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(I only discuss autotrophic, planktonic growth)
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Chaetoceros sp., diatom (Silicate cell wall,
note spines, for protection against grazer,
diatoms brown, main pigment fucoxanthin)




Thalassiosira weissflogil, diatom (whiskers?)




Phae?'dac{-yl'dm trifornutum, a diatom -~
species that grows with less silicate nu%ne/
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Scenedesmus sp., a green alga
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Nannoehloropsis oculata , Eustigmatophycaea

(high omega-3-oil content, small cells, seawater)
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Anabaena cylindrica (Gyanobécteria)

L™

hIS was thegpecies | sl@arted Wlth ali Jost 40 years agq




-1 Anaba na cylridrlca (c nobacterla)

éheteroqyst differentidfing
L\ vegetatlve ceII -

h &
@terocySL9 . é’-vegetatlve‘cell s,‘ &

dwatmub
to‘E)e the site of
N2 fixatien, angt
with® agraduate .
we t{bh:shed:fhe

rré"t"‘fnbdbl\gj fhis




Weare, N.M. and J.R. Benemann.
light N, Localization of Nitrogen Fixation by
Anabaena cylindrica in Heterocysts.
Arch. Mikrobiol. 90, 323-332 (1973).
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heterocyst vegelative




APPLIED AND ENVIRONMENTAL MiICROBIOLOGY, Jan. 1977, p. 123-131
Copyright © 1977 American Society for Microbiology

| Hydrogen Production by Nitrogen-Starved

Cultures of Anabaena cylindrica
JOSEPH C. WEISSMAN! anp JOHN R. BENEMANN

ft 2dl We then showed that the heterocysts
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WHY MICROALGAE EOR BIODIESEL /BIOFUELS’7
0[]z elll
HIGHEST PRODUCTIVITY / FASTEST GROWTH RATE
VERY HIGH OIL CONTENT (>50% OF BIOMASS)
CAPTURE/ ABATE / SEQUESTER POWER PLANT CO2
DO NOT COMPETE WITH FOOD/FEED PRODUCTION
LITTLE WATER USE (WITH PHOTOBIOREACTORS)
CAN USE BRACKISH, SEAWATER, WASTEWATERS
CAN BE CULTIVATED ANYTIME, EVERYWHERE
ENORMOUS POTENTIAL RESOURCE WORLDWIDE
TECHNOLOGY IS NOW, READY TO COMMERCIALIZE
10 BIOFUELS LOW COST, HIGH VALUE CO-PRODUCTS
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Example of projection (by Chevron) of algae vs. other biofuels:
Amount of land required to replace 50% of current USA
petroleum- diesel usage using soybean, & algae..




Range. of projected yields fer autetrophic
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CROP liters/ha-yr barrels/acre-yr
Soybeans 400 1
Sunflower 800 2
Mustarc 1,600 4
Jathropha (est.) 2,000 5
Palm Oll 6,000 15

Microalgae 20,000-150,000 50- 400
Note: to convert I/ha-yr to US units of gal/acre-yr divide by 9.5 (~10)



Commercial Preduction; of Autetrephic Micrealgae

Cultivation of microalgae for foods and biofuels first proposed
about 60 years ago and ever since an active area of R&D.

First commercial microalgae production initiated 1960 with
Chlorella cultivation in Japan, and then Taiwan, followed by
Spirulina early 1970s in Mexico, then Thailand, USA, India, etc.,
Dunaliella for beta-carotene: Australia, USA, Israel during 1980s
Haematococcus astaxanthin, USA, Israel, others starting 1990s

Essentially all (>99%) commercial microalgae production, world-
wide 15-20,000 metric tons (~3/4™ in China), uses open ponds.
Almost all sold for human nutritional products (>$10,000/ton!).
Only a few commercial closed photobioreactors (PBRS) built.

Wastewater treatment ponds are another practical application of
microalgae, but in these algal species are not controlled,

and the biomass harvested only at a few larger systems, using
chemical flocculants; not used beneficially (e.g. for biofuels)




Historyand Developments;in Microalgae Biofuels

The concept of producing biofuels with microalgae was first
proposed 60 years ago, and a subject of R&D programs in the
US (1980s) Japan (1990s) including techno-economic studies.

