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Microalgae for production of bulk chemicals and biofuels
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Biodiesel from microalgae

= Botryococcus
Alkanes (C34)
High concentrations (40-70%)
= Other algae
20-60% lipids
= High productivity
Palm oil: 6,000 I/ha/year
Algae: 20,000-80,000 I/halyear
No competition with food
Salt water
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Tubular reactor

Centrifuge

Harvest

Monitor and Control

Solar collector
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" Stack gas
1co2

\7 —
Labo28ly Power 22%
\
Power 42%

ﬁ WAL Esin e IR

10.62 € / kg biomass

4.02 € / kg biomass

89% decrease

0.4 €/ kg biomass
15 €/GJ
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Conclusions Delta report: economical viabilit

= Power input is the main constrain in photobioreactors
= Sensitivity analysis show that biomass production costs
can be further decreased from 4 to 0.4 €/kg

m Parameters that need improvement
e Mixing system / efficiency
o Photosynthetic efficiency
« reactor design
« cultivation conditions
« strain improvement / screening
o Integrate processes

= Positive energy balance still needs to be reached
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Economical Viability: process integration and valorisation

Bulk chemicals and biofuels in 1,000 kg microalgae

= 400 kg lipids
* 100 kg as feedstock chemical industry
(2 €/kg lipids)
* 300 kg as transport fuel (0.50 €/kg
lipids)
500 kg proteins
e 100 kg for food (5 €/kg protein)
® 400 kg for feed (0.75 €/kg protein)
100 kg polysaccharides
o 1 €/kg polysaccharides Food proteins N removal
70 kg of N removed W s0¢€ -t
® 2 €/kg nitrogen [ ——— Sluot.:]at[ﬂ
1,600 kg oxygen produced 300€
e 0.16 €/kg oxygen
Production costs: 0.40 €/kg biomass
Value: 1.65 €/kg biomass

Biofuels  ChemicaSIR=
150 € 200€ o

AGROTECHNOLOGY

&
§ FOOD BCICNCES GROUM
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Research programs 3
Photosynthetic Cell Factories

(NWO)

Solar-H and Solar-H2,

SUNBIOPATH (EU)

Sealand Sole (Min. Agriculture,
province Sealand, companies)

= SUNLIGHT (University of Ghent)

m CO, fixation (TNO)

= Reactor design (Proviron,
University Huelva, Wetsus)

AlgiCoat (Akzo, Ingrepro, Essent)
= Wetsus (17 companies)
= AlgaePARC (15 companies)

AGROTECHNOLODY &

f FOOD BCIENCES GROURM
wAmEs N e

Wageningen research agenda

Control of primary metabolism
Photobioreactor design
O, removal and CO, supply

Biofilms for post-treatment
wastewater

Harvesting and Oil extraction
Biorefinery

Design scenarios
AlgaePARC

AGROTECHNOLODY &

f FOOD BCIENCES GROUM
wAmEs N e

rimary metabolism
— Annette Kliphuis, Anne Klo

Packo Lamers

= Research reactor to apply wide
range of cultivation conditions

= On-line monitoring of
production and consumption
rates (CO,, O,, N, biomass)

= Metabolic network model and
flux calculations to predict
rates in primary metabolism

= Objective: control metabolism

AGRCTECHNOLODY &

§ FOOD BCICNCES GROURM
WABEsIND N N

Photobioreactor design

Maria Cuaresma, Lenneke de Winter,
Jan-Willem Zijffers, Rouke Bosma,
Niels Henrik Norsker, Carsten Vejrazka

= Translate laboratory experiments
to
practice, study daily variations:
e day to day changes in light
o day/night changes in light
e Temperature
Development of control strategie;

AGRCTECHNOLODY &

§l Fooo scieNcEs GROUR 1 1l
WAL Esin e~ R
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O, removal and CO, supply
Claudia de Sousa, Ana Santos,
Sayam Raso, Michiel Michels

= High Oxygen partial pressure inhibits
photosynthesis
Maximal tolerable O, partial pressure
Strains more resistant to O,
Develop new technology to remove O,
= Energy efficient CO, supply
Conditions: high pH, high salt
Selection of lipid accumulating strains

AGROTECHNOLOGY &
FOOD BCICNOES GROURM
WABEsIND N N

Biofilms for post-treatment wastewater [
— Nadine Boelee, Kanjana Tuantet

biomass is easier to harvest

no suspended matter in
effluent

low energy requirement (no
mixing)

vertical placement is possible
(giving higher photosynthetic
efficiency due to light dilution)

AGROTECHNOLOGY &
FOOD BCICNOES GROUM

WABEsIND N N

Harvesting and oil extraction
Sina Salim, Dorinde Kleinegris

= Reduction of cost & energy demands
No additional chemicals
Ensure medium reuse \,?_2
= Bio- & auto-flocculation
Microalgae with high lipid content
Characterization of algae %
Mechanistic study
Kinetics of harvesting
= Milking of microalgae

AGROTECHNOLDGY &
FOOD BCIENOES GROUR
wAmEs N e

Isolation of pure and native ‘
protein from microalgae for
food applications

Characterization and fractionation

of the isolated protein
isolated protein fractions and its

% - possible applications as a food

n ingredient

Test techno-functional properties of

AGROTECHNOLO

oy &
FOOD BCICNOES GROUR
wAmEs N e

Design scenarios - Ellen Slegers

= Objective

Develop scenarios for production of energy carriers at very large

scale
= Why

Logistics: complexity and energy use of supply of materials
= Research issues

Which scale is most economic? 1-10-100-...>10,000 ha?

Logistics of a large scale facility are very complex

Energy

Mixing, degassing, CO, supply, harvesting, materials

Industrialized areas, desert, floating, local =

Day/night/summer/winter

Center

Development of a process chain

Experience with systems

Information for design of full scale plants
Comparison of systems

Comparison of strains

Comparison of feeds (nutrients, CO,, sunlight...
Supply of biomass for .

further processing

Storage

AGRGTECHNOLOGY &
FOOD BCICNOES GROURM
WABEsIND N N

Further processing

AGRGTECHNOLOGY &
FOOD BCICNOES GROUM
WABEsIND N N
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= Research plan

m 4 outdoor systems of 25 m? each
e Open pond: reference

e Horizontal tubular system: high light intensity, oxygen
accumulation

o Vertical tubular system: low light intensity, oxygen accumulation
o Flat panel system: low light intensity, no oxygen accumulation
m 4-8 systems of 2.5

= Specific req

Phase between lab and pilot

Test things where you are not
sure of

Different strains
Different feed stocks
Adaptations in design
New systems
If successful

e To 25 m?scale
If not successful

* More experiments

* Reject

AGROTECHNOLOGY

&
§ FOOD BCICNCES GROUM
WABEsIND N N

Conclusions

= Microalgae are promising for production of bulk
chemicals and biofuels

= Microalgae technology is immature

= Development of technology requires large
research programs

= Combination with biorefinery important
= Join forces

AGROTECHNOLODY &

f FOOD BCIENCES GROURM
wAmEs N e

Running

What we aim at

Applied
NWO algae
> i P o e S

|y 7

N\ Biosola
Systems
.~ | Biology.

Systems Metabolic

Design Modelling :
Q>

Development usula
Engineering “\
=5 ©

Scale-up

AGROTECHNOLODY &

f FOOD BCIENCES GROUM
wAmEs N e

Collaborative research programs

= Wetsus
o AF&F, Dow Chemicals, Delta, Eneco Energie, Essent,
Friesland Campina, De Alg (Hednesford), Hubert,
Ingrepro, Neste Oil, Liandon (Nuon), Rosendaal

Energy, STOWA, Syngenta, Unilever
m AlgaePARC

e LOI of 15 companies, Ministry of Agriculture, Biosolar
program, province of Gelderland

= Biorefinery

e Combination of end users (for the different biomass
fractions) and technology suppliers

AGRCTECHNOLODY &

§ FOOD BCICNCES GROURM
WABEsIND N N

www.algae.wur.nl

" Program coordinators:
" Marcel Janssen: photobioreactors and CO, transfer
" Marian Vermue: harvesting, biorefinery and O, effects
= Dirk Martens: metabolic flux modelling
®Maria Barbosa: AlgaePARC

AGRGTECHNOLOGY

&
§ FOOD BCICNCES GROUM
WABEsIND N N
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% Large Scale Production of

Microalgae for Biofuels

Dr. Bryan Willson
_-Chief.Technology Offi

SOLIR~

International Symposiumsen
Algal Fuel Research .
Tsukuba, Japan

July 27,2009

2009 Solix Biofuels. Al Right Reserved

FLoLx 3 Main Points

» Solix is a leading developer of closed
photobioreactor-based production systems for
algae-based biofuels

» Solix’s cost trajectory shows that fuel production
from algae can be cost-competitive with
petroleum - but requires full value extraction
from the production co-products

« Solix has now begun operation of the world’s
largest closed photobioreactor for biofuel
production.

