CHEMSYSTEMS rerp procRAM

Ethanol

PERP 08/09-6

March 2010

O Nexant

www.chemsystems.com

44 South Broadway, White Plains, New York 10601, USA
Tel: +1914609 0300 Fax: +1 914 609 0399

This Report was prepared by Nexant, Inc (“Nexant”) and is part of the ChemSystems Online” suite. Except where specifically stated otherwise
in this Report, the information contained herein is prepared on the basis of information that is publicly available, and contains no confidential
third party technical information to the best knowledge of Nexant. Aforesaid information has not been independently verified or otherwise
examined to determine its accuracy, completeness, or financial feasibility. Neither NEXANT, Subscriber nor any person acting on behalf of
either assumes any liabilities with respect to the use of or for damages resulting from the use of any information contained in this Report. Nexant
does not represent or warrant that any assumed conditions will come to pass.

The Report is submitted on the understanding that the Subscriber will maintain the contents confidential except for the Subscriber’s internal use.
The Report should not be reproduced, distributed or used without first obtaining prior written consent by Nexant. Each Subscriber agrees to use
reasonable effort to protect the confidential nature of the Report.

Copyright® by Nexant Inc. 2010. All rights reserved.



Contents

Section Page
1 SUMIMBIY ...ttt ettt e e e et e e e atee e e b e e e taeeetseeesbaeessseessaseesnsseesaseeenaseeas 1
1.1 INTRODUCTION ..ottt sttt se e 1
1.2 COMMERCIAL TECHNOLOGY ....ooiiiriiiiiniiiiinienieeieeienieeee st 2
1.3 INDUSTRIAL FERMENTATION PROCESSES .......cccooiiiiiiieeeiee 4
1.3.1 Fermentation Of COIM........cceeviiriiniiiiinieiieieneeseeeeeeee e 4
1.3.2 Fermentation of SUZar Crops .......cccceeecveeerieeenieeeiieeeiieeeeeeeesveeeevens 5
1.3.3 Fermentation of Lignocellulosic Biomass ............ccccoveeviiienenncnnene 5
1.4  RECENT TRENDS AND DEVELOPMENTS .....ccooiieiieieieeceeee e 7
1.5 COMPARATIVE ECONOMICS .......oooiiiiiiiniiiienieieeeeeeee e 9
1.6  OVERVIEW OF GLOBAL ETHANOL SUPPLY AND DEMAND............ 12
2 INTFOTUCTION........uiiiiiiiic et 14
3 Commercial TEChNOIOQY .......ccooieiuiiiieiieeeeceee e 15
3.1 INTRODUCTION ..ottt sttt sttt s 15
3.2  INDUSTRIAL FERMENTATION PROCESSES .......ccceooiiiriieieeeeene 17
3.2.1 Fermentation Of COIM.......cccceviiriiiiiiiiinieieniesteeeee e 17
3.2.2 Fermentation of SUZAr CroPS .....cccceeervreerieeeiieeeiieeeieeesreeesveeesneens 34
3.2.3 Other Starch/Sugar Feeds to Ethanol.............cccccooiiiiiiniiiiieniene 38
3.2.4 Fermentation of Lignocellulosic Biomass ...........cccceeevvveveieencreeennnnn. 39
4 Recent Trends and DeveloOpmeNts ..........cc.ooovieiieoiiciieeeeeeeeeeee e 50
4.1 INTRODUCTION ..ottt ettt e se e 50
4.2  IMPROVEMENTS IN BIOCHEMICAL CONVERSION
TECHNOLOGIES ...ttt 50
4.2.1 Technology Advances for Corn Fermentation.............cccceecvereenuennnee 50
4.2.2 Technology Advances for Lignocellulosic Biomass ......................... 51
4.3  GASIFICATION OF BIOMASS TO SYNGAS TO ETHANOL ................. 54
4.3.1 RaNGE FUCIS....ccoiiieiieeeeeeeeeeee e 55
4.3.2  COSKALA....eeeiiiieciie ettt e ens 55
4.3.3 Pearson Technologies, INC. ........ccceevuieriieniieniiiieeieeee e 56
4.3.4 BP Patent — Conversion of Hydrocarbons to Ethanol........................ 56
44  ALGAE TO ETHANOL.....coootiiieiieieeeeeee ettt 58
7 Nexanr R 6096, Etanel