In the last few years microalgae biofuels have become the
focus of a world-wide, multi-billion $ R&D effort, with many
major government & industry supported projects, >hundred
small start-up companies and many university R&D projects.

Many algal species and production technologies are being
developed, ranging from laboratory studies, to announced
near-term full-scale commercial projects in many countries.

Microalgae are also produced by dark fermentation of sugars
(heterotrophic) for omega fatty acids (DHA for infant nutrition,
Martek), and for other products & biofuels (Solazyme)

Note: In this presentation | discuss only autotrophic production
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hytrlum A >
Botryococcus a un gue hydrocarbon producer




Botryococecus braunil;, preduces hydroecarbons!
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—ast growth rates not synonymous with high productivity
_aboratory experiments at high (open) and low (closed)
Ight intensities for 6 species: max. P vs. max growth rate
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Schlzochytrlum |

A few more grown autotrophlcally In ponds of mterest for blodlesel
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The WHATS and WHENs OfiVicroaloae Biefuels

nat processes? auto-, mixo-, photohetero- heterotrophic?
nat cultivation technologies? ponds, PBRs, hybrids?
nat harvesting/processing technologies? At what cost?
nat fuels? biodiesel, green diesel, ethanol, methane, H,?
nat algae? native, selected, mixed, genetically modified?
nat productivity? tons biomass or liters biofuel /ha-year?
nat economics? How much will microalgae biofuels cost?
nat co-products? - animal feeds, wastewater treatment?
nat sustainability? energy and GHG balances, LCAs?
nat resources? - climate, land, water, nutrients, CO,?

nat potential? How much in USA, Asia-Pacific, world?

EEEEEEEEEEEE

nen will microalgae biofuels be commercial viable?



For when?
we need a
crystal ball...
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Exxon to Invest Millions to Make Fuel From Algae

On Tuesday, Exxon plans to an-
nounce an investment of[$600 million|in
producing liquid transportation fuels
from algae — organisms in water that
range from pond scum to seaweed. The
biofuel effort involves a partnership
with Synthetic Genomics, a biotechnol-
ogy company founded by the genomics
pioneer J. Craig Venter.

NOTE: $600 million, over ~5 years + ~$100 million ad campaigp
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“The year was 1975, and my
professor in Berkeley asked
me if | wanted to change the
world, and | said, sure, lets

grow algae, that started it...”

Joe Weissman
Senior Biofuels Scientist

Ex¢onMobil




1975, algae
ponds at the
Univ. Calif.
Berkeley




Actually, it started not o
In 1975, but in 1950:
algae cultures were
first grown on a rooftop
at MIT, using bag-type
photobioreactors
(PBRS)

Seems that the crystal
ball is predicting the
past, not future...

| better stop now




Irst algal mass culture

project (for Chlorella
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hotobioreactors
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Algae mass culture was first investigated over:fifty years ago

CamegielnstituteoWashiie oAl gae for EOEMPIGJECT
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Jack Myers B [fg%a'gae mass culture  Bassal| ol
200, Austln 4 'eSfoL'T OOMOP" 1956 Stanford
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Edited by

JOHN 8. BURLEW

.:. INSTITUTION OF WASHINGTON punucrow 600
_L WASHINGTON. D
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Burlew (ed.) Algae Culture from Laboratorv to P| ot Plant, 1953




Erom Burlew; 1953; ProductivityefiMicroalgae

“The maximum efficiency of light utilization Is a
controversial subject... the latest evidence Is that
algae and higher plants appear to be about equal

In their inherent capacity to utilize the energy of
visible light - at very low light intensity both algae
and higher] plants can utilize as much as 20 %
[convert to biomass] ... but when they are growing
at full sunlight the conversion in both cases [plants
and algae] is reduced to 2to 3 %”...

