
Contents 

Executive Summary .............................................................................................................................................................................. iii 

Introduction ............................................................................................................................................................................................. 1 

Joint Workshop Challenges Biofuel Science and Technology Communities ......................................................................................... 1 
America's Energy Challenges ................................................................................................................................................................... 2 

The Promise ofBiofuels ......................................................................................................................................................................... 2 
A Growing Mandate for Biofuels: Policy, legislative, and Other Drivers ............................................................................................. .3 
Benefits of Biofuels .................................................................................................................................................................................. 5 

National Energy Security Benefits ........................................................................................................................................ : ................ 6 
Economic Benefits ................................................................................................................................................................................. 6 
Environmental Benefits ......................................................................................................................................................................... 7 

Feasibility of Biofuels ............................................................................................................................................................................... 8 
Land Availability .................................................................................................................................................................................... 8 
Agricultural Sustainability of Biomass Production ............................................................................................................................... 12 
Today Fuel Ethanol Production from Com Grain (Starch Ethanol) ..................................................................................................... 12 
Tomorrow - Biorefinery Concept to Produce Fuel Ethanol from Cellulosic Biomass ............................................................................. 13 
Ethical, Legal, and Sociallssues (ELSI) ................................................................................................................................................. 17 

EERE OBP Platform for Integrated Biorefineries .................................................................................................................................. 17 
OOE Office of Science Programs ............................................................................................................................................................. 19 
Biomass to Biofuels Workshop: Creating a Common Research Agenda to Overcome Technology Barriers ..................................... 22 
Cited References ..................................................................................................................................................................................... 24 
Background Reading .............................................................................................................................................................................. 28 

lechnical Strategy: Development of a Viable Cellulosic Biomass to Biofuellndustry ................................................... 29 

Research Phase (within 5 years} ............................................................................................................................................................ 29 
Feedstock Use and Optimization .......................................................................................................................................................... 29 
Deconstruction ................................................................................................................................................................................... .30 
Fermentation and Recovery ................................................................................................................................................................. 31 

Technology Deployment Phase (within 10 years) ............................................................................................................................... .32 
Feedstocks ........................................................................................................................................................................................... 34 
Deconstruction .................................................................................................................................................................................... 34 
Fermentation and Recovery ................................................................................................................................................................. 34 

Systems Integration Phase (within 15 years} ....................................................................................................................................... 34 
Integration and Consolidation ............................................................................................................................................................. 35 

SYSTEMS BIOLOGY 10 OVERCOME BARRIERS TO CELLULOSIC ETHANOL.. ............................................................................. .37 

Lignocellulosic Biomass Characteristics ....................................................................................................................................... 39 

Structure and Assembly of Cell Walls .................................................................................................................................................... 41 
Factors in Recalcitrance of lignocellulose Processing to Sugars ......................................................................................................... 44 

Plant Architecture ............................................................................................................................................................................... 45 
Cell-Wall Architecture .......................................................................................................................................................................... 45 

Biofuels Joint Roadmap, June 2006 • Office of Seience and Office of Energy Efficieney and Renewable Energy • U.S. Department of Energy V 



CONTENTS 

Molecular Structure ............................................................................................................................................................................. 45 

Optimization of Plant Cell Walls ............................................................................................................................................................ 47 
Understanding Cell-Wall Structure and Function ................................................................................................................................. 47 
Control ol Lignin Synthesis and Structure ............................................................................................................................................ 49 

Improved Methods, Tools, and Technologies ........................................................................................................................................ 50 

Technical Milestones .............................................................................................................................................................................. 51 

Cited References ..................................................................................................................................................................................... 56 

Feedstocks for Biofuels ....................................................................................................................................................................... 57 

Creation of a New Generation of Lignocellulosic Energy Crops ........................................................................................................... 60 
Maximizing Biomass Productivity ....................................................................................................................................................... 61 
Technical Milestones ........................................................................................................................................................................... 67 

Ensuring Sustainability and Environmental Quality ............................................................................................................................ 68 
Technical Milestones ........................................................................................................................................................................... 70 

Model Systems for Energy Crops ............................................................................................................................................................ 71 
Technical Milestones ........................................................................................................................................................................... 73 