Q110_00101.0009.4106



Contents

5 ECONOMIC ASSESSIMENT ...ttt et e e eaeeeeaes 59
5.1 METHODOLOGY ...oootieieeiieeeteeeee ettt ettt esae e sse e snaens 59
52 FEEDSTOCK AND UTILITY PRICING.......c.cccovemiieiieieeiieiieereeieeeieens 60
5.3  PROCESS ECONOMICS FOR CORN DRY MILLING TO FUEL

GRADE ETHANOL .....ooitiiiieeieeeeett ettt et seae e esena e 61
5.3.1 Process ECONOMICS........ccccueiiiiieiiiieiiie ettt 61
5.3.2  Effects of Capacity.....cceeciieeiiiieiiieciie ettt s 61
5.3.3 Effects of Total Capital Investment ..........c..cccceeveriinenninicneencnnene. 63
5.3.4 Effects of Feedstock Price ........cccoovveeviieniieiiiiiieieecieeeeeeee e 64
54  PROCESS ECONOMICS FOR SUGARCANE FERMENTATION TO
FUEL GRADE ETHANOL ...ttt 65
5.4.1 Process ECONOMICS........ccccueiiiiiieiiiiieciie ettt 65
5.4.2  Effects of Capacity.....ccceeeiieeiiiieiiieeiieeeiie et 67
5.4.3 Effects of Total Capital Investment ..........c..cccceevueriinenninicneencnnene 68
5.4.4 Effects of FeedsStock Price ........cccoevvveviieniieiiiiieciiceeeeeee e 69
5.5 PROCESS ECONOMICS FOR WHEAT FERMENTATION TO FUEL
GRADE ETHANOL .....oooiiitiieiieeeete ettt et saaesaeesena e 70
5.5.1 Process ECONOMICS........ccccuiiiiiiiiiiiiieiiie ettt 70
5.5.2  Effects of Capacity.......ccecieriieiiienieeiierieeie ettt 70
5.5.3 Effects of Total Capital Investment ..........c..ccoeeveriinenninicneencnnne. 72
5.5.4 Effects of Feedstock Price ........cccoevveeiiieniieiieiieieecieeeeeeee e 73
5.6  PROCESS ECONOMICS FOR SWITCHGRASS FERMENTATION TO
FUEL GRADE ETHANOL ...ttt 75
5.6.1 Process ECONOMICS........ccccueiiiiiiiiiiiieiiieeciee ettt 75
5.6.2  Effects of Capacity.......cccecieriieiiieiieeiieniieeieeree et eve e 75
5.6.3 Effects of Total Capital Investment ..........c..cccceeveniinenninicneencnnene 77
5.6.4 Effects of Feedstock Price ........cccoovvveiiieviieiiiiiiciieeeeeeeee e 78
5.7  PROCESS ECONOMICS FOR BIOMASS GASIFICATION TO
ETHANOL/MIXED ALCOHOL ......cooviiiiiiiiieiieieeieeee e 79
5.7.1 Process ECONOMICS........ccccueiiiiiiiiiiieiiie ettt 79
5.7.2  Effects of Capacity......cccccierieeiiieiieeiienieeieesiie e eve e 81
5.7.3 Effects of Total Capital Investment ..........c..cccceeveriinenninicneencnnne. 81
5.7.4 Effects of Feedstock Price .........ccoooveeiieiiiiiiiiiiiiiieeeicceee 82
© Nexanr Y Eranol- PERP 081096 '

