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Tecnnology options for transportation
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Jecreas]ru U.S.

Congress.
The ¥ 30 by 30” goal
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Replace 30% of gas and diesel
consumption with biofuels
by 2030

Requires approximately 1B
dry tons of biomass for 60B gal
using current technology

“Billion Ton Study” —there is
enough biomass in the US

World Ethanol and Biodiesel Annual

Production
(Petroleum use @ 1150 B g/yr)

Annual Ethanol Production by
Country in 2005
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State of the Union 2007:;
The “20in 10" goal

Decrease consumption by 20%
in 10 years

Grow production of renewable
fuels to 35B gal/year by 2017

Upper limit of corn ethanol is
around 18 billion gal per year

(National Corn Growers Association)

With capacity being built we
will reach this limit within two
years

We must add cellulosic
biofuels in order to meet our
national goals



Potential biomass resource and refinery
capacity in 2030
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Billion-ton follow-up

Developed new fine-scaled
estimates of potential
switchgrass productivity

Extend to woody crops
(with USDA Forest Service)

orrected Data Set By Location

Source: Bob Perlack et al, ORNL
Bioenergy Resource & Engineering Systems

Switchgrass Yield

Multiplicative model
estimates yield as the
product of estimated
maximum yield, Y, . and
the fractional reduction due
to each limiting variable,
temperature (T) and
precipitation (P)

YT Y(P)

Yield =Y, ,
Ymax (T) Ymax (P)
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Combining National Land Cover Data

with the Cropland Data Layer
Source: Tris West et al, ORNL

Ecosystem Simulation Science
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Conversion routes to biotuels

Hydrogen
Many feedstocks, many conversion options, many products, _>

different economics, energy balances Methanol
Water gas shift (CH,OH)
+ separation
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BioEnergy Science Center (BESC)

Oak Ridge National Labaratary February 1, 2007

Funded for $125M over 5 e !ttt \ W,

years
Awarded June 26

Start September 07
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The BESC team has been assembled
to overcome biomass recalcitrance

Joint Institute for
Biological Sciences
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Complex Carbohydrate o)
Research Center £ :

» Oak Ridge National Laboratory

* University of Georgia

* University of Tennessee

« National Renewable Energy Laboratory
 Georgia Tech

» Samuel Roberts Noble Foundation

* Dartmouth

* ArborGen

* VVerenium (formerly Diversa)

» Mascoma

* Individuals from U California-Riverside,

Cornell, Washington State, U Minnesota,
NCSU, Brookhaven National Laboratory,
Virginia Tech
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. Overcoming
The fundamental scienc recalcitrance is the

of biomass recalcitrance e e
IS poorly understood for the BESC

(D

Recalcitrance:
Resistance to
breakdown

into sugars

S g_ellulosm A large-scale, integrated, interdisciplinary approach is needed
I0Mass o overcome this problem
Current research efforts are limited in scope

BESC will launch a broad and comprehensive
attack on a scale well beyond any efforts to date

Without advances, a cellulosic biofuels industry is unlikely to emerge

Knowledge gained will benefit other
biofuels and biofeedstocks
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BESC will revolutionize
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processed within five years

Baseline, Multi-step Cellulosic
Ethanol Production
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Revolutionize the
processing of biomass
within 5 years

* Improve overall yields

« Simplify operations
through consolidated
bioprocessing (CBP)

* Decrease (or eliminate)
the need for costly
chemical pretreatment

s well-defined objectives

Apply a systems biology
approach and new higher-
throughput pipelines

* Reduce recalcitrance
by targeted modification of
plant cell wall composition
and structures

* Develop and understand single
microbes or microbial
consortia and their enzymes to
enable CBP for low-cost
cellulose hydrolysis and
fermentation