Outline

'ﬁi’gm.x About Solix

« Focused on the development
and commercialization of large-scale
algae-to-biofuels systems
« Launched in March, 2006
« Privately funded
« 65+ employees
+ Headquartered in
Fort Collins, Colorado, USA
1st scaleup site on the Southern Ute Indian reservation in
southwest Colorado
Significant strategic partners in advanced biology, midstream
processing, fuel processing, and scaleup engineering

'}?&ﬁgux Photosynthetis / Algae

-%gSDLJx Processing

Photosynthesis in Micro-algae

co,
Sunlight j

Protein
p Lipid

ALGAE

BIOMASS -
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%’sgux Land & Water Efficiency

SOLIX

Solix Value Chain Positioning

Annual Production

« Soybean: 40 to 50 gal/acre 8,000

« Rapeseed: 110-145 gal/acre & 7,000 l‘ —=>_
« Mustard: 140 gal/acre >' 6,000 1 4.»
« Jatropha: 175 gal/acre ; :ggg

« Palm oil: 650 gal/acre 2 3,000 | -
« Algaeest.:  5,000-10,000 gal/acre z 2,000 |

§ 1000 {°

7,000 “nominal” o

Soy Canola Corn  Palm  Algae
(ETOH)

v

Advanced -Grow\h ‘ Extract Process
Biology

Distribution

“Refining” . & Retail

o These“up stream and
“down” stream partnerships
have been identified and
established

Outline

e Open Pond Cultivation:
"SOLIX  pynaliella - Eilat, Israel

L ______—————————————————————
3 Open Pond Production: Earthrise
Spirulina - California

e’ Open Pond Production:
"SOLIX  Seambiotic - Ashkelon, Israel
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HLoLx  Open Pond Attributes

Advantages

» Lowest capital cost

» Only technology demonstrated &
at large scale - to date

« Can maintain specific cultures
of extremophiles

Disadvantages

 Allows contamination of
specific culture
with local species / strains

» Potential for loss / migration of GMO

 Susceptible to weather

» Water loss from evaporation / percolation 13

Outline

ﬁ”' Direct Light PBRs:
“soLix  GreenFuels, 15t Gen

ﬁa Direct Light PBRs:
“soLix  Algaelink / Bioking

e Direct Light PBRs.
"SOLIX  Solix 1st Generation

'ﬁig_g_L_.?g Photosynthetic Efficiency

Efficiency, =P/E,4

~15%-20% .
of full sun Irradiance, Eg4

(arbitrary units) 18




|
'ﬂi’gm.x Impact of Light Intensity

Fig. b1 Detwen nesent FD,
A= 958 e B 6% st € = 0%, shace: ) - o nde, bl kgt Oorm P s Fechameret
195 Rt mit oy s b, Pl Ao Pt L Aggt. Phvcadh

Note: 10X increase in light, but
only 3.5X increase in output.
Implies a 3X reduction in
photosynthetic efficiency.

Conversely, if diffuse light can
be used over extended surface
area, 3X increase in output
possible.

_——
—— e e e
Extended Area PBRs

.gg

*SOLIX

Glass Plate Photobioreactor Glass Tube Phomtor

=5 m?illuminated area
for 1 m2 of ground area

Utilizes diffuse light, short photic
distances (approaches ideal cycle

time of 20 ms) for high photosynthetic
efficiency

0 Flgre 5. Meandering plate cultivator 100 1o 6000 L. IGV Instinat fir Geneidevernrbueitung

“5oLix  Pumped Tubewall PBR: IGV

Figure 4: The cultivation in the PRR 4000 from 21,04.2006 1o 21.08.2006 N o

with suulight and no artificial light DR, 4w,
F

'ﬂi’gm.x Pumped Tubewall PBR: AlgaTech

Stress Phase

High-Growth Phase

Advantages
« Allow growth of specific cultures
« Allows environmental control
» Potential for much higher growth
rates (with
extended surface area and/or high turbulence)
Disadvantages
« Potential for high capital cost
« Potential for high energy costs
» Low-cost production has not been demonstrated

24
e i ii— — ik
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Outline

FLoux  Costvs. Productivity

Direct Light PBR: Diffuse PBR:
Low Cost & Productivity High Cost & Productivity 2

'%?;P_L.‘% 1st Generation PBR. July ‘06 '3%?;,_3_[__,?5

gﬁgpq_}; 3rd Generation PBR -Nov ‘07 ﬁf;@__.x Solix G3 (cont)

Solix G3 Technology:

« Extended surface area
« Water supported

« Integrated CO, / air sparging
* G4 under development
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Solix G3 (cont)

ﬂf;qggg Solix G3 (cont)

Winter Operation: ‘07 & ‘08

gg?‘-.’.?‘. Continuing AGS Improvements

Solix G4a Technology:

* Membrane CO, delivery

* Membrane O, removal, internal

» Reduced thickness / higher density

Potential Open-Water Application

ﬁ,, Offshore Production?
+S0OLIX
. Denmark Workshop, Apr_2Q-22
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Outline” ~

Sdlix /Algae Intro

Prddyefiopsin Opendonds

Preluctionsn CleSed+PBRS
Solix AGS SyStent”

Scaletip:.Goyote Gulch
PrOdugtion £osts

SoliX Business Mogdel
ConglUsions

st o

“*soLix Harvesting & Extraction “soLix Extraction

.,:;\_!- ’
-‘?’:5_._3 LIX Extraction

- 5

Colorado State Ling

Properties and Suitability of Liquid Fuels Derived
from Algae

Anthony J. March:
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-ﬁigsc)ux Fuel Properties - General

 Algal oil is unique in that it tends
to contain a significant quantity
(~5-20% by volume) of long highly
unsaturated oils, which are rarely observed in
more traditional biodiesel feedstocks, such as soy
and rapeseed (canola) oil.

» The two most common types of long and highly
unsaturated oils found in algae oil tested to date
are eicosapentaeonic acid (EPA) and
docosahexaenoic acid (DHA).

ﬁfﬁ

fsSoLIx Feedstock Composition

Fatty acid content varies widely depending on the feedstock. The chemical
composition has implications in terms of combustion characteristics.

Saturated Acids Mono Total Poly
Unsaturated Unsaturated
Acids Acids
10:0] 12:0] 14:0| 16:0] 18:0] >18:0| 16:1 | 18:1| 22:1| n:2 | n:3 | n:4-6
Coconut 7 |47 115]| 8 2 6 2
Palm 3 40| 3 46
Rapeseed 3 2 1 1 12 | 55|15 8
Soybean 9 4 8 1 26 55| 6
Nannochlorop 2 15| 2 2 16 (10| 1 | 6 | 4| 31
sis Oculata
Nannochlorop 3|14 |11 3 19 6 7 13| 20
Sis sp.

/'T\A/"v“" "’Cni“*‘mﬁ\:ﬂl Wklvv‘-.

methyl dodecanoate (coconut) methyl linoleate (soy)

eicosapentaeonic acid methyl ester (algae)

'35”5'0._“ Automation & Controls

Automates
conditions for
optimal productivity
of different
organisms in
different climates

» Gives predictive
and diagnostic
capabilities

45

Outline

ﬁ;ép_;_._?; Scaling Up. . .

%i
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_——-—-
————— T e
-x;gsc)ux Basin A

1

'3;?3.01_.,( Coyote Gulch Layout

Basin C Bulk CO,
Supply

Basin B | |
Offices &

Basin D ‘Lab
Produced Water
Handling

Basin A

Waste CO, & Nat. Operations
Gas Supplies Building
Photo taken 07.19.2009 57
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'ﬁ’?'

B

2*
. .S..DL-'X.

Outline

.ﬁg.

“SoLix  Economic Overview

Opelatmg

Ares)
Ekpeﬂ\(ﬂ
Solix Capital
Expense

“Economics”
Land
<
EﬁglﬂPErI"G
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HLoLix  System Analysis / Modeling

'ﬁf;.;_l__. x  R&D Roadmap

[s21Gal_|

-%?;gl_, x  Path to Fuel Cost Parity

The path to fuel cost parity will require both incremental
and step function improvements

Costand Yield

——T—T—T—T—T - - $2Gaklon
Tima Fuel

L b prer Gallon

Gallon per Acre

T —————————

Outline ;

-%gsg LIX Business Model

® Solix contributes:

» production/processing
technology

 project development and
operational expertise

® Partner contributes:
+ CO2, land and capital
® Value from:
* Fuel, co-products and CO2

Industry Partner

Solix

® Solix is teaming with international
partners in order to develop large-
scale production

,87,
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‘soLix  Path to Commercialization

Gemini 1

Mercury

182 Mercury 3 & 4

S
~ Lab

Mariners .

2006 2008 2010

Outline

Sdlix [Algae Intro
Pyddyefiopsin OpenPonds
Preluctionn CleSedPBRS
Solix AGS Syétemt”

Haryesting & Extraetion
Scaleup: Coyote Gul€h
Prgduction Gosts
SolpBusinessfModél

st

“*souix  Conclusions

.

B

‘sOLIX

« Economical biofuel production appears
feasible, using low-cost high productivity
photobioreactors

« Requires tight coupling of biology and
engineering

« Value of co-products must be captured;
may approach or exceed value of oil

« Systems modeiing/integration required
to achieve cost targets

i1
\1




Lipid accumulating microorganisms i

4.

Green Algae

Pseudochoricystis ellipsoidea

Possibi/ity of A/ga/ LIpIdS as Botryococcus braunii
Industrial Ingredients Euglenoid

Euglena gracilis

Lipid Composition of Algae
Cost of Algae Production

algae cost market price Botryococcus * Euglena (light condition) (dark condition)

(JPYen/kg DW) (JPYen/kg DW) Hydrocarbons - %6/DW Triglyceride A5 T

Botryococcus 80 ?
& Triglyceride - 1-3%/DW Glycolipids ~ 70.4% 5.9%

Chlorella 159 2,000 — 10,000 w
Glycolipids - 3-5%/DW Phospholipids  20.7% 74.3%

Soiite Col 2= Ty Phosphlipids -~ 1-2%/DW

Euglena K 50,000 — 100,000

*The lipid content and composition are dependent on media nutrients and
culture conditions.

Hydrocarbons of Botryococcus braunii Structures of hydrocarbons produced from Botryococcus
Race A
Cothsy  ElZ

Strain No H_.C. content  Growth rate \ol.Formula of the Purity (%) of PSP

(%inalgae DW) (w/day)  mostabundant H.C. the H.C.

CoHso  EiZ

i goe gL Cm34ﬁf§6 m g2 P S A S e S 5 S0

002 2l Al 0.187 C33H64 54
mw=460

003 423 0.066 C34H58 97
mw=466 Botryococcene (CzaHss, MW 466)

004 45.3 0.158 C31H58 56
mw=430 I

005 25.1 0.33 C34H58 94
mw=466 Cox, RE et al. J. Chem Soc.- Chem. Commun. 12, 284-285 (1973)

006 45.7 0.2 C34H58 95
mw=466 CagHae, mw 466

007 25.3 0.088 C19H380 (E) 51
mw=282

T: terpene; A: alkene; E: alkane epoxide
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Hydrocarbon compositions of B. braunii Races . »
Isolate from Japan Major Hydrocarbons of Races of B. buraunii

Rt Mol.% mw Molecular formula  Unsatu. eCte from Japanese freshwaters

Race-A: 40.32 40 432 C31H60
40.78 4 374 C27H50
41.34 56 430 C31H58

4129 39 466 C34H58 .
4318 50 466 C34H58 A: CyHso, CyHsy , CooHsg
4352 1 466 C34H58 B: CyHsy CagHsg

Race-Sa:25.94 73 268 C18H360 La: CygH,0, CyqHy50
2761 27 278 C19H340
Sa: CygHa5,0,CyoHs,0
Race-La:25.92 10 268 C18H360
31.93 5 310 C21H420
4448 42 557 C39H720
4904 44 575 C40H780

GC/MS Column: methylsilicon; Temp: 60°C(2min)- 5°C/min -280°C

Hydrocarbon composition of Botryococcus isolated from a dam Application to fuel

Rt unsaturation
. 18.01(min) C18H360, mw 268  6.4% (weight %) 1

epoxide
. 20.32 C21H34, mw286 191 5 diterpene
. 27.19 C33H56, mw452 202 trterpens
. 27.30 C33H56, mw452 260 triterpene

. 27.57 C32H54, mw438 283 triterpene

Direct Use Catalytic Cracking

v

iesel oil Gasoline (C5-C8)

5.

