* Richard Smalley

1943 to 2005
Nobel Prize in Chemistry in 1996
“Buckeyballs”



* Smalley’s Top Ten Human Problems

1. Energy 6. Terrorism/War
2. \Water 7. Disease

3. Food 8. Education

4, Environment 9. Democracy

5. Poverty 10. Population

http://cohesion.rice.edu/NaturalSciences/Smalley/emplibrary/120204%20MRS%20Boston.pdf



* Smalley’s Bold Claim

All of these problems can be
addressed with energy that Is

e Clean
o Affordable
o Abundant
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* Driving Forces

e Growing population

* Rising standard of living
 Oil imports

* Peak ol

* Global warming
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*Global Population Milestones
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*Global Population Milestones
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* Driving Forces

» Growing population
 RisIing standard of living
 Oil imports

* Peak ol

* Global warming
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Energy and Wealth
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* Driving Forces

» Growing population

* Rising standard of living
 OIl Imports

* Peak ol

» Global warming



Energy Flow In the Unite

(2009)
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Energy Flow In the Unite
(2009)

Stock Changeg
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4.21
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272
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July 2008
Historical Oil Price

Jan 2011
'.%_:::I::;Izmu Dollars) ~$90/ bbl

~$45/bbl

*
f |
Jan 2009 | /
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http://en.wikipedia.org/wiki/Oil_price_increases_of 2004-2006



* U.S. OIl Trade Deficit (2009)
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* U.S. OIl Trade Deficit (2009)

20.6 mill bbl consumption y 0.59 bblimport  $90

—x——=$1.1billion/day
day bbl consumption bbl

$400 billion/yr| oitimports




* U.S. OIl Trade Deficit (2009)

20.6 mill bbl consumption y 0.59 bblimport  $90

x —— = $1.1billion/day

day bbl consumption bbl

$400 billion/yr

$379 billion/yr

Oi1l Imports

Total imports


http://www.americaneconomicalert.org/ticker_home.asp

* Driving Forces

» Growing population

* Rising standard of living
 Oil imports

 Peak oll

» Global warming



*I\/I. King Hubbert (1903-89)

. American geophysicist
, \ "« Shell Oll research laboratory

Houston, TX




US Oil Production
Data through 1956
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US Oil Production
How well did he do?
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World Oil Production
Deffeyes Prediction (2001)

November 24, 2005
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How good was his prediction?

mbd World Oil Production

Peak 2008 81.73 mbd
S

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

http://www.hubbertpeak.com/



* Driving Forces

» Growing population

* Rising standard of living
 Oil imports

* Peak ol

o Global warming



Recent CO, Concentration

CO, Concentration (ppm)
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* Global Warming Projections

CCSR/NIES
CCCma

CSIRO

Hadley Centre
GFDL

MPIM

NCAR PCM
NCAR CSM

1950 2000 2050

Intergovernmental Panel on Climate Change
Business-as-usual scenario



How much Energy does an
Average American Consume?

Primary Energy = 11.2 kKW heat
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Primary Energy = 11.2 kKW heat
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How much Energy does an
Average American Consume?

Work = 2.24 kW
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¥-0il Refinery

Chemicals
/'

$665/tonne
Fuels $101/pbl
$2.42/gal

Oll

Crude Ol ]
Refinery

$635/tonne
$90/bbl

2.14/gal
$2.14/02 Polymers



Oll

Crude Ol ]
Refinery

$635/tonne
$90/bbl
$2.14/qgal

“Crack Spread” = 11/bbl




*Biomass Refinery

Food

Feed

Chemicals
/'

Biomass

Bi Fuel $665/tonne
lomass ' uels $101/obl
$60/tonne Refine ry $2.42/gal
$20/bbl*

$0.49/gal* Polymers

* Equivalent energy basis

_ Fiber
Pharmaceuticals



* Biomass Refinery

Food Feed
/Chemicals
o Biomass -
10mass : uels
$60/tonne Reflnery $2.42/gal
$20/bbl*
$0.49/gal*

Polymers

* Equivalent energy basis

Fi
Pharmaceuticals “Crack Spread” = $81/bbl




* Biomass Refinery

Food
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Chemicals
/
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$60/tonne
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* Equivalent energy basis
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¥ MixAlco
Process
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MixAlco Process

Hydrocarbon
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Biomass Hydrogen |
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* Advanced Lime Treatment




*Building the Pile




*Building the Pile
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MixAlco Process

Biomass
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Environments where organic
aclds naturally form

e animal rumen
- cattle
- sheep
- deer
- elephants

¢ anaerobic sewage digestors
o SWamps
o termite guts



Why are organic acids favored?

