Ethanol December 2020 Report Contents
TECHNOLOGY & COSTS
Biorenewable Insights
Ethanol
Table of Contents
A Report by NexantECA, Inc.
Published Date: December 2020
www.nexanteca.com/subscriptions-and-reports
Contents
1 EXECULIVE SUIMIMAIY ...eeiiiiiiiiiie ettt ettt ekttt e skt e skt e e s bbbt e e e sttt e e enbb e e e e e e s 1
1.1 (@ Y= 1= PRSPPIt 1
1.2 Next Generation Ethanol ... 2
1.3 ECONOMICS .. 4
1.4 (O o= ol | Y AN F= 1Y £SO PPPPPPPNt 5
15 Implications for Conventional TECHNOIOQY ........covieiiiiiiiiiiiiieee e 6
1.5.1 Strategic IMPlICAtiONS ......ccooeiei i 6
1.5.2  PriceS @nd MarginS.......ccouueeiiieee et e e e e eteeee e e e e s s st e e eee e e e e snnaaeeeeeeeeeannnneeneees 7
2 INEFOAUCTION ... 8
2.1 (@ Y= V1= PSP PPORPPPPRPPNt 8
2.1.1 Drivers for the Commercialization of Next Generation Ethanol ...............cccceevvvenee. 9
2.2 Background to Ethanol ProdUCTION...........cuueiiiiiiiiei it 11
N R o o 11 I =1 1 = T o o P SPOPPUPPPPNt 11
2.2.2  Fermentative BIOBNANOI ..........oovviiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee v aaaaeaes 12
2.2.3  Bio-refining and CellulOSIC SUQAIS .........coviiiiiiiiieiiiiieieeeeeieeeeeeeveseaeseesseseseseresssenennnes 16
2.2.4  Non-Fermentative Bioethanol Production ................ceevviiiviiieiiiiiiieiiviiiievevevevevevennnns 20
3 TECHNOIOQY ... 21
3.1 First-Generation Ethanol ... 21
G 701 N o ] 1 [PPSR 21
3.L1.2  SUGAICANE .ottt ettt ettt et e ettt e e e ettt e e e et e e e e a e 36
3.1.3  MINOT FEEUSIOCKS ...vuvutiriiitiiiiiiiiiiiii s 40
3.1.4 Sustainability Developments in First-Generation Ethanol Production ................... 40
3.2 Bolt-On Technologies or 1.5 Generation TeChNOIOgIeS .........coovvieiiiiiiiiiiiiee e 41
B2 1 ICM e e e e e e e e e e e e e e aaaaa 41
B.2.2  DBMAX et e e e e e — e e e e e e e ——aaaeeaaanaa 42
I T2 B =To [ o [ R PT R PPPPPPPRPT 44
3.3 Next Generation Ethanol ... 44
3.3.1  Hydrolysis and FErMENTAtiON .........cciiiiurriiriiee e iiiiiieie e e e e s s e e e e s snrrree e e e e e e eennes 44
3.3.2  SYNQas FEIrMENTALION .....ccoi ittt e e e e e e e e e e e enees 65
O NexantECA TECHNOLOGY & COSTS 1
Ethanol

