssamssone 671
22.4.1 Precombustion Cleaming ........cceeeeeeeiiriiniriniiniinieiie s 672
22.4.1.1 Physical Cleaning .........cccccvveciiirierirsinsinicinencnsesessenns 673

22.4.1.2 Chemical/Biological Cleaning .........c..ccccoevvrimrnrecrnnennnes 673

22:4.1.3 Fuel SWIENINE wocvmvisvmmmssmemmmosmissvonsiisamsmmsvenemoss 674

22.42 Cleaning during COmbUSHION ........ccoimimiiiaiiniieiiieeie e 674
22.42.1 Advanced CombuStion......ccccceveveciveeraiiimnciiene e ernevnenns 674

22.4.2.2 Fluidized-Bed Combustion...........ccceecmiminiininniineieeinne 677

22.4.3 Postcombustion CIeaning .....co.c.eceevecccrviricimireciieniseeeesiseesse e 679
22.43.1 Sulfur Oxide EMISSIONS .....c.ccoociimiiciiiiniinr e cenneenes 679

22.4.3.2 Nitrogen Oxide EMiSSIONS .......cccoovvvicvivnmininiinicnicinecnas 680

22.4.3.3 Fly Ash Emissions (Trace Element Emissions)................ 681

22434 MEICUTY cuoerriirivieeirecremeereceereeestesse e sess e sessss st sessans 683

22.43.5 Advanced Postcombustion Cleaning .............ccccoccvviennne. 684

22.4.4 Conversion and Added-Value Products........ccoocveveeninieniinninnene. 685
22.4.4.1 Integrated Gasification Combined-Cycle Systems............ 685

22.4.4.2 Mild Gasification .......c..coeveeievieenccueeccniniciestenncanere e 686

22.4.4.3 ‘Coal Liquefaction, . s sssmsiossssyssiverasareisesasses 687

22.4.4.4 Biomass Co-Firing.......ccccoovvriviiiminiinniieisccnee 687



Contents

Chapter 23

Chapter 24

Chapter 25

22.5 Managing Wastes from €Coal Use.......cccoovviimiriniiiiece 688
22.6 Carbon Dioxide Capture and Sequestration ...........ccecveimeueiieieeneiesinesrennennens 689
LTS (31 Lo T s 693
Gas CleaNTNE s i e T S S SR w ooty rasvaine Some it sota msaressasas 697
231 INTTOTUCTION orvveneeensenonsenssnnsmmnans snis SERERREERS SR EESEEEE 75 G5 SR S SRR A SO PSS T 697
23.2  Environmental Legislation ... 701
23.3  GenEral ASPECLS...ceouiiuieerieeeeriecitiiis st e b et st s e e 701
234 Particulate Mattet REMOVAL: ciimmimimrmsrnmssmrm avmvisimmmrsmmmmmiamsrsessrses 704
DBAL Y CIOMS ..o onmemssonnnmsnnsvnd'ss 66506 TEETEE 8565466 35S SRR S35 FOS A TSR AP PR 705
23.4.2 Electrostatic Precipitators ...t cnsine e 705
23.4.3 Granular-Bed FIHErs.......ooveeeiiiiriieniiieeieiicciccttrr et 706
23.4:4: "Wel SerubBBEtS wseams ooy s e cmmmane ot 706
23.5 Acid Gas Removal........oocoecisiisnsiimmmimiiisie o esiissas rosasrysssoes 707
23.6 Removal of Sulfur-Containing Gases .......ccoveeviiiiineniiiiecniiiesieseeceenees 711
23.7 Removal of Nitrogen-Containing Gases ..........cccovevevenienrimriesinniereenreneencs 713
RETETENEES 1 i s S s S Sy T F v S s oR oSt e e 714
Chemicals: from ©0al.......mmmmn suvmsenmsnmm s s e s s s vas g v e sores 717
24.1  HiStOriCAl ASPECLS c..eeveemrerieeeirieriiieiiieiiiece et se et e ar s s se st cene e 7
24.2  Coal Tar ChemiCals ......cueeeveriieecreereiieeeiieireeeree st ecees st ees s s be e 718
24.3  Fischer-Tropsch Chemicals........cccocoviniiiiimmneeerne et 722
DA B PTOCESS s wsnn e niss 5555355 TSR aa s A EH RS S S ST ST S ST R R e wwan v 722
24.3.2  CAtAIYSES ueeeeeeiieeeeeiteeee ettt e e et 723
24.3.3 Product DisStribUution ........ccocceoueeuicimiaiantininiiiiee e 724
244 «Chemicals from MEhARE .o oo cmssmsmmmomsasssressassss sxonasesarasn 724
LS (=) )1 o1 T 726
Environmental Aspects of Coal USE .........cccoviiiiiiiiminieiciiniie e 729
25.1  INEFOQUCHION c.cveiieireeieeiiieeiereree e ece et seres st es e e st srac s sn e e e e ebessenaa e ssnassseess 729
25.2  PrOAUCHION....c.uteeceeeiececeieeeeeiee e e reeeeeaeeeeseereeecsertosssanres s renssssraasessnnsassasnrenes 730
D521 DIUSE «oonneeennennosussss s s ssssssssussssessassas s i awan vauess P si 88 ST S A0 SRpwsvmasunon 731
25.2.2 Fugitive EMISSIONS ....cccoviviiiiciiriiiiiiiiiieneiee et 731
25.2.3 Mine Waste Disposal ......cccoeveviciiiniiiiiii et 731
25.2.4 Mine Water DIrainage ........c.cecuevmmenicriiniiiiiniitienee et eese e 733
D505  SUDSTACIICE,. . s vvsmssswssesss mmsemsmsis s s S5 F s e T3P E s g e ouss cav s 733
25.2.6 Noise, Vibration, and Visibility........ccccvininiiniinninnniies 736
25.2.77 ReClamatiON.......ccecvereieeenrereeiieerteeseeeeeeeesereasessnssnssnneereeeensessesnssans 736
25:3 PrEPATANION susssmemssimmsusmmsrsismmr v siomstsswsmsasyss s s nsa s onsseastssssnssasssoseise 738
25.3.1 ‘Water Treatmeitssunssmnumssremsirmmmsi i mmemsiimssssasans 739
25.3.2 DUSLCONIIOL....cnenveeeenneneennnnssasin s ssss ssssssassesssassaesssssmosssssssrsssesssars 739
25.3.3 NOISE CONLIOL..cciiiiiieeeiiieciee et et essetbe e rss s s ssar e e teeasnnns 739
25.3.4 Recent LegisSlation......cc.ccocovieiivninieciinnienrieeiies s 740
25.4  Transportation and STOTAZE ......ccocevveruiiimrierieienee s 740
2541 TranSPOLLAtION.. .. ... s ssssvisss sy s v sy 740