Application to chemical ingredients Squalene is a minor component of hydrocarbon fraction of microalgae
The purities are

over 90% Squalene is isolated from shark liver oil. The market price
of squalene for cosmetics is JPYen16,000/100g.

l

N

Squaiene is used to keep skin moisture, and protect skin surface against oxidanis.
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How to control squalene production in microalgae

ook
pyruvate e 2

D-gly
3-phosphate

presqualene diphosophate

CH,0PP
-
\ Squalene synthase

triterpene synthase g,*

v
W Cholesterol synthase l

botryococcene
cholesterol

Algaenans (insoluble biopolymers as the main
component of colony matrix)

Algaenans :
) the major component of colony matrix

insoluble with organic solvents (chloroform/methanol,
ethanol/diethy lether)-----Stubborn biopolymers

partially soluble by the treatment with KOH/Methanol
or trifluoroacetic acid and HCl/methanol),but not all

consist of hydrocarbon units, mainly methylenic

Algaenan-A
H  cHo
4 (CH2)s

(CHa)7
o

.- (CH2)12

Algaenan-B

(CH2)12

lgaenan-L

H CHO

(CHa)s (CHp)1o"

%o

CH

(CH7 3 (CHy)e (CH2)12

Yo
cH

N
(CHD7 4 (CHy)g

(CH2)7
7

H

(CH2)12

(CH,
©Hay

Algaenan forms sponge-like shape (reticulum structure), and hold
a lot of hydrocarbon secreted to out-side of cells.

The colony is ensured by hydrophobic cohesion of algaenans .

Y= 15-21, odd number

The phenoli
Bacteria and fungi.

CH;~(CH,),-CH=CH-(CH,)y-

CH;~(CH,)o4

N-Alkyl and Alkenyl phenols of B. buraunii Race- A

CH3~(CH,);-CH=CH-(CH, )y-

CH;~(CH,),-CH=CH-(CH, )y

oieties protect the aliphatic chains against degradation by
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Productions of hydrocarbon and slime " . .
exopolysaccarides by Botryococcus braunii gar composition of the slime exopolysaccarides
CH,0H CH3 COOH

OH.~ o OH, O . OH o
strain  Biomass (g/L) Hydrocarbon (% of w/w) Exopolusaccarides g/L —oH < oH oH
LB 572 2,036 20-35 1-2 Ne—r” OH Ne—r” OH \e—vr" OH
OH OH OH
SAG30.81 1.5-2.2 40-50 0.5-2

ucss 445 o-D-Galactose a-D-fucose
SI30

a-D-Galacturonic acid

In a case of strain UC58, the carbohydrate of the slime exopolysaccarides
is mainly composed of a-D-glucose, a-D-fucose and a-D-galacturonic acid.
Radial secretion Fucose may be related with apoptosis of cancer cells
of polysaccharides,
stained with methyl
violet

Exopolysaccarides
(violet color)

Content and composition of slime UIEDY
5 Many microalgae accumulate hydrocarbons or triglycerides.

exo pOlyS accarides of UT009 and 010 In culture costs, Botryococcus is the cheapest. The Hydrocarbon (HC)

content reaches about 50% in Botryococcus dry cells.

Sugar composition (mol ratio) The major HC are terpene, alkene and alkane epoxide, these chemical
Total* (Fuc / Gal / G-uron.A / Unknown compound) species are dependent on strains. Especially, many Japanese strains
produce alkane epoxides. The purities of terpens in HC are over 90%.

009 Alkene and alkane epoxide can be utilized as fuel. Terpenes can be

utilized as ingredients of polymer, detergents and other medicinal and

- industrial chemicals.

Gl Gl (Wprara) 1t s Squalene is an expensive ingredient of cosmetics, but a minor component
of H.C. of microalgae. If we use inhibitors or gene modification of key
enzymes of squalene biosynthesis, we obtain a large amount of squalene

6) Algaenans are insoluble biopolymers consisted of HC.

7) Slime exopolysaccarides is a major by-product of Botryococcus, and is
composed of a-D-glucose, a-D-fucose and a-p-galacturonic acid. Also,
these can be utilized as industrial ingredients.

Exocarbohydrate 15mg/100mL 1/2/1/1

1.5g/L 1/3/2**

a-D-fucose; Gal: a-D-galactose; G-uron. A: o-D-galcturonic acid.
. . . = = "
“EXCIEIIOH of slime exopolysaccarides is dependent on culture conditions When the lipids and by-products of microalgae will be utilized in various industries,
not containing unknown compound. the cost of biofuel produced by microalgae will be reduced. As the results,
bioleum (bio + oleum: oil of bioresources) will become an alternative resource of
petroleum.

Thank you for your attention

This study is supported by JST-CREST (Algal Oil Project)
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Challenges and opportunities for biodiesel
from algae: approaches by CSIRO, Australia

Susan |. Blackburn, Tom Beer and Kurt Liffman

tional Research

= LT

CSIRO Energy Transformed Flagship Team

* Tom Beer — Biofuels Stream Leader; Prefeasibility study
« Susan Blackburn — Strain selection and optimisation
« Kurt Liffman — Thermal and fluids engineering

« David Batten

« Peter K. Campbell
« Chong Wong

+ Ben Aldham

« Greg Griffin

« Greg Threlfall

+ John Volkman

+ Graeme Dunstan
« Dion Frampton

« Lesley Clementson
* Nicolas Labriere

« lan Jameson

« Lisa Albinsson

Biofuels Symposium, Tsukuba, Japan, August 2009 Energy Transformed CSIRO
5.1, Blackoum, Bifuels Symposium, Tsikuba, Japan, August 2009
Diesel use growing more rapidly than petrol Why Algae?
Australian Petroleum Consumption « Worldwide interest in making biofuels from biomass is high:
+ global warming associated with higher levels of GHG emissions
25000 « onset of peak oil in a global economy
« national energy security concerns, and
20000 «+ perceived opportunities for more sustainable, regional development.
-
15000 ng. petrl (1) + Algae produced most fossil fuels in the first place.
——Petrol
__ Diesel ML) * Microalgae are diverse, grow rapidly, yield more biofuel than oil plants, can

10000
5000
0
A ©
FEE IS

.1 Blackbur, Biofuels Symposium, Tsukuba, Japan, August 2009

sequester CO,, contain no sulphur, are highly biodegradable & are less
competitive with other plants as a source of human food, fibre or other
products.

« Already they are aqua-cultured to produce various high-value foods,
nutraceuticals and chemicals
+ Methods adopted have not yet proved to be economically and ecologically
viable for the production of biodiesel or other biofuels in quantities large
enough to replace fossil fuels.

S1. Blackbum, Biouels Symposium, Teukuba, Japan, August 2009

A
Koeppen's Climate Classification R
by FAD - SDRN - Agromsteorology Group - 1957

1. Blackbum, Biofuels Symposium, Tukuba, Japan, August 2000 chins

Australian algae industry

Cognis algae lakes, Whyalla, South Australia (also Western Australia)

Nutraceuticals —
largest global producer
natural B-carotene;
food / feed colourants

1. Blackbum, Bifuels Symposium, Tsukub, Japan, Augus! 2009
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Without further research:

Most dedicated algae-to-biodiesel projects will face
uneconomically high costs for:

« Algal selection and optimization

« Site acquisition and preparation

« Bioreactor construction materials

« Construction, deployment and reconstruction

» Chemical and energy inputs

« Algal harvesting, dewatering and concentration

« Lipid extraction

« Biodiesel and by-product processing

« Surveillance, process control and maintenance

« Transport

1. Blackbum, Bofuels Symposium, Tsukuba, Japan, August 2009

Australian Government, 5" August 2009

“Minister for Resources and Energy,
. Minister for Tourism
SECOND GENERATION BIOFUELS
FUNDING ANNOUNCED

Microalgal Biofuel

ot Bl !;eﬂne!'y The Minister for Resources and Energy,
vt S Martin Ferguson AM MP, today
-r-g?qn';_:z: announced the successful ap{)licants
i | for funding under the Australian

Government's $15 million
Second Generation Biofuels Research
and Development Program.

The Second Generation Biofuels
Research and Development Program
supports the research, development
and demonstration of new biofuel
technologies which address the
sustainable development of the
biofuels industry in Australia.”

CSIRO Energy Transformed National Research Flagship:
Innovative second-generation biofuel technologies

» Three major challenges are identified:

« Develop and apply (in consultation with stakeholders) a
sustainability framework to assess the triple-bottom line
status of biofuels.

« Discover, develop and use innovative Australian algal
strains and enzymes to improve efficiencies of biofuel
production.

i « Scale up operations to a) continuous and b)

| commercially viable operations.

S Blackbum, Bofuels Sympasium, Tsukuba, Japan. August 2009

Algae to Biodiesel Pathway

Digestion/Gasification | geen

an >
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(up t0 35%)
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algal speciation fluids engineering
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Pre-feasibility study

« Objectives:

« To estimate the realistic potential size of microalgae’s contribution

o to supplement Australia’s conventional fossil fuels;

inae « To place bounds on Australian microbial biomass production under

(1IN different land-use scenarios and process technologies;

o « To quantify the greenhouse gas benefits that could emerge as a
result of producing biodiesel from algae;

* To examine the possible co-product implications; and

« To provide an indicative evaluation of the triple bottom line benefits

I associated with the use of algae (and especially microalgae) as a

i biofuel.

