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U.S. 2008 Transportation Fuel Stats OnAA -
U.S. 2008 Transportation Fuel Stats U S F oCus

Cellulosic Ethanol
RD&D

Courtesy of the National Advanced Biofuels Consortium

Data from US-EIA
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Biofuels Markets OMNAAR==

Top 15 Biofuels Producers by Country, World Markets ~ : 2010
(Thousand Barrels per Day)

Biofuels Market Share by Region, World Markets: 20 10 Rank Country. Production Primary Fuel

. . United States 656.0 Ethanol
Asia Pacific, Africa/Middle

5.1% _ East, 0.1% 2 Bra.zil 486.3 Ethanol

3 China 725 Ethanol

Europe, 4 Germany 64.9 Biodiesel

14.2% 5 France 49.8 Biodiesel

6 Canada 17.2 Biodiesel

United States, 7 Argentina 15.5 Biodiesel

/— 44.7% 8 ltaly 14.0 Biodiesel

9 Thailand 13.2 Biodiesel

10 Spain 12.1 Biodiesel

11 Sweden 10.1 Biodiesel

12 United Kingdom 10.4 Biodiesel

X 13 Austria 8.5 Biodiesel

AnI;:'IiZa, 14 Poland 8.4 Biodiesel

35.9% 15 Malaysia 8.2 Biodiesel
(Source: EIA)

(Source: Pike Research)
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US Renewable Fuel Standard

Natonal Alance For Advanced iofueis and Bio-aroducts

Biofuels Policy Mandate:

EISA RFS2 Renewable Biofuels Production Targets EISA (2007). “Energy Independence
In Billions of Gallons per Year (BGY) and Security Act of 2007, H.R.6
110" Congress
40.00 Public Law No: 110-140

December 19, 2007.
=Conventional Biofuels
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25.00 mOther Advanced Biofuels
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Annual GHG Emissions

US Only (Tg CO2 equivalent, 2006)

U.S GHG BEmissons(7,054; 100.0%)
Q02 (5,983; 84.8%)
Fossil Fuel Corrbustion (5,638; 79.9%)
Transportation (1,856; 26.4%) Industrial (862; 22.2% ) Buildings (537; 30.5%) :',T;: ERAESED) “25"25.,?3 fi

Hectricity (1.

i \ CH4
Gasoline ' Industrial \ -
automobiles Diesel NG '
o rail combustion
Gasoline light /
duty trucks Industrial Coal fueled HFCSa‘nzFSC:é
Alloth All other petroleum electricity
as[z)liner diesel combustion Natural . . CO2 from all sources
¢ gas fueled Residential except fossil fuel
Industrial el . . petroleum ombustion
Diesel coal electricity Remden;\:a:sl combustion EoosiTfuel
medium and combustion i combustion in
heavy trucks combustion US Territories
All other fossil Commercial
Jet fuel ici
aircraft fuels electricity Commercial petroleum
NG combustion
combustion

Cotirtesy of the PeLiﬁc Northwest National Laboratory
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| Aliance For Advanced Biotuls and Bio-aradcts

Global distribution of large stationary sources of CO2

*Microalgae are the fastest consumers of @®
the planet.

*They offer a feasible option for direct mitigatipn
of dilute CQ, stack gas.

*As opposed to other C@nitigation methods
such asinderground storagemicro-algae
actually convert CQthrough photosynthesis info
valuable biomass.

|
N N . NET CARBON DIOXIDE EMISSIONS
Application alternatives and Net carbon dioxide emissions per it energy production for
. L .. microalgae using the HRBP Process compared to other fuels
5:{&} sustainability characteristics
= (use of non-arable land, high tows Diesel
e e 2T *s" yield, use of brackish water or Ethanol (beet}
72\ seawater, conversion of dilute B
@ stack gases), allow algae-derived —
1 biofuels to be increasingly
referred to as ‘third generation Etiand) (i)
7 ]\ biofuels.”
o = o 006 -0.04 -002 000 002 004 006 008 010
Carbon Dioxide Emissions (kg CO2/MJ)
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Algal Species Span Eight Orders of ©nNAfR-=
Magnitude in Size

<
o= >
>
QO
W
Armin Hollmann in Transgenic Plant Joumal ©2008I6z| Science Books
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Historical Perspective @nrrz=

Natonal Alance For Advanced iofueis and Bio-aroducts

The first traceable use of 1860s: Alfred
microalgae by humans dates back | Nobel invented
2000 years to the Chinese, who dynamite by using
usedNostocto survive during diatomaceous earth
famine Epolaorest al.2006). (Dolley&Moyle 2003

1940s: Microalgae as live feeds in aquaculture.