25.4.2  SEOTAZE .ceieereeneiereerirciiiieiittertes et he et s rr e s bt ena e st s st e sanen 741



xviii

Chapter 26

Contents

5.5 T OIIDUSTION. .00 55500 enm e 55 o3R8 T SR §5 P SR SO TSRS 742
25.5.1 FIy ASH oottt 743
25.5.2 Gaseous EfflUENES. ....coccoiiiiieeiiiiicceccce et 744
255.3 Waste BIUBHIS cvommmemmnmmmrspsssimssreaggrpssssssggovemast o 749

D5.6  CArDONIZAION 551 v0noness s nissssisss s s smsssssnsssss i asassss sy s e dis s sa missssyenss 750
25.7  LIQUeFACHION ..c.veiiiieieeiiieeccicec et 752
25.7.1 Gaseous EMISSIONS .....ccooiirioiriereieeiceteee s neeee s seeneesesnenens 753
25.7.2 Aqueous EffIUSHLS onvmmmmmmmummmmmavromsismissvaiomesasosos 753
25.7.3  Solid WaStes ..qu..u s ssnsessomassssnssossns svomvasassis sovsss sosvsss sss sssvasssnsany 755

25.8  GaASHICALION ....ueeiireee ettt ieiee et se et st st e b sre et sanenn b ens 755
25.9  Clean Coal TEChNOIOZIES ....coueeuereieierrieeceineeeirt ettt 756
RETETENCES ...evviiceieeeie ettt e ettt et s st e b e e comesen e s s bt ebeesoenssaassnsensemteas 759
Coal and ENergy SECUTILY ....ccccooivviiiiiiiiiciiiiteciit et 763
26.1  INEFOQUCHION 1eoeeeieveeeieeeceiie et e cee e sae s e et e e e sanese s besaessa e enn s 763
262 Energy SeCUTrTtY icoiosmeimmmrmrmrossssmes oo ssiss oy sopmsssiseroseesis 765
26.3 National Energy Plan and Coal Utilization..........cccoceceeviennncniicnnenncieennen, 769
26.4  Electric PoOwer GENeration.........cccocveeereeireecreerreeiereseneeoneeeseeesieesmeessessscesssons 770
26.5 Hydrogen from COoal.......c.ccoiveriienreeiiieeennecc s 772
26.6 Energy Security and Sustainable Development ..o, 773
26.6.1 Continuing Use of Coal ..o 773
26.6.2 Management of Coal Wastes........ccocviivviiiiinicccniii e 774
26.6.3 Sustainable Development .........cc.ooeveeviiiniricriaiiineeciecreeeecinnnee 775

S TS 11 o SNy A RS 777
................................................................................................................................... 779