101392.2020.007



Ethanol December 2020 Report Contents
3.3.3 Gasification and Syngas RefOrMINg ........ccuvveiiiiiiiiiiiie e 73
4 Lot o] L] 101023 PP PPPRURTN 79
4.1 Y111 g oo (o] o o Y2 SRR 79
4.1.1  Capital COSt EIEMENIS. ...ttt 79
4.1.2  Operating CoSt EIBMENTS .......ccuviiiiiie e e e e 82
4.2 Feedstock SUPPIY aNd LOGISTICS ......iuuuiiiiiiiiie ettt 86
4.2.1  Fermentation FEEASIOCKS.......coiiuiiiiiiiiiee e 86
4.2.2  HydrolySisS FEEUSIOCK .....eviiiiiiiiiiiii e ettt e e e e s ea e e e e 86
4.2.3 Syngas Fermentation FEEASIOCK ..........coiiiiiiiiiiiiiiiiiic e 86
4.3 Comparative ECONOIMICS ......uiiiiiiiiiiiiiiiiiiiieieeeeeeeeee ettt eeee e eeaaaesaaeseaesesesesssesssssssesssssssnsnnnnnnes 87
4.3.1  ComparisSOn DY REGION ........oiiiiiiiiii e 87
4.3.2  COMPAriSON DY PrOCESS ... 91
4.4 Y= RS LAV A AN =11 PP PPPPPPPNt 96
4.4.1  Primary FeedstoCK SENSItIVILY .......cooiiiiiiiiiiiic e 96
442  CAPEX SENSILIVITY tooiiitiiieiiiiie ettt ettt et e e e anbae e e e anbne e e e enees 97
4.4.3 Economy of Scale SENSITIVILY ......uueiiiieiiiiiiiiiice e 97
5 CAPACIEY ANAIYSIS ...ttt 98
5.1 OVBIVIBW....c ettt ettt oo oottt e oo 4o ek bbbt ettt e e a4 e e s b bbbt e e e e e e e e e nnbbeeeeeeeeanannne 98
5.2 EXIStING CapaCity ..ccceeeeeeeeee e 98
5.2.1 Existing First-Generation Ethanol Capacity ............ccceveiiiiieeiiiiiie e 98
5.2.2 Existing Second-Generation Ethanol Capacity ..............cevevvveveeveirieieiiiiiiiiievinennnns 105
5.3 Project Capacity ANAIYSIS .......cocuuiiiiiiiiiie ittt 108
5.3.1 Methodology for Evaluating Announced Projects ............cuevveevevvveeeeeeeeeneiiverinennnns 108
5.3.2  Announced Ethanol Capacity ..........cccueeiiuiiieiiiiiieiiiiie et 111
54 (@] o (11T 1O PPEER 120
6 Implications on Conventional TECNOIOGY ......c.ouuiiiiiiii e 122
6.1 StrategiC IMPICALIONS ......iiviiiiiiiiiiieieee ettt sese e aeaesaassasssssesesssnnnnnne 122
6.1.1  Market IMPlICALIONS .....coueiiieiiiiii ettt 122
6.1.2  Technical IMPICALIONS .......oeviiiiiiiiiiiieiiieeee ettt aaaeaesesesesanenes 124
6.2 Prices and Margins.........cooo oo 125
G022 R = 1 o7 ORI 125
2 V= o 1 TR PPOTPPPRPPPR 126
Appendices
A =] (=TT o = PRSP 128
O NexantECA TECHNOLOGY & COSTS 2
Ethanol