After 1948, applied algology in Germany, USA, Israel, Japad, lgly, algal biomass for producing
protein and fat as_a nutrition sour@urlew 1953); for waste-water treatmemid examination of algae
for biologically active substances, particularlyibiotics, began (Borowitzka 1995).

1970s: Energy crises triggered considerations about usiogoalgal biomasses as renewable fuels an
fertilizers.

1978-1996: DOE-Aquatic Species Progratmiofuels from microalgae as a consequence abithe
embargo Novel solutions are needed for biological produttiand various problematic process step

1980’s: Microalgae as a source of common and fine chemveadsthe beginning of a new trend (de la
Noue and de Pauw 1988).

1990s: In the USA and India, large-scale productiotdaematococcus pluvialias a source of the

carotenoid astaxanthin, which is used in pharmacast nutraceuticals, agriculture, and animalitioin
(Olaizola 2000; Spolaoret al. 2006).
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Photosynthesis in Algae

Chloroplast

The light reactions of many algae differ from
those of land plants because some of them
usedifferent pigments to harvest light.

Amount of light absorbed depends upon the

different pigmentompositionand

concentrationin various alga, some algae

absorb more light at a givetwand ) o
therefore, potentially, convert more light Energy transduction Carbon fixation
energy of that wavelength to chemical reactions reactions
energyvia photosynthesis. (Thylakoid membrane (stroma)

Slide 11

Headliner Productivity

Ebe Newo Nork Times

« Qingdao, China
« Green alga (Ulva prolifera)
« late May - early July 2008
« > 200,000 tons biomass
* < 17 km? coastal area

(~ 4,200 acres)

> 47 tons/acre

Slide 12




Biofuels from Algae

Rapid growth rate
Double in 6-12 hours
High oil content
4-50% non-polar lipids
All biomass harvested
100%
Continuous harvesting
24/7, not seasonally
Sustainable
Capture up to 90% of injected CO2
Utilize waste water
Non-food

Slide 13

The Promise of Algae-Based Biofuels

(Source: U.S. DOE, National Algal Biofuels Technology Roadmap, 2009)
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Plant Olls

The Algal Biorefinery

Methane,
liquefaction

Slide 16

Lipid co-products,
Omega-3 Fatty
Acids

(FAME)

(alkanes)

Iﬁ Alcohols, methane




Biorefinery Product Distribution

Price Parity Experience Curve for Algae-Based Biofuels, United States: 2010-2020

$2500
—— Algac Gil (Low)

$2000 = Algac Qil (Med)
% ~—— Algac Qil (DoD})
] —
3 0 —— Crudc Oil
‘E (Relerence)
o 1000
= Biorefinery Economics per 1 Ton of Biomass Produced by Product
%

$5.00 Chemicals,

o~ $255
- Oxygen, $327
$0.00

> N <3 ~J » K] ) 2 2 S
& S 8 s S S S S 0 Bionels s101

(Source Piks Reasoor),)

Nitrogen
Removed,
$179
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Feed
Proteins, $383

Food
Proteins, $638
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(Source: Pike Research)

Land Area Use for Algal Biofuels Production

Ron Pate**' Geoff Klise *, Ren Wu
Aoplizc Excrgy 88 (2011) 2577 2288
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Mean annual biofuel production capability

WIGMOSTA ET AL.: NATIONAT ALGAE BIOFUEL PRODUCTION

Figure 3, Mean annyal biofucl production (T ha™ yr7) under current lechnology plofied at the centroid
of cach pond facility,
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Presentation Overview

¢ Challenges for Algae as a Biofuels Crop
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Technical Challenges

1 A gasifier being used by a NAABB
BlOIO-gy -a.nd . Energy ef_ﬁcient harvesting F:;tlger to conver algal biomass to
‘ Cultivation and dewatering systems T

* Biomass extraction and
fractionation
« Product purification

Biomass « Process optimization
H *Thermochemical
Harvesting and “Biochermical
Recovery * Fuels characteristics

¢ Co-Products

« Cultivation system design
*Temperature control
Invasion and fouling

« Cultures

« Growth, stability, and resilience
« Input requirements

*CO,, H,O sources, energy

«Nitrogen and phosphorous

Conversion
and End-use

« Siting and resources

A nano-membrane filter being developed by a NAABB
partner

Slide 21

Current Limitations of Microalgae

Optimal productivity of microalgae is limited @ry specific
conditions which are difficult to control in an industrial press.

