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OIL BARREL BREAKDOWN

Despite consuming a small fraction of US oil compared with fuel, petrochemical products are worth more

Liquified refinery gases 2.3%
Wisellaneous poducts 0.4% Adhesives Carpeting Cosmetics Fertilizers
Still gas 4.1%

Asphalt and road oil 3.0%

Petroleum coke 5.0%

Waxes 0.1%
) &———— Lubricants 1.0%

Special naphthas 0.2%
@7 L Residual fuel oil 38%

‘ Heavy fuel oil 6.1%
|

*'!I ~$375bn

Petrochemicals 3.4% Pre-tax value of petrochemical
Including: products, such as plastics,
naphtha, ethane, cosmetics, pesticides, detergents,
ethylene, other oils paints and adhesives (excluding
pharmaceuticals)
$385bn : : ;
Fuels 70.6% Pre-tax value of transport fuels Palnts RUbber Fabrlcs PlaStlcs

Including: motor gasoline,
aviation gasoline,

MENT OF ENERGY 2005, AMERICAN INSTITUTE OF CHEMISTRY kerosene-type jet fuel, diesel PetroleumOnline.com

An array of bio-based opportunities:
Polymers, Paints, Coatings, Resins, Industrial Chemicals
Packaging, Bottles, Containers, Inks, Dyes
Adhesives, Sealants, Construction Chemicals
Surfactants, Cleaning Agents, Specialty Chemicals
Food additives, Flavorings, Fragrances, Cosmetics
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Physical pre-treatment,
chemicals and enzymes

Solar energy

w"\}Blobased
\

=/ Chemlcals
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Challenge

PROPYLENE
ETHYLENE propylene
maleic anhydride acrylonitrile
ethanol propylen
ethylene acrylic adid
ethylene dichloride n-butano

isopropano

vinyl chloride

ethylene oxide propylene glyco
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BENZENE

benzene
nitrobenzene
cyclohexane

adipic acid
caprolactam

linear alkylbenzene

ethylene glycol 2-ethylhexanol cumene
a-olefins methyl ethyl ketone phetnol
acetone
vinyl acetate bisphenol-A
e'FhanoIamines methyl diphenyl diisocyanate
diethylene glycol aniline
butene-1 " ethylbenzene
1,4-butanedio styrene
CH3
S
—_CHy
METHANOL/GLYCEROL XYLENE
glycerol toluene diisocyanate
methanol hthali i
phthalic anhydride
methyl tert-butyl ether o-xylene
formaldehyde terephthalic acid
acetic acid -xyl
p-xylene
methyl chloride butadiene
Chloroform

methyl methacrylate

Alkanes/Cycloalkanes/Aromatics
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http://en.wikipedia.org/wiki/File:Benzene_circle.svg
http://en.wikipedia.org/wiki/File:Propylene_skeletal.svg
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DIACIDS/DIOLS
Succinic Acid
Adipic Acid /1O
Butanediol
Propanediol

X 4

Diacids/Diols

Furan Rings Pyrone Rings

oH OH O

H,OH
ACIDS/ALCOHOLS 0 ° HO\A;\:LH
Lactic Acid 0 /\/\)J\OH PH

o o 0
Acrylic Acid HOMM OH Sugar's

DV

Acids/Alcohols

Multitunctionals

o -HO_ OH~ 5 _~HO,
OH Lo Q" o
O " : a i
HO £ ’°'\,0" MO OH-On 6”0 o
OH H D
%W%

6 Q .
H

Ho H H 3
ot MO, OH- _-HO_ OH
e & o k{{’ &O\M
OHO ] o% A N

HO'

“xa  Starch / Cellulose Sosshons
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http://en.wikipedia.org/wiki/File:Sorbins%C3%A4ure.svg
http://en.wikipedia.org/wiki/File:Adipic_acid.svg
http://en.wikipedia.org/wiki/File:Acrylic-acid-2D-skeletal.png
http://en.wikipedia.org/wiki/File:Caproic_acid_acsv.svg
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Biomass

p
Fermentation Building

5-20 ¢/Ib Feedstocks Blocks

Intermediates o
Plastics &

Consumer

Resins Products
- Intermediates
Hydrocarbon Building 50- 60 ¢/lb Market Prices
Feedstocks Blocks
40- 50 ¢/1b
20- 25 ¢/Ib 30- 40 ¢/Ib
20- 40 ¢/1b
IHS 2012:

Light Naphtha — 47 c/Ib
Naphtha Ethylene — 69 c/Ib
Shale Gas Ethylene — 18 ¢/Ib

Adapted from: PetroleumOnline.com
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New Biocatalysts for Microbial Métabolic Chemical Catalyst
Pathway,Engineering Engineéring Design
Joe Noel (Salm\ ackie Shanks (ISU) -% ert Davis (UVa) - Lead
Basil Nikolau (ISU) Nancy Da Silva (UCIrv.) Brent Shanks (ISU)
Eran Pichersky (UMich.) Julie Dickerson (ISU) Jim Dumesic (UWisc)
Tom Bobik (ISU) Ramon Gonzalez (Rice) Abhaya Datye (UNM)
Peter Reilly (ISU) Laura Jarboe (ISU) Matt Neurock (UVa)
Eve Wurtele (ISU) Costas Maranas (PSU) George Kraus (ISU)
Ka-Yiu San (Rice) Klaus Schmidt-Rohr (ISU)
Suzanne Sandmeyer (UCIrv) Keith Woo (ISU)
Zengyi Shao (ISU) Jean-Philippe Tessonnier (ISU)

