Biorenewable Insights
Biomass Gasification

Table of Contents

A Report by Nexant's
Biorenewable Insights— Published June 2014

http://thinking.nexant.com/program/biorenewable-insights

Section Page
1 EXECULIVE SUMIMAIY ..o, 1
1.1 TECHNOLOGY ..utitititiiiiiiitiiiiiiititieieieieiaeeesasaassaasse s as 1
1.2 LICENSORS ...ttt b et h ettt ek et e bt e st e ebeenbe e 2
1.3 ECONOMICS ...ttt ettt ettt et e e et e et e e enee e e beeeanbeeennes 3
111 POWEE GENEIALION ..eeiiiiiiiiiiiiii ettt 3
1.3.1  FisScher-TropSCh LiQUITS ......c.eeviiiiiiiiiiiiiie et 4
1.4 CAPACITY ANALY SIS ..ottt ettt neees 6
15 IMPLICATIONS ON CONVENTIONAL TECHNOLOGY ....ccoiiiiiiiiiiiiii, 7
2 INEFOTUCTION ...ttt et e et e e et e e e e e e e e e e anes 12
2.1 OVERVIEW ..ottt ettt et e et eeeeeseseeeeesnsnnnnnnes 12
2.2 DEFINITION OF BIOMASS GASIFICATION ..o 13
2.3 POTENTIAL APPLICATIONS OF BIOMASS GASIFICATION .....ccoeiiiiieiiieieeiene 13
2.3.1  POWET GENEIALION ...uiiiiiiiiiie ittt 13
2.3.2  Combined Heat and POWET .........coccuuiiiiiiiiieiiiii et 15
2.3.3 Chemicals and Fuels Production ............cccccoiuiiiiiiiiiieiiiee e 16
2.4 DRIVERS FOR BIOMASS GASIFICATION ..ottt 18
2.4.1  Broader Applicability and Feasibility ..........cccocviiiiiiii 18
2.4.2 Long Term Oil PriCe FOr@CAST .......vvviiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeee e 19
2.4.3  RUal DEVEIOPIMENL....cciiiiiiieiiiiit ettt 19
2.4.4 National Balance of PAYMENtS .........cccuiviiiiiiiiiiiiiieiieiieeeeeeeeeeeeeeeeeseeseevesseeaanes 19
2.45  Sustainable ECONOMICS ......cciiiiiiiiiiiiie et 19
25 BIOMASS TYPES FOR GASIFICATION ....coiiiiiiieiie ittt 20
2.5 1  AQrCURUIAI WASEES ...cooiiiiiieiiieie ettt 20
2.5.2 Forest Products and BYProdUCES.........coccuueieiiiiiieiiiiiee s 28
2.5.3  Animal Waste and MaNUIE ..........coccuuiiiiiiiieii et 28
O Nexanr Biorenewable Insights 1
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

2.5.4  Municipal SO WaSTE .......ccciiiiiiiiiiii e 28

2.6 BIOMASS CHARACTERISTICS ... 31
2.6.1 Ash and Slagging Characteristics of BiOMass ...........cccoccvvveiiiiiieeiiiieeeee, 33

2.6.2  Material HanAliNg .....oeeeeeiiiiiiiiieiie et s e a e e e s 33

2.7 BIOMASS SUPPLY AND LOGISTICS. ... 36
2.7.1  Supply of Biomass and Facility Capacity ..........ccccvevrreeeiiiiiiiiireee e e 36

2.7.2 LOQISTICS ..eeeiiiiiiiieiiee ettt 36

2.8 ENVIRONMENTAL CONSIDERATIONS ... 38
2.8.1 EMISSIONS FROM GASIFICATION ...ccotiiiiiiiiiiiiiiiiiieieieieeeeeeeeeeeeeseeeeeeeeeeeees 39

2.8.2 WATER CONSUMPTION AND LIQUID WASTE......ooiiiiiiiiieieieieieieeeeeiieies 41

2.8.3  SOLID WASTE DISPOSAL....ccttiiiiiiiiiieiiieieiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseneees 41

3 TeCHNOIOGIES ... 43
31 GASIFICATION OVERVIEW ....ooiiiiiiiiiiiiiiiiiiieeeeeeeeeee ettt eeeeeeeeeeeeeeees 43
3. 1.1 TYPeS Of GASIfIEIS ....veieeiiiiiie e 45