The Role of GTl Capabilities for Systems Biology ................................................................................................................................. 74 
Protein Production Capabilities ........................................................................................................................................................... 74 
Molecular Machines Capabilities ......................................................................................................................................................... 75 
Proteomic Capabilities ......................................................................................................................................................................... 75 
Cellular System Capabilities ................................................................................................................................................................. 75 
DOE Joint Genome Institute ................................................................................................................................................................. 76 
Other Needed Capabilities ................................................................................................................................................................... 76 

Other Biofuel Opportunities: Development of High-Productivity Biodiesel Crops ............................................................................ 77 

Cited References ..................................................................................................................................................................................... 80 
For Further Reading ............................................................................................................................................................................... 81 

Deconstructing Feedstocks to Sugars ............................................................................................................................................ 85 

Determining Fundamental Physical and Chemical Factors in the Recalcitrance of lignocellulosic Biomass to Processing ........... 86 
Research Goals .................................................................................................................................................................................... 88 
Technical Milestones ........................................................................................................................................................................... 89 
The Role of GTl and OBP Facilities and Capabilities ............................................................................................................................. 90 
Crosscutting Tools, Technologies, and Science ...................................................................................................................................... 91 

Developing Better Enzymatic Systems for Biological Pretreatment: ligninases and Hemicellulases ............................................. 91 
Research Go~ls .................................................................................................................................................................................... 92 
Technical Milestones ........................................................................................................................................................................... 94 
Crosscutting Tools, Technologies, and Science ...................................................................................................................................... 97 

Understanding the Molecular Machinery Underpinning Cellulose Saccharification: Cellulases and Cellulosomes.. ..................... 97 
Research Goals .................................................................................................................................................................................... 98 
Technical Milestones ......................................................................................................................................................................... 101 
Crosscutting Tools, Technologies, and Science .................................................................................................................................... 103 
The Role of GTl and OBP Facilities and Capabilities ........................................................................................................................... 104 

Harvesting the Biochemical Potential of Microorganisms Through Metagenomics ....................................................................... 105 
Research Goals .................................................................................................................................................................................. 106 

vi Biofuels Joint Roadmap, June 2006 • Office of Science and Office of Energy Efficiency and Renewable Energy • U.S. Department of Energy 



I 
~5 

f7 
J7 
19 
;0 

;1 

i6 

i7 

iO 

i1 
i7 

18 

'O 

1 
3 
4 
4 
S 
5 
5 
h 

Technical Milestones ......................................................................................................................................................................... 106 
The Role of GTL and OBP Facilities and Capabilities ........................................................................................................................... 107 

Characterizing Cell Walls Using High-Throughput Methods .............................................................................................................. 108 
Technical Milestones ......................................................................................................................................................................... 110 
The Role of GTl and OBP Facilities and Capabilities ........................................................................................................................... 111 
Crosscutting Tools, Technologies, and Science .................................................................................................................................... 112 

Breakthrough, High-Payoff Opportunity: Simplifying the Bioconversion Process by Understanding Cell-Wall 
Deconstruction Enzymes Expressed in Plants .................................................................................................................................... 113 

Scientific Challenges and Opportunities ............................................................................................................................................ 113 
Research Goals .................................................................................................................................................................................. 113 

References ............................................................................................................................................................................................ 115 

Cellulosome References ........................................................................................................................................................................ 117 
Cellulosome Reviews ......................................................................................................................................................................... 117 
Designer Cellulosomes ...................................................................................................................................................................... 117 

Sugar Fermentation to Ethanol ..................................................................................................................................................... 119 

Optimizing Microbial Strains for Ethanol Production: Pushing the Limits of Biology ..................................................................... 122 
Science Challenges and Strategy ....................................................................................................................................................... 124 
Technical Milestones ......................................................................................................................................................................... 130 
The Role of GTl Capabilities ............................................................................................................................................................... 131 