101392.2020.007



Ethanol

December 2020 Report Contents

Figures

Figure 1 Ethanol Value Chain ..........cooiiiiiiiiiee ettt s e e e e e s e e e e e e s e antaeeeeaee s 2
Figure 2 Ethanol Regional Cost Competitiveness EStIMALES .........ccuvieiiiiiieiiiiiie e 4
Figure 3 Global Second-Generation Ethanol Capacity, 2019..........cccceveeeeiiiiiiiieiiee e 5
Figure 4 Global Ethanol Demand by APPHCALION ..........coiiiiiiiiiiie e 6
Figure 5 Ethanol Value Chain ..........coooiiiiiiiiiicc et e e e e e e e e e e e e e s s nnraeenaaee s 8
Figure 6 Ribbon Representation of Cellulase ENZYME ........c.ociiiiiiiiiiiiiieece e 18
Figure 7 Global Corn Production, 2019 ........cooiiiiiiiiiiiie ittt 21
Figure 8 Wet Milling versus Dry Milling ProCess FIOW .......cccoooiioiiiiiiieeeeceeeeeeeeeeeees e 22
Figure 9 Corn Milling @nd HYAFOIYSIS .....coiuviiieiiiiiee ittt 24
Figure 10 SACCRANTICALION ......uuiiiiiiii s 25
FIQUIE 11 FeIMENTALION. .....eeiiei ittt e et e e s e e et e e e ba e e e annes 26
Figure 12 Ethanol BEET Stll .........ooiiiiiieiiiiie e e 27
Figure 13  Ethanol Rectifier and Dehydration............ ... s 28
FIQUIE 14 DDGS DIYING c.iteiieiiitiie ettt ettt ettt e et e s b et e e e it e e e e abe e e et e e e e anba e e e aanes 29
Figure 15  Flow Diagram of Cane Milling Process for Ethanol and Sugar Production.............cccceeennnn. 38
Figure 16  Block Flow Diagram of Ethanol Production from Sugarcane ...........cccccooviieeiniiiee e, 39
Figure 17  ICM Technologies Process FIOW DIiagram .........cccccooooiiiieiiiiiiiiiiseeeis e 42
Figure 18  D3MAX TECHNOIOQY . .uuuuiiiiiiiiiii s 43
Figure 19 Beta Renewables PROESA TEChNOIOQY .....ccoiiiiiiiiiiiiieiiiie et 45
Figure 20  Inbicon’s IBUS Process for Biomass to Ethanol...........ccccooioiiiiiiiiiiiiiicicceececeeecececee e 49
Figure 21 logen’s Cellulose Ethanol PrOoCESS .......ccoiiiiiiiiiiiieiiiie et 51
Figure 22 SUNLIQUID® Process Of Clariant..........ccocuuiiiiiiiiii ettt 53
Figure 23 Chempolis’ FOrmMiCOBIO™ PrOCESS .......cciuiiiiiieiiiieiie ettt see e ee e e eneeeaneee e 56
Figure 24  DuPont Cellulosic Ethanol ProCesS FIOW .........c..oiiiiiiiioiiiiieeice e 59
Figure 25 LanzaTech BIOCK FIOW DIaQIram..........uuuuuuuiiiiiiii s 66
Figure 26 LanzaTech REACIOI SYSIEIM ......viiiiiiiiie ettt 68
Figure 27  ENErkem TECHNOIOQY ......uu i s 74
Figure 28  CPR™ TECHNOIOGY ... .eeieiiitiieeiiitiie ettt ettt e et e et e e e 77
Figure 29  United States Comparative ECONOMICS .......ccciiiiiiiiiiiieei ittt 87
Figure 30  China Comparative ECONOIMICS ........uuiiiiieaiiiiiiiiie e e ettt e e et e e e e e e st e e e e e e e e ennneeneeas 88
Figure 31  Brazil Comparative ECONOMICS........iuiiiiiiiiiee ittt 89
Figure 32  Comparative ECONOMICS DY REGION ....coiiiiiiiiiiiiiiiie et 90
Figure 33  Conventional Ethanol Comparative ECONOMICS .........uvieiiiiiieiiiiiee e 91
Figure 34  Versalis’ PROESA Technology Comparative ECONOMICS .........occviviiiiiiiiiiiiiiieeee e, 93
Figure 35 LanzaTech Syngas Fermentation Comparative ECONOMICS ........c..uveeiieeniiiiiiiiiiieeee e, 94
Figure 36 Overall Comparative ECONOMICS DY PIOCESS ......cooiiiiiieiiiiie et 95
Figure 37  United States Primary FeedsStoCK SENSItIVILY ..........cooiiiiiiiiiiiiiice e 96
Figure 38  United States CAPEX SENSILIVILY .......uuiiiiiiiieeiiiiie et 97
Figure 39  United States Economy of Scale SENSItIVILY .........ccoiiiiiiiiiiiiei e 97
Figure 40  United States Ethanol Capacity by FEEASIOCK ........cccoviuiiiiiiiee e 98
Figure 41  Global Ethanol Production BY REQION..........icuviiiiiie et e e 99

O NexantECA TECHNOLOGY & COSTS 3
Ethanol

101392.2020.007



Ethanol

December 2020 Report Contents

Figure 42  Global Second Generation Ethanol Capacity, 2019.........ccccveveeeiiiiiiiiie e 105

Figure 43  Risk Adjustment MethodOlOgY .......ccuviiiiiieei i e e e rr e e e e e s aanaes 111

