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Introduction and Discussion
Questions
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What is ethanol?
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Clear liquid H—?—?—O—H
. H H
Chemical formula: C,LH.O  .ouweue 5. stcture

Burns without smoke

Some uses:

UNLEADED

Transportation fuel

Alcoholic beverages
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Antiseptics
Solvents
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How is ethanol made?

Fermentation of sugars from plants
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Sugars (glucose) + yeast — ethanol + carbon dioxide

http://www.dordt.edu/academics/programs/engineering/senior_design/2008/fermentation.shtml ; e
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Today’s Fuel
Ethanol

Starch |

Sugar cane

Heat or
enzymes

Fermentation Fermentation
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What can be used to make
sugars for fermentation?

Sugar
Extract sugars directly from plants — very easy

Starch

Break the starch down into sugar (glucose) —pretty
easy (you can do this with your saliva)

Cellulose

Break the cellulose down into sugar (glucose) —
hard (you can’t do this, but many organisms can)
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What can be used to make
sugars for fermentation?

* Plants » Sugars (glucose) < Ethanol

\ < cellulose
> sugar
> starch
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Ethanol Compared to
Gasoline — Pros and Cons

Ethanol Pros Ethanol Cons
Renewable — made from Food vs. Fuel (making
plants! ethanol from corn)
Reduction in CO, Difficult to make from
emissions (why?) other sources (cellulose)
Cleaner burning Gallon of ethanol has 2/3
energy of gallon of

Domestically produced
gasoline

Cheaper (usually)
Sufficient land to produce

enough fuel?
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Concerns with Corn Ethanol

> Annual crop

= Dependent on chemical inputs
= Soil erosion, water quality problems
= Little below ground carbon storage

> Food versus fuel
> Impacts on biodiversity |
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What is cellulosic biomass?
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What is Cellulosic Biomass?
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Sources of cellulose

> Corn stalks, leaves, and husks
(stover)

> (Grasses grown as crops
> Prairie grasses

> Sawdust and woodchips
> Yard waste

> Any plant!
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What is Cellulose?

Bioenergy Crop

Cellulose
¢ Microfibril

NR\NZ/ Plant Cells

Plant Cell Wall

Sugar
Molecules
Glucose
Lignin
Hemicellulose
Cellulose
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Bioenergy Crop

Y. — — | Plant Cell Wall Structure

Cellulose—primary
carbohydrate goal for
extraction

Hemicellulose—
carbohydrate, harder to
convert to fuel

Cellulose - Hemicellulose
Microfibril )£ -0
G55 % LRI

Lignin—may be burned for
heat/electricity, converted

into useful chemicals
Sugar

Molecules (
\ Glucose
o
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Bioenergy Crop

Plant Cells

Microfibril -

Sugar
Molecules (
\ Glucose

Cellulose —""\__Hemicellulose
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Cellulosic Biofuels

Cellulose is the most
abundant biological material
on Earth

Found in cell walls

Lack efficient way to break

down plant material and
convert it into fuel

Cell wall composition varies
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Biomass (millions of tons/year)
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Biomass Feedstocks Available for Billion Ton/Year Harvest in the U.S.

R.D. Perlack, et al, 2005, Biomass as feedstock for a bioenergy and bioproducts industry: The technical feasibility of a billion-ton
annual supply (DOE/G0-102005-2135). Oak Ridge, TN: US DOE
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Biomass Resources Available in the United States
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Thousand
Tonnes/Year

-AboveSOO
I 250 - 500
[ 150- 250

This study esbmates the technical blomass resources currently available in the United States

[:] 100- 150 by county. It includes the fallowing feedstock categories
— - Agnicultural residues (crops and animal manure ),
[_\ 50-100 - Wood residues (forest, pnmary mill, secondary mill, and urban wood), Q’Q =1
D Less than 50 - Municipal discards (methane emissions from landfils and domestic wastewater treatment), ‘. "’ rl?:_
- Dedicated energy crops (on Conservation Reserve Program and Abandoned Mine Lands) ¥

September 2005
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Background Information
and Graphs

Energy Use and Potential for Biofuels
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U.S. Energy Consumption, 2008

U.S. DEPARTMENT OF

e®°.
P Energy Information Administration. Annual Energy Review 2008. o
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U.S. Energy Consumption, Biofuels Potential
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THE GROWING GAP
Regular Conventional Oil: Discovery & Production
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C. Cleveland and R. Kaufmann, Fundamental principles of energy, 2008, Encyclopedia of Earth
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U.S. Energy Sources: Historical
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US From 1800 - Present

Cutler (2008). "Ten fundamental principles of net energy." Encyclopedia of Earth.
earth.org/article/Ten_fundamental_principles_of_net_energy
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Cleveland, C. J. and R. Kaufmann, 2008, Fundamental Principles of Energy, Encyclopedia of Earth
http://www.eoearth.org/article/Fundamental_principles_of _energy
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Figure |. Renewable Fuels Standard (RFS2) vs. U.S. Ethanol Production Since 1995
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Source: Actual ethanol production data for 1995-2010 is from Renewable Fuels Association; the RFS2 by
category is from EISA (P.L. 1 10-140).