3.1.2 Biomass Syngas Cleaning, Conditioning .........ccccoeeveereiiiiiiiiiiiiiiccescseeens 55

3.2 RENTECH ... 66
3.2.1  COMPANY OVEIVIEW ...uvvriuiriiinirinininiannsnsasnsnnsnnnsnassssansss s 66

3.2.2 FERCO SilvaGas™ ProCESS.......ccoiuiiiaiiiiieeiiiiie et e sttt 66

3.2.3  Rentech-ClearFUelS PrOCESS .......coiouiiiiiiiiiceiiit et 68

3.3 LIN D E L.t e et n e aeeeneaaan 69
3.3.1  COMPANY OVEIVIEW ...uviviiiiiiiiiriiitisiiasiaaaaa s 69

3.3.2  Carbo-V Staged GasifiCation...........cceeeiiiiiieiiiiice e 69

3.4 CARBONA (ANDRITZ) ...ttt ettt e e e e 72
341 COMPANY OVEIVIEW ...eiiiiiiieeiiiiie ettt ettt et e et e e 72

3.4.2 Fluidized Bed Gasification TeChNOolOogy .........cccceviiic e 72

35 BE&W VOLUND ... 73
351 COMPANY OVEIVIEW ...uvuveeiiiiiiiiiiitisininiasaaa s as 73

352 BE&W GASIIOI ...uviiieiiiiie e 73

3.6 NEXTERRA et e e et e e e et aa e e e e e e eeaaaen 74
3.6.1  COMPANY OVEIVIEW ...eiiiiiiiiiitiiie e e e e ettt e e e e ettt e e e e e e et be e e e e e e e e annbeeeeeas 74

3.6.2 Nexterra Gasification TEChNOIOGY .......ccoiuiiiiiiiiiieiiiie e 74

3.7 FOSTER WHEELER ... 75
3.7.1  COMPANY OVEIVIEW ...eeeiiiiieeiiiiiee ettt ettt e et e e e anbee e e neeas 75

3.7.2 Circulating Fluidized Bed Gasifier ............cuiiiiiiiiiiiiiiiiiiee e 75

3.8 =TI (OTU @ 1 =10 TSRO 76

O Nexanr Biorenewable Insights 2

www.nexantthinking.com

Biorenewable Insights — Biomass Gasification
A01392.0014.4001



Biorenewable Insights — Biomass Gasification June 2014 Report Contents

3.8.1  COMPANY OVEIVIEW ...ttt ettt ettt 76
3.8.2 Bubbling Fluidized Bed Gasification Technology ........cccccceeevvvvvreeeeisiiivnnnnnn. 76
3.9 TR s 77
3.9. 1 COMPANY OVEIVIEW ..eeiiiieeieiiiiiieeee e e s e ettt ee e e e e e s e st e e e e e e s s ssntsanereeeeasannnraneees 77
3.9.2 Steam Reformer GasifiCation ..........cccooiiiiiiiiiiiiiei e 77
3.0 PHG ENERGY oo s 79
3.10.1 COMPANY OVEIVIEW ...ceeiiiiieeiiiiie ettt ettt 79
3.10.2 Downdraft Gasification Technology .........ccccceeeviiiiiiiiiee e 79
311 ENERKEM. e s 79
3.11.1 COMPANY OVEIVIEW ...uvvriririiinieininininisnnsaanssnanasasasss s 79
3.11.2 ENerkem Gasifier........oeoiiiiiiiiiiiice i 79
312 INENTEC s 80
3.12.1 COMPANY OVEIVIEW ...eeeiiiiieeiiitit ettt ettt e bt e s 80
3.12.2 Plasma Assisted GasifiCation ...........ceooiiiriieiiiiieeiiee e 80
3.13  EBARA ENVIRONMENTAL ..ot s 82
3.13.1 COMPANY OVEIVIEW ...ttt ettt ettt ettt e e e 82
3.13.2 Pressurized Twin Internally Circulating Fluidized-Bed Gasification
SYSEM (PTIFG) ittt 82
314 ALTER NRG ... s 82
3.14.1 COMPANY OVEIVIEW ...eeeiiiiiee ettt ettt et et e s 82
3.14.2 Westinghouse GasifiCation..............uuuueuuuiimuiiiii s 82
3.15 SO L N A ettt ettt ettt ettt e ettt eeenennnnnnes 84
3.15.1 COMPANY OVEIVIEW ...eeiiiiiieeiiiiite ettt ettt et et e e 84
3.15.2 Solena Plasma Gasification and Vitrification (SPGV) .......cccceeeviiiiiiiiiiiiiennn. 84
3.16 PYROMEX ..o 86
3.16.1 COMPANY OVEIVIEW ...uvvveiiiiiiiiriiinisiiiaaasanssaasa s nas 86
3.16.2 Ultra High Temperature Induction Heating ..........c.ccoeeeiiiiiieiniiieeiniiee e, 86
4 Technology APPIICAtIONS .........cooiiiii 88
4.1 POWER AND CHP TECHNOLOGIES.......cc oo, 88
411 SYNGAS FOR DIRECT STEAM AND POWER GENERATION..........c....... 88
4.1.2 SYNGAS FOR GAS TURBINES.......ouutiiiiiiii s 89
4.1.3 SYNGAS FOR INTERNAL COMBUSTION ENGINES. ........ccccoiiiiiine 96
41.4 COMBINED HEAT AND POWER APPLICATIONS.......ccccoiiiiienns 98
4.2 FUELS AND CHEMICALS FROM BIO-SYNGAS ... 105
A.2.1 OVEIVIEW ..ttt ettt et et e ettt e e n e e e e st e e e anbe e e e e ennes 105
O Nexanr Biorenewable Insights 3
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