Techno-Commercial and Life Cycle Analysis
Rob Anex (UWisc) - Lead
Raj Raman (ISU)
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Biocatalysis
Inventions & Know How in and Microbial Chemical Catalysis Inventions & Know How in
Enzyme and Pathway Engmeermg Catalyst and Catalysis
Engineering Engineering
E Catalyst
Eng?zzgr?ng 0&?{‘;:;:%" Engineering Op(iﬁ;?zlgon
Stram Catalyst
Selection Selection

Life Cycle Analysis /
Biomass K ’ :

, S | _ S : N S _ Biorenewable
. ) Biocatalysis & Chemical Catalysis . Separation )
Opportunity Glucose Fatty Acids o-Olefins Chemicals

Testheds
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OH OH
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Carbohydrates
} Acetyl-CoA l } 3-Ketoacyl-ACP l } Methylketone l
Synthetase Synthase Synthase
I I
o VvV o vV 0O ) 4

I I I
CH;—C—CoA + HOOC — CH,— C—ACP —> CHy—C— CH~C—ACP

starter extender eduction

y. y.
e =

! !

\ Acyl-CoA l CoASH
Carboxylase Synthase/Reductas
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Metabolic Engine JSUNNEY!

Acetyl-CoA 3-Ketoacyl-ACP Methylketone
Synthetase Synthase Synthase f OH OH (0] OH O

o o] V O 0/ R-CHz)\)\ R—CHMS—X

[ [l 1 1
CH;— C—CoA + HOOC-— CH,—C—ACP — CH;—C—CH;-~C—ACP

O NH, ld
starter extender l reduction R_CHM

Acyl-CoA cﬁ\gH f 6,8..16 CI) PI 2 RCHMS-X
Carboxylase Synthase/Reductas N CH,—C —¢H2— C—ACP h 2
CH;—CH,—CH4#— IC! ACP l dehydration )C])\ l )
| H /0 O HN “R2 o o
£\ reductio . Ié _ACP R_CHZ)k)\ RCHZ/U\/\/U\S_X

Thioesterase
it 3 I



http://en.wikipedia.org/wiki/File:Caproic_acid_acsv.svg
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Characterization

Transcriptomics Proteomics

‘/ Infq)rmatlon
!‘,\ —

Aburdance

{ 15591
| b

Strain Selection and Gene Targets Flux Analy5|s Metabolomics
(from Thrust 1)

Transformation

P

8 &5 3 8 3§

223.07| 24408 271381
T

200 250 200
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http://www.pharmaceutical-technology.com/projects/eli_lilly/eli_lilly3.html
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 Hydrogenation, Decarboxylation, Ring opening,
DehYdr'G'hon, COHJUQGTIOH, STable CGTGIYSTS, R \A HO\/\/\/\oH R\/él\/L

Catalyst evolution. S
- Significant progress is being made with i J
palladium, platinum and rhodium-based M M K\/\f/
catalysts.
« Hydrothermal stability studies are underway o oo o

with support systems and catalysts. o o o
« Catalytic yields are approaching theoretical b

limits.

CENTER FOR BIORENEWABLE CHEMICALS w55 ——
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H,0H o _o .
o
H I:> \[Z I:> HgCWLOH
H
OH

H

o
o

0.12 1.2

0.1 } 1
// Saccharification
0.08 0.8 1
// —8—Prod :
0.06 ﬂ 06 Fermelptatlon
6 04 =¢=—Titer

I
1
= Separation
0.02 - 0.2 i
1
/ |
1 .
0 . . 0 Catalysis
2010 2011 2012 :
lf- : -
Ve o0 | ou | 2012 | Purification
0.072 0.22 1.06 :
0.0015 0.005 0.025 \
0.0036 0.044 (9%) 0.11 (23%)
NA* 58 65+
[ Selyu(%) | NA* 51 599%*
NA* ~70 ~70
| Selpgnyamol%) | NA* ~g0 ~g0
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http://en.wikipedia.org/wiki/File:Sorbins%C3%A4ure.svg

Ancient

Current

- % Bio-Based Chemicals Future

Future
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http://en.wikipedia.org/wiki/File:Ethanol-2D-skeletal.svg
http://en.wikipedia.org/wiki/File:Bernsteins%C3%A4ure2.svg
http://en.wikipedia.org/wiki/File:Adipic_acid.svg
http://en.wikipedia.org/wiki/File:Lactic-acid-skeletal.svg
http://en.wikipedia.org/wiki/File:Sorbins%C3%A4ure.svg
http://en.wikipedia.org/wiki/File:Piperylene.svg
http://en.wikipedia.org/wiki/File:Hydroxymethylfurfural.png
http://en.wikipedia.org/wiki/File:Adipic_acid_structure.png
http://en.wikipedia.org/wiki/File:Ethanol-2D-skeletal.svg
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Bio-Based
Chemicals

