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u.s. 2008 Transportation Fuel Stats 
u.s. 2008 Trans ortation Fue Stats 
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Technoeconomic Analysis 
Resource Analysis/ 

Allocation 

Biofuels 
R&D 

Algal 
Biofuels 

R&D 

Cellulosic Ethanol 
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Annual GHG Emissions - US Only 
(Tg C02 equivalent, 2006) 
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automobiles 

Gasoline light 
duty trucks 

All other 
gasoline 

Diesel 
medium and 
heavy trucks 

A 
• LosAlamos 

NATIONAL L ... . O llt "'T O"" 

r 
Diesel 
rail 

All other 
diesel 

Jet fuel 
aircraft 1-=-::=--"'I~--:-z:I-::=:::Trl:: 

A DO~ ,\ll) D,\ NfOlrll PLo\\T SCJf.'i rE ( ( STU T ' t."" ,~'I ' ItU t · .. t ~ 

Electricity Generation (2.328; 33.0%) 

eo_I (1,932 , Z7 4", 1~~1 

!ItdnoIyG.-on(Ll1l:llD!Il 

c.a.m.n~ ~ 

Slide 3 

All other CH4 (555; 7.9%, -(MS; ..... , 

;::=-''-'=='':=':'-==-_rata ry 
u.s. DEPARTMENT OF 

ENERGY 



45000 

40000 

35000 

30000 

25000 

20000 

15000 

10000 

5000 

o .... ..... .... 

A • Los A.lamos 
NATIONA l. L AWORATOJlY 

Fuel and Energy Storage Systems 
Energ~ Densit~ {Wh/kg} 

-

~ 

..--/' 
~ .. - ... ~ ... .... 

i i i I i , 

Slide 4 

T 
I 
I 
/ 
/ 

.... 

, I i I I , 

U .S. DEPARTMENT OF 

ENERGY 



Goal -> Algae to Jetfue/ 
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BIOFUELS FOR THE U.S. MILITARY 

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

----, sol zyme 
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Biofuels from Algae 
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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 C02 

Utilize waste water 

Non-food 

U.S . DEPARTMENT OF 
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Headliner Productivity 

mbc New UOl'k mimCli 
C)lYlllpic nighhll(u~e: .A red tide in ·~'.{ello\v Sea 
B~I Jim "I ardlev 

P'Jbl ~h~.j M,·,r.day. Jur,,, 30 , 2008 

BEIJING - With less than six weeks before it plays host to the 

Olympic sailing regatta, the city of Qingdao has mobilized thousands 

of people and an armada of small boats to clean up an algae bloom 

that is choking large stretches of the coastline and threatening to 

impede the Olympic competition. 

QAI .. , ........ -.c 
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• Qingdao, China 

• Green alga (Ulva prolifera) 

• late May - early July 2008 

• > 200,000 tons biomass 

• < 17 km2 coastal area 

(- 4,200 acres) 

• 
> 47 tons/acre 
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The Promise of Algae-Based Biofuels 
Algae has potential advantages over corn, cellulosic materials, and other crops as 
an alternative to petroleum-based fuels 

Figure courtesy of Sandia National Laboratory ~
Sand' 

.. Nati~ Gallons of Oil 
per Acre per Year 

Corn 

Soybeans 

Safflower 

Sunflower 

Rapeseed 

Oil Palm 

Micro Algae 

18 

48 

83 
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635 

1000 - 7000 

High biomass productivity potential 
Oil feedstock for higher energy-content fuels 
Can avoid competition with agricultural 
lands and water for food & feed production 
Can use non-fresh water, resulting in reduced 
pressure on limited fresh water resources 

r • 'I Laboratories 

The amount of land 
required to replace 
50% of the current 

petroleum diesel 
usage using 

IIijII 

yb r and algae. 

~ 
• LosAlamos Captures C02 and recycles carbon for fuels and co-products 

NATIONA l. L .... O .ATO.V 
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Technical Challenges 

Biology and 
Cultivation 

- Cultivation system design 
-Temperature control 
-Invasion and fouling 

- Cultures 
- Growth, stability, and resilience 

- Input requirements 
-C02, H20 sources, energy 
-Nitrogen and phosphorous 

~iting and resources 
• LosAlamos 

N A TION"" " L ... . O " ... TOR V 
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• Energy efficient harvesting 
and dewatering systems 

• Biomass extraction and 
fractionation 

• Product purification 

Biomass 
Harvesting and 

Recove 

A nano-membrane filter being np\l81ooen 

• Process optimization 
-Thermochemical 
-Biochemical 

• Fuels characteristics 
• Co-Products 

Conversion 
and End-use 

U. S. DEPARTMENT OF 
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DOE- Office of Science - Energy Frontier Research Centers 

Center tor Advanced Blofuel System!. 