" * Project leader:
N « Tom Beer

b 1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009
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Life Cycle Analysis
(Full Fuel Cycle or Well-To-Wheel analysis)

The Carbon Cycle
_-.1 the oll Is extracted

carbon dicxide Is
= E_ E s
J

used to grow aspz
| | carbon dloxide is

usad to grow algae

transesterified to biodiesel

that releases.
cartron dioxide

used a5 an alternative fusl
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Life Cycle Analysis
(Full Fuel Cycle or Well-To-Wheel analysis)

The Carbon Cycle

wow  the oil is extracted
EJ

| carbon dioxide is
used to grow algae

carbon dioxide Is
used mqm algae

transesterified to biodiesel

Cdg

that releases
carbon dioxide

used a5 an alternative fuel
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Life Cycle Analysis
(Full Fuel Cycle or Well-To-Wheel analysis)

The Carbon Cycle

Ihl oil is extracted
E

g 'camun ide i
grow algae

carbon dioxide Is
used mqm algae

transesterified to biodiesel

| — | |
Do these processes CO2 . =
emit more or less that releases J
carbon dioxide carben dioxide —
than petrol (or coal) used a5 an-ahermative fusl
and its manufacture

Scenarios — Ponds only

Cognis, AquaCarotene, Beta Nutrition
Saline Ponds. Dunaliella species. Tidal mixing.

24°27'S 113°33'E

Eﬂogle Earth images)
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Life Cycle Analysis — Design variables

FINAL REPORT
-
4 Deparoment of Vaorgy Assume
o R Toiovs Sy raceway
i Graum No. DE-FGI2-#IPCP1I04 pOrIdS
instead of
SVSTEMS AND ROONOMIC ANALVERS tidal
OF MICHOALGAE FONDS mixing
AR, By gy Tl g e B ik ComImsIon oF Cop TO HoMAS
S Plhira, Vietiota Assume
i ey 8 it ot i 30 g/(m2-
-t Pery day) [110
e e Witian . Orald, L. t/(ha-yr)]
3 Ut e Loy o o e and 15
e e s Rerkabey, CA #4710
s e it 5 o gl(m2-
rat Attt B, Porey
LS. Dipl. of Energy day) [55
s A P t(h
s et e T 413 - $92 4398 Fun 413 892 5917 (ha-yn)]
Maech 21, 199
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Carbon Dioxide Emissions per Litre

Biodiesel, Biodiesel, Biodiesel,
algal, 100% algal, 15% algal, 100%
co2 CO2 (flue CO2 (truck
(ammonia gas) - power delivered), Biodiesel, ULS diesel,
plant), AT  station, AT AT canola, AT AT
4000
B CO2-¢e (all tailpipe) g CO2-e
3000 B CO2-e (all upstream) g CO2-e
2000
a
5
a
o 1000
o
o
. 0
-1000
I
b -2000

_m,krru’s 0
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Greenhouse Gas Emissions per Litre

Biodiesel,

Biodiesel, algal, 15% Biodiesel,
algal, 100% CO2 (flue algal, 100%
co2 gas) - CO2 (truck
(ammonia power delivered), Biodiesel, ULS diesel,
plant), AT station, AT AT canola, AT AT
3500
3000 B GHG-CO2-¢ (fossil tailpipe) g CO2-e
2500
- B GHG-CO2-e (fossil upstream) g CO2-e
§ 2000
a
@ 1500
N
Q' 1000
s}
2 500
o =
o
-500
-1000
-1500 s
S s @

Costs per Litre 30 g/(m2-day) [110 t/(ha-yr)]

1.8 —DOCost, excise 2008A$

OCost, capital 2008A$

B Cost, transformation & dist 2008A$
B Cost, feedstock 2008A$

HiB Biodiesel, Biodiesel, Biodiesel, Biodiesel, ULS diesel,
i algal, 100%  algal, 15%  algal, 100%  canola, AT AT
| co2 CO2 (flue gas) CO2 (truck
/‘\ ;/ (ammonia coal power  delivered), AT [R—
" plant), AT plant, AT FLAGSHIPS 0
B .1 Blackburm, Bituss Syrposkm, Tsukuba, Japan, August 2009 [t

Costs/L (if only 50% yield) 15 g/(m?day) [55 t/(ha-yr)]

OCost, excise 2008A$

OICost, capital 2008A$
_BCost, ion & dist 2008A$
B Cost, feedstock 2008A$

Excise regime
from 2015

will disadvantage
biodiesel more

Biodiesel, Biodiesel, Biodiesel, Biodiesel, ULS diesel,
algal, 100% algal, 15% algal, 100% canola, AT AT
coz CO2 (flue gas)  CO2 (truck
(ammonia coal power  delivered), AT
plant), AT plant, AT -.

rﬁ}\rsuu-s °
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Greenhouse gas emissions per litre

Biodiesel, algal,
15% CO2 (flue gas)

|
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coal power plant,
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1L
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[ree——
FLAGSHIPS
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Greenhouse gas emissions per litre
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Greenhouse gas pollution cost ($/tonne)

Biodiesel, algal,

Greenhouse gas abatement costs ($/tonne)

Biodiesel, algal,

9 CO2€ giogiesel, algal, 15% CO2 (flue gas) Biodiesel, algal, 9 C02€ giggiesel, algal,  15% CO? (flue gas)  Biodiesel, algal,
100% CO2 coal power plant, ~ 100% CO2 (truck  Biodiesel, canola, 100% CO2 coal power plant, ~ 100% CO2 (truck  Biodiesel, canola,
(ammonia plant), AT AT delivered), AT AT ULS diesel, AT (ammonia plant), AT AT delivered), AT AT ULS diesel, AT
3500 3500 T
3000 3000
140.6¢ 140.6¢
2500 2500
bado $468/}0nne 2000 $468/_tonne
pollution pollution
fnpo emission 15p0 emission
1000 155.4¢ cost 1000 cost
$926/t
500 500
o 111.0c o
$4111
-500 -500
-1000 -1000
8l.4c 211/t
103.6¢ $2571 N
1500 -1500
1. Blackbum,Gotes Symposem Tskuba,Jaan, Auust 2009 - 1. Blackbum, Bitels Symposium, Tsukuba, Japan, August 2008 PG
Greenhouse gas abatement costs ($/tonne) Life Cycle Analysis
Biodiesel, algal,
9 CO,-€ gingiesel, algal, (15% CO2 (flue gas)\ Biodiesel, algal,
100% CO2 coal power plant, / 100% CO2 (truck  Biodiesel, canola,
(ammonia plant), AT AT delivered), AT AT ULS diesel, AT
3500
« Campbell, P.K., Beer, T., and Batten, D. (2009) Greenhouse
goga 140.6¢ Gas Sequestration by Algae — energy and greenhouse gas life
2500 cycle studies, in Proc. 6th Australian Life-Cycle Assessment
2000 $468/tonne Conference.
pollution http://www.csiro.au/resources/Greenhouse-Sequestration-
1500 emission Algae.html
1000 cost
500
0
-500
1000 Algae using power plant flue gases
b $211/t is the optimum algal GHG strategy
1500 :
5.1, Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009 [esg A crien 51, Blackbur, Biofuels Symposium, Tsukuba, Japan, August 2009 (S caren

Algal strain selection and optimisation

Objective:

To identify and characterise, develop, enhance and trial
Australian endemic microalgae with the best growth rates,
oil profiles and productivity for production technologies
selected and developed by CSIRO and / or industry partners,
for biodiesel and co-product applications, including GHG
abatement, and suitable for Australian conditions and
environments.

Project leader:
Susan Blackburn

5.1 Blackbur, Biofuels Symposium, Tsukuba, Japan, August 2009 Hlp i 114
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Fatty acid composition

BDF from Lipids from
Fatty acid Cpr;?ne comnnt Dunaliella | Dunaliella | Chiorella | Polytoma
oil oil maritima salina vulgaris | oviforme
Caproic acid, C8:0 - 7.4 - - - -
Capric acid, C10:0 - 5.8 - - - -
Lauric acid, C12:0 0.35 49.8 - - -
Myristic acid, C14:0 0.92 18.8 0.4 0.5 2.0 -
Palmitic acid, C16:0 44.1 8.6 11.8 17.8 19.6 39
Stearic acid, C18:0 4.4 2.7 0.4 1.5 3.3 3
Arachidic acid, C20:0 | 0.09 0.18 [¢] [¢] 0 0

Palmitoleic acid,

C16:1 - - 4.2 25 8.8 2
Oleic acid, C18:1 39.0 5.5 2.5 3.4 7.3 31
Linoleic acid, C18:2 11.2 1.3 4.1 6.1 11.8 5
Linolenic acid, C18:; - 0.07 45.8 39.4 22.6 8

Sum of Unsatur
FA

Oil content as % dry weight for some microalgae grown
under nutrient-sufficient conditions

Species Lipid % Reference
Chlorella emersonii 29 1
Chlorella minutissima 31 1
Chlorella sorokiniana 20 1
Chlorella vulgaris 18 1
Dunaliella salina 14.4 2
Dunaliella primolecta 23.1 3
Isochrysis galbana 21.9-38.5 4
Nannochloropsis sp. 33.3-37.8 5
Nitzschia closterium 277 2
Phaeodactylum tricornutum 19.8 3
Tetraselmis suecica 20-30 6

1: lliman et al. (2000), 2: Zhu and Lee (1997), 3: Thomas et al. (1984b), 4 : Fidalgo et al. (1998),
5: Fabregas et al. (2004), 6: Otero and Fabregas (1997).