Q110_00101.0009.4106



Contents

5.8 COMPARATIVE ECONOMICS .....cooiiiiiiiieieniieteeeeeee e 84

6 Commercial ASSESSIMENT........coeiiuiieiietirieieieet ettt sttt se e 87

6.1 OVERVIEW OF GLOBAL ETHANOL SUPPLY AND DEMAND............ 87

6.2 UNITED STATES ..ottt ettt e e e e e s eeaaae e e e 89

6.2.1 United States Ethanol Market............ccccooeivininiininiieeseeee 89

6.3 EUROPEAN UNION ..ottt vee e e e ava e e eeaea e e e 99

6.3.1 European Ethanol Market ............cccccoeviiiiieniiniiiiicecceceeeeee 99

0.4 BRAZIL ..ottt 102

6.4.1 Brazilian Ethanol Market............ccccoeveviiiinienieiieieeeeesceieee 102

6.5 INDIA oottt e e e s e e e e e e e entbeeeeenbaaeeeennaaeaeannns 105

6.5.1 Indian Ethanol Market ............cccceeiiriiniiiinienieeeeeeeeeseee e 105

6.6 CHINA ...ttt ettt et ettt e et esteeste e st e seesbeesaenseenseeneenns 107

6.6.1 Chinese Ethanol Market...........ccccooiiiiniiiiiienieiecececeeeee 107

0.7 JAPAN .ottt nae et enee e 109

6.7.1 Japanese Ethanol Market ...........cccooeeeviiiiiieiieniicieceeeeeeeee e 109

6.8 ETHANOL MARKET OUTLOOK .....ccoitiiiieiiie ettt 111

6.9 REMARKS ON FUEL ETHANOL VALUE CHAIN .....cccccceoeviirieienne. 114

6.9.1 Ethanol Industry Structure ..........cccceeovevievieniienieiiniceeceecseeeene 114

0.9.2  LOZISTICS .eeetiieeiiieeiieeeiieeeieeesieeeste e e sitee ettt eeaaeeeateestaeesnseeesnbeeennseeas 114

6.9.3 Ethanol Fuel Blending-Credit TaX.........ccoceevverieninvienienenicnienieene 114

6.9.4 Plant Ownership — Ethanol Distribution.............cccceeevierieeciiennennnan. 115

6.9.5 Flex Fuel VEhiCles .....cceeevviieiiiiieiiiecee e 115

6.9.6  Food Versus Fuel.........oocoiiiiiiiiiiiiieceeeeeeee e 115

6.9.7  Ethanol DerivatiVes.........cccviiiiieiiiieeiiee ettt 116

7 General List of REFEIrENCES .......c.coeviiiiiiiieiee e 117

Appendix Page

A Elements of Nexant's ChemSystems Capital Cost Estimates...........c...ccceveuvennenne. A-1

B PERP Program Title INAEX ........ccooioiiiiiieiieceeeeeeeeeeee e B-1

O Nexanr CHEMSYSTEMS PERP PROGRAM i
i Chemystems com Ethanol - PERP 08/09-6

Q110_00101.0009.4106



Contents

Figure Page
1.1 Fermentation Processes for Ethanol Production............ccccooiiiiiiiniiniiieee, 3
1.2 Wet Milling Versus Dry Milling..........ccccoeiiiiiiiniieiieeeiee e
1.3 Block Flow Diagram of Ethanol Production from Sugarcane...........c.cccoccevuerrenennee. 6
1.4 Comparison of Capital Investment of Ethanol Processes...........cccccuvevevieecieencneeennee. 10
1.5 Comparison of Cost of Production of Ethanol Processes.......c..cccccecevvevervenecnnenne. 10
1.6  Ethanol as Percent of Gasoline ..........cccoveiviiriiniiiiiiienieecieeeeee e 13
3.1 Ethylene-Based Processes for Ethanol Production............cccceeevieviiieeiieeciieeeeeeee, 15
3.2 Fermentation Processes for Ethanol Production............cccccooiiiiiiiiiiniiiniiiceeee, 16
3.3 Wet Milling versus Dry Milling ..........cccceeviiiiiiiiiiiiieiieeieee e 17
3.4 Corn Receiving Storage and Milling Whole Kernel Milling............cccccveeeeveennnnnnne. 19
3.5 Milling and Hydrolysis Whole Kernel Milling............cccocooiioiiiiiiniiinieniiiieeieeee, 20
3.6 Saccharification Whole Kernel Milling............cccccoeviiiiiiiniiniiienieeiieieeeee e 21
3.7 Fermentation Whole Kernel Milling...........ccccoovuiieiiiieiiiieiieeeeeeeeeee e 22
3.8 Beer Still Dry Corn Milling .......ccccooiiiiiiiiniiiiieeietceece et 23
3.9 Rectifier and Dehydration Corn Dry Milling..........cccooceeiiiieniiniiienieeieieeeee e 24
3.10 DDGS Drying Whole Kernel Milling.........c.cccooveeiiiieriiieiiieeiee e 25
3.11 Ethanol Pasteurization and Vent Recovery Whole Kernel Milling.............c.cce...... 26
3.12 Block Flow Diagram of Ethanol Production from Sugarcane..........c..ccoceeverienennnene 37
3.13 Material Balance of Ethanol Production from Sugarcane and Bagasse .................... 38
3.14 Conceptual Structure of Cellulose in Plants ...........cccceoervieniiiiniiniininicnciecienene 40
3.15 NREL Lignocellulosic Biomass to Ethanol Process..........cc.ccoceeveriineniienienicnienens 45
4.1  Process FIOW DiIagram ........ccccueeiiiiiiiiieiiiieciie ettt see e evee e saeeeevee e 57
5.1 Effects of Capacity on Ethanol Cost of Production via Corn Dry Milling................ 63
5.2 Effects of Total Capital Investment on Ethanol Cost of Production