. High fractions of oil contents can only be achievederenvironmental stresses
and deplete nutrient conditionsnot favorable for high production rates in
general.

» High oil yields can be limited teingle cellsand may not be strain specific. The
drivers for changed metabolic functions and resgliiroducts are not completely
investigated.

¢ The Carbon:Nitrate ratio of the nutrient supplgl®nging the lipid composition
considerably (Mengt al 2007).

Steps towards overcoming these limitations:

¢ Increase irphotosynthetic efficiencyfor higher biomass production

* Enhancedyrowth rates

¢ Enhancedil biosynthesisand composition

¢ Increasdolerancetowards high temperature, salinity and herbicides
* Reduce the effect gfhoto-inhibition with high radiation rates

» EnhancedCO, assimilation
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US DOE - ARPA-E Projects

MacroAlgae Butanol -
Isobutanol from Seaweed

Slide 25

US DOE Algal Biofuels Consortia

« New algal harvesting technologies

C E LLA N A « Pilot-scale cultivation test beds

ALGAE TECHNOLOGY. NATURALLY. » Animal feed for the aquaculture industry.
* $9 M Federal

« Biochemical conversion

« Physical chemistry properties of
algal fuels and fuel intermediates
* $6 M Federal

Consortium for Algal Biofuels Commercialization

« Crop protection

« Algal nutrient utilization and recycling
» Genetic tools

* $9 M Federal

Slide 26




ALGAL BIOFUELS FOR THE U.S. MILITARY

The White House

For Immediate Release August 16, 2011
President Obama Announces Major Initiative to Spur Biofuels Industry and Enhance America's Energy Secu rity

USDA, Department of Energy and Nawy Partner to Advance Biofuels to Fuel Military and Commercial Transportation, Displace Need
for Foreign Qil, and Strengthen Rural America
Departments of Agriculture, Energy and Nawy will invest up to $510 million during the next three years in partnership

Solazyme Delivers 1500 gal 100%
Algal-Derived Renewable Jet Fuel to
U.S. Navy

Slide 27
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NAABB Algal Biofuels Consortium Partners

The Donald Danforth Plant Center*t

National Laboratories
Los Alamos National Laboratory*t

Pacific Northwest National Laboratory*t

USDA - ARS

Universities

Brooklyn College

Clarkson University

Colorado State University*t

lowa State University

Michigan State Universityt

New Mexico State University*t
North Carolina State University
Texas AgriLife Research / Texas A&M
University System*t

University of Arizona*t

University of California Los Angeles
University of Pennsylvania
University of Texas (sub)

University of Washington
Washington University St. Louis

Slide 30

* NAABB Team Management
T NAABB Board of Directors

Industry

Albermarle Catilint
Diversified Energy
Eldorado Biofuels

Genifuel

HR Biopetroleum / Cellanat
Inventure

Kai BioEnergy

Palmer Labs

Phycal

SRS Energy

Solix Biofuels*t

Targeted Growtht
Terrabon

UOP a Honeywell Companyt




NAABB Goal Statement
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NAABB Management/Integration

NAABB Executive Team

William
W Ty Hal Divles
KA IDararsh IDanforh
\) } Fregrar ki Finances

i Chineurms Rishard Smyre
ILAMLIDasfor) (mantorih]
Swcutve Drccty Sl ln: Cirwebor

Kimburly
b4 Ay
L Englresing
Algal Siclogy Algal Cuttivatizn Harvesting and Exiraztion

O Lk P T ¥l lwnarnre Mo sy [ Matata Vareen
e e N et i

s g
[

Sustainabie Fractices

i 6B
20 o Bl

Anmal Fred

Fuel Gomversion and Copreducts
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Project Management

« Execution & Oversight

« Budget/Contract mgt.