WHY? The light saturation effect — photosynthesis
saturates at low light levels, ~10% of full sunlight




Schematic of Photosynthesis ingreen

algaeananplants

http://photosynthesis.sbes.qmul.ac.uk/nield/downloads.html G
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BASIS FOR THE LIGHI SATURATION EEEECT

200 Antenna chlorophyll  [gessel Kok, 1973 I

O OO0 O O O O O OO0 0O O
0, OO OO0 ' OO0 o o
T O O . o
HO =S, ,—=Z Qi— e —P —L‘CELL STUFF
I . . . <5 msec
,\ . ‘ . A
\‘___’ H+ ______________________ /
<0.5 msec <0.5msec - <0.5 msec

>5 msec

At fuII sunlight One photon captured per chlorophyll every
0.1 sec x 200 chl. = 2000 photons/sec (0.5 msec/photon),
BUT at 5 msec/ enzyme turnover use 200 onlyphotons/sec

Kok “Presently there Is no rational approach for accelerating the
dark reactions. The alternate approach seems easier: a search
for a plant with a small number of antenna chlorophylls per trap”
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Benemann; ThekutuneeiMicrealgal Bietechnology”
1903, Crizintar 1n “Algalarid Cyariogaciarial Blot2cnnology’

]

“... we must search for genetic or adaptive
characteristics which provide for maximum rates of
photosynthesis per chlorophyll (pigment) unit at both
high and low light intensities. ... This Is a high priority
area for research. Both genetic and physiological
approaches...can be considered.”

“One major problem [is] the poor competitiveness of
such strains: individual cells compete for sunlight ...
By each individual algal cell maximizing its own
competitive advantage (e.g. antenna size) under the
light limited conditions in algal mass culture ponds-
the overall productivity of the system is reduced.”



Journal of Applied Phycology 11: 195-201, 1999.

Improvement of microalgal photosynthetic -

productivity by reducing the’
content of light harvesting pigment

<4—FPump Medium in S
Nakajima & Ueda

| | % itsubishi H
sl e K laa? i Mitsubishi Heav
e e et e I L 1 i
s as et s A SIS NS St st i 4
1 4 )
l r -
d

air+1%C02 P

Industries, Japan

_ | Cell suspension out

This research was
Initiated by MHI based

on a report prepared by
B oo John Benemann
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High light (HL) grown cells have less chlorgphyll

R and use high light more effecti S

.g.. e 300 + than low light grown o

..é :"-_? cells.  HL

v O 200 However, PS efficiency (slope)

5 o) is lower for HL than LL cells, thu:
50 é they use light MUCH less efficientl
5 O 100 ——eo—o—

3 O LL

¥ E |

S E 0 —+———

0 1000 2000 3000 400
Irradiance ( umol photon m ™ s

“igure 2. Light-saturation curves of photosynthesis

Neidhardt, Benemann, Melis, 1997, J. App. Phycolog)



Wilditypge and PAL Mutant Synechocystis 6603

130 15 5
1300 20 40

| Note that mutant has higher
', productivity at higher light
intensity but lower at lower
Ight intensity than wild type

i
Weissman, Benemann

et al. 2005




Appl Biochem Biotechnol (2009) 157:507—526 -

Biomass Productivities in Wild Type and Pigment

Mutant of CyClﬂfé?”tI Michael H. Huesemann - Tom S. Hausmann
Richard Bartha - M. Aksoy +

Joseph C. Weissman + John R. Benemann

Mutants with small anténna size were slow growing/low
productivity — NEED G,IKIA (genetically modified algae)!

| | - WT ® CM1
Now laboratories and companies around world engaged
INn developing GMA strains with reduced antenna size...