4.2.2 Syngas to METHANOL AND Dimethyl Ether..........cccccooviiiiiiiie 106
4.2.3 HYDROGEN FROM SYNGAS ..ot 108
4.2.4  Fischer-Tropsch LIQUIDS from SYNQAs.......ccccvrieiiiiieeiiiiiieeeiiieee i 111
5 [SoTo] (0] 1Yo O TP P PR PUPR PR 116
51 METHODOLOGY ... 116
5.1.1  INVESIMENT BASIS ..eiiiiiiiiiieitiie ettt 116
5.1.2  Cost Of ProducCtion BaSIS .........uuiieiiiiiieiiiiiee ittt 118
5.1.3 Feedstock Capacity and Plant SiziNg.........cccceeviiiiiiiireeeeiiiiiiiieeee e 118
5.1.4 FeedstoCK CharaCteriStCS .......cuuvieiiiiieeiiiiie ettt 119
5.1.5 Catalysts and Other ChemiCalS.............uuuuuuiiiiiiiii e 121
5.2 COMPETITIVE ECONOMICS.....coiiiiiiiiiiiieieieeeeeeeeeeeee ettt eeeeeeeeeeeeeeeeseeeeeeeeeeseennees 121
5.3 COST OF PRODUCTION ...cctiiiiitiiiiieiiieeeeeeeeeeeeeeeeeeeeeesseseeeesesssessssssesssesesssessssnennsnnnnes 123
5.3.1  POWEN GENETALION ....veiiiiiiiie ettt 123
5.3.2 Fischer-Tropsch Gasoline and Diesel Products...........ccccocevvvieereeeisiicinnnnnn. 135
6 (O o= ol | Y AN 4T 1A £ PPPPPPPNt 143
6.1 OPERATING PLANTS LISTING ...ciiiiiiiiiiiiieieieieieeeeeeeee ettt eeeeeeeeeeeeeeaeaeaeeeaeneees 143
6.1.1  NOMN AMEIICA ..eviiieiiiiieiiieie ettt 144
B.1.2  EUIOPE ..ottt 145
L G B N - W OO P UPPPR PP 146
6.2 ANNOUNCED PROJECTS LISTING ... s 147
6.3 ADJUSTED PROJECT LISTING ..o 148
6.3.1  MethOUOIOQY ... eeeiiiiiiiiie it 148
6.3.2 Bijie City Green Environmental Energy (BGE).........ccvvvvvveiiivieieieieiiiiiiiiinnnnns 151
6.3.3  Air Products Teesside Facility 1 and 2...........cccceviiiiieiiiiiieiiee e 152
6.3.4  Birmingham Bio POWEr Ltd...........ooviiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeee e 153
B.3.5  GOBIGAS -..eeiiiuiiiiie ittt 154
6.3.6 Enerkem Alberta BiOfUEIS...........ociiiiiiiiiiiiic e 155
6.3.7  Fulcrum Sierra BiOfUEIS ........ccuiiiiiiiiicii e 155
6.3.8  Enerkem PontotOC ProjECT ........cociiiiiiiiiiiiie it 156
6.3.9 Enerkem Varennes Cellulosic Ethanol...........ccccccoooiiiiiiiiiiice e, 157
6.3.10 Newry Biomass LIMITEd........ocuuiiiiiiiieiiiiie e 158
6.3.11 Low Carbon Technologies International Beaumont Project..............cc....e.... 158
6.3.12 Low Carbon Technologies International luka Project ...........cccoceviiiieeennnen. 159
6.3.13 React Energy Biomass Project ........ccuvveiiiiieiiiiiiiiieece e 160
6.3.14  SOIENA GIrEENSKY ....eeiiiiiiiiie ittt ettt nb e e 160
O Nexanr Biorenewable Insights 4

www.nexantthinking.com

Biorenewable Insights — Biomass Gasification
A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

6.3.15 Taylor Biomass ENergy ProjeCt.........cccuiiuiiiiiiiiieiiiie e 161

6.3.16 Karlovo EOOD BiOMASS........cicuiiiirierieeiiiiesiee et 162

6.3.17 Adjusted Project Capacity SUMMEAIY.........ceciiurrieiiiiiieiiiiie e 163

7 Implications for Conventional TECHNOIOGY ........ccvviiiiiiiiiiiiiiie e 164

7.1 SCALES AND MARKETS ...ttt ittt te e aeeseeeeeaseeeeeeeeeeenenes 164

7.2 PRICES, MARGINS, AND COP ... 169

7.2.1  EIECHriCity GENEIALION ......eviiiiiiiit ettt 169

7.2.2  FiSCREI-TIOPSCRN ..uviiiiii ettt s e nee s 172

8 PateNt LANASCAPE ... .eeiieiiiiie ettt ettt e et e e e anes 175

8.1 OVERVIEW ..ottt e e e s e seeesennnnnnnes 175

8.2 GRANTED PATENTS ..o ttetitititiiitie ettt ettt ettt et et et eeeeseeeseeeeeeeseseeeeeeeenennnees 175

8.2 1 GlODAI ... 175

8.2.2  NOIN AMEIICA ..veiiiiiitiie ettt 180

8.2.3  EUIOPE ...t 182

8204 ASIA e e e 184

8.3 PATENT APPLICATIONS ... 189

8.3 1 GlODAI ... 189

8.3.2  NOIN AMEIICA ..veiieiiitiie ettt 194

£ TR0 T T U ] o L= PSPPSRt 195

8.3 ASIB it 200

9 RETEIENCES ...ttt 206
O Nexanr Biorenewable Insights 5

www.nexantthinking.com

Biorenewable Insights — Biomass Gasification
A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