Can 
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August 1,2009 - July 31,201 4 - $20M 
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US DOE - ARPA-E Projects 

A • Los Alamos 
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The mirocl of 

Butamax" 
Advanced 
Biofuels LLC 

.&Alg .y,~E!,:,ture 
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'-' 

Separates algae from water. dewaters. dries 
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MacroAlgae Butanol -
Isobutanol from Seaweed 

Dry Flab 
Romowd 
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Office of Biomass Programs Investments 

.-QAlamos 
NATION .... 1- IiDfil ATOfilY 
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OBP 2010 Investment* $938M 

• Lignocellulosic R&D 

• Algae R&D 

Algae Deployment 

• Lignocellulosic 
Deployment 

Sustainability 

1% 

65% 

-Indudes regular FY2010 appropriations and 2009 ARRA funds 

.A: DO ,\,,\LO D"~rO IlTIJ PlA\T Sm~([ (l' TlK T .:t • . , I·~~ · •• H · , •• t,· Slide 13 

10% 

The 2010 investment 
in algae totals more 
than $180M and 
includes: 

• $35M for algae R&D. as 
directed by Congress 

• $49M for the NAABB 
coosortium 

• $50M for sapphire to 
deploy an open pond 
alga1 biofuel system 

• $25M for Algenol to pilot 
a photobcreactor algal 
biofuel system 

• $22M for Solazymes to 
pilot a heterotrophic 
algal biofuel system 

U.S. DEPARTMENT OF 

ENERGY 



US DOE Algal Biofuels Consortia 

• New algal harvesting technologies 
• Pilot-scale cultivation test beds CELLANA 

A GA T CHNO OGY. NATU RA L Y. • Animal feed for the aquaculture industry. 
• $9 M Federal 

• Biochemical conversion 

Sustainable Algal Biofuels Consortium 

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

A 
• LosAlamos 

NATIONAL l ABORATORY 
. . _ II.H ' _I 

cultivating energy oilitions 

Consortium for Algal Biofuels Commercialization 
• Crop protection 
• Algal nutrient utilization and recycling 
• Genetic tools 
• $9 M Federal 

U. S. D EPA RTMENT OF 
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Refining: 

National Advanced 
Biofuels Consortium 

Insertion 
Point #1 

Crude 
Oil 

750 refineries 
85M BBL of crude refined 
daily 
50M BBL transport fuels 

Aim: Use Current infrastructure to Produce and 
Transport Biofuels 

$35M Federal + $11 M Cost Share 

Insertion 
Point #2 

""".-------

C Gas 
0 

Insertion 
Point #3 

------- --- ........ , 
\ 

Reform I 
I --------L Naphtha 'tS .-c .... FCC I I Gasoline \ CD 

as~ I I C H Naphtha I Jet Fuel .-u:,;:; - -,.. .- (I) LGO Alky/Poly 
.. Q) 

~.- Diesel I CDQ .c VGO I Fuel I Q.E 
o ::::s HT/HC ,-----*" o ::::s Atm. Res. 
E CJ 

Vac. Res . .... as 
Coker «> 

\ Existing Refinery Infrastructure / , / 

,-~------~---------~ 
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Grea er space--.. tillle 
hpidJatgae yields 

Valuable Coproducts 

D (eet e ergy 
pro uction Chemicals for 

ck feed I industry use 
Fue Con~ rsion 

High n rgy density fung ible fuels 



NAABB RESEARCH, DEVELOPMENT AND 
DEPLOYMENT PROGRAM 

Cyanobacteria 

Thenmochemical 
Conversion 

(~ - - .. 
Green 
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Systems 
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Supercritical 
Fluids 

. , 

SynGas 

Microalgae 
Biomass 

Multicellular 
Macroalgae 

s 

[------] 
c 

Maclroalgae 
Biomass 

Species 
Selection & 

Biology 

Cultivation 
System: 
• Harvesting 
• Dewatering 
• Fractionation 
• Separation 

Intermediate 
constituents 

Electrochemical 
Conversion 

Anaerobic 
Digestion 

Direct Conversion, 
Thermal Characterization 

Processes 

, ~I 

Chemicals 
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, Power 

End Use 
Fuels & 

Products 
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ALGAL 810 OGY 

P henoty-~ic and.;...........;;G.....;;e;....n.....;;.o~~ __ ~ .. '­
Automated DNA Sequencing Technologies 