* Provide a synergistic
combination of modified plants
and CBP for even more
cost-effective biofuel
production
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Three linked scientific focus areas will enable
BESC to understand and overcome
plomass recalcitrance
Biomass Formation Characterization D Bl(:]ni\rassr n
d Modification and Modeling il
an and Conversion
C@/‘ .'. i Fnzymes "

SwiTc hgrass

Microbe

2 Lignin -~ Hemicellulose Cellulose

=
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BESC integrates three key
science focus areas

Biomass formation Characterization Biomass deconstruction
and modification and modeling and conversion

» What gene products e What structural and » What limits the rate of
control cell wall compositional elements biomass deconstruction,
structure, composition, contribute to and how can these limits be
and recalcitrance? recalcitrance? overcome by altered

e How will Changes e Can new analytical _ biOC&ta|yStS?
in cell wall structure and methods, systems biology il the combination of
composition affect plant data, and computational altered cell walls with better
productivity, pest models enable predictive conversion offer a
resistance, and/or simulation of _ breakthrough?
sustainability? lignocellulose formation

and deconstruction?

Challenge: Challenge:

Identify genes that control Understand the complexity of
biomass production plant cell wall structure and
and cell wall synthesis its relationship to

Challenge:
Improve deconstruction rates
and understand how microbes

and enzymes attack
biomass substrates

= F U #

recalcitrance
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Computational Biology =

P B ew [0 Wedow Hels

Annotation, DNA sequence analysis, gene finding,

regulatory regions, comparative analyses - plants
and microbes

6
4 s LA :o“z

(.emms_ﬁlﬂmnml

s ,

Eégéééi
: :E.

Metabolic and regulatory network reconstruction in T E'EE. J
plants and microbes >z "

E};ystems analysis of mMRNA and protein expression
patterns

mage analysis and reconstruction software for 3-D
omography or confocal, cryo-EM

Protein structure prediction and docking calculation

Protein complex molecular dynamics
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using LAMMPS code on Jaguar 1024 processors

Exocellulase on crystalline cellulose based on
explicit water model by Brady (Cornell) and
The 1,000,000 atom simulation ran for 50 nsec -

provided by Himmel (NREL).
by Uberbacher, Agarwal, Locascio, and

Ghattyvenkatakrishna (ORNL).
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UI"rra:s;aIe modeling
Jes in BESC

Larger scale (e.g. cellulosomes) - Increase
in scale to 10’s of millions of atoms

Millisecond timeframes

Multiscale simulation methods and force

fields for systems of 100 million atoms scale §

— microbial and plant cell wall structures
and cellulosomes

New force fields based on neutron
dynamical measurements integrated with
computational molecular simulation

=
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Data Management
and Integration

Laboratory Information Management System for
tracking samples, procedures, data, IP, models

Liab instrument / user input interfaces to LIMS for data
input and tracking

Systems knowledge base with data and information
about key plants and microbes in the Center,
metabolic, regulatory and signaling maps, with links to
primary genome sequence annotation and underlying

experimental data. Project
User ﬂ
Reference EDXeZ?:rriir;t?grt]

Cell Culture Mutant JProteom Microarra

Experiment Run

Experiment Run| [Experiment Run

Experiment Run

Computational
Analysis

|
Integrated
Analysis
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Computational
Analysis
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Jhly integrated cutting-

Biomass Deconstruction

Characterization and

Biomass Formation and
Modification
UGA, ORNL, UT,
Noble Foundation,

Modeling
Ga Tech, NREL, ORNL,
UGA, UC-Riverside,

and Conversion
Dartmouth, Diversa, BNL,
Cornell, Mascoma, NREL,

ArborGen

Plant Cell Wall
Biosynthesis and
Gene Identification

b &
Biomass Modification
for Recalcitrance

Populus ]

Switchgrass ]

—)

UT, Cornell

[ Com putational Biology )

and Data Analysis

L -
i y

Biomass
Characterization
Chemical analysis
Imaging
Molecular analysis
Biomass sample prep

Pretreatment
. w,

U

Data Management
(IT)
Web Portal

0

External collaborators and data access s

)

ORNL, UGA, UT, VaTech

Biomass-Biocatalyst
Interface

New tools Diversity
for biomass mining
reaction and
recalcitrance
\ A

Improved
Bioconversion with
Microbes and Enzymes
for Consolidated
Bioprocessing

!