CH;,0, > 2C,H.OH+2CO, AG =-48.56 kcal/mol

glucose ethanol
glucose acetic acid

The actual stoichiometry Is more complex

C.H,,0; — acetate + propionate + butyrate + CO, + CH , + H,O0 + H,



Why are organic acids favored?

CH;,0, > 2C,H.OH+2CO, AG =-48.56 kcal/mol

glucose ethanol
glucose acetic acid

The actual stoichiometry Is more complex

C.H,,O, — acetate + propionate + butyrate + CO, +><+ H,O + H,

Methanogen inhibitor



* Typical Product Spectrum
at Different Culture Temperatures

40°C  55°C
C2 — Acetic 41wt% 80 wt %
C3 - Propionic 15wt% 4wt %
C4 - Butyric 21wt % 15wt %
C5 — Valeric 8wt% <1wt%

C6 — Caproic 12wt % <1 wt%
C7 — Heptanoic 3wt% <1 wt%
100 wt % 100 wt %




MixAlco Process

Hydrocarbon
Fuels
Biomass Hydrogen |
2 Pretreat |—| Ferment —> Therma}l ——t Hydrogenate > Oligomerize
: : Conversion
1 Carboxylate Ketones Alcohols

Salts



Vapor-Compression Desalination

100°C
= 1.00 atm

101°C
1.04 atm
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Filmwise Dropwise
Condensation Condensation

Boiling Steam-Side Boiling Steam-Side

~2,000 Btu/(h-ft?-°F) ~42,000 Btu/(h-ft2-°F)
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aredo Desalination Project




Biomass
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Thermal Conversion
Stoichiometry

P 7

H,CCOCaOCCH; —» H, CCCH + CaCO,
Calcium Acetate Acetone

@) @) O
[ [
H,CCH,COCaOCCH,CH, — H,CCH CCH ,CH, + CaCO,
Calcium Propionate Diethyl Ketone
@) @) O

Il Il
H,CCH,CH,COCaOCCH,CH,CH, — H,CCH,CH CCH ,CH,CH, + CaCO,

Calcium Butyrate Dipropyl Ketone



* Thermal Conversion Kinetics

Conversion (%)
99
95

90

400 420 440 460 480 500
T (°C)




Thermal Conversion
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MixAlco Process

Hydrocarbon
Fuels
Biomass Hydrogen
' | Pretreat |—| Ferment Dewater > Therma}l Hydrogenate Oligomerize
: ; Conversion
1 Carboxylate Ketones Alcohols
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Ketone Hydrogenation
Stoichiometry

0 OH
I I
H,CCCH, +H, — H,CCCH,

Acetone Isopropanol
i ok
H,CCCH,CH; + H, — H3C(|3CH2CH3
H

Methyl Ethyl Ketone  2-Butanol

9 OH
I
H,CCH,CCH,CHj + H, — H,CCH,CCH,CH;
H

Diethyl Ketone 3-Pentanol



* Ketone Hydrogenation

>
Catalyst = 200 g/L Raney nickel
T Temperature = 130°C
— Time = 35 min (@ P = 15 atm)
Liquid Ketones

|

5



Hydrogenation
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Biomass
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*Oligomerizaton Chemistry

OH

I
Dehydrate H3CC|3CH3—> H,CHC=CH, + H,0
H

Isopropanol  Propylene

Dimerize H,CHC=CH, + H,CHC=CH, - H,CCH,CH, HC=CHCH,
Propylene Propylene Hexene
Saturate H,CCH,CH, HC=CHCH; + H, - H,CCH,CH,CH,CH,CH,

Hexene Hexane



Mixed Alcohols to Hydrocarbons

Mixed aleohols
from MixAlco process  Hydrocarbon



* Mixed Alcohols to Hydrocarbons
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* Mixed Alcohols to Hydrocarbons

)

Components of jet fuel
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* Mixed Alcohols to Hydrocarbons

Components of gasoline
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* MixAlco Advantages

o |Can use wet feedstocks
» \Wide range of feedstocks

e Energy efficient

* No genetically modified organisms
e Many products

o Distributed processing
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* MixAlco Feedstocks

% .

