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Leading Biofuel Technologies

Here Ethanol — Produced from grain, used as blending component:
Today E10 or E8S5

Biodiesel — Transesterified vegetable oils blended with diesel
Near up to B20

Term

Long
Term
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Ethanol Production

Source: RFA (www.etehanolrfa.org)
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* Recent growth driven largely by the phase out of MTBE
* $0.52 per gallon Federal tax credit
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Ethanol Market Expansion

2007 RFS - 14 billion gallons of conventional biofuel by 2015
Conventional biofuel defined as ethanol from corn starch

RFA projects production of 13.4 billion gallons production in 2009
US gasoline market: 140 billion gallons

Can 10% ethanol be absorbed in the gasoline market?

10% Is the maximum amount of ethanol allowed in conventional
gasoline (EPA and ASTM)

But many states have fuel quality regulations preventing ethanol
blending by regulating vapor pressure, T50, vapor lock class

This is slowly changing based on concerted industry effort (API,
RFA)

New Mexico?
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Biodiesel Production
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Steep increase since 2004 driven by biodiesel blender’s tax
credit:

*$1/gal for agri-biodiesel
«$0.5/gal for recycled oil
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Biodiesel Market Expansion

2007 RFS requires 1 billion gallons of biomass-based diesel by 2012:
Most likely this will be biodiesel initially

NBB indicates installed production capacity already exceeds 1
billion gallons

Easily absorbed by on-highway diesel and other markets
US on-highway diesel market: 40 billion gallons

Other issues limiting market growth include:
Lack of ASTM specifications for blends

Concerns about biodiesel quality:
Is the spec adequate?
Is the spec being met?
High cost and availability of feedstock

NREL analysis suggest 1 or 2 billion gallon potential without development of
new feedstock
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2007 EISA Renewable Fuel Standard
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Billion Gallons of Renewable Fuel

Effectively limits corn
ethanol to 14 billion gallons
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Advanced & Cellulosic Biofuel

Advanced biofuel

* 50% reduction in GHG emissions

« Ethanol from any source other than corn starch
* Biomass-based diesel (Biodiesel)

* Renewable fuel from coprocessing (RD, RG)

» Biogas

 Butanol, other alcohols, mixed alcohols
 Other fuel derived from cellulosic biomass

Cellulosic biofuel
* 60% reduction in GHG emission
 Derived from cellulose, hemicellulose, or lignin



Can we produce 36 billion gallons of
renewable fuel?



J.S. Biomass Resource Assessment

» Updated resource assessment - April 2005
e Jointly developed by USDOE and USDA
» Referred to as the “Billion Ton Study”




Significance of the “Billion Ton” Scenario

Billion Barrel of Oil Equivalents

2007 RFS requires 36 billion gallons,
or 0.86 billion barrels, by 2022

Based on ORNL & USDA Resource Assessment Study by Perlach et.al. (April 2005)
http://www.eere.energy.gov/biomass/pdfs/final_billionton_vision_report2.pdf



Leading Biofuel Technologies

Here
Today

Near
Term

Ethanol — Produced from grain

Biodiesel — Transesterified vegetable oils
Ethanol — Produced from cellulosic material
Butanol — Produced from grain or celluose

Hydrogenation-Derived Renewable Diesel/Gasoline  — fats,
waste olls, virgin oils processed pure or blended with crude oil
and processed using petroleum refinery or similar operations



Primary Conversion Routes

Transformation
through
Intermediates
(sugars)

Reduction to
building blocks
(CO, H,)

“Biochemical

conversion”
Ethanol
Butanol

“Thermochemical

conversion”
Ethanol

Mixed alcohols
FT liquids



Integrated Cellulosic Ethanol Biorefinery



Reducing the Cost of Ethanol From Stover
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Butanol

» Butanol is produced by fermenting the same sugars us ed to make
corn-derived ethanol

*But using Clostridia (a bacterium) rather than yeast
*New processes may ferment cellulose derived sugars

 BP and DuPont have announced plan to produce butano | for sale as
a fuel by fermentation (sugar beets) in UK

» Retrofitting of ethanol plants to produce butanol is claimed to be
economical

e Claimed to be competitive without subsidy at $30-$4  0/bbl petroleum
* Properties similar to gasoline
*May be possible to transport gasoline/butanol blends by pipeline
*Sub-sim rule allows about 11.5 vol% in gasoline