Advanced Microorganisms for Process Simplification ....................................................................................................................... 132 
Science Challenges and Strategies for Process Simplification ............................................................................................................ 135 
Technica I Milestones ......... ,.~ ....... ~u ••••••••••••• ~ ....................... ~ •••••••••••• ,t •• ,' •• ttll'.'.'J.'.f." ••• u •• ,. •••• t •••••• , •••••• 1.'1 •• ' ......................................... 137 
The Role of GTl Capabilitíes .................................................................................. ,.'u ..... ,J ••• tt, ••••• t ••••• , ......... J.I ..... Ut •• u •••••• II ......... ,li ••• , 138 

Enabling Microbiological Tools and Technologies that Must be Developed ..................................................................................... 138 
Breakthrough, High-Payoff Opportunities ......................................................................................................................................... 140 

Microbial Communities for Robust Energy Production ....................................................................................................................... 140 
Model-Driven Design of Cellular Biocatalytic Systems Using Systems Biology ................................................................................... 142 
Direct Bioproduction of Energy-Rich Fuels ......................................................................................................................................... 147 
Optimal Strains: Fermentative Production of 40% Ethanol from Biomass Sugars .............................................................................. 149 
An Alternative Route far Biomass to Ethanol: Mjcrobial Conversion of Syngas ................................................................................... 151 

Cited References ................................................................................................................................................................................... 154 

Crosscutting 21 st Century Science, Technology, and Infrastructure for a New Generation 
of Biofuel Research ............................................................................................................................................................................ 155 

Opportunities ¡lnd Challenges ............................................................................................................................................................ 155 

Analytical Tools to Meet the Challenges of Biofuel Research ............................................................................................................ 156 
Genomics .......................................................................................................................................................................................... 156 
Transcriptomics: High-Throughput Expression Analyses .................................................................................................................... 158 
Proteomics ........................................................................................................................................................................................ 158 
Metabolomics ................................................................................................................................................................................... 159 
Glycomics and lignomics .................................................................................................................................................................. 160 
Fluxomics .......................................................................................................................................................................................... 161 
Enzyme Structure and Function ......................................................................................................................................................... 162 

Biofuels Joint Roadmap, June 2006 • Office of Sdence and Office of Energy Efficiency and Renewable Energy • U.S. Department of Energy vi i 



-
CONTENTS 

Imaging Technologies .......................................................................................................................................................................... 163 
Imaging Needs for Feedstock Research .............................................................................................................................................. 163 
Imaging Needs for Microbial Communities in Deconstruction and Conversion of Biomass to Ethanol ............................................... 164 

Microbial Cultivation ............................................................................................................................................................................ 165 
Data Infrastructure ............................................................................................................................................................................... 166 
Computational Modeling ..................................................................................................................................................................... 168 

Modeling: Genome Sequence Analysis .............................................................................................................................................. 168 
Modeling: Molecular ......................................................................................................................................................................... 170 
Modeling: Pathways and Networks ................................................................................................................................................... 171 
Modeling: Biorefinery Process ........................................................................................................................................................... 171 

Capability Suites for Bioenergy Research and Facility Infrastructure .............................................................................................. 172 
DOE Joint Genome Institute ............................................................................................................................................................... 173 
Production and Characterization of Proteins and Molecular Tags ...................................................................................................... 173 
Characterization and Imaging of Molecular Machines ...................................................................................................................... 175 
Analysis of Genome Expression: The Omics ....................................................................................................................................... 176 
Analysis and Modeling of Cellular Systems ....................................................................................................................................... 178 

Cited References ................................................................................................................................................................................... 180 

Bioprocess Systems Engineering and Economic Analysis ..................................................................................................... 181 

Research Goals ...................................................................................................................................................................................... 181 
Milestones ......................................................................................................................................................................................... 182 
The Role of GTL and OBP Facilities and Capabilities ........................................................................................................................... 183 

APPENDICES ......................................................................................................................................................................................... 185 

Appendix A. Provisions for Biofuels and Biobased Products in the Energy Policy Act of 2005 .................................. 186 

Appendix B. Workshop Participants ............................................................................................................................................. 188 

Appendix C. Workshop Participant Biosketches ...................................................................................................................... 192 

viii Biofuels Joint Roadmap, June 2006 • Office of Sdence and Office of Energy Effideney and Renewable Energy • U.s. Department of Energy 