Biofuel
Production
Assays




A functional management structure
integrates BESC activities and objectives
with clear lines of authority

[ Science Advisory Board

Operations

Barry Berven

Manager

DOE Genomics:GTL

Program Manager

Board of Directors ]

Biomass Formation and

Center Director Deputy for Finance & Business
Martin Keller J Dennis Newby
] | Technology Transfer
Biomass Deconstruction Characterization and Modeling Partnerships

Casey Porto

Modification and Conversion Brian Davison

Alan Darwvill Lee Lynd
Biosynthesis Enzymatic | Biomass Characterization and Pretreatment
Debra Mohnen Michael Himmel Arthur Ragauskas, Mark Davis and Charles Wyman
Plant Transformation & Growth Microbial — E_ata:na'”is and Modeling
Jeffrey Bennetzen (switchgrass) Lee Lynd ing Au

and Gerald Tuskan (Popislus)

ArborGen
Maud Hinchee

Erookhaven
National Laboratory
Daniel van der Lelie

Cornell University
John Brady

Diversa
Kevin Gray

Research Partners

Mascoma/
Dartmouth
Lee Lynd

MNoble Foundation
Richard Dixon

Morth Caralina
State University
Robert Kelly

UC Riverside
Charles Wyman

U of Minnesota
Simo Sarkanen

Virginia Tech
Percival Zhang

Washington
State University
Norman Lewis

[~ Janet Westpheling

~ Edward Uberbacher

Education and Qutreach

Data Management and Informatics Technology

Anchor Facilities and Institutional Representatives

Oak Ridge MNational Laboratory Complex Carbohydrate

Reinhold Mann

Joint Institute for Biological
Sciences (UTK)
Gary Sayler

Mational Renewable Energy
Laboratory
Ray Stults

Research Center (UGA)
Alan Darvill

Institute for Paper Science
and Technology (GaTech)
Arthur Ragauskas




BESC leverages su
commitments and |

» State of Tennessee,
through UT: >$24.6M

— JIBS construction: $11.6M
— Research equipment: $3M
— Joint UT-ORNL research: $10M
— 3 Governor’s Chairs: $3M-$5M

e State of Tennessee: $48M

— $40M for 5M-gal/year pilot
switchgrass-to-ethanol facility,
located <40 miles from ORNL,
to be operational in 2009

— $8M in agricultural price supports

stantial firm
vesiments

» Georgia Research Alliance: $6M
— $3M for equipment,

— $1.5M for two Eminent Scholar
hires (matched by $1.5M
from UGa and Georgia Tech)

* Virginia Tech: $0.5M
in cost share support
 Oklahoma Bioenergy Center

— Update to Governor Henry’s letter

— >$10M at the Noble Foundation
as part of this $40M center
with University of Oklahoma
and Oklahoma State

=

BioEnergy Science Center



>

BESC's distinctive strengtns

One coherent focused theme:
Biomass recalcitrance

Positioned to attack the most important
current barrier to the emergence
of a cellulosic biofuels industry

The best team and management
for revolutionary advances
to overcome recalcitrance
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Science Translation and Application
EVisiting Scientists Science Board States support
| | Direct -
/ : TN, GA, NC, others
BESC ’
S&T core | Use-inspired
team - Use-inspire
. drivers,

UGS Technology maturation
' Commercialization
Pilots
VC investments
Industry partnerships

5 Graduate students I, tools,

" Post-docs processes,
| N Scientific Impact 5 platforms
SunGrant
R&D _ -
Biofuels Benefit to
Industry growth farmers

Benefitto , — ~
consumers. . .
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