CM24 © CM1-1

w CM3 @ ® CM/




WiHATABOUROIL EROPUCTIONINMICKOALCAEZ
Carrlncrease ol content oy [mitirig ce J'orl\l
Cycloie/la crypiica, Nile Red lipid fluorescenc

Mark HildebrandjScripps Inst. Oceanography
N limitation results in PS shut down => low oil productivity




Projected\yields foralgae\vs, actualforoil crops
urnirie) serredlairieznnz sirens, no N liritor), eie.
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Biodiesel yields liters/ha-yr barrels/acre-yr
Soybeans 400 1
Sunflower 800 2
Mustard 1,600 4
Jathropha (est.) 2,000 5

Palm Oll 6,000 15

Microalgae 50,000*-150,000 120- 600

*maximum possible long-term yield. Assumes highest possible oil
productivity (small antenna strains, most photosynthesis into oil, etc.)
Anything above Is just fantasy. Near-term best is ~20,000 I/ha-yr
Actual microalgae yields not yet available: nobody has produced

any barrels of oils from an acre over a year, thus far, that | know of...



20,000 I/ha-yr sooner
40,000 I/ha-yr later

What does (not soon, much later,

crystal ball
predict about
microalgae
oil (biodiesel)
productivity?



Joule Unlimited, CambridgeMA (pllot plantin Texas)
clanacicz |y racliiiae evzrog: : S1ENG
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Clalms 150 000 Ilha-yr (neer raviewead gunlication!)
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RPauliEalkewski—Apl7; 2011 ([DOEREVIEW)

“...I have seen some really horrendous papers, one
In Photosynthesis Research by Joule claiming
12% solar energy conversion efficiency. That is
just nonsense, just nonsense! If we get 3% | will
be very happy. But these kind of statements are
confusing and deceitful frankly, and are creating a
level of expectation that is not achievable..."

53



\Whatakelutexcretionolibiefuelshy.aloae?

Advantages: 1. no photons wasted in producing biomass,
2. no need to harvest the biomass,
3. no need to recycle nutrients... etc.

Disadvantages: 1. bacteria consume product
2. require closed PBRs (expensive)
3. must recover very dilute biofuel

The prognosis not good to solve even one of the problems,
particularly not bacterial consumption of excreted biofuels!

CONCLUSION: excretion of biofuels by microalgae is a
laboratory pass- time, without practical significance or
application, unless all three above problems are solved.
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Fatty acid production in genetically

modified cyanobacteria m

“ Liu, Sheng and Curtis (ASU)
mutant strains overproduced fatty acids (C10

—C18) and secreted them into the medium  February 2011

SR

[} L; .Il'. -.‘

BUT: laboratory experiments, sterile cultures. In scale-up they will be
unavoidably contaminated with bacteria that will consume the oil
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We seem to have a few problems going from
lab-scale to full-scale production



THE KEY: PROBLEMS/INI MICROALGAE CULTIVATION

ALFEADYNOWN INTRIE TY50s (ot rigrina salttjen):

Productivity (solar conversion efficiency) g/m2-day or
tons biomass/hectare-yr, must reduce antenna size

Cultivation Systems: Ponds, photobioreactors (PBRS)

O1l production: very high content after N or Si limitation
BUT very low productivity — a still unresolved problem

CO2 source, supply (piping), transfer (A very dismal topic)
Mixing — needed, but why, how much, what energy input?
Harvesting — difficult, costly: <500 ppm, <50 micron cells
Culture Stability — selected strains, grazers, weed algae.
Processing - wet or dry olil extraction, residues to biogas?
Next | address: Cultivation Systems; ponds and PBRs
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Plastic bag-type
photobloreactor_.s (PBRs)

|Roof of MIT Building—~ 1950 — First
galgae production scale-up. Problems?
i Many, most critical does not scale!
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Fisher (1956), A.D. Little Co. carried out an engineering
design-cost estimate for a 40 hectare system of plastic
tubes estimating (2008 $) capital cost >$1.25 million/ha
Still ~what we estimate now for PBRs (best case) «
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Biotechnology and Bioengingering, Vol. 31, Pp. 338-344 {1988)

|Photobioreactor Design: Mixing, Carbon |
Utilization, and Oxygen Accumulation

Joseph C. Weissman* and Raymond P. Goebel _ |
Microbial Products, Inc. 408A Union Ave., Fairfield, California 94533

John R. Benemann . .
Department of Applied Biology, Georgia Institute of Technology, Atlanta,