Bio-Based
Feedstock

Fermentation Catalysis
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Biomass “Sugars Fatty Acids rimars Secondary
e ermediates Intermediates
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Biorenewable Chemical Production Steps

Biomass Production, Sugar Fermentation Catalytic Processing Commercialization and
Delivery, and Treatment Novel microbes ferment Chemicals are extracted and Sustainable Production
Biomass is harvested, delivered to sugars into chemicals. converted using chemical Final product is evaluated for

the biorefinery, and ground into catalysis to the final product. sustainability and techno-commercial
particles. Pulverized biomass is feasibility.

pretreated with heat and chemicals
to make accessible to enzymes.
Enzymes are added to break down
starch or cellulose chains into sugars.

Center for Biorenewable Chemicals (CBIRC) © | Adapted from: genomics.energy.gov

ACTEECT

mg/batch 1-10g 1-2kg 20-40kg 1,000Tonnes 100,000T
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Corn for Grain 2009
Production by County and Location of Ethanol Plants
As of January 19, 2010

Cam Production
[Bushels)
Hot Examated
= 1,000,000
| 1,000,000 - 4. 500 009

00-150 % ® U 000,000 - §AEE B9 -
10,000,000 - 24 598 509 i’

Less than 50 ™ i l V500,000 - 18 R B USDA M h
maome a—

US Cmpardrard of hgiouuny  Metinrsl Agrcuumsl Baliston Barsion
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% Pathways

[ CarbohydratesJ B

L |

LJ

Glyc\f)'llglsm
- S
Terpenes | — L Acetyl CoA J\—JL Pyruvate J

“f Fatty Acids Citric Acid Amino Acid
Polyketides - 1 Cycle Metabolism

 Array of Chalns, | . ,
Branches & Rinas Succinate Keto Acids

NSF Eng eeeeeeeeeeeee h
Center for Biorenewable Ch emicals

Furans

Sorbitol

Glycerol

Lactate

Ethanol
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Cellulose

Diacids/ Diols
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http://en.wikipedia.org/wiki/File:Sorbins%C3%A4ure.svg
http://en.wikipedia.org/wiki/File:Caproic_acid_acsv.svg
http://en.wikipedia.org/wiki/File:Adipic_acid.svg
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! Carboxylic Acids

Diacids/Diols
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Carboxylic Acid\
H
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Concept Generation Knowledge & Patents Product R&D Commercialization

-
. .
-

R
" i) .
o .

@ l o
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-
]
y

IDEAS

A de-risking technology for translational research.
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Evonik

Frontline BBAM Elevance Ashland IFF DSM .
- Danisco

POET \ GlucanBio, GPC MBI PineCreek

Solazyme

Sso
~s
~
~
~.
~

.
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£

Allylix OPXBio GlycosBio | Endicott NCAUR Micheli\ﬁ\\ .
Genomatica ChevronPhillips FocusFirst Lesaffre BASF Toray
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Biomass Sugars Fatty Acids Primary Secondary Uses
Intermediates Intermediates
Biorenewable Chemical Production Steps Adhesives Carpeting Cosmetics Fertilizers

Biomass Production, Sugar Fermentation

CENTER FO R B [O RE | Delivery, and rream:fm: ] Novel microbes ferment

pretreated with heat,
enzymes to release s

rocessing Commercialization and
extracted and Sustainable Production
ing chemical Final product i evaluated for

d tech

Paints Rubber Fabrics Plastics

feasibility. PetroleumOnline.com
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Biocatalysis
Inventions & Know How in and MICFUDI&[ Chemical Cata[ySiS Inventions & Know How in
Enzyme and Pathway Engineering Catalyst and Catalysis
Engineering E EI}ZVmgﬂPa . E Catalvstqcat;,,yst Engineering
ngineering Optimization ngineering Optimization
Strain / Catalyst
Selection Selection

\ Life Cycle Analysis
" Biorenewable

slomass e Kept o e
. Processing T Biocatalysis o Chemical Catalysis Separation .
Opportunity Glucose Fatty Acids a-Olefins Chemicals

Testheds
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Biorenewable Chemical Production Steps

Sugars In Chemicals Out Substrate In
Biomass Production, Sugar Fermentation Catalytic Processing Commercialization and
Delivery, and Treatment Novel microbes ferment Chemicals are extracted and Sustainable Production
Harvested biomass is ground and sugars into chemicals. converted using chemical Final product is evaluated for
pretreated with heat, chemicals, and catalysis to the final product. sustainability and techno-commercial
enzymes to release sugars. feasibility.

Center for Biorenewable Chemicals (CBIRC) © | Adapted from: genomics.energy.gov
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