Via COrn DIy MILIING ...vveiiiiiiiie et et e e e e e s 64
5.3 Effects of Corn Price on Ethanol Cost of Production via Corn Dry Milling............. 65

5.4 Effects of Capacity on Fuel Ethanol Cost of Production via Sugarcane
Fermentation ..........cocuooiiiiiiiie et 67

5.5 Effects of Total Capital Investment on Fuel Ethanol Cost of Production via

Sugarcane Fermentation..........coouieiiiieiiiieeriieeceee et eee et eeiee e e e e eaaeesraeeenseee e 68
5.6  Effects of Sugarcane Price on Fuel Ethanol Cost of Production via Sugarcane

Fermentation ..........coc.ooiiiiiiiiiie e e 69
O Nexanr CHEMSYSTEMS PERP PROGRAM v
A Chemsystems.co Ethanol - PERP 08/09-6

Q110_00101.0009.4106



Contents

5.7 Effects of Capacity on Fuel Ethanol Cost of Production via Wheat Fermentation .. 72
5.8 Effects of Total Capital Investment on Fuel Ethanol Cost of Production via

Wheat Fermentation............cooeeiiiiiiiiiiiiece e 73
5.9 Effects of Corn Stover Price on Fuel Ethanol Cost of Production via Wheat

Fermentation ..........coc.ooiiiiiiiie e e 74
5.10 Effects of Capacity on Fuel Ethanol Cost of Production via Switchgrass

Fermentation .......cocueiieriiiiiiieieeieee ettt a e st 77
5.11 Effects of Total Capital Investment of Fuel Ethanol Cost of Production via

Switchgrass Fermentation...........c.cccoeeiiriineriiinieneiceeieeeseeeee e 78
5.12 Effects of Switchgrass Price on Fuel Ethanol Cost of Production via Switchgrass

Fermentation ..........coc.ooiiiiiiiiie ettt 78
5.13 Effects of Capacity on Fuel Ethanol Cost of Production via Biomass Gasification.. 81
5.14 Effects of Total Capital Investment on Fuel Ethanol Cost of Production via

Biomass GaSifICatiON ......cc.eeiiiiiiieiieiie ettt ettt et et saee b 82
5.15 Effects of Switchgrass Price on Fuel Ethanol Cost of Production via Gasification. 83
5.16 Comparison of Capital Investment of Ethanol Processes...........ccccceeveiieriieencnneenne. 85
5.17 Comparison of Cost of Production of Ethanol Processes.........c.ccocvevervenicnecncnnns 85
6.1 Ethanol as Percent of Gasoline ...........cccoeevuirienieninieniiieeieneeee e 88
6.2 United States Historical Ethanol Demand .............cccccoooiiiiiniiiiinicece, 89
6.3 United States Ethanol Plant Locations...........ccccovuieiieiiiinienieeeceeeeeeeee e 90
6.4 United States Historic Ethanol SUpply .......cccccceeiieiiiiiiiiiecieeeeeeeeee e 98
6.5 European Historical Ethanol Demand .............cccoeeiiiiiiiiiiiiiieeeeeeeee e 99
6.6 European Historical Ethanol Supply........ccccceceriiiiniiiiiiiccecccecce 101
6.7 Brazil Historical Ethanol Demand............ccccooiiiiniiiiiiiniicceeeeeee 102
6.8  Brazil Ethanol SUPPLY ......coooiiioiieceeee et e 104
6.9 India Historical Ethanol Demand.............ccccooiiiiiiiiiiiiiiee e, 105
6.10 India Historical Ethanol Supply.........ccccccieiiiiiiiiiiiieieeeeee e 106
6.11 China Historical Ethanol Demand ...........cccccoooiiiiiiiiiiiiiieceeeeen 107
6.12 China Historical Ethanol Supply ......ccccooieriiiiniiniiicccccceece e 108
6.13 Japan Historical Ethanol Demand............cccccoooiiiiieiiiiniiiiieieceee e 110
6.14 Japan Historical Ethanol Supply.......ccccieoiiiieiiiiceceeeeee e 111
6.15 Ethanol ConSUMPLION. .....cc.eiviiiiriiieiieriteieet sttt ettt 112
O Nexanr CHEMSYSTEMS PERP PROGRAM v
i Chemystems com Ethanol - PERP 08/09-6