Photobioreactor design and operation are discussed in
terms of mixing, carbon utilization, and the accumula-
tion of photosynthetically produced oxygen. The open
raceway pond is the primary type of reactor considered;
however small diameter {1-5 cm) horizontal glass tubu-
ar reactors are compared to ponds in several respects.
This paper concluded that individual PBRs were
Imited In scale-up to at most few hundred square
meters, but raceway ponds likely scale to hectares.
PBRs are not suitable for large-scale algae cultivation

Claims for superiority of PBRsS over ponds are spurious




E CRYSTAL BALL:
OTOBIOREACTORS
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RWE, Germany, hanging bags PBR to capture CO2 from a
coal-fired power plant - would need 100 million such bags!
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Potential ofiAlgae for Coal Pewer Plant (CCP) CO2
CagttrergrGreeririotise Gas (GrlG) Adetigrerit
Capture of CO2 by microalgae is NOT GHG abatement
NO difference with plants using CO2 from air. Only

biofuels replacing fossil fuels can reduce GHGs. ALSO:
<10% of CCP In climatically favorable areas for algae

<10% of these have >10,000 ha + water for algae ponds

<10% of CO2 could be captured by algae systems (due
to limits to flue gas transport, day/night & seasonal
differences, transfer and outgasing losses, etc.)

Potential for algae to capture CO, from CPPs
<0.1 x<0.1 x <0.1=<<<0.001

Conclusion re. abating coal power plant CO,:

ABANDON ALL HOPE




4\ NOTHER PREDICTIO

ICROALGAE WILL NOT
IGNIFICANTLY REDUCE.
0SSIL POWER PLANT
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.C. Berkeley, Rlchmond Fleld Statlon
|tary Engineering R&Search’Lab. ca-1976
paddle-wheels f@ar mixing Iarge ponds
blofloccuIatdg)n’,’ﬁﬁrvestmg)




G. Shelef and C.J. Soeder. Editors

DEVELOPMENT OF MICROALGAE HARVESTING AND
HIGH-RATE POND TECHNOLOGIES IN CALIFORNIA
JOHN BENEMANN, BEN KOOPMAN, JOSEPH WEISSMAN,
DON EISENBERG AND RAY GOEBEL

Algae Biomass Elsevier, 1980, pp. 457 - 496 I

HARVESTING: Bioflocculation b //rrsz_r,_r/r//.//r/ SISy
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Grazers: THE MAJOR ISSUE
Il galiculvauenRNel ereaviig
fungl, vacterla, viruseas|in algal

cultlvation: now conirol?
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Malicral Femevable Enegy Labomlon

S J. Sheehan,
A Look Back at the P. Roessler,
LS. Department of Energy’d. Dunahay,
Aquatic Species Program:  J- Weissman \J
Biodiesel from Algae

J. Benemann™ )|
(Principal
Investigator)

k.

\\
WA\ :
Paul Roessler now

at Synthetic Genomicsg
Clewe-Chat Ko (funded by ExxonMobil w




AQUATIC SPECIES PROGRAM ROSWELL,, NEW MEXICO 1990
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Prioduction ofiMicroalgae forkuels

Aguatic Spe rogram, U.S. Depé of Energy -

National H?H\gv le Energy Labora &)ry, 1980- 1994.

Note raceway dndg and algae settling-harvesting ponds,
based on Benemann et, al 1982 Report

Artlst conce




Open ponds only option for algal biofuels
production or wastewater treatment.

One Question: /

how large can 4

them?