Hydrogenation-Derived Renewable Diesel
(HDRD) or Gasoline

» Co-processing of oils and

| === - greases with petroleum
ISBL Petroleum Refinery fractions

|
l : Green
Catalytic ;
I Gasoline
Cracker )
,W-'> & Olefins

Distillate Green
Hydrotreater Diesel

 Utilize existing refinery
process capacity

Oils and » Also stand alone processes

Greases  High quality diesel blending

component
 G/D flexibility

_____________ I « Limited by lipid feedstock
availability — just like
biodiesel

Non-ester renewable diesel (NERD)
Green diesel
Renewable diesel



Leading Biofuel Technologies

Here
Today

Near
Term

Ethanol — Produced from grain, used as blending component
Biodiesel — Transesterified vegetable oils blended with diesel
Ethanol — Produced from cellulosic material

Butanol — Produced from grain

Hydrogenation-Derived Renewable Diesel/Gasoline - fats,
waste oils, virgin oils processed pure or blended with crude oll
using petroleum refinery or similar operations

Fuels From Synthesis Gas - for conversion to Fischer Tropsch
liquids, MeOH/DME, or mixed alcohols

Pyrolysis Liquids — as a boiler fuel or an alternative feedstock to
petroleum refinery or gasification facility, also a future source of
aromatics and/or phenols

Algae — as alternative source of triglycerides for biodiesel or green
diesel >1000 gal/acre potential

Alkanes — from hydrogenation of carbohydrates, lignin, or
triglycerides



Can we burn 36 billion gallons of
renewable fuel?

Many believe that advanced biofuel and cellulosic
biofuel will be mostly ethanol

*But ethanol is currently limited to a 10% blend in
conventional gasoline (about 14 billion gallon market)
Butanol limited to ~11.5%
*Options:
Dramatic expansion of availability and use of E85

—Many infrastructure and market hurdles

Blending of more than 10% ethanol in conventional gasoline
(E207?)

— State and federal regulatory hurdles

—ASTM standards

—Potential engine warranty issues



Summary & Conclusions

Biomass is the only domestic &
renewable option for liquid
transportation fuels.

U.S. resource base sufficient to
supply a large fraction of U.S.
demand, with good potential to
Increase the resource base

A sustainable solution to meet the
supply-demand “gap” expected to be
caused by peaking world oll
production and rising demand

On-going R&D will create many
opportunities that go beyond today’s
biopower, ethanol, and biodiesel
facilities
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How Much Biodiesel?
U.S. Biodiesel Feedstock Supply

.1.7 bl”lon annual gallon US resource Existing Feedstock Supplies: 1.7 billion annual gallon
« 3.6 billion annual gallons by 2016

*Long-Term Potential: 10 billion annual
gallons by 2030

- Other
*US on-road market: 38 billion annual (\
New Animal Fats

gallons (2005)
*Developing new feedstock sources
should be a priority
*Higher oil yield from existing crops
*New crops
*Algae and sewage sludge

*New analysis of feedstock potential
Initiated

New Vegetable Oils

Potential New Feedstock Supplies: 1.9 billion annual gallons

Feedstock analysis from NREL/TP-510-34796, June 2004
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Fast Pyrolysis Bio-oll

Bio-oil is water miscible and is comprised of many
oxygenated organic chemicals.

Dark brown mobile liquid,
Combustible,

Not miscible with hydrocarbons,
Heating value ~ 17 MJ/kg,

Density ~ 1.2 kg/l,

Acid, pH ~ 2.5,

Pungent odor,

Ages - viscosity increases with time

Potential feedstock for HDRD/G or other processes



R&D on Hydrogenation of Carbohydrates

Insoluble

Pretreatment |-+ Carbohydrates
; processing to

Transmission to Grid

., other products or
Soluble ethanol

Carbohydrates

Or County-gate Market

Catalytic
Hydrogenation

Lignin JProducts

H2 Storage|| ,, . | IR
or
CHP

C1O_C12+
~ Hydrocarbons
Og\"“\ Fuel Transport
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Electrolyzer

New H, Storage Concept and
Integration of Intermittent Renewables with Biomass

Potential Advantages:

Compatibility of
alkanes with
petroleum fuels

Up to 50% increase
in liquid fuel per unit
of biomass

Effective utilization
of biomass as
hydrogen carrier

H2 storage/carrier
for intermittent
sources: solar PV,
wind, or photo
biology

Based on research of Dumesic and coworkers. G. W. Huber; R. D. Cortright; J. A. Dumesic, “Renewable Alkanes by Aqueous
Phase Reforming of Biomass Derived Oxygenates”, Angew. Chem. Int. Ed. 2004, 43, 1549 and discussions with NREL staff.



Algae as a Source of Biofuels
Source of biodiesel or HDRD/G

from lipids, other fuels from
carbohydrates

Produced in ponds or bioreactors

Complements terrestrial biomass
production

Reduces pressure on land use

Option to utilize large waste CO,
resource (e.g. Coal-fired Power
plants, or Ethanol plants)

Outstanding productivity

Up to 50 times more productive than
traditional oilseed crops

Very large resource potential for
producing additional biodiesel

A new resource