[ " Choice of species is critical

1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009

Australian National Algae Culture Collection

*CSIRO National Biological Collections: Algae — a living
collection

+1000 strains of more than 300 microalgae species

~unique Australian biodiversity, sourced from the tropics to
Antarctica, marine and freshwater microalgal classes

«isolation of new strains from Australia’s biodiversity  Formery
CSIRO Collection of Living Microalgae
http://www.cmar.csiro.au/microalgae

«strain characterisation:
taxonomic identification, chemical
& molecular characteristics, :
growth parameters

Aigal Culture Faciiity

«Controlled environment
rooms and cabinets

*Secure facility - AQIS

Number of Strains in the Collection, October 2008

250
B Rest of world
200 O Australian
150
100
50
0
RN
(Jz dZ/ (,Q’ (?‘ 5% DQ‘ {F’ (Jq' QQ/ (»Q/ C;Q’ 'b \&b (;Q“\Q/\
0@0@ Q\ ﬁ@ @QQ S s \%\&@é\\
\\\0‘&"& QQ\ e %\‘\z\x\ SN
Q’?’&g lﬁo S &Qz@&QQQ‘S‘ 42

S i, i Sy, Tk, pan, A Z03 RLACeY 0

Screening of the Australian National Algae Culture
Collection (ANACC)

Characterise selected strains for:

‘Biodiesel’ Analysis
« Fatty acid methyl esters (FAME or biodiesel)

As well as ‘Co-product’ Analysis:

« Pigments

« Phytosterols

« Diacylglyceryl ethers

« Hydroxy fatty acids

« Long chain ketones and fatty acids
« Other novel lipids

5.1 Blackburm, Biofuels Symposium, Tsukuba, Japan, August 2008 b Senn chien

New Australian strain isolation: Biorational discovery

« Biomass production / oils and other products
« growth rate; productivity; biomass production
« lipid profile; oil content
« co-products e.g. protein, carbohydrates, pigments / antioxidants,

omega-3 oils, etc.
200 new strai
isolated

* Biogeography / environment
« Australian — endemic: AQIS issues
« climatic zones: temperate, sub-tropical, tropical
« water supply / quality
« extremophiles e.g. hypersaline
» wastewater: algae for bioremediation

.

.

1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009 P .4
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New Strains isolated 2009 . .
< Botryococcus braunii: source of long-chain hydrocarbons
Y
& - Up to 86% of the dry weight of the
green alga Botryococcus braunii can
be long-chain hydrocarbons. The
Hypersaline 13_ cf Dunaliella Hypersaline 40_ cyanobacteria S;Tg?spggtg/eoiigizgrll'thh:cr:::sl(i:gIar
hydrocarbons are called
botryococcenes. These are Cy;-Cy;
isoprenoid triterpenes having the
formula C,Hy,.10
Botryococcus can bloom in Australian
KTPL3-19. Closterium sp. waters; however it grows slowly.
University of Western Sydney / CSIRO
collaboration : Energy and
Nanotechnology: nano-scale catalysts for
production of biofuels
Lauderia annulata DF_Hypersaline_ Nitzschia closterium
'S, Blackbumn, Biofuels Symposium, Tsukuba, Japan, August 2009
Screening of ANACC microalgae Screening of ANACC microalgae
Fatty acid yield versus biomass production Fatty acid yield and Cetane Number (90 strains)
70 e 70
Chlorophytes @ wastewater Chiorophytes
~ © other Chlorophytes w0 ®
3 € © other Chiorophytes
g ADiatoms %
é % A Diatoms
3 A Eustigmatophytes §
g AHaptophytes g o AEustigmatophytes
g U? 30 Haptc
3z O Cyanophytes H A Haptophytes
< b4
% K4Prasinophytes 22 @ Cyanophytes
” E2 Cryptomonads > 10 EdPrasinophytes
4D 0 N 3 Cryptomonads
0 100 200 300 400 500 600 700 o
15 20 25 30 35 40 45 50 55 60 65
Algal Biomass (g DW produced/t medium) cetane number mDinoflageliates
Diagonal line indicates 10% of dry weight is fatty acid 0
1. Backbu, iotets Symposium,Tsukuba, Japan, Augst 009 o g 1. Blackbum, Botels Symposm,Tsukuba, apan, August 2008
Biodiscovery: hypersaline green
microalgae Potential co-products: Pigments
Typically Dunaliella spp. do not produce the long-chain
C,, and C,, Omega 3 PUFA
strain | Dunaliella Dunaliella- Dunaliella-like which Tetraselmis-like Tetraselmis
tertiolecta like produces long-chain PUFA suecica
[Ty | csarse [wr we s wn |we e we me we we [ wm sen | csae
acid
1‘5; 210 87 107 108 191|121 140 134 133 142 132|124 147 152 108
2‘:3;‘5 01 0.2 0.2 0.2 0.2 02 6.8 6.6 9.0 48
226 02 08 08 10 10 15| - - - trace
w3

*Volkman et al. 1989

5.1 Blackbur, Biofuels Symposium, Tsukuba, Japan, August 2009 chins
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High pigment producing strains

Co-product Development: Oil / Pigments

Highest

. lipid
g o producers
5
= 40
E] -
£ —
H 2 l
s
o |
& Q& RS ( A
A FONEIFOI & ©
o & S & S 1O
S o D &
& S &
& N %
&
sample code

Perid  Fuco ~ Zea i1 Lut M Chl b  B,B-carotene 1 Tot. astax isomers

1. Blckbum, Bokuels Symposium, Tsukuba,Japan, August 2009 S St

1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009

Thermal and fluids engineering project
(CSIRO Materials Sciences and Engineering)

Project Background

« Task Objectives:

« To provide the following areas of expertise and equipment:
« Optimising Flow Conditions
« Flow Optimisation within Pipelines
« Algae Separation
+ Heat Transfer
« Impellor Design
+ Sparging Systems |

« To evaluate the cost-efficiency of Open Ponds versus |

Covered Ponds or Raceways versus Enclosed
Photobioreactors

« Project Leader:
* Kurt Liffman

1. Blackburn, Bofuels Sympasium, Tsukuba, Japan, August 2009

« Relatively straight forward to make fuel from micro-algae.
+ Technologically viable process since the 1970s
» Lance Hillen (DSTO, Aust) produced jet A and petrol from Botryococcus

« Challenge: to produce algal fuel economically.
« Fundamental problem: Algal slurry is a dilute medium
« Ten tonnes of algal slurry/water processed to produce one litre of oil

« Potential solution: minimize capital costs and “free” energy input, i.e.,
+ Cheap land
» Stirred, open ponds; not photo-bioreactors
» Atmospheric CO,, for true biosequestration

e Chean aiick homookne auctan
= Cneap, quick narvesting system

1 Sk, ot Symposm, Tk, apan, AL 2009 AACIHS W,

Improving Open Pond Productivity

Computational Fluid Dynamics (CFD)

We wish to understand the factors governing the productivity in race-way
ponds and then apply these principles to basic open ponds

Raceway pond Open pond

5.1 Blackbur, Biofuels Symposium, Tsukuba, Japan, August 2009 bt

We have built a computational code to model the growth of algae in raceway and
open ponds. Factors of interest are: intensity of sunlight, CO, absorption/diffusion,
turbulence, pressure drop, velocity, algae growth.

Raceway Pond Computational Domain

BYS

Coarse Grid Fine Grid

Paddle Wheel

200 m long
30 m wide
0.5 m deep

1. Blackbum, Biofuels Symposium, Tsukuba, Japan, Augus: 2009
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Computational Fluid Dynamics (CFD)

Vilosity

Raceway Pond Pressure and Velocity i k) \
k e r\

Pressure

Velocity
4

Raceway Ponds tend to be expensive
and energy intensive, as the water is
always in motion.

Computational Fluid Dynamics — Mixing of algal ponds

Our initial (qualitative) results suggest that the degree of mixing is a fundamental
driver of algae productivity. We are attempting to quantify this mathematically within our
CFD code. Industrial scale mixing simulations of open ponds.

Computation of a plume of fertiliser — real pond scenario. Wind powered mixing.

1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009 [mpb gl 4

Separation / harvesting technologies

Besides capital cost, harvesting algae is the major cost impediment (10-
20%) in making algae a commercially competitive feed stock for
biodiesel.

There are a number of algae harvesting technologies, e.g. sedimentation,
floatation, filters and centrifuges. The separation system has to be
designed for an individual alga / growth technology.

We have developed a potential in-line harvesting system called the CST,

which uses centrifugal force, but without the expensive centrifuge
(provisional patent).

5.1 Blackbur, Biotuels Symposium, Tsukuba, Japan, August 2009 bt chime

In-line Algae Separation System
(CSIRO SeparaTor or CST)

500L capacity

S i, i Sy, Tk, pan, A Z03 RLACKHIPS W

CST - experimental results

7ii
33% A% 6%

% 13% 24% B0%
Percentage of oil in water
S.1. Blackbum, Biofuels Symposium, Tsukuba, Japan, August 2009 h—.—\-u-—. - chinn

The future: Combined technologies /
bioremediation / multiple bioproducts

>~
\Speciality chemicals

Biodiesel _ Fermentation to_alcohols
Protein meal ; :

1. Blackou, Bofuels Symposium, Tsukuba, Japan, August 2009 [iceriuiip: 4
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CSIRO Marine and Atmospheric Research
Susan Blackburn

Email: susan.blackburn@csiro.au
Web: http://www.cmar.csiro.au/microalgae/

Contact Us ation: ]
Phone: 1300 363 400 or +61 3 9545 2176 ‘“II
Email: Enquiries@csiro.au Web: www.csiro.au Energy Transiormed csiRO
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Algal Fuel Research in Koreé\ ' ‘

., mJi-Won Yang

Dept. of Chemical and Biomolecular Engines‘ing
-
KAIST

Contents

%+ Climate Change & Energy Crisis
<« Solutions for the Problem

+ Global Research Trend

< Algal Fuel Research in Korea

< Breakthrough of Algal Fuel

<« Conclusion

KAIST

Climate Change & Energy Crisis

— - -

Fossil Fuel

1

Global Warming
Temperature Rise
Sea Level Rise

High Oil Price
Energy Security Risk

|
|

E .
E dA A“.‘ra\

3

Solution for Climate & Energy,Crisis

+ Biofuel —5 ‘a iy
« Short carbon life cycle

« Substitution of fossil fuel

Fuely
Fower and
Preddocts

N4

o o D

&

;
= I

KAIST

Science 319, 1238 (2008) / Biotechnology Advances 25: 294-306, 2007

Solutionsfor the Problem.