Figure 44  Global Ethanol Demand by APPLICALION .........coiiuiiiiiiiiiei e 123

Figure 45  Ethanol Cost of Production Summary versus Market PriCe ..........ccccvvvveveeiiiiiiiiiinecc e, 127

O NexantECA TECHNOLOGY & COSTS 4
Ethanol

101392.2020.007



Ethanol

December 2020 Report Contents

Tables

Table 1 Next Generation Ethanol DEVEIOPEIS .......cuuiiiiiie ittt e e e e ar e e e 3
Table 2 Y g aTo 18T Te=To I =1 s F= Ty o] PRSPPI 5
Table 3 Versalis Recent Key Patent ACHIVILY ......ccvviiiriiee it s et n e e e e snavaan e e e e 46
Table 4 Inbicon Recent Key Patent ACHVITY........ocuriiiiiiiiieiiiie et 49
Table 5 logen Recent Key Patent ACHVILY ........ccccuuiiiieie e iciiieiee et e e e st n e e e e e snnraneeeae e 52
Table 6 Clariant Recent Key Patent ACHIVILY .........coiouuiiiiiiiiieiiiiiee ettt 55
Table 7 DuPont Recent Key Patent ACLVILY .........ccuuiiiiiiiiieiiiiie ettt 59
Table 8 Dedini Recent Key Patent ACHVILY ........cooveiiiii i 61
Table 9 POET-DSM Key Patent ACHVILY .........uviieiirieieiiiii ettt 63
Table 10 Praj Industries Key Patent ACHVILY.........coooiriiiiiii 64
Table 11 LanzaTech Key Patent ACHVILY ........ouuiiiiiiiieeiiti ettt 70
Table 12 Jupeng Bi0 Patent ACHIVILY .........coiuuiiiiiiiiiie ittt 73
Table 13 Enerkem Key Patent ACHVILY ......coooeiiiiii 76
Table 14  Woodlands Biofuels Key Patent ACHVILY ...........uiiiiiiiiiiiiiieiiiie e 78
Table 15 United States Comparative ECONOMICS ........cooooiiiiiiiiii 87
Table 16 China Comparative ECONOIMICS .......uuuiiiiieeiiiiieiiee e et e e e e s e e e e e e e st e e e e e e e e snneeeees 88
Table 17 Brazil Comparative ECONOMICS.........ccooiiiiii i 89
Table 18 Conventional Ethanol Comparative ECONOMICS .........uvvviieeiiieiiiiieieieieeeseeereseeesesesesesererenennnn. 92
Table 19  Versalis’s PROESA Technology Comparative ECONOMICS ..........coouviieiiiiiiiiiiiiieiiiiiee i 93
Table 20 LanzaTech Syngas Fermentation Comparative ECONOMICS ..........cccoooviiiiiiiiiiiii 94
Table 21  North American First-Generation Ethanol Capacity, 2020 EStimate ............cccccvvivieiiinnnen. 99
Table 22 Canada First-Generation Ethanol Capacity, 2020, EStimate ..............evvevveveveeeeeeeeeriierenennnns 105
Table 23 Existing Global Cellulosic Ethanol Capacity, United States ...........cccccovviiieiiiiieeeiiiiieeen, 106
Table 24 Existing Global Cellulosic Ethanol Capacity, Canada ............ccccoovriiieiiiiieeeiiiiie e 107
Table 25 Existing Global Cellulosic Ethanol Capacity, South America ...........ccccccoeeiiiiii, 107
Table 26 Existing Global Cellulosic Ethanol Capacity, EUIOPE .........coccuiiiiiiiiiiiiiieeieeee e 107
Table 27 Existing Global Cellulosic Ethanol Capacity, Asia Pacific..........ccccccc 108
Table 28  Project SCoring MethOAOIOGY ........uuuiiiiiiiiieiiit et 108
Table 29  Aemetis Plant EVAIUALION.............oiiiiiiiiiiiiie e e e e e e e r e e e e e s e nneaeeeeeeeeas 112
Table 30  Alliance Bio Products Plant EVAlUALION ............cooiiiiiiiiiiaiiiiieiecee e 112
Table 31  California Ethanol and Power Plant EValUation .............ccooiiiiiiiiirieeeesisiiiiinee e e e seiniieeneee e 113
Table 32 IGPC Ethanol Plant EVAIUALION.........c.oiiiiiiiiiee et 113
Table 33 New Energy Spirit Biomass Refinery LLC Plant Evaluation............cccccceeviiiiiivieeeee i, 114
Table 34 POET LLC Plant EVAlUBLION ........uiteiiieieeiiieeet ettt e et e e e e e enneaeneeas 115
Table 35 Red Rock Biorefinery Plant EVAlUALION ............oooiiiiiiiiiiiicie e 115
Table 36 Anhui Guozhen Group Plant EVAIUALION ...........oioiiiiiie e 116
Table 37 SDIC Plant EVAIUALION ........eeiiiiiiieee ettt e e e e e e e e e e e anees 116
Table 38  COFCO Plant EVAIUALION...........uuiiieeeieiiiiiiiie e e e e s sseiee et e e e s e s ee e e e e e s s sssntaeeaeeeeessensssneeeeeeeens 117
Table 39  China Beidahuang Industry Group Plant EValuation .............cc.eeeeiieiiiiiiiiiiiiceee e 117
Table 40 Praj Industries Plant EVAIUALION. ..........ccoiiiiiiiiiiecc e e e e e eiare e e e e e nnnnanneees 118
Table 41 [ = VA 41T o 1 SRR 118