<L /] Paddle wheel

. Design specs:
" {,W 25-35 cm deep
S Y - /20—30 cm/sec mix

- / Dilute 20-40%6/d
| ~7.5-8.5 pH range




Raceway paddle wheel mixed high rate open ponds now the
main (>99%) commercial production systems for microalgae
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| Open, raceway

1 algae ponds,

' <1 acre, Hawall. =

| Red ponds for |
Haematococcus

i pluvialis for

s astaxanthin
(—%$20,000/kqQ),
others Spirulina

(—$20/Kg)
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] = 1 T
gest high rate ponds in world now

Lar
Christchurch NZ 5 hectares, 4 ponds
Investigator: Dr. Rupert Craggs at NIWA







CONCLUSIONS Re. ALGAE STRAIN DEVELOPMENT]

« Microalgae are not yet domesticated ... still need to be!
 Each species, each strain, requires specific development

» Time-space of algae Is about a billionth that of crop plants
e.g. 1 million times smaller, a thousand times faster!

A small pond has more algae than trees in whole world!

» Small size and fast growth rates present enormous practical
problems: very low standing biomass, frequent harvest, etc.

* Fast growth rates do not mean high productivity, but allow
fast domestication- major advantage of microalgae biofuels.

 High productivity may be possible: one goal (of very many)
for domestication Is strains with small antenna size.

» _For domestication need traditional strain improvement and
molecular (*genetically modified algae”, GMA) technologies.

« GMA and also “non-native” algae present regulatory issues.




Could GMA escape and
take over the planet?

NO! such strains are not
i competitive in nature.
Why? A very different
- i case compared to higher

plants/animals. Space-
| time dimensions differ
by factor of ~1 billion!)

SSeell HOWEVER: it must be
IR ISEe el Dhytoplankton ecology
s, s s. cxperts who say this, not
RN SN those affiliated with
G commercial interests.
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" CANNOT AVOID'EMA
ISSUE... MUST WORK
"TO DISPELL SMOKE j

OF GMA (NO FIRE!)




AREASON EOROEINIVISVIABOUIFALGAE BIOEUELS:

“We now have wonderful tools”
(Richard Sayre, St. Louis, July 20, 2011)



Nature already provides what we want toimake
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Einal Topic: Onmy planet, we.only have one real
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NEXT TOPIC: ECONOMICS
OF MICROALGAE BIOFUELS



Basic Schematic of Algae Biofuels; Preduction

pasedeRastieWalenplisiorRYalel/altdents

—> Electricity

Flue gas | Power : Anaerobic N
CO, € Plant <—Biogas <—| pjgestion —>Fertilizers

Reclaimed P Primary sludge,
Algal Water ’T Residues other wastes

‘ : for co-digestion
. Biomass . Oil -
| >| Harvesting | Extraction ——>Biodiesel

Recycle

Lundquist, T., I. Woertz, N. Quinn and J. Benemann, 2010 “A
Realistic Technology and Engineering Assessment of Algae
Biofuel Production”, Energy Biosciences Inst., U.C. Berkeley



Prior techne-economic studies ofi open; pend

oroeltietion zilse S GWVWICOSTESIPOSSIIIE

~I ~f

Benemann, J.R. P. Pursoff, & W.J. Oswald, 1978. Enqmeerln% Design
and Cost Analysis of a Larqe Scale Mlcroalqae Biomass System,
Final Report US DOE. NTIS #H CP/T1605-01UC-61 (for methane only)

Benemann, J.R., R.P. Goebel, J.C. Weissman, & D.C. Augenstein 1982.
Microalgae as a source of liquid fuels. Final Report U.S.DOE BER

Weissman, J.C., & R.P. Goebel, 1987. Design and analysis of
microalgal open pond systems for the purpose of producing fuels
Report to US DOE- SERI (fo the Aquatic Species Program)

Benemann, J.R. & W.J., Oswald 1996, Systems and economic
analysis of mlcroalg_e ponds for conversion of CO, to biomass.
Report to US DOE-NETL (National Technology Energy Laboratory)

Lundquist, T., I. Woertz, N. Quinn and J. Benemann, 2010 (prior slide)

Conclusion: algae biofuels maybe possible BUT NEED VERY HIGH
PRODUCTIVITIES, AND MANY OTHER FAVORABLE ASSUMPTIONS