« Coordination & data
sharing

« Technology transfer &
intellectual property Mgt

Communications

Weekly meetings
« Operations team and DOE
Program team

Biweekly meetings
« Executive team
* Team leads

Monthly meetings
« Teams and sub-teams

NAABB PIs Collective
meetings

« Held 2x yearly

« Regular colloquia

« National/international Conf.




Quad Chart Overview

Timeline
*Project start date: April 5, 2010

*Project end date: April 4, 2013
*Percent complete: 40%
Budget

« Total project funding

— DOE share: $48.6 M

— Contractor share: $19.1 M
¢ Funding for FY10: $18.6 M

Secretary Chu Visits DDPSC
(left to right: R. Sayre, W. Danforth, S. Chu)

520.6M
Academia

EEBiology
u Sultivation

m HarvestingfExtraction
u Fuel Conversien
mValuable Coproducts

B Sustainahbility/Economic 4

Managiement
Slide 33
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Sustainability Targets

1. GHG Reduction of a minimum of 60%
relative to Petroleum Standard

2. Water Use/Loss in Process and
Finished Product less than Petroleum
baseline and Corn Based Ethanol
Standards

3. Energy Return on Investment > 1

4. Potential for Economic Viability for
Firm/Industry (at the Nth level)

NAABB Deliverables

>50%lipid content at harvest

>200¢/ m2/day biomass yield (open sysem)

5g dw/I/ day biomassyield (dosed system)

5,000 gal/day processing capability for aharvestingunit
15 gal/day lipid extraction capadity per unit

Certified Animal Feed

LEA $250-1000/ton

Qycerol $80'ton

$2.10/ gal/lipid

$0.40/ gal processing cost

C(Y,.) = Pelec « Elec + PNutr+ QNutr + PWater « QWater + PLabor  Labor
+PCarbon = QCarbon

Slide 35

2 - Technical Progress — Sustainability

Quantitatively assess the energy,
environment, economic viability and
sustainability of approaches:

eSustainability /LCA Models and Tools

*Water /CO2 Management and Chemistry

Slide 36

Water Chemistry

Post-Treatmert Water Chemistry

Some speciesw/ Cr *** (mg/l)
5 ¢ i1
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2 - Technical Progress — Sustainability
LCA Models and Tools

Web based comprehensive GIS productivity model for end-users

¢ Version 1.0 of the PNNL Spatial model is complete. This shows likely
production quantities for the US by county.

¢ Relates temperature and solar insulation to production levels.

¢ Detailed land value model for the US is being built by PNNL and NMSU.

¢ Integrate with the spatial model to help define profit potential by
geographical area.

¢ Successful integration between the economic staff at NMSU and the staff
at PNNL is underway.

Gy, B B

a a a

BB G

G® Fy B B

Y= F(H = a a a

SO B BFRw

S., B B

a a a

B a S«i(l)
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Water requirements

T4 WIGMOSTA LI AL.: NATIONAL ALGAL BLOFLLL PRODUCTION Wik

Figure 5. Mcan annuz] microalgac biofuel water requirements per Liter of biofuel produced plotted at the
centraid ol each pond lacility.
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2 -Technical Progress — Sustainability
LCA Models and Tools

Life Cycle Assessment

Review of meta-analysis of the existing algae Life Cycle Assessment
literature, in publication process

Process flow diagrams for typical algae production schema completed.

Detailed engineering analysis of key elements of transesterification process
and inserted into ASPEN.

New iPhone app for algae production

Techno-Economic Analyses

A standardized framework for (CAPEX-OPEX) and environmental impacts
(water, nutrients, land) established (NMSU-TAMU).

Key technologies and processes identified and ranked for completion of
techno-economic analyses

Industrial partner models (HRBP, Genifuel, Diversified, and El Dorado)
identified, and are in the process of being standardized into the NAABB
framework.

Economic impact studies for NM

Slide 39

Presentation Overview

Overview of the National Alliance for Advanced Biof uels and
Bioproducts

Algal Biology and Strain Development
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Strain Isolation and Selection Screening

Juergen Polle, CUNY

Mining the Natural Diversity of

Species

Isolated >700 new strains, screene
>400 isolates

Identified ~60 candidate strains

16 strains tested in small-scale liqu
culture for biomass and lipid
productivities.