# Algal biofuel - Alternative to biofuel from land plants Vs
« Greenhouse gas reduction - Renewable feedstock
- Carbon neutral
+ No competition with food crop
+ High oil yield > 100x those for land plants
« Biodegradable

Use of U.S. Croplands for Biofuels W
Increases Greenhouse Gases Through
Emissions from Land-Use Change

Oil yield (Liha)

1 e b
" Micodgae Com  Soybeen Oil pelm
5 KAIST

m—

A Lok Back at the U.S. Department of Energy's Aquatic Species Program: Biodiesl from Algae

Global.Research Trend,

4 Past Microalgal Research at MREL - Yy
« U.S. DOE’s Aquatic Species Program
(ASP, 1978-1996) R
- 3,000 strains of algae collected and e
screened

Develop renewable transportation
fuels from algae

- Produce biodiesel from microalgae
with high lipid contents in open
pond (1000 m?)

High cost estimates for algal lipids
($40-$70/barrel oil)

Important resource for algae
researchers worldwide

KAIST

- 103 -




\ m f— |gi
. Gle earch Trend

« Current Microagal Research at NREL -

Colorado Center for Biorefining and Biofuels (collaboration between
NREL and Colorado School of Mines)

- Bioenergy-focused microalgae strain collection

Collaborative Research and Development Agreement (CRADA) under
Chevron/NREL Alliance
- Algae strains that can be economically harvested and processed
into finished transportation fuels

Laboratory Directed Research and Development
- High-throughput technique for assessing lipid production in algae

- Novel gene sequencing technology for high-throughput
transcriptomics analysis of microbial strains used for biofuel
production

7 KAIST

Energy Convers. Mgt Vol. 38, Suppl., pp. 487-492, 1997 / Energy Convers. Mgmt Vol. 38, Suppl., pp. 493-497, 1997
Global'Résearch Trend

«+ RITE (Research Institute of Innovated technology for Earth, Japany =™

The Bickogh - "
— Highly <flective Phossbiersactor Sysem —

THE BIOLOGICAL COc FIXATION AND UTILIZATION FROJECT BY RITE (2}
Screeniag and Breedag of Microalgae with High Capabuliy in Fisg €O

Mssakary Morskami usd. Masabire lemsachi

M U, Masnabires Duenoochi

« Biological CO, fixation and utilization project by microalgae
(1990-1999)

- Developed highly effective photobioreactor system
- closed photobioreactor using optic fiber
- Sunlight collection & transmission system
- Applied to LNG power plant
- 70% conversion rate of CO, to microalgal biomass
- Production of fuel oil from Botryococcus sp.
: 10,400 kcal/kg

8 KAIST

htm

Global.Research Trend

+ International Network on Biofixation of CO, and Greenhouse Gas ~
Abatement with Microalgae

« Biological CO, fixation project
- Started operation in June, 2002.
- Manager: Dr. Benemann (Inst. for Environ. Management)
- US DOE, Eni Technologie (Italy), Exxon Mobil, etc.

hitpy/www.cdrsrekr/

Algal Fuel R&Search in Korea (1)

<+ CDRS (Carbon Dioxide Reduction & Sequestration R&D Center) =

« Ministry of Education, Science and Technology
- KRIBB (Korea Research Institute of Bioscience and
Biotechnology)
+ Period : 2002-2012 (10 years in 3 phases)
« CO, fixation with microalgae and biodiesel production

- Biodiesel production (Botryococcus sp.) ] ] sh) M Private (spot)
Unit: §
- Research goal coRS
- Doubled productivity in mass cultivation of microalgae RN R o
(50—100 DCW ton/ha/year in favorable climatic conditions)
. KRIERER sy
- CO, reduction: 100 ton CO,/ha of algal pond | AT
9 KAIST 10 KAIST
Bioresource Technology (2009), Comparison of several methods for effective lipid extraction from microalgae
Algal Fuel Research in Koreagl) Algal Fuel Research in Koreag(l)
2 =
# Microalgae Screening and Identification il Y. ——— % High efficient lipid extraction methods ™
i - Microwave oven
Accessible microalgal miriins through BRC al
Taxonomy | Habitat | Gepaciy | = For Botryococcus sp.
pt shvater & oo 1 - Bead-beating (28.1%)
Chiorophyceas Freshwater & seawsater 330 : difficult to scale-up
Charaphyceas 3? - Microwave oven (28.6%)
; « For C. vulgaris
= - Autoclaving and microwave oven
B : highest efficiency
Microalgal strains " s - Bead-beating (7.9%)
| Froshwater & 2 ¥ « For Scenedesmus sp.
| - Microwave oven
Service by BRC-Web site : hitp://www.brcrekr A : highest efficiency
u KAIST 12 KAIST
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._~ Algal

% Planning of R&D : Bioenergy Technology Master PWGSing Marine - “

13

Biomass

.

Ministry of Land, Transport and Maritime Affairs

- Inha University

Period : 2008-2009 / 2009-2018

Total fund : $ 200 million

Biofuel production using microalgae and macroalgae

=

KAIST

‘We have the sea!

Algal Fuel R&earch in Koreai(2)

< Condition of location
« Mass cultivation : utilization of power plants on the coast

¢
-

industrial facility
(Coal power plant)

. L
Bioenergy

Biodiesel / Bioethanol

Photobioreactor -

Microalgal biomass
Transes)mcauon

KAIST

15

< Strategy of Research

Macroalgae

Mass Cultivation

— I
Biomass N
Carbohydrate c
) |

Bio Bio Feed
gas liesel ock

water Treatment

KAIST 16

The 2 International Bioenergy Forum October 31, 2008, Korea

Algal Fuel R&search in Korea(3)

+ Development of Bioethanol Production Technolog§from Red Algae. ™

« KITECH (Korea Institute of Industrial Technology)

« Period :

2008-2011

+ Feedstock : 2 million ha of farm until 2018

» Commercialization of bioalcohol until 2013

+ Production of 1.9 billion L of bioalcohol until 2018

KAIST

17

Algal Fuel R&search in Korea(3)

<+ Compositional Analysis of Red Algae = “DAF

Fiber (Cellulose)
about 20% Agar (Galactan)
about 60%

+ Galactan structure : D-Galactose + 3,6-anhydrogalactose (AHG)

Pretreatment

Algal Fuel R&Search in Korea(3)

< Simple Process

Agar
(Galactan)

——> Galactose

PRg s

2

D-Galactose

L 36anhydrogalactose (AHG)
KAIST 18

Pretreatment

Retddge | o — [ rermmaion

i | Cwo |
(Celluloss) (Ellreess

Acetone
Butanol
Ethanol

KAIST
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Algal Fuel rch in Ko

Algal Fuel R&search in Korea(3)

% Technical Hurdles : Economical Feedstock by Marine Aquacultun!ng - «» Technical Hurdles : Effective Depolymerization — Py
« Tropical region « Depolymerization of galactose-based mixed sugars
- Plenty of sunshine, warm temp., low labor cost, etc. * Minimization of byproduct (5-HMF) formation using noble catalyst
. . F = « Saccharification of crystalline fiber
« Saccharification Experiment
+ Condition : 140 ~ 150°C with various acid catalysts
- Substrate : pulverized Gelidium amansii
« Saccharification (Direct) : 51% based on total carbohydrate
« Saccharification (Indirect, Acidic saccharification)
- Monosugar yields from Agar : 78% based on galactan
= - Monosugar yields from Agar : > 95 % using ionic liquids (IL) with
minimized formation of 5-HMF
- - Monosugar yields from Fiber : 61% based on glucan
‘ Total saccharification yield : 59% (without IL), 69% (with IL)
19 KAIST 20 KAIST
X J. Microbiol. Biotechnol. (2005), 15(3), 461-465
.- Algal Fuel R&search in Korea (4)
+ Biological CO, fixation by microalgae (KAIST, 1999-2001) Py % Semi-continuous mode “ Series mode -~
« Chlorella sp. HA-1 (NIES, Japan)
. 030303, 0 050305 ¥I506.07, 7 050709 @ 1 Rasctor, 0 2 leacion, @ 77 Rescto, = 4 Rescion
« 3L lab-scale photobioreactor wt- m—— l ' ]
Opcration penod The aversged cell growth rate Total amount of fived CIO, X | |
o [days) (e el
Bakk ¥ -
Semi-Contimuns (0,50 60.T) W 277, 0,340 {per week) 1038 |
Series (4 reactoes) 280, 01,3864 (per reaciorn) 4003 =
2
g
= Various operation |
- Batch mode
- Semi-continuous mode
- Series mode o1 ] o
a L3 10 L 20 25 ] -1 1 2 3 - 5 8 8 ¥ L]
Tema (day) Tirne (cay)
21 KAIST 2 KAIST
J. Microbiol. Biotechnol. (2005), 15(3), 461-465
Algal Fuel Research in Koreag(4) Algal Fuel Research in Korea (4)
« Correlation of total CO, % Series reactorsystem of semi» ™ < Biological CO, fixation by microalgae (KAIST, 1999-2001) s
fixation rate and the number continuous operation « Chlorella sp. HA-1 (NIES, Japan)
of connected reactors + 600L pilot-scale photobioreactor
5 - Main objective : CO, fixation
5 . - CO, fixation rate : 0.562 kg/m?-day
§~ i s | - Oil contents of Chlorella sp. HA-1 : 18.4%
o
:Tu ] ‘ 2 L Medium Storage ‘ ‘: ‘ t ﬂ . 600 L Reactor (pilot-scale)
B * 3 Exit
£ | =" Temp
= 5 . - 8 Controller
z |reactor' | |Reactor | Reactor
: [
F I ‘, . —— & ¥
| . nput owmeter
L. g g = i N gl
1 2 3 4 L] w " E-S ] PO
No of mactor Turs (day} Wastewater il Biomass Separation il Biomass
2 KAIST 2 KAIST
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Breakthrou@iiof Algal Cultivation

jwyang@kaist.ac.kr

KAIST

Breakth Algal Cul s
« Conventional Culture System «+ Breakthrough - PBR Design — i
- * High density mass cultivation of microalgae
- « Internal light using high efficient light source (LED)
- Reduction of photoinhibition and heat generation
- Low electrical energy cost
Tubular Helical Raceway pond
photobioreactor photobioreactor Ewa q -
peration cost .
High efficiency Suitable for small- but low growth Bubble column type reactor
but high cost scale cultivation of yield - Improvement of mixing efficiency (baffle, stirrer, etc.)
rplcroalgal - Various operation methods
inoculant
(batch, semi-continuous, series, etc.)
Probiem : Photoinhibition, Biofilm formation, Higher production cost
2 KAIST 2% KAIST
hitp://www.bgweb.com/articles news015a.aspx
Breakthrough of Algal Cultivation Canclusion
< Breakthrough - PBR Design % Algae as a Solution for Climate and Energy Crisis = ~ i
+ Internal LED light 3 -
- High gas flow rate — Slug flow \
ahg ) 9 ) Bioalcohol
- Baffle design — Decrease of bubble size A
o) -
S 3
. —
I 2 .__,‘ 2 Biodiesel
e ==
g
Sonsd 4l
Bt e
Increasing gas flow == €O, Reduction
21 KAIST 28 —— KAIST
Thank You |
nanK rou
-
~ ™
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Biofuels Research and Development:
An Overview of the U.S. Department of Energy
Office of Biomass Program

CREST International Symposium of Algal Fuel Researches
August 8, 2009
Joyce CYang, Ph.D.