What is the Great Lakes
Bioenergy Research Center
(GLBRC)?
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The Mission of GLBRC

To perform the basic
research that generates
technology to convert
cellulosic biomass to
sustainable biofuels.
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GLBRC: 1 of 3 DOE Bioenergy Research Centers

== DOE BioEnergy Science Center

DOE Joint BioEnergy Institute
Lawrence Berkeley National Laboratory

Berkeley, California
Carnegie Institution for Science at Stanford University

Palo Alto, California
University of California

Berkeley
Lawrence Livermore National Laboratory

Livermore, California
Sandia National Laboratories
Livermore, California

— University of California
Davis

Sandia National Laboratories
Albuquerque, New Mexico

DOE Great Lakes Bioenergy Research Center

University of Wisconsin
Madison

Pacific Northwest National Laboratory
Richland, Washington

lowa State University
Ames

Illinois State University
Normal

Lucigen Corporation
Middleton, Wisconsin

Oak Ridge National Laboratory
Oak Ridge, Tennessee

Michigan State
University
East Lansing

Oak Ridge National Laboratory
Oak Ridge, Tennessee
Cornell University
Ithaca, New York

Dartmouth College
Hanover, New Hampshire

Verenium Corporation
Cambridge, Massachusetts

Mascoma Corporation

Boston, Massachusetts
Brookhaven National Laboratory
Upton, New York

Virginia Polytechnic
Institute and State University

Blacksburg
University of Tennessee
Knoxville

North Carolina State University
Raleigh

University of Georgia

Athens
Georgia Institute of Technology

Atlanta

ArborGen
Summerville, South Carolina

University of Minnesota
St. Paul

The Samuel Roberts
Noble Foundation
Ardmore, Oklahoma

National Renewable
Energy Laboratory
Golden, Colorado

Washington State University
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[l DOE Joint BioEnergy Institute (JBEI) and Partners AL
A\ DOE Great Lakes Bioenergy Research Center (GLBRC) and Partners gsz:;;:y S
o DOE BioEnergy Science Center (BESC) and Partners Ceres
Thousand Oaks, California
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GLBRC Research Roadmap

|

PLANTS SUGARS BIOFUELS HtJJMAN
SES

SUSTAINABLE BIOFUELS PRACTICES

IMPROVED PLANT BiomASss

IMPROVED BIOMASS DECONSTRUCTION

IMPROVED BiIoMAss CONVERSION TO FUELS

Four discovery science areas provide knowledge to sustainably convert
cellulosic biomass into liquid transportation fuels
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GLBRC: Who We Are

~400 scientists, staff & students across
sites

70 Faculty (17%)

29 Senior scientists (7%)

66 Post-doctoral scientists (16%)
52 Ph.D. Students (13%)

955 Technicians (14%)

85 Undergraduates (23%)

42 Support staff in Operations,
IIT, E&O (10%)

~ 60 Research Projects
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Process for Making
Cellulosic Ethanol

Overview
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Moving Beyond Corn Ethanol

Bioenergy Crop

Plant el Tomorrow’s technology
(GLBRC)

Plant biomass

chemicals, pressure)

e
S

' ? Pretreat (grind, heat,

Today s technology

Corn
(kernels)

? Enzymes (cellulases,
etc) or microbes

Heat and/or
enzymes

Glucose Glucose

? Fermentation
(microbes) or catalysts

Fermentation Fermentation
(microbes) (microbes)
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Biomass is harvested ENZYMES
and delivered to
the biorefinery.

How Cellulosic Ethanol is Made

‘L_—)

Biomass is cut
into shreds
and pretreated
y With heat and

& chemicalsto
make cellulose
accessible to

enzymes.
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Enzymes break down
cellulose chains
into sugars.

Microbes ferment
sugars into
ethanol.

@ Ethanol is

‘vvy‘,.\l

L f

purified through
distillation and
prepared for
distribution.
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End User .
Transportation

Distribution

— ' Processing and Conversion

/ 4
Transportation / — )

*Adapted from a drawing by US DOE EERE
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Step 1: Pretreatment

Goal: use heat, grinding to break
down plant cell walls to release
cellulose fibers
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Lignin
// Cellulose
s
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Effect of Pretreatment of
Corn Cob Granule Sclereid Cells
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Step 2: Enzyme Digestion
(Hydrolysis)
Goal: use cellulase enzymes to break

down cellulose fibers into glucose
molecules (sugar)
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Enzyme Digestion (Hydrolysis)

Cellulose must be broken into individual
glucose molecules using enzymes before
fermentation can occur.

1 1 enzyme
) ) O

glucose glucose glucose glucose
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Endocellulase in Action!

Long PT-rich linker

CBM2 carbohydrate
binding domain

Cellulose
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Catalytic Domain Pulling up

Cellulose Strand
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Hydrolysis and Release of Catalytic Subunit
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Step 3: Fermentation

Goal: use yeast to consume glucose
and produce ethanol (fuel)
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Standard fermentation:
* enzymes in yeast convert glucose
Into ethanol and carbon dioxide

when there is no oxygen.
OH

H—C——H

H Hc—o0 H

\/ OH H\/ yeast H /H i
/\<|>—<|:/\0H ‘ N / o O C —0

\ K

glucose 2 ethanol 2 carbon dioxide
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