Strains with biomass yield >3 g/L
identified

Some strains with over 40% lipid
accumulation found

Slide 41

TAG screening with Nile Red using a plate reader
Chlorophycea,Dunaliella salina

o

“*On Demand Lipid Production”

Drs. Cliit Unkefer, Scott Twary and Min Park, LANL

« Next-generation sequencing technologies -LANL-JGI.

« Proteomic analysis -PNNL

« The National Stable Isotope Resource, LANL - isotepbhanced
metabolome analysis to quantify changes in the Inoét pools,

lipid composition, as well as intra- and exo-celiidm pools

(NH,", NO,, P02, etc.).

« Nutrient-induced correlated changes in the trapiseries,
proteomes, and metabolomes will identify the reigoja
mechanisms and networks controlling lipid biosysthe The

resulting data will direchlgae engineering projects

GC/MS Analysis of FAMEs produced from total lipid
from Nannochloropsis salina 1776.

‘ Unstaine

| BoDIPY
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Bioreactor System Contro

Innovative algal growth
system manages

. pH

* Temperature

¢ Nutrient feed, mixing

¢ dCO,, dO,, light intensity
» Automated sampling

* Low cost

* Parallel systems
* Blue (438 nm)

* LED enhanced
* pH control (CQ)

Modified Bioreactors

3 -

Controlled Culture
Conditions

Slide 43

Genomic & Transcriptome Analysis
Nannochloris oculata

Methodology:
1. Assemble 454 Paired + Single End Reads (Nejb|
2.Assemble (2) lanes HiSeq (Velvet)

"—""_‘ 2. Algal/Bacterial Interactions?|

100% Genus Identity

3.Integrate Assemblies (Phrap) Algoriphagus
- Marinobacter
EE T Limnobacter

Less than 100% Genus Identity
Haliscomenobactgb7%)

G0 Content 46%

Scaffolds 25 Oceanicola67%)
Contigs 271 Tateyamarig78%)
Henriciella(88%)
Max 196 kbp

Bacterial 16S Characterization

N50 129 Ebp

3. Lipid Induction

We

| 4. Transcriptome|

1000098.7 23.6 Mreads

Reads Mapped  12.3M (52.3%)

Average Coverag: 35.5

Genome Coverag! 46.7%

Transcripts mapped to genome assembly
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Global Changes Over 4 Days of

Nitrogen Depletion
| Starch _S_Xn_thesis & Degr_atia_tidm | Phgtorespiratiorll

B T

T

| Fatty Acid Biosynthes i{_

| Triacylglycerol Biosynthes $

!;, ____ B :[-
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TAG-filled lipid bodies (LB) are made in
two locations in theC. reinhardtii stabstrain

Ursula Goodenough, Dept. Biology, Washington Ursigr

Cyto-LB in N-starved sta6associated with Another half is made inside the
ER and chloroplast envelope chloroplast (Young cpst-LB)
sta6in log phase of ~ sta6N-starved,
g filled with LBs
Phase microscopy of live cells Quick-freeze deep-etch electron microscopy ofdiets

The sta6strain, blocked in starch synthesis, makes 2-3 ti,semore LBs in response to N-
depletion than its wild-type parental strain(Wanget al, Euk. Cell 8: 1856 (2009)).
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Autophagy accompanies N-stressed
LB formation in C. reinhardtii

All organisms respond to N-depletion (and othezsstes) by selectively degrading their own
components, releasing substrates for metabolisnb@synthesis, a response called autophdgy.

Chlor6plast envelopeforms | Chlorophagosome formatior! Disrupted thylakoids
vaguoles (chlorophagosomes, cp) - : :
and contents dlgested

i

Chlorophagy A: early response to N-starvation ‘ Chlorophagy B: late response
» N-stress autophagy @. reinhardtiiincludes the breakdown| N-starvation
of ribosomes (ribophagy), peroxisomes (pexophamyd, f
chloroplasts (chlorophagy).