Figure Page
1.1 CAPEX Breakdown for Biomass Gasification Based Power Generation.............ccccocovverneene 3
1.2 Biomass Gasification for Power Generation With ROCE ...........ccccciiiiiiiiiiiiieieieec e 4
1.3 CAPEX Breakdown of Biomass Gasification based Fischer-Tropsch .........ccccccccoiiiiiiennnnen. 5
1.4 Fischer-Tropsch Liquids Cost of Production Regional CompariSon ............ccccevvvveeeeniineeenns 5
1.5 Global Biomass Gasification Operating Capacity 2014 .........ccccvvreeeeeeeiiiiiiiiieee e eeeinrreeeee e 6
1.6 Global Biomass Gasification Capacity through 2020 .............coooiiiiiiiiiiiiiiee e 6
1.7 Renewable ENErgy GENEIALION .......ciiieieiiiiiiieeee e e e s eeiiiee e e e e s e st e e e e e e s e st eee e e e e s s annnnanaaeeaeaean 8
1.8 Capacity Range of Announced and Operating Facilities .........cccccccveeiiiiiiiiieee e 10
1.9 Cost of Production of Electricity Sensitized to Biomass Gasification Plant Scale ................. 11
1.10 Return on Capital for Fischer-Tropsch via Wood Waste Gasification versus Plant Output... 11
2.1 CHP BIOCK DIBOIAIM ..ottt ettt ettt e e st e e ekttt e e s bbb e e s aneneee s 15
2.2 Chemicals and FUels from SYNQas .......cccoeiiiiiiiii i 17
2.3 U.S. Regional Production of Corn Stover, County-level ...........cccooviiiiiiiiciiiiieec e 21
2.4 Corn Stover Availability at Different PriCes ........ocooviieiiiiii i 22
2.5 Geographic Distribution of Biomass in ChiNa............cooiiiiiiiiiiiiiiccee e 22
2.6  Map of Annual Switchgrass Yields, as of 2009..........cciiiiiii 25
2.7  Hybrid Poplar Yield VEISUS TrEE AQE ......ueii ittt ettt 27
2.8 MSW to RDF Sorting and Pelletizing ProCess ... 30
2.9 Biomass Cost-Quantity Exclusion Model for Corn StOVEr..........ccccuvviiieeeie i 37
2.10 Gasification Emission and Liquid/Solid Discharge Pathways ...............ccccccc. 39
3.1  Generic Gasification ProCeSS TraIN.......cuuuiiiiiiiiieiiiii ettt 44
3.2 Schematic Diagram of an Updraft Reactor ............ccccoooiiii 47
3.3 Schematic Diagram of a Downdraft REACION ............uviiiiiiiiiiiiiii e 48
3.4 Schematic Diagram of @ Cross-draft REACLON ...........ciiiiiiiiiiiiiiiiciiiee e 49
3.5 Schematic Diagram of BFB REACION .........cccoeviiiiiiii 51
3.6 Schematic Diagram of CFB REACION .........coiiiiiiiiiiiiii et 52
3.7 Schematic Diagram of an Entrained-flow REaCOr .............ooviiiiiiiiiiiiiiiiiee e 53
3.8 Flow Diagram of MSW Processing Using Plasma Gasification .............cccccoviiviiiiiiieiiinnn, 54
3.9 PrincCiple Of BArrier FIlLEIS .....couoi ittt e e e e e e eas 57
3.10 Typical Amine System FIOW DIQQIam .........coouiiiiiiiiiieiiiiie e 61
3.11 Typical Physical SOIVENT SYSTEIM .......eiiiiiiiiiiii e 63
3.12 Typical LO-CAT System FIOW DIBQIamM .......cc.ueiiiiiiiiieiiiieie it siiiee et e e snieee e nnneeee s 65
3.13 Rentech FERCO SilvaGas™ Process FIOW Diagram ..........cccooiiiiiiiiiiiianiiiiiieieee e 67
3.14 Carbo-V ProCess FIOWSNEEL. .......cocuuiiiiiiiiiie it 70
O Nexanr Biorenewable Insights 6
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification June 2014 Report Contents