Q110_00101.0009.4106



Contents

Table Page
1.1 Economic Comparison of Ethanol Processes ..........ccccccuvevierieeniieniiienieeieeieeieenee. 9
1.2 Global Demand for Ethanol .............coccooiiiiiiiiie e, 12
1.3 Global Ethanol Production, 2008..........coouuiiiiiiiiiiiiiiiieeeeeeeeeeeeee e ee e 13
3.1 Typical Corn ANALYSIS .....eeecuiieeiiiieeiiieeiieeeieeeeieeeetee et eesreeesreeeesaeeesraeessaeeenseeennns 18
3.2 Safe Corn Storage Life........ccoieriiiiiiiiiciiee s 27
3.3 Comparison of Lignocellulosic Pretreatment Technologies..........cccccecvveereuveennnennee. 41
3.4 General Design Parameters of NREL Bioethanol Process ..........ccccceeeieviieciieniennnen. 42
3.5 Corn and StoVer COMPOSILIONS ....cccuvirerurieeiiieeiieeerieeerreeesereeesereeessreeessaeeessseesnsseesnnns 43
3.6 Major Unit Operations of NREL Bioethanol Process............cccccceevveeriienieeieennennen. 44
5.1 Representative Ethanol Plants Modeled ...........cccoooviieiiiiiiiiieeee e 59
5.2 Summary of Key Raw Material and Utility Prices, United States...........c..ccoceevuenne. 60
5.3 Summary of Key Raw Material and Utility Prices, Brazil ...........cccccoevvivniiennnennne. 60
5.4 Cost of Production Estimate for Bioethanol

Process: Corn Dry Milling with Co-production of DDGS .........cccceeiiiiiiiieciieee. 62
5.5 Cost of Production Estimate for Bioethanol

Process: Sugarcane Fermentation with Co-production of Sugar and Power............ 66
5.6 Cost of Production Estimate for Bioethanol

Process: Wheat Dry Milling with Co-production of DDGS...........cccoeeiiiiiienne. 71
5.7 Cost of Production Estimate for Bioethanol

Process: Switchgrass Fermentation with Power Production............ccccceevvevveeennen.. 76
5.8 Cost of Production Estimate for Bioethanol

Process: Biomass Gasification Mixed Alcohol to Ethanol...............ccocccooin 80
5.9 Economic Comparison of Ethanol Processes ..........c.ccocvvviiiniieniiencieinieeiieeeeeeee. 84
6.1 Global Demand for Ethanol ............ccocooiiiiiiiiie e 87
6.2 Global Ethanol Production, 2008.........ccceouiiiiiiiiiiiiiiiiieeeee ettt ee e 88
6.3 United States Ethanol Balance............cccccoiiiiiiiiiiiiiiieeee e 89
6.4 United States Ethanol Capacity .........ccceceerireiieniienieeieeiee ettt 91
6.5 Applicable Volume of Renewable Fuel Standard (RFS)........ccccoeviiiviiieiiiieeiee 98
6.6 Europe Ethanol Balance.............oocuiiiiiiiiiiiiiiieceee et 100
6.7 Brazil Ethanol Balance ..o 103
6.8 India Ethanol BalancCe.........c..ccceviiiiiiiiiiiieieiieecectee e 105
O Nexanr CHEMSYSTEMS PERP PROGRAM vi
i Chemystems com Ethanol - PERP 08/09-6

Q110_00101.0009.4106



Contents

6.9 China Ethanol Balance...........ccccoviiiiiiiiiinieieeeee e 108
6.10 Japan Ethanol Balance ...........ccccoiiiiiiiiiiiiiiiiiicteccceeece e 109
6.11 Ethanol Regional Demand ............c.ccccueeiieniiiiiiiniieiiecie et 113
O Nexanr CHEMSYSTEMS PERP PROGRAM vii
i Chemystems com Ethanol - PERP 08/09-6

Q110_00101.0009.4106