* The contribution of autophagy productsctdl maintenance
vs. TAG biosynthesis being investigated bjC NMR. :
Ursula Goodenouah, Dept, Biology, Washington Ursisr Normal thylakoids

Slide 47

Crop Protection

Identification and control of algal bio-contaminants (Sayre and Unc Labs)
PCR and DNA Sequencing using universal primers designed for
¢ 16S rRNA (prokaryotes)
¢ 18S rRNA (eukaryotes)
e 23S cp-rRNA (algal contaminants)
Contaminants identified in algal cultures include:
« gram-positive Mycrobacterium sp. and Bacillus sp,
* gram-negative Stenotrophomonas maltophilia
 fungus Cladosporium sp.
Bacteriacidal peptides identified
D-amino acid control of bacterial growth demonstrated
Probiotic bacteria partially identified (enhanced growth by 20%)

[ e
O e
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Control of Contaminations

Dr. Richard Sayre, Donald Danforth Plant Sciences €nter

D-amino acids (D-aa): inhibit biofilm formation.

¢ No effect of D-aa on the algal growth (UTEX25nimimal media
(HS-High Salt)

« Danforth observed that the presence of bacteriaased and
accelerated the number of algae cell count, indigarof the

<Mef3 effect after 24h

treatment with the D-aa. 3[- 333
¢ Growth ofChlorella protothecoidess not inhibited by D-aa. S| |=
Addition of bacteria increase algal growth.

P TRt T L

Lo 2%+ Tu-fyr — hactoria L. . R

o _ Antimicrobial peptide<N
oL defensin 3 inhibited
=U ,//‘ growth ofPseudomonas g
CI }7 andMicrobacteriumat 2
o J mM concentration.

zon

Ky 1 1:u el Zi
‘L il
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* Overview of the National Alliance for Advanced Biof uels and
Bioproducts

» Algal Cultivation
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Pond Cultivation/Biomass Production

Small Scale Test Beds Cultivation

Studies (PNNL/NMSU/Texas A&M) Large Scale Test Bed/Cultivation Studies & Biomass Production

Climate-Simulated Culturing Ponds (PNNL)

ARID System Small Test Bed (U. of Az)

33 4

30

)

Tenperaldra ) D)
3

20

1=

—— ARIM Farmwmy Ferm e
—— Al femeeratiee
B Crmurntinnal sarmway trrg eeatuer (R s

—

N

VI YYY Viay

conventionzlraceway

1722 /37 ot /6 2711
Uate [2011]
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Monitoring/Nutrients & CO , Utilization/Wastewater Usage

Pond Monitoring Sensor

Solix Closed PBR System Development
Cultivation Studies

Slide 52

Sensor Prototype for Lipid Production

Proed Water Treatment and Utilization for Algal Cultivation
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* Overview of the National Alliance for Advanced Biof uels and
Bioproducts

Sustainability of Algae as Biofuel Crop
Algal Biology and Strain Development
Algal Cultivation

Algal Harvesting and Extraction
Conversion to Biofuels

Coproduct Development

e Summary and Future Work
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Approach — Task 3 Harvesting & Extraction

Harvesting

Chemical flocculation processes TAMU (lab scale)

Electrolytic processes TAMU (lab scale)

Membrane processes PNNL (lab scale)

Acoustic focusing process LANL (lab scale)

10 Harvesting 20 Harvesting Extraction/Lipid Recover:

Extraction

Amphiphilic solvent process TAMU (lab scale)

Acoustic process LANL (aqueous lab scale)

Cavitation/Separation Kai (aqueous pilot scale)

Mesoporous extraction FFA ISU (lab scale)
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2 - Technical Progress — Acoustic Harvester

Microalgae = 99.9% Water +0.1% Biomass = $$$

Solution?

Acoustic Focusing Technology

Fluor escent microspheres concentrated when field is
on in concentric system.
(Courtesy of Los Alamos National Laboratory)

» CRADA between Los Alamos
National Laboratory and Solix

Goals: ] ] ] « Uses ultrasonic waves to

+5000 gal/day processing capacity per unit concentrate and extract lipids
*15 gal/day I|p|d extraction Capablllty from microalgae

«Cost of >(%0.012 / gal processing . p

*Bench scale systems showing $0.12/gal achieved . ;Zvéiggrgzv;zu\:vinner in 2010
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Presentation Overview

* Overview of the National Alliance for Advanced Biof uels and
Bioproducts

* Conversion to Biofuels
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Algal fatty acid composition

Fatty acid content varies widely depending onthe f  eedstock. For FAME,
the chemical composition has implications in terms of oxidative stability,
cold temperature properties, ignition quality and e ngine emissions.