Present -> Future 

Sanger - 1975 

ABI gel "automated'" - 1988 

ABI Capllary 1999 - cwrent 
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- High rate growth cultures 
- High lipid/hydrocarbon content 
- Crop protection 
- New organisms from diversity of nature 

Systems Biology 
- SequencingfTranscriptomics/Proteomics 
- Mutagenesis 
- Genetic modification 

Model & Production Organisms: 
-Chlamydomonas reinhardti 
-Chlorella protothecoides 
-Nannochloropsis salina 
-Botryococcus braunii 
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Oxygen consumption by bacteria in bioreactor culture of NS 1776 
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165 RNA Analys·s Results of N51776 Culture 

- ~- - - -~ 
~- - - - - - - - - - - ~ - -~ 

100% Genus Identity 

• Algoriphagus 

• Marinobacter 

·Marinobacterhas ability to degrade hydrocarbons 
·Limnobactercan oxidize thiosulfate 
·Haliscon1enobacter has ability to breakdown sludge 

• Limnobacter 

Less than 100% Genus Identity 

• 

• 

Ha liscomenobacter( 57%
} 

Ocean icola(67%
} 

• Tateyamaria(78%
} 

• Henriciella(88O/o} 

.Q Alamos 
NATIONAL I. ABORATQRY 
- UT. I'4 1 -

A • LosAiamos 
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Washington State U. 
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• 

• 

• 

• 

Algal Genetics, Selection, and Manipulation 

Methods to genetically modify algae 

Plasmid vectors to transfer genetic material between species, and sustained in 
different algal species. 

Plasmid vectors to insert cloned algal genes of interest for their over-expression 
under the control of promoters that function well in algae. 

Modulate oil biosynthetic pathway enzymes to optimize hydrocarbon composition 
and yield for the production of carbon-neutral, renewable biofuel production. 

~RESEARCH 
Photosynthate 

Catabolic processes 

A 

THE UNIVERSllY 
Of ARIZONA. 

. Q Alamos 
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Very long 
chain fatty 

acids 

Ethers 
Polymers 

Botryococcene 

+ 1-
Higher 

botryococcenes 
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Cultivation - Productivity, Environment, Nutrients, Water 

Real-time In-situ Monitoring (JA Thomasson, TAMU) 

40 
ARID System (U. of Az) 
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145 

Solix Biofuels 
Cote Gulch 
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Acoustic Concentration of Algae from Culture Medium 
Los Alamos National Laboratory (2010 R&D 100 Winner) 
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Preliminary testing results of an algae culture solution Pacific Northwest 
NATIONAL LABORATORY 

• Filtration under a constant ~p at very low surface 
velocity (-O.03cm/s). 

• Algae particles (2 to 20um) are easily filtered out. 

• Water flux is very high at the beginning but rapidly 
declines with time on stream. 
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Conversion Strategies 

Anaerob ic 
Dige.5tion 

8ioC4S 

Gasification 

SynGo) 

Hvdro&en 

• Development of technologies to convert lipidsl 
hydrocarbons and biomass residues into 
useful fuels 
• Lipid conversion to fuels • Catalytic decarboxylation and 

deoxygenation • Catalytic and supercritical 
transesterification 

Biomass conversion to fuels • Catalytic gasification • 
Thermochemical gasification and power • Fast pyrolysis and 
hydroprocessing • Anaerobic fermentation to EtOH and 
gasoline 

Fuel characterization • Physical and chemical properties of 
algal esters and biofuels • Thermophysical and transport 
properties of biofuels 

U.S. DEPARTMENT OF 
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Ecofining Chemistry & Simplified Process Diagram 
Product is a High Quality Pure Hydrocarbon known as Green Diesel 

Feed - ............ ----,~--

Reactor 

System 

Separator 

uop 
A Honeywell Company 

Water 

Make-up 
Hydrogen 

Propane & 
Light Ends 

Green 
Naphtha 

orJe 

Green 
Diesel 
Product 

Propane Straight Chain Paraffins 

2.2-3.5% 

UOP Catalyst 1 
~

CHCH 
Green Diesel H 3 

CH 3 CH 
H C 

3 3 
3 H3C 

+ 

& Green Naphtha 

.... _.- =-===============:::::::== ====::::::!..._------------: 
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T300 Heterogeneous Catalyst 

D Granular solid with an APS of 12-20 ~m. 
D Surface area of 15 m2/gr and density of 2.6 grIm!. 
D High attrition resistance. 
D Non-hazardous for low cost disposal 
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FAME Purification Comparison ~CATILIN 