3.15 Schematic of Carbona (Andritz) LOW Pressure BFB ... 73
3.16 Nexterra’s Gasification TECNNOIOGY ....eviveeiiiiiiiiiiiie e e e 75
3.17 Pulse Enhanced™ Steam REOMMET ..........c.coviveeieeeeeeeeeeeeeeeeseeeeeeeeee e 77
3.18 Pulsed Heater — Flue Gas-Biomass Gasification Heat Transfer...........cccccoveviiiinciicennn, 78
3.19 Flow Diagram of INEnTec PEM Gasifier PrOCESS ........cocuiiiiiiiiiieiiiiiie e 81
3.20 Pressurized Twin Internally Circulating Fluidized-Bed Gasification System.............c.cccvvvee... 83
3.21 Alter NRG Plasma GasIfier........cciiuiiiiiiiiiiie it 84
3.22 Solena GasifiCation REACION .........ciiuiiiiiieitiie et 85
3.23 SPGV in Integrated Plasma Gasification Combined Cycle (IPGCC)........cccoocvvvieiiiineeiniinnenn 86
4.1 Direct Steam Generation from Gasification Syngas ..........ccccceeeeeiiiii 90
4.2 Direct Steam Generation and Steam CYCIE .......cuuiiiiiiiiiii e 91
4.3 Simple Cycle Gas Turbine SChematiC ..........cooviiiiiiiii 92
4.4 Combined-Cycle Gas Turbine SChEMALIC........cocuuiiiiiiiieii e 94
4.5 Microturbine-based CHP SYSTEM .....cciiuiiiiiiiiiii it 95
4.6 Gas Turbine Combined Cycle CHP ... 100
A7 TC ENGINE CHP ...ttt ettt e bt e e ek e e et e e e e neeas 101
4.8 Carbona SKive GasifiCation CHP .........c..oiiiiiiiiii e e 103
4.9 Varnamo, Sweden Biomass-IGCC Plant ..........coiiiiiiiiiiiii e 104
4.10 Routes from Syngas to Chemicals, FUElS ... 105
4.11 Simplified Methanol and DME Upstream Value Chain .........cccceveiiiiiiiiiiiie e 106
4.12 Block Flow Diagram of Hydrogen via Steam Methane Reforming .....................cc 109
4.13 Hydrogen Yield versus Oxygen Content of Various Feedstocks ..........ccocvvveiiiiiiiiniieeennnn, 110
4.14 Anderson-Schulz-Flory Distribution...........cooooiii 112
5.1 Cost of Production Sensitivity t0 Crop Yield..........ccuiiiiiiiiiiiiiiciiee e 120
5.2 RDF Cost of Production Sensitivity to Tipping FEe ... 120
5.3 Discounted Cash FIow Of CatalySt COSS ......uuuiiiiiiiiieiiiiiie it 121
5.4 Bio-Gasification Power Generation Plant Model Basis ..........cccccvviiiiiiiiiiiciiiicc e 123
5.5 CAPEX Breakdown for Biomass Gasification Based Power Generation...............ccccvevvvveen. 124
5.6 Biomass Gasification for Power Generation Cost of Production with ROCE................cc..e.... 124
5.7 Bio-Gasification to Fischer-Tropsch Plant Model BaSIS ..........c.oooiuiiiiiiiiiiiiiiiiiieee e 135
5.8 CAPEX Breakdown of Biomass Gasification based Fischer-Tropsch .........ccccccvviiiiiiinnnn. 135
5.9 Fischer-Tropsch Gasoline and Diesel Cost of Production Regional Comparison ................. 136
6.1 Global Biomass Gasification Plant CapacCity ..........c.cceeuuerieiiiiiiieiiiiee i 143
6.2 Global Biomass Gasification Capacity through 2020 ...........ccooiiiiiiiiiiiiiiie e 147
6.3  Risk Adjustment MethodoIOgY ..........cuueiiiiiiiiiiii et 150
O Nexanr Biorenewable Insights 7
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

7.1  World Consumption of Energy by FUEI TYPE ...oooiiiiiiiiiiii e 164
7.2 Renewable ENergy GENEIAtION ........uuuiiiiieiiiiiiiiiieee e e s seeitee e e e e e s st e e e e e e s e e nnbaae e e e e e e s s ennnnaneees 165
7.3 Scale of Gasification TECNNOIOGIES .........ueiiiiiiiiiiiiii e 165
7.4 Historical First Date of Operation and Capacity ..........ccccuvreireeeiiiiiiiiiiee e e e 167
7.5 Capacity Range of Announced and Operating Facilities ...........ccccvviiiiiiiiiii e 168
7.6 Levelized Cost of Electricity from Various SOUICES..........uuviveeeiiiiiiiiiiiiie et e e e 169
7.7 Cost of Production Sensitized to Biomass Gasification Plant Scale..............cccccevviivviininnnen. 170
7.8 Cost of Production of Electricity Sensitized to Feedstock COSt .........cevveeiiiiiiiiiiiieeeniiiiiie, 171
7.9 Cost of Electricity Generation from U.S. RDF Plasma Gasification versus Tipping Fee ....... 172
7.10 Historical and Forecast Price of Oil in Various Regions .........cccccoeeeiiiiiiiie 172
7.11 Return on Capital for Fischer-Tropsch via Wood Waste Gasification versus Cost of
FEEUASTOCK ...ttt et e et e et e e e e 173
7.12 Return on Capital for Fischer-Tropsch via Wood Waste Gasification versus Plant Output... 174
8.1 Overall Patent ACtiVity DY REGION ......coiiiiiiiiiiii e 175
8.2 Granted Patents by ReQION .......cooii i 176
8.3  Granted Patents DY ASSIGNEE.......couiiiiiiiii et 176
8.4  North American Granted Patents by ASSIgNEE ......ccooeeiiiiiiii i 180
8.5 European Granted Patent ACtivity DY ASSIONEE ........ooiiiiiiiiiiiiiie et 183
8.6 Asian Granted Patents by ASSIQNEE .......cccooeiiiiiiii i 184
8.7 Patent AppliCations DY REGION .....o.ueiiiiiiiiii et 189
8.8 Patent Application by ASSIgNEE.......ccco i 190
8.9 North American Patent Application DY ASSIGNEE.........coiuiiiiiiiiiieiii e 194
8.10 European Patent Applications DY ASSIGNEE .......cciiuiiiiiiiiiiieiiee e 195
8.11 Asian Patent Applications by ASSIQNEE .........cooeiiiiiii i 200
O Nexanr Biorenewable Insights 8