8:0 |10:0| 12:0| 14:0|16:0| 16:1|18:0( 18:1| 18:2| 18:3| 20:1| 20:4| 20:5| 22:6
Soy 11 4 22 | 54
Canola 1 2 1 57 | 23| 11 2
Coconut 8 6 47 | 18 B8 7 2
Palm 1| 39 5! 46 9
Nanrcchioropsis 3|30 (3|18 1|1 3|1
Salina
Nannochloropsis
Oculata 2 15 | 16 2 10 4 B8 6 | 21 B8
Isoschrysis Galbana 23|14 | 3 1|14 5 7 5| 14
C
HC b o
- 5_.1
methyl dodecanoate (coconut) methyl linoleate (soy) eicosapentaeonicacid methyl ester (algae)
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Oxidative stability of algal methyl esters

¢ Fuels containing long chain unsaturated methyl este rs such as EPA (C20:5)
and DHA (C22:6) are expected to have poor oxidative  stability.

 In natural oils, multiple olefinic unsaturation occ urs in a methylene-
interrupted configuration. Bis-allylic C-H bonds a re susceptible to

hydrogen abstraction, followed by oxygen addition, and peroxide formation
N
N "
@A
+0,
N
I
0-0
N
I
0-0-H
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Fuel Formulation
Model Algal Methyl Ester Compounds and Real AlgalM  ethyl Esters

¢ For oxidative stability tests, algal methyl esters were converted from algal
crude oil provided by NAABB members Inventure Chemi cal, Solix
BioSystems and Eldorado Biofuels.

¢ Model algal methyl ester compounds were also formul ated from
transesterified fish and vegetable oil to match fat  ty acid composition of
Nannochloropsis and I. Galbana subject to removal of 0 to 100%

ERAMRGENoropsis
Salina Biocrude Qil Upgraded Algal Methyl Ester
from Solix BioSystems Biodiesel from Eldorado

Biofuels and Catilin




T300 Heterogeneous Catalyst

Granular solid with an APS of 12-20 pm.

Surface area of 15 m2/gr and density of 2.6 gr/ml.

High attrition resistance.
Non-hazardous for low cost disposal

Degumming

MPN Catalyst
Biochemical
Extraction

Crude
Algal Oil

High Value
Bioche micals

Catalyst & Me thanol

Transesterificaion

Methanol

98+9%
FAVE

A

>
=
E
2

Methanol Rec ycle

Methanol Stiipper

ASTM

Biodiesel

Biodiesd Disillaion

Soap

Methanol Rec ycle

Methanol Stiipper

e
i
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98+% Giycerol

FAME Purification Comparison

@CATILIN

BIODIESH. PROCESS COMPARIS ON CHART
Units  Catilin Pilot Plant Commercial Test Run ASTM Soecs|
Feedstodk Sy Mix Corn, Tallow, Soy
FFA % <0.05 >0.60
Post Treat Dry Wash WFE
Conversion % 99.2 99
Free Gycerin Yowt 0.004 0.004 <0.02
M bound Glycerin Yowt 0.15 0.07 NA
Dbound Qycerin Yowt 0.03 0 NA
Tbound Gycerin Yowt 0.003 0 NA
Total Glycerin Yowt 0.187 0.074 <0.24
Monoglyceride Yowt 0.58 027 NA
Diglyceride Yowt 0.20 0.00 NA
Triglyceride Yowt 0.3 0.00 NA
Add Number  mg KOH or 0.43 023 <0.5
Moisture ol ND ND <0.05
Cacium ppm <1 12 5
AASHPOINT C 100 >150 >130
Methanol Yowt 0.18 <0.01 <0.2
Cold Soak Test eC 100 60-90 360
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Ecofining Chemistry & Simplified Process Diagram

Product is a High Quality Pure Hydrocarbon known as Green Diesel

@\/\/\/\/\/\/\
/- cal i (<A
Free Fatty Acid .\5- H G~~~
HGo~~A~A~A~A~~cH, N\
HC_W +> h
H.O Ha C /\/\/\/\/\/\/\/\/\CH
Triglyceride Propane Straight Chain Paraffins

Make-up 22_35%

Feed | Hydrogen /
Acid Gas
Reactor Removal CO, UOP Catalyst l
System CH o,
Propane & Green Diesel H
Light Ends y CH, 3 CH,
Separator Green 3 H,C
Naphtha
or Jet H C/\/W\/\/YY\CH
CH,CH,
Green H,C /\/\/\/\/\/\/\CH
e ! Company Diesel & Green Naphtha
Product