‘ U.S. DOE Organization Chart o

U.S. Secretary of Energy

i Advanced
c Coan 3 Defense
R Scler Programs.
Computing J
Enronmentl oy Basic Energy
e P
W:} e e
R . Environmental For Teachers &
Maragemen |33 uronment A
g ioniss
Nucar Eneray

Defense Nuclear Emergency
Prolferation Operations.

Infrastructure &

P naval Reactors e
‘—-:h- y Management &

i - Counterterrorism ‘Administration

Fusion Energy
‘Science

Defense
Programs

Blonuass

| Office of Energy Efficiency & Renewable Energy

Power Generation
= Geothermal
= Wind & Water Power
= Solar

Fuels & Vehicles
= Biomass/Biofuels
= Hydrogen
= Vehicle Technologies

Energy Efficiency
= Buildings Technologies
= Industrial Technologies
= Weatherization
= Federal Energy Management

Do

1 DOE National Laboratories

P st
e e r=—11

Bionyas

Why Biofuels?

Blonuss

‘ Why Biofuels? °
The peaking of world oil production presents the U.S. and the world with an
unprecedented risk management problem. As peaking is approached, liquid fuel
prices and price volatility will increase dramatically, and, without timely mitigation,
the economic, social, and political costs will be unprecedented.

Hirsch et al., 2005

Peaking of World Oil Production:
Impacts, Mitigation & Risk Management

Blomass
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Why Biofuels?

The peaking of world oil production presents the U.S. and the world with an
unprecedented risk management problem. As peaking is approached, liquid fuel
prices and price volatility will increase dramatically, and, without timely mitigation,
the economic, social, and political costs will be unprecedented.

Hirsch et al., 2005

Peaking of World Oil Production:
Impacts, Mitigation & Risk Management

Net Difference Between Annual World Oil Reserves
Additions and Annual Consumption

s
&y =
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i
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Bonuass

‘ Why Biofuels?

New Passenger Cars Trend

7.00 *
P o ®
6.00
e o v

5.00
4.00
300 + Number of cars constant (~132,000,000)
00 + 6.3% rate of fleet turnover per year

« 12 years to change over 50% of fleet; 30+ years
1.00

for whole fleet
0.0

0

1990 1992 1994 1996 1998 2000 2002 2004
Year

(Data from DOT Bureau of Transportation Statistics)

2006 2008

Blomass

| U.S. Legislative Mandates (Selected Years) °

Energy 2022
Independence

\

a";dtseélus':;y 2015 Advanced Biofuels
ct ( ) (include cellulosic biofuels other
0f 2007 {_ 2012 than starch-based ethanol)
EPAct
2012
2005

Billions of Gallons
@ Ethanol & Biodiesel I Conventional (Starch) Biofuel I Biodiesel

B Cellulosic Biofuels [ Other Advanced Biofuels

EISA defines Advanced Biofuel as “renewable fuel, other than ethanol derived

from corn starch, that has lifecycle greenhouse gas emissions...that are at least
50 percent less than baseline lifecycle greenhouse gas emissions.”

Bionuis

| Biomass Program Mission

Develop and transform U.S.
renewable and abundant biomass
resources into cost-competitive,
high-performance biofuels,
bioproducts, and biopower.

Focus on targeted research,
development, and demonstration

a Support through public and
private partnerships

= Deploy in integrated biorefineries

Successive Generations of Biofuels

Corn Cellulosic Advanced
Ethanol Ethanol Biofuels

« Focus of current
DOE research

« Commercially
available (no
DOE research)

* Reduced GHG
emissions

« Focus of planned DOE
research

« Could minimize
environmental footprint

« Potential to lower
GHG emissions 86%

« Energy content, fuel
economy, and chemistry
may be more similar to
petroleum-based fuels

« Uses biomass from
waste and non-
agricultural land

« Capacity
constrained

Biomass Program Goals

Short Term: Foster breakthrough technologies
needed to make cellulosic ethanol cost-competitive
by 2012 (cost target: $1.76/gal).

Mid Term: Help create an environment
conducive to maximizing the sustainable production
of biofuels by 2017, including cost-effective
technology, sufficient infrastructure, appropriate
policies, and supportive consumers.

Long Term: Increase the supply of cellulosic
and advanced biofuels to 21 billion gallons by 2022
(per Renewable Fuel Standard in the Energy
Independence and Security Act of 2007)

- 109 -




Biofuels
End Use

’ Biofuels Supply Chain

s |

Biofuels
Production

Feedstock
Logistics

Biofuels

Production Distribution

| Feedstock

I_.

1

* Cellulosic Ethanol: Primary focus of the program.

« Alternative Light-Duty and Diesel Replacement Fuels:
Major scoping activities are underway to help prioritize future
work on additional alternate fuels that require governmental
support and can significantly contribute to achieving the
President’s goals.

Bionyass

‘ Feedstocks for Today and Tomorrow

Today
* Grains (corn, sorghum, wheat)
« Oilseeds and plants (soybeans)

Tomorrow
« Agricultural residues (stalks,

stems, cobs, other crop wastes)

Energy crops (switchgrass,
miscanthus, poplar, willow)

Forest resources (wood waste, forest
thinnings, small-diameter trees)

Oilseeds and oil crops (Jatropha,
rapeseed, microalgae)

Green wastes (urban wood wastes,
sorted municipal solid waste)

Biomass Resources Adequate to Meet RFS °

Biomass as Feedstock for a
Bioenergy and Bioproducts Industry:
The Technical Feasibility of a
Billion-Ton Annual Supply

Conclusion:

By 2017, forest and cropland
resources can yield 20-30
billion gallons of cellulosic
biofuels.

L
Perlack et al., 2005

Bionuus

!Regional Biomass Energy Feedstock Partnership

Univ of MN

MT State Univ. . ND State Univ.
ris, MN
M g Carrington, ND__uriv of MN.
Rochester, MN
SD State Univ.
aristol, SO®,

D State Univ
rookings,SD.  Univ of IL
Champaign, IL

 Sowik

Univ of NE,

g S

Rutgers Univ

- New Brunswick, NI
Penn State Univ

Lincon Ne® 5 Purdue Univ
Ames,a o, GOl N Siale College,PA
KS State Univ b VA Tech
Hays, KS 3 iy & etna, VA
Kosmouny IS Qunivorcy B
Lexington, KY QNPWM Uy
oK State Univ ’OK State Univ
Fago, Ok By, Ok Asburn U
Saios Y $ | Uniesiyof oA Flrence. SC
M tate Univ
O Ousm ASn oA
LA e UUSOR ARS o
el LA
X AaM Urivgy St %"
College Staiion, X 7. (T A&M Univ
Beaumont, TX @ PravtenEtaniished Feid Trials
s un S L sy
O planned Field Trials

Westlaco, TX Corpus Christ,
< i
niYor Hi
Woloka, Hi
crP @ Ereraycane @ Switchgrass

@ Miscanthus gy Sorghum gy Corn

n Stoy
romoal A include
ARS)

Organization
Location

Total Trials = 38

Biionyass

LBiochemica_tl Conversion of Cellulose

Cellulases (Enzymes)

cellobiose

H Eth%nol

BIoNLBE

|
ﬂ&mhsmml@nm&m

e Engon

o i Lo ok

K}_/L/\_/\_/

pyrolysn‘s/

\?BSIfICaIIOH

rocracking
Fischer-Tropsch/
Alcohol Synthesis

'Y
H—c—rl.—o—n

j

H H  Ethanol

n of CeI|u|ose°

< /\__/
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' Exploring Routes to Convert Biomass o ‘ Need for Advanced Biofuels

Integrated Biorefineries

s A" N ™
| Recent studies highlight the potential of advanced
Bioethanol biofuels other than cellulosic ethanol.
— Biochemical . . .
' Feedstock Feedstock - emfca Distillation Compared to ethanol, this next generation of biofuels
Production Pretreatment Conversion DDGS would be more similar in chemical makeup to gasoline
& Logistics o and diesel fuels.
« Energy | ¥ ) Lignin
crops (for power) Their compatibility with the existing infrastructure may
o Fore_:l expedite rapid displacement of petroleum
‘E:fi'c:lfm 4 O Olefins (hydrocarbon-based fuels) in the market.
wastes Feedstock Thermochemical = Gasoline
* Algae Pretreatment Conversion Z Jetfuel
L L Biodi . i
3 4 t Biodiesel Green gaso}me Hydrocarbon-Compatible
Lipid (Oil) Algal Oil or _ Hydroprocessing o gi':se; + Cellulosic biobutanol (Infrastructure-Compatible)
Extraction “Bio-crude” ~ Transesterification + Algae-based biofuels Advanced Biofuels
Bonass BIonass
! Why Advanced Biofuels? Demand ° ‘ Why Algae? Supply e

« Algae can produce more lipids (plant
oils) per acre than other plants --
potentially 10x - 20x

U.S. Diesel Outlook
(EIAFY2008 Reference Case for 2030)
« 75 billion gallyr
« < 0.5 billion gal/yr biodiesel

Petroleum

— Lipids are the preferred starting point to

Jet Fuel i " Ny .
;;ctlij:n production (2007) make diesel or jet fuel from biomass
: « 13 billion gal/yr if the entire U.S.
Diesel soybean crop utilized . Algae cultivation can utilize:
Fraction
. — marginal, non-arable land
Gasol
F?:;if: U.S. Jet Fuel Outlook

(EIAFY2008 Reference Case for 2030) — saline/brackish water

« 35 billion gal/yr

‘Source: Energy Information Administrations

« Minimal competition with food, feed,
Cellulosic Ethanol displaces light duty gasoline fraction only. or fiber

Need heavy duty/diesel substitutes to displace entire barrel. _ .