- e animal manure
e Qrass e sewage sludge

e agricultural residues * municipal solid waste
* energy crops E algae “bodies”
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Sugarcane Bagasse




* MixAlco Feedstocks

% .

- e animal manure
e Qrass e sewage sludge

e agricultural residues * municipal solid waste
* energy crops E algae “bodies”



Productivity

Productivity
Dry tons/(acre-yr)
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P 3

Productivity
Dry tons/(acre-yr)

Productivity

I
B 3.4

@orn graiD Sorghum Energy cane




Current-Generation Biofuels

http://petroleum.berkeley.edu/papers/patzek/ CRPS416-Patzek-Web.pdf



Cornfield

Bart and Phillip




Corn Land Area Required to Supply

100% of US Gasoline
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Competition with Food
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Productivity

Dry tons/(acre-yr)

Productivity

B 3.4

Corn grain CSmghurD

Energy cane



Grows In ~35 US states

Yield = 20-25 dry ton/(acre-yr)
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* MixAlco Feedstocks

% .

- e animal manure
e Qrass e sewage sludge

e agricultural residues ¢ municipal solid waste
* energy crops E algae “bodies”






* MixAlco Advantages

e Can use wet feedstocks

» \Wide range of feedstocks
e | Energy efficient
* No genetically modified organisms
e Many products

o Distributed processing




* Dewatering Energetics

Ethanol Distillation (5% to 99.9%0)
kg steam MJ heat

3 =84 = 28.5% | of the combustion heat

L ethanol kg ethanol

Source: B.L. Maiorella, Ethanol, Comprehensive Biotechnology, VVol. 3, Pergamon Press (1985).

MixAlco: Carboxylate Salt Vapor-Compression Dewatering (5% to 100%0)

15.7 MJ heat 95 kg water 0.3 MJ

X = 17%

1000 kg water 5 kg acid kg acid

of the combustion heat

Work = 5.5 kWh/thous gal = 1.45 kWh/m3 Assume heat to work is 33% efficient



* MixAlco Advantages

o Can use wet feedstocks
» \Wide range of feedstocks
e Energy efficient

| No genetically modified organisms

e Many products
o Distributed processing
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* Chemistry

Formic Acid

Formic Acid

Carboxylate

> Aldehyde |«

Salt

Hydrocarbons =
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* MixAlco Advantages

e Can use wet feedstocks
» \Wide range of feedstocks

e Energy efficient

* No genetically modified organisms
e Many products

o Distributed processing




MixAlco Logistics (Example)

Carboxylate Salts Pipeline
Ketones, Acids, or Alcohols Pipeline

N Existing Oil Pipeline

()| MixAlco Plant

O Satellite Fermentors
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* MixAlco Advantages

No Enzyme

Addition




* MixAlco Advantages

No
Sterility




Economics

*




Economics

*

Competes with oil at about
$70/bbl without subsidies




* Brief History of MixAlco Process

1991 — Laboratory research began
2000 — Pilot plant construction began
2008 — Demonstration plant construction begins
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* Brief History of MixAlco Process

1991 — Laboratory research began
2000 — Pilot plant construction began
2008 — Demonstration plant construction began

| ERRABON



* Brief History of MixAlco Process

1991 — Laboratory research began
2000 — Pilot plant construction began
2008 — Demonstration plant construction began







Construction has begun!!
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* Completed Fermentor




Glant Cattle Rumen

GREEHENEHGY by Jessica Andermatt

BIOFUEL BREAKTHROUGH
GREEN TECH PROCESS BASED ON COW'S STOMACH (REALLY!)



*Dedication (November 2008)
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*Governor Speaking




Holtzapple Speaking




*Naming the Demonstration Plant
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*Holtzapple Family with Governor




*Holtzapples with Governor
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Sorghum Land Area

Loremo
with
StarRotor Engine

Pacific Ocean

Pacific '
Ocean . s |
. I MM

|
"‘ﬁ..._.IJ'—-.I|IL

Nartharn Maramna
o Iglands

a— Fuanm :
of Mexico
250 S00 mi

51999 MBS em O ol " *at 70 miles per hour

e Amarican Samoa



Sorghum Land Area
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StarRotor Engine
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