UOP 5076-06
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Conversion of Lipid Extracted Algae to HC

Slide 64




Presentation Overview

* Mandate for Biofuels

e Algae as a Bioenergy Crop

e Challenges for Algae as a Biofuels Crop
e US Efforts in Algal Biofuels

* Overview of the National Alliance for Advanced Biof uels and
Bioproducts

» Sustainability of Algae as Biofuel Crop
* Algal Biology and Strain Development
¢ Algal Cultivation

* Algal Harvesting and Extraction

e Conversion to Biofuels

* Coproduct Development

e Summary and Future Work
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Algal Bioproducts World Markets

Total Value of Algae Products, World Markets: 2010

Pigments,

($ Millions per Year) $170

Fuel, $271
Feed, $305

Aquaculture
$700

Cosmetics,
$100

Fertilizer
(Terra Preta),
$5,005

~_ PUFAs $1,800

— Health/

Pharma-
ceuticals
$3,150

Human Food
$5,000

(Source: Pike Research)

Slide 66




Utilization of Lipid Extracted Algae by the Beef
Industry

2 - Technical Progress — Agricultural Co-products
Animal Feeds and Fertilizers

Preliminary Evaluations

*LEA can replace shrimp and squid meal

eInitial value estimates of $1.20-1.80 /kg for shrimp meal
«In vitro feed value studies for ruminants underway
*LEA pelletized into animal feed

*LEA supply limiting large animal and fertilizer trials

Example: Lactating dairy cow diet producing 40 kg/day of milk

Contro | Control g LEA, % [ LEAg
I, % of per 759 DM per 759
DM
21 16

Alfalfa hay 30 22.5

Corn Silage 20 15 17 13
Corn 29 22 29 215
Soybean meal 20 15 0 0
LEA 0 0 32 24
Vitamin/mineral 1 0.5 1 0.5
mix

Crude protein, %  19.4 19.4
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Nutrient Analysis - NMSU

Macromineral Content of LEA Extracted by Two
Different Methods

Unextracted Navicula LEA Solvent Nannochloropsis sp. Nannochloropsis
NEWITEE SUECCE I Microwave Extracted © sp. Solvent
Extracted ©

Calcium, % 11.04 3.81 0.27
Chloride, % -- -- 1.49 1.13
Magnesium, % 0.75 1.97 1.49 0.89
Phosphorous, % 0.78 0.33 1.03 1.14
Potassium, % 1.36 1.10 1.42 1.35
Sodium, % 2.85 3.58 1.38 1.39
Sulfur, % 0.92 0.87 0.89 0.01

Nutrient Analysis - NMSU

Macromineral Content of LEA Extracted by Two

Different Methods
Unextracted Navicula 2 Navicula LEA Solvent Nannoc hloropsis sp. Nannoc hloropsis
Extracted 2 Microwave Extracted ° sp. Solvent
Extracted ©
Arsenic, ppm 3.69 4.80
Cobalt, ppm 1.29 <0.20 2.24 1.15
Copper, ppm 8.69 4.37 16.90 50.00
Iron, ppm y - W 2830.00 1430.00 "V - ¥ 4690.000 435.00
Manganese, ppm 122.00 64.90 388.00 65.00
Molybdenum, 3.95 0.31 7.11 3.35
ppm
Nickel, ppm -- -- 22.30 1.92
Selenium, ppm -- -- <15 <15
Zinc, ppm 54.10 22,50 415.00 160.00

aSafety level of 500 ppm for cattle, sheep, horses and poultry




Summary and Future Work

¢ Mandate for Biofuels poses major needs to meet the national energy
security needs

¢ Algae is a very promising bioenergy crop

¢ The challenges for algae as a biofuels crop are dau  nting but overall
workable once pilot and demonstration systems are d eveloped

¢ US efforts in algal biofuels increased in 2010, rel  ative to other
bioenergy cropw

* Future work within the National Alliance for Advanc ed Biofuels and
Bioproducts

« Finalize algal technologies and provide mass and energy balances to
sustainalbilty tesm.

« Develop LCA, TEA and Market Analysis models on all technical components from
NAABB

« Provide science based approach to understanding the potential for algal biofuels
production
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