www.nexantthinking.com

Biorenewable Insights — Biomass Gasification
A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

Table Page
1.1 Typical Metrics of Various Gasifier TYPES ....uuiiiieiiiiiiiiieiie e e sttt e e s e ee e e e e e snanaaeenea e 2
1.2 Adjusted Capacity LISTING .......eoeiiiiiieiiiiiie ittt e s e e 7
1.3 Commercial Status of Various Gasification Technologies ..........ccccceeeviiiiiiiiiieee e 9
2.1 Selected Biomass Feedstock for GasifiCation.............cocueriiiiiiiieiiiiiic e 20
2.2 Composition Of WHEAE STrAW.........cuiviiiieic et e e e e e e e e e e s e s nnnrnneees 23
2.3 Top Five Wheat Straw Producing Countries in the World, 2011/2012 ..........cccccevviiveeininneen. 23
2.4  Top Sugar Cane Bagasse Producing Countries in the World, 2011/2012.........ccc.ccoevvvvvnee.. 24
2.5 Top Sugar Cane Field Trash Producing Countries in the World, 2011/2012.............ccuvveee... 24
2.6 SWOT Analysis of Grasses as a Biomass FeedstocK ............ccccoooiii 26
2.7 Typical MSW COMPOSITION ...uueeiiiiiiiieeitee ettt e e e 29
2.8 Proximate Analysis for Selected Biomass FEedStOCK ............ceeviiiiiiiiiieeiiiiiiiieeee e 31
2.9 Ultimate Analysis for Selected Biomass FeedstoCK............cccoeeeeiiiiiii 32
2.10 Estimated Regional Addressable Biochar Market in the United States ............cccocvvvveiiinneen. 42
3.1 Typical Metrics of Various Gasifier TYPES .....cccveiiiiei i 46
3.2 Pollutants in Syngas and Controlling MechaniSmS ...........ccoiiiiiiiiiiiii e 55
3.3 SilvaGas™ Syngas Composition and HHV ............ccccoiiiiiiiii e 68
3.4 Carbo-V™ Syngas Composition and HHV (for Oxygen Fed) .........cccccoiiiiiiiiiiiiiiiiiiciien 72
3.5 Foster Wheeler CFB Syngas Composition and HHV ...................c 76
3.6 EPIBFB Syngas Composition and HHV ............coiiiiiiiiiiiie e 76
4.1 Bio-Derived Syngas-Fed Internal Combustion Engine Performances .........cccovveveveeennn, 97
4.2  Power and CHP Technology COMPATISON ......c.uuiiiiiiiiiieiiiiite ettt 98
4.3  Comparison Of CHP SYStEMS......ccooiiiiiiii e 99
4.4  Compositions of Commercial Methanol Catalysts...........cccoieiiiiiiiiiiiii e 107
4.5 Hydrogen Yield per Catalyst, Feedstock, and Gasification Reactor Type .........ccccccveveeerinnnns 110
4.6  Fischer-Tropsch Catalyst COmMPAariSON .........ccoiviiiiiiiiiee e, 113
5.1 Prices of Raw Materials, Products, Utilities, and Labor ...........ccccoviiiiiiiiiiiiiii e 117
5.2  Feedstock Properties and VAlUE ..........cooooiiiiiiiiiii e 119
5.3 Cost of Production Regional and Product CaSeS.........ccuuuiiieeeeiiiiiiiiiiiee e siinieeeee e e s snnnieeeees 122
5.4 Cold Gas Efficiencies and Product Yield...........cooiiiiiiiiiiiiiiiiicieee e 122
5.5 Overall Efficiencies and Yield of Bio-gasification Based Power Generation..............c..ccue... 123
5.6 Cost of Production Estimate for: Electricity Generation, U.S. Midwest (Wood Waste,

7107, TR 125
5.7 Cost of Production Estimate for: Energy Generation, U.S. Midwest (Corn Stover, 2014)...... 126
5.8 Cost of Production Estimate for: Energy Generation, U.S. Midwest (Switchgrass, 2014)..... 127
O Nexanr Biorenewable Insights 9
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification

June 2014 Report Contents

5.9 Cost of Production Estimate for: Energy Generation, Western Europe (Wood Waste,

20704 e E Rt E e 128
5.10 Cost of Production Estimate for: Energy Generation, Western Europe (Wheat Straw,

20704 e E Rt E e 129
5.11 Cost of Production Estimate for: Energy Generation, China (Corn Stover, 2014)................. 130
5.12 Cost of Production Estimate for: Energy Generation, Brazil (Sugarcane Trash, 2014)......... 131
5.13 Cost of Production Estimate for. Energy Generation, Plasma Gasification, U.S.