O NexantECA TECHNOLOGY & COSTS 5
Ethanol

101392.2020.007



Ethanol December 2020 Report Contents
Table 42 NRL Plant EVAIUBLION ......cveiieiiiiiee ittt e et e e e st e e e s nbbe e e e anbaeeeessnneeeeanes 119
Table 43 Indian Oil Corporation Plant EVAlUALION ..........ccooiiiiiiriiee i e s e e sanreen e e e 119
Table 44 Clariant Podari Plant EVAlUALION .............iiiiiiiiiiiiiiiiieieieieieeeeeeeeeeeeeeeeeeeeeeeveesvesesesesasesesssesenenes 120
Table 45  Announced Ethanol CaAPaACItY .......uieeciiiiiiiiieiie e s s s e s er e e e e e s s ennraaeeeaee e 120
Table 46 Adjusted Ethanol CAPACILY ........ccoiiriiiiiiiiieiiie et 121
Table 47  TYPES OF RINS 1ottt e e e e st e e e e e s e st e e e e e e s s s ante e e e e e eeessnnnraneneaeanas 126
O NexantECA TECHNOLOGY & COSTS 6
Ethanol

101392.2020.007



Ethanol December 2020 Report Contents

O NexanteCA

TECHNOLOGY & COSTS

Biorenewable Insights

The NexantECA Subscriptions’ Biorenewable Insights program is recognized
globally as the industry standard source for information relevant to the chemical
process and refining industries. Biorenewable Insights reports are available as a
subscription program or on a single report basis.

Contact Details:

Americas:
Marcos Nogueira Cesar, Vice President, Global Products, E&CA: NexantECA Subscriptions
Phone: + 1-914-609-0324, e-mail: mcesar@nexantECA.com

Erica Hill, Client Services Coordinator, E&CA-Products
Phone: + 1-914-609-0386, e-mail: ehill@nexantECA.com

EMEA:
Anna Ibbotson, Director, NexantECA Subscriptions
Phone: +44-207-950-1528, aibbotson@nexantECA.com

Asia:
Chommanad Thammanayakatip, Managing Consultant, Energy & Chemicals Advisory
Phone: +66-2793-4606, email: chommanadt@nexantECA.com

NexantECA (www.nexantECA.com) is a leading management consultancy to the global energy, chemical, and related industries. For over
38 years, NexantECA 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. NexantECA has its main offices in White Plains (New York), and London (UK), and satellite offices worldwide.

Copyright © by NexantECA 2020. All Rights Reserved.

O NexantECA TECHNOLOGY & COSTS 7
Ethanol
101392.2020.007