Recent Developments in the APEC region: Cellana
Hawalt), initially supported by Shell Oil, but no longer

butew emplhasizing.aquaculture feeds, not fuels
_ .—.'""""‘"“'-“ﬂ-"* _




Fishmeal and soymeal prices

1800 1 LH=bBtanme

Fishmeal®

Soymeal™

Cec-02 Crec-03 Dec-04 Dec-05 Crec-0h Dec-0F Cec-03 Crec-049

Less fishmeal in world market leads to record high fishmeal prices Total
Peruvian landings were 7 million tonnes in 2009, a 6% decline from 2008.
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RECENT DEVELOPMENT: Sapphine Energy: 120 ha
=S100mlIeRINEWAV exicodempnsiiateplant:

rice cultivation type vond design (shieet|

Production of algae oll and plogas/electriclty




Yantail Had g BlologyTechnoIogyCo
| 10 ha,plaﬂ"t for Nannochloropms production
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I\/Iy Initial slide . ofwhy microalgae ferbiodiesel/

zlngel ¢

HIGHEST PRODUCTIVITY / FASTEST GROWTH RATE
VERY HIGH OIL CONTENT (>50% OF BIOMASS)
CAPTURE/ ABATE / SEQUESTER POWER PLANT CO2
DO NOT COMPETE WITH FOOD/FEED PRODUCTION
LITTLE WATER USE (WITH PHOTOBIOREACTORS)
CAN USE BRACKISH, SEAWATER, WASTEWATERS
CAN BE CULTIVATED ANYTIME, EVERYWHERE
ENORMOUS POTENTIAL RESOURCE WORLDWIDE
TECHNOLOGY IS NOW, READY TO COMMERCIALIZE
10 BIOFUELS LOW COST, HIGH VALUE CO-PRODUCTS

g‘v\,Jr cl|Clele (‘(‘(‘(‘]‘[‘J
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Better, argume

olofugls: Atirlon

POTENTIALLY
POTENTIALLY

CAN BE USED

© 00 N o Ok wd R

POTENTIAL GH

LS {0, mlcroalgae biodiesel and
Lrerier el

i35 of zllczig il JUST

HIGH PRODUCTIVITY, 100MT/HA-YR
HIGH OIL CONTENT (30-40% AFDW)
G REDUCTIONS > GEN1 BIOFUELS

FOR FOOD AND FEED PRODUCTION

WATER USE EFFICIENCY HIGHER THAN CROPS
CAN USE SEAWATER, BRACKISH, WASTEWATERS
CLIMATE FAVORABLE IN MANY REGIONS - APEC
SIGNIFICANT POTENTIAL RESOURCE WORLDWIDE
R,D&D, DEPLOYMENT MIGHT BE RELATIVELY FAST

10 WASTEWATER TREAMENT IS LOW HANGING FRUIT



TIHE ROTENTVAL ANDIPROMISE OF MICROALGAE

clrrantls S, raziezia grocliiernor

U.S. Avg. Yield Protein/oil 1,000s Ha Protein — oll(equiv.)
CROP Mt/ha-yr Mt/ha-yr Harvested million Mt/yr - bbl/yr

CORN GRAIN 7.0 0.77/starch 30,000 23,000  440,000*
SOYBEAN 15 0.9/0.30 30,000 27,000 60,000

ALGAE for feed 100 50/10 1,000 50,000
for fuel 100 30/40 1,000 30,000 250,000

NOTE: crop productivities are actual, algae are future projections
CONCLUSION: 1 million ha of algae farms could replace US protein
feed production (~ 10% of world) or ~1% of world liquid fuels use).
Assumes 40% actual oil yield (2.5 bbl/mt, 40,000 I/ha-yr) from algae

*All figures rounded/approx.: U.S. avg. corn yield avg. 8.2 mt/ha-yr adjusted for
15% moisture and yield of 0.5 | EtOH/kg dry corn x 0.67 for oil eg. and 160 |/bbl
Average soy yield and content of protein 60%, oil 20% (2 bbl/ha biodiesel yield).

OOcl/Tt=21 Croos

~




Biofuels Digest, Jim Lane, June 21, 2011, Paris Al Show
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Airbus - Demo will fly by 2020!
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