MIAWEST, (MSW, 2014) ...ttt ettt ettt et e e et e e s te e e e nbe e e nbe e e enbeeenneeas 132
5.14 Cost of Production Estimate for: Energy Generation, Plasma Gasification, Western

EUIOPE, (MSW, 2014) ...ttt ettt et et e e s 133
5.15 Cost of Production Estimate for: Energy Generation, Plasma Gasification, China (MSW,

2004 LR e bRt Rt na et b e b e enes 134
5.16 Cost of Production Estimate for: F-T Gasoline & Diesel, U.S. Midwest (Wood Waste,

2004 .ottt ettt ettt ettt nen e 137
5.17 Cost of Production Estimate for: F-T Gasoline & Diesel, U.S. Midwest (Corn Stover,

12 1 PO SRR 138
5.18 Cost of Production Estimate for: F-T Gasoline & Diesel, Western Europe (Wood Waste,

12 1 PSSR 139
5.19 Cost of Production Estimate for: F-T Gasoline & Diesel, Western Europe (Wheat Straw,

2004 LR e bRt Rt na et b e b e enes 140
5.20 Cost of Production Estimate for: F-T Gasoline & Diesel, China (Corn Stover, 2014)............ 141
5.21 Cost of Production Estimate for: F-T Gasoline & Diesel, Brazil (Sugarcane Trash, 2014).... 142
6.1 Operating Biomass Gasification Plants in NOrth AmMeriCa..........ccovvvviiiiiiiieiiiiiee e 144
6.2 Operating Biomass Gasification Plants in EUIOPe ... 145
6.3 Operating Biomass Gasification PIantS iN ASIA.........cooiiiiiiiiiiiiiiiee e 146
6.4  Announced Project LIStING.........cooiiiiiiii i 148
6.5 Bijie City Green Environmental Energy Facility Specifications ...........cccuvveiiiiiiiiiiiiee i, 151
6.6 Bijie City Green Environmental Capacity SCOrNG SUMMAIY ......ccccuvrveiiirieeiiiiieeiiiieeenieeeens 151
6.7  Air Products Teesside (1) Facility Specifications ... 152
6.8 Air Products Teesside (1) Facility Capacity SCOrng SUMMAIY.........cccorurreeiiireeeiiiieeennieeeens 152
6.9 Air Products Teesside (2) Facility SPecifiCations .........cc..uveiiiiiiiiiiiiiiiiieeee e 153
6.10 Air Products Teesside (2) Facility Capacity SCOrNg SUMMAIY.........cccururieeiiiirieeiiiieeesieeeeens 153
6.11 Birmingham Bio Power Facility SPecCifiCations ...........cccuuueiiiiiiiiiiiiiiee e 153
6.12 Birmingham Bio Power Ltd Capacity SCOMNNG SUMMAIY .........cceeiiiiiieiiiiieeiiiieeesiieeeseieeeens 154
6.13 GoBiGas Facility SPECIfICALIONS .......ueeiiiiieiiiiiiiie e e e e 154
6.14 GoBiGas Facility Capacity SCOMNG SUMMAIY .......c.uutiiiiiieieiiiiieeaiiieeessiee e esaneeeee s 154
6.15 Enerkem Alberta Biofuels Facility SpPecifiCations ..........c..ueeiiiiiiiiiiiiiiiiie e 155
6.16 Enerkem Alberta Biofuels Facility Capacity SCOring SUMMATIY.........cccorvveeeiiiieeeiiiieeeniieeeens 155
O Nexanr Biorenewable Insights 10
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification June 2014 Report Contents