Bionuiss HITIRINS
Commercial-Scale Cultivation e Technical Barriers °

« De-watering methods

«Lipid extraction «Process
optimization

Algal
Cultivation

« Bioreactor design
« Temperature control
« Invasion and fouling

« Purification
«Fuel
characteristics

«Engine testing
(ASTM)

« Starting species

« Growth rate

« Oil content & FA
Outdoor Photobioreactor profile
Arizona State University

Fuel
Production

« Nutrient requirements
+C0O2 and H20 sources

Raceway Ponds N -
Cyanotech, Hawaii Bi QI .KE_ Bi QILISH
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U.S. Congressional Interest 6

FY08 DOE Appropriation Language

Biomass and Biorefinery Systems R&D.— Funding under this heading in the
amended bill includes S200,000,000 for integ rescarch and P on biomass
and biorefinery systems, an i 8200 iH o 1he budg

+ Section 228 Required the DOE to
present a report to Congress on the
feasibility of microalgae as a
feedstock for biofuels production

‘ Recent Biomass Program Algae Activities o

« Algal Biofuels Technology Roadmap Workshop December 2008
*Public comment on rough draft ended 08/03/09
*Workshop Proceedings

http://www.orau.gov/algae2008pro/

* 3 University-based algae projects
*U. Georgia — livestock waste as algae nutrient
*Montana State & Utah State- extremophilic algae
*Scripps Oceanographic Institute- diatom lipids

* Analyses
*Techno-economic modeling (Sandia and NREL)

*Resource assessment (Pacific Northwest National Lab)

« Algal Biofuels Consortium FY10

| Algal Biofuels Consortium Announcement °

* Release Date: July 15, 2009
« Funding Opportunity Number (Grants.gov): DE-FOA-0000123
« Close date: September 14, 2009

« Consortium Composition: “appropriate mix of U.S. industry, academia,
and government and/or non-government laboratories, and could include
foreign entities with the appropriate skill sets”.

* R&D areas:
« Feedstock Supply- Strain development and cultivation
« Feedstock Logistics- Harvesting and extraction
« Conversion/Production - Accumulation of Intermediates and
Synthesis of Fuels and Co-products

Integrated Biorefineries
&
Biofuels Infrastructure Compatibility

Bionass Biomass
‘ Commercial-Scale
_ Biorefinery Demonstrations ° Biorefinery Demonstrations e

Expediting Commercialization

Commercial-Scale Biorefineries
(up to $272 M)

— Four cost-shared, integrated biorefinery
demonstrations to produce 98 million
gallons of cellulosic ethanol in 5 years
with variety of conversion technologies
and cellulosic feedstocks

10%-Scale Biorefinery Validation (up to $210 M)

— Cost-shared, integrated biorefinery demonstrations using cellulosic
feedstocks to produce renewable fuels at one-tenth
of commercial scale

— Eight projects now in progress

DOE investments in cellulosic biofuels will accelerate commercialization
and help create a biofuels market based on non-food feedstocks.

Conversion

Feedstock Tea sy

Type
Agricultural Biochemical Phase 1-Cooperative Agreement
Residue signed Sept. 2007

Phase 1-Cooperative Agreement

Status of Project

Performers

Abengoa

Bluefire MSW Biochemical signed Sept. 2007.
Poet Corncobs Biochemical Phase 2-Technology Investment
Corn Fiber Agreement — Signed Oct. 2008
R Gasification + | Phase 2-Technology Investment
il Woody Waste | Mixed Alcohol | Agreement — Signed Nov. 2007
synthesis Ground Breaking Nov. 2007
% .49
LIRS
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Small-Scale (10% of Commercial Scale) Biorefinery
Demonstrations

e edsto Conversion
Technology
Alltech Envirofine, Wood Residue Siochamica

LLC

Flambeau River Wood Residue Thermochemical

Lignol Innovations Wood Residue Biochem-organosolv

NewPage

3 Wood Waste Thermochemical
Corporation
Mascoma Switchgrass & hardwoods | Biochemical
™ Agricultural & Forest . .
Pacific Ethanol Residue Biochemical
.| Wood chips (mixed . )
RSE Pulp & Chemical hardwood) Biochemical
Verenium Biofuels Bagasse, Agricultural & Biochemical

Wood Residue

‘ Impacts of Intermediate Ethanol Blends °

Preliminary Report Issued Oct. 7, 2008

+ DOE studying intermediate ethanol blends (allocated
$2.1 million in FY07 and $12.5 million in FY08).

« The DOE test program is evaluating --
— Vehicle exhaust and evaporative emissions
— Catalyst durability and aging

— Cold-start operation and drivability
— Fuel-system and catalyst materials compatibility
+ DOE is also evaluating impacts of higher ethanol blends on small engines
— Testing leaf blowers, line trimmers, pressure washers, and small generators

— Expanded test plan for marine engines, all-terrain vehicles, and
motorcycles in summer 2008 with input from industry.

« Additional durability testing is required

Bionyass

The Biomass Program
Yesterday, Today, and
Tomorrow

1 A Billion-Dollar Investment in Biofuels e

Since early 2007, DOE has announced investments of more than $1 billion for the
RD&D of new biofuels technology, with a focus on non-food, cellulosic feedstocks.

Cellulosic Ethanol Biorefinery Demonstrations at commercial and 10%-scale

World-class Bioenergy Research Centers (Office of Science)

University Research projects (including Advanced Biofuels)

New and Improved Enzymes and Micro-organism R&D

Thermochemical Processes R&D (Pyrolysis, Gasification)
Annual USDA/DOE Joint Solicitation

Field Trials under the Regional Biomass Energy Feedstock Partnership

Biofuels Sustainability Studies and Modeling (Knowledge Discovery

Framewoik)

Joint EPA/DOE Ethanol Blend Studies

Blonuass
Major DOE Biofuels Project Locations o ‘ 2009 Program Priorities and Goals e
Lk . Advancing Presidential Objectives
Ao W ey o s scoms ST
g B S I Science & Discovery
) . *‘," ¢ ﬁf{;"i%?.}"‘"”msaaaif‘;ﬁ:ﬁ“ « Connecting basic and applied bioscience
] o mdegpicie m,hm‘\,.mu..z‘“‘“““”’ " « Conducting R&D at universities and
i ol P O S — national labs to achieve transformational
* B e g e B ot %:;ﬂv:lvvw w breakthroughs:
corenen O Ol * lownState @ Universiy (et Latayat, o (Tecee:OF) mmgion, o€} + Advances in enzymes and catalysis
(Palo At CA) Y e Enviroine A « Engineering of new microorganisms
ashingtomk  viginlaTech G Reseacch Trangle st 2) PR,
IV, e County,K¥))  (Biacksburg, VA) AResewveh Trangle Park. C) + Novel sustainability indicators
(Mousans Oas o0 B _ ecca CA) anmls : o Sl S Clean, Secure Energy
gﬂtﬁgfw» . .m:M-m.GA) * Developing & demonstrating cellulosic
T Fenge s and advanced biofuels to meet RFS

Eight Small-Scale Biorefinery Projects

< Four CommercialScal Bioreinery rojcts K oo
3 Fourimproved Enzyme Projects e 3

+ Five Projects for Fermentation Organisms
3 Five Themochemical Syngas Projects

8 00 Joint Solctation Blomass Projects | K

Offic of Science Bioenergy Regional Partnerships
7)) o Davor St v, Ercokings, s
v

lond
A e ermochemica pio ot o SO e son e
DOE Berkel Univ. of Te Ki ille, TN
Six University Conversion Projects ca Oklahoma State Univ., Stillwater, OK.
ol o e A
HOTRBRINS

Economic Prosperity

« Creating 50 to 75 jobs per new biorefinery
« Creating major new energy crop markets
« Reinvigorating rural economies

Climate Change

+ Reducing GHG emissions by up to 90% with
advanced biofuels (compared to gasoline)

Bionyass
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Program Plan for FY 2009 e

Biomass Budget by Technology Area

Thermochemical
SBIR/STTR Platform R&D Syngas & Bio-oil Production
Products $3.8M $19.9M « Gasification & Gas Clean-up
Development . « Pyrolysis & Oil Stabilization
$15.7M . .
. Fuels Bioconversion | oy cost Sugars
« Chemicals Platform R&D . Ppretreatment
« Materials $32.1M «Enzymes
« Other « Fermentation
Products
Feedstock Infrastructure
Biorefinery $15.1M
Demonstrations Low-Cost Biomass
$138.4M « Production
« Small commercial scale + Harvesting
« Demonstration scale + Collection & Storage
« Pilot Scale « Sustainability

Blonuass

‘ Recovery Act: Biomass Program

Recovery Act Funding for Biomass Projects
Facratary Chu Anneunces Nearly $800 Millien frem Resovary Act te
ceelerate Biofuels Resear d Commereialization — Ma 003

As part of the ongoing effort to increase the use of domestic renewable fusls, U.S.
Energy Steven Chu today announced plans to provide $786.5 million

from the American Recovery and Reinvestment Act to acoelerate advanced biofusls

research and and 1o provise funding for acale

bicrefinery demonstration projects,

« $480M Integrated pilot and demonstration biorefineries
« $176.5M Commercial-scale biorefineries

« $25M Process demonstration user facility

» $5M Sustainability efforts

« $50M Algal biofuels consortium

» $35M Advanced fungible biofuels technology consortium

Blonyass

| Biomass Program: The Impact °

We are bringing a viable alternative to gasoline to the market, lowering
greenhouse gas emissions in the transportation sector, and reducing the need
for imported oil.

« In 2007 alone, the U.S. biofuels industry --
+ Added $48 billion to U.S. gross domestic product
« Supported creation of 230,000 jobs
« Displaced 228 million barrels of oil and saved Americans $16.5 billion
« Displaced 3% of vehicle gasoline consumption

» Recent McKinsey study found that ethanol blending lowered gas prices by 17
cents per gallon in 2008

Blonass

Questions?
http://www1.eere.energy.gov/biomass

Blonyass
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