BIODIESEL PROCESS COMPARISION CHART 

Units Catilin Pilot Plant Commercial Test Run ASTM Specs 

Feedstock Soy Mix Corn, Tallow, Soy 

FFA % <0.05 >0.60 

Post Treat Dry Wash WFE 

Conversion % 99.2 99.9 

Free Glyceri n %wt 0.004 0.004 <0.02 

M bo und Glyceri n %wt 0. 15 0.07 N/A 

D bound Glycerin %wt 0.03 0 N/A 

T bound Glycerin %wt 0.003 0 N/A 

Total Glyceri n %wt 0.187 0.074 <0.24 

Mo noglyceri de %wt 0.58 0.27 N/A 

Diglyceri de %wt 0.20 0.00 N/A 

Triglyceri de %wt 0.03 0.00 N/A 

Acid Number mg KOH/gr 0.43 0.23 <0.5 

Moisture %vol ND ND <0.05 

Calcium ppm <1 1.2 <5 

FLASH POINT C 100 >150 >130 

Methanol %wt 0.18 <0.01 <0.2 
A • Los Alamos Co I d So a k Test sec 100 60-90 360 

N .... Tla N ... ~ L "".OIll .... TO Jl " 
- .~ ...... -

u.s . OEPARTME NT OF 

, DO~'LU O,"lIOMTif PL' ." m.CI c,,,,. 
,nil" ''I'UII. · tilU ' " I. 
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Microwave Transesterification of Dry Algae 

NM 
STATE 
UN1VERS1TY 

WetAlgal_~1 
Biomass 

Raw material Preparation 

1 

Extraction + Transesterification 

LiquidN2 

Deprivation 

1"'~_l_.o_:_a;_:_l_e ...... D_ry_Al_g"r"aooooo!e :~!!!!!M!!!!!ic!!!!!ro!!!!!w!!!!!a!!!!!ve.........-jlll--~_~o_~_~:..,sel 
Oven 

Methanol + l!;;;;;I;====;;;;;!I 
KOH catalyst 

FAME's Extraction 

I 

volatiles 

37-820/0 Conversion to FAME's 

. Q Alarnos 
N ... TlONA L I-AIII OJil:ATOIltV ,,, .... , -

GC-MS 
Analysis 

column 

Vacuum 
Distillation 

FAME: Fatty acid methyl ester; SPE: Solid phase extraction 
PatiI, P.O., et al. "Optimization of microwave transesterification of dry algal biomass using 
RSM. ' Bioresour. Technol. accepted (2010) 

U .S. OEPARTMENT OF 
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Animal and Mari-culture Industry 

Utilization of Lipid Extracted Algae by the Beef Industry 

$1,600 

$1,400 

$1,200 
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0% 5% lpor t5% 
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Amino acid content 
Digestibility coefficient 
Biological value 
Net protein utilization 
Protein efficiency ratio 
peptides, carbohydrates, lipids, 
vitamins, 
pigments, minerals and other 
valuable trace elements 
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Sustainability 
Quantitatively assess the energy, environment, 
economic viability and sustainability of approaches to 
guide our strategy 

Economic analysis • Economic models • Global analysis • LCA an 
Process Analysis 

Resource Management • C02 management • Hydrology/water 
man age men t Post-Treatment Water Chemistry 

1

lcrO_ H~ater Chemist~ (LANL) I .01C f 

1104-
~--------------t 

U 11Hi 
crO cr 

Region A Re ion B 

E ~~cr~ 

~ :::: lcrO;'~ =_----crocer."~i ~crC=i 
~ _ .~ _ I el(O~ 

o ~ 2 ~ A ~ ~ J ~ ~ 1 

A • Los Alamos Computable General Equilibrium Model (r AMU) CO2(g) reacted (moles) 
N ... T IONA I. I . ..... O ...... T O"V 

U.S. DEPARTMENT OF 
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Sustainability Targets 

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

NAABB Deliverables 

>SOOtb I i pi d co ntent at harvest 

>2rtg/m2/day biomassyield (open system) 

2. Water Use/Loss in Process and Finished Sg dw/I/day biomassyield (closed system) 

Prod uct less than Petroleum baseline S,OOOgal/day processing capability for a harvesting unit 

and Corn Based Ethanol Standards lSgal/day lipid extraction capacity per unit 

3. Energy Return on Investment> 1 
Certifi ed Ani mal Feed 

LEA $2S0-1000/to n 

Glycero I $80/to n 

4. Potential for Economic Viability for Firm/ $$2.10/gal/li Pid 

Industry (at the Nth level) O.40/gal processing cost 

C(Yt ) = Pe ec . E ec + P utr· Q utr + Pi ater · QWater + PLabor . Labor 
+PCar on QCarbon 

Q 
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