6.17 Fulcrum Sierra Biofuels Facility SPecifiCations ...........cocceviiiiiiiiiiiic e 156
6.18 Fulcrum Sierra Biofuels Facility Capacity SCoring SUMMaAry ........cccccvvveeeeeiiiiiiiieeeeeesecsiinnenens 156
6.19 Enerkem Pontotoc Facility SPeCifiCatiOns ...........cocuviiiiiiiiiiiiiii e 156
6.20 Enerkem Pontotoc Biofuels Facility Capacity SCoring SUMMArY ........ccccceeveevvvireeeeessiiinnvnnnnns 157
6.21 Enerkem Varenes Cellulosic Ethanol Specifications ............cccoceviiiiiiiiiiiiciic e 157
6.22 Enerkem Varenes Cellulosic Ethanol Capacity Scoring SUMMary .........cccccecvvvveeeeessiinvvnnnnns 157
6.23 Newry Biomass Limited SPeCifiCatioNS .........cueviiiiiiiiiiiiiiieiiii e 158
6.24 Newry Biomass Limited Capacity SCOrNNG SUMMAIY .......uvvereeeeeiiiiiiiiieieeeesciinnereee e e s e snnnnneees 158
6.25 Low Carbon Technologies International Beaumont Project Specifications ..............cccoccvveee. 158
6.26 Low Carbon Technologies International Beaumont Project Capacity Scoring Summary...... 159
6.27 Low Carbon Technologies International luka Project Specifications .............ccccevviiveeiiinnnn, 159
6.28 Low Carbon Technologies International luka Project Capacity Scoring Summary................ 159
6.29 React Energy Project SPeCIfiCAtiONS .........oiiiiiiiiiiiiiiie et 160
6.30 React Energy Project Capacity SCOMNMNG SUMIMAIY......cccuutiiiiiiiieiiiiieeiiieee s e e snieeee s 160
6.31 Solena GreenSky Project Specifications...........ccoooviiiiiiii 161
6.32 Solena GreenSky Project Capacity SCOMNG SUMMEATY .....ccciiuuriieiiiireeiiiieeiiiiiee e ssineeens 161
6.33 Taylor Biomass Energy Project Specifications............ccoooeiiiiiii 161
6.34 Taylor Biomass Energy Project Capacity SCOrNG SUMMATY ......coccuvrieriirieeiiireeenniiieeesnineeens 162
6.35 Karlovo EOOD Biomass Project Specifications ... 162
6.36 Karlovo EOOD Biomass Project SCOrMNG SUMMAIY .........euiiiiiiiiaiiiiieeiiiieeesiieeessiiieeesnnieeees 162
6.37 Adjusted Project Capacity LiStiNg.......ccooiiiiiiiiiii e 163
7.1 Commercial Status of Various Gasification TeChnologies ..........ccccvviiiiiiiiiiiiiiiiiiiiee e 166
8.1 Key Global Granted Patents............ccoooiiiiiiii e 177
8.2  Key NOIrh AMEriCan PAtENTS .......ciiuuiiiiiiiiie ettt 181
8.3  List of All North American PAtentS ..........c..ooiiiiiiiiiiiiiieiii ettt 182
8.4  European Granted Pat@NlS.........couuuiiiiiiiiiiiiiiiie it 183
8.5  Key Asian Granted PatentS..........ccoooiiiiiiiiii 185
8.6  Chinese Granted PatENTS ..........oiiiiiiiiiiiiiii ittt 186
8.7  Japanese Granted PatenlS.........couiuiiiiiiiiiie ittt 187
8.8  KOrean Granted PaENTS...........uiiiiiiiiieiiiiii ettt et 189
8.9 Key Patent Applications GIODAIY .........ocuuiiiiiiiiiii e 190
8.10 North American Patent APPIICALIONS .......cooiiiiiiiiiii e 194
8.11 Key EUIOPEAN PAIENLS ......eiiiiiiiiiiiiitii ittt e et e e e e e e e s e 196
8.12 European Patent APPIICALIONS ..........ueiiiiiieiiiiite ettt e e e e e eas 197
8.13 Key Asian Patent APPIICALIONS ......cueeiiiiiiiiieiiiii ettt 201
O Nexanr Biorenewable Insights 11
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification June 2014 Report Contents

8.14 Chinese Patent APPHCALIONS .......oiiuiiiiiiiiiiie i 202
8.15 Japanese Patent APPlICALIONS .........uviiiiiiee it e e e e e e e e e e e e s e anranee s 203
8.16 Korean Patent APPIICALION ........eiiiiiiiii ettt 205
O Nexanr Biorenewable Insights 12
www.nexantthinking.com Biorenewable Insights — Biomass Gasification

A01392.0014.4001



Biorenewable Insights — Biomass Gasification June 2014 Report Contents

Biorenewable Insights
O Nexanr

www.NexantThinking.com

Biorenewable Insights builds on our well established Process
Evaluation/Research Planning (PERP) program and relies on Nexant's history,
methodology, and contacts within both the biorenewable and conventional
petrochemical industries.

Contact Details:

Steven Slome, Senior Consultant
Phone: +1-914-609-0379, e-mail: sslome@nexant.com

Marcus Nogueira Cesar, Vice President, Global Products, E&CA: Nexant Thinking
Phone: +1-914-609-0324, e-mail: mcesar@nexant.com

Heidi Junker Coleman, Global Programs Support Manager
Phone: + 1-914-609-0381, e-mail: hcoleman@nexant.com

Nexant, Inc. (www.nexant.com) is a leading management consultancy to the global energy, chemical, and related industries. For over 38 years,
ChemSystems has helped clients increase business value through assistance in all aspects of business strategy, including business intelligence, project
feasibility and implementation, operational improvement, portfolio planning, and growth through M&A activities. Nexant has its main offices in
San Francisco (California), White Plains (New York), and London (UK), and satellite offices worldwide.

Copyright © by Nexant Inc. 2014. All Rights Reserved.

O Nexanr Biorenewable Insights 13

www.nexantthinking.com Biorenewable Insights — Biomass Gasification
A01392.0014.4001


mailto:hcoleman@nexant.com

