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+ Microalgae were first mass cultured on rooftop at MIT during the
early 1950s, first mention of algae biofuels in report of that project.

« Methane from algae studied at U.C. Berkeley during the 1950s,
Initial conceptual process and systems analysis published 1960

* The energy shocks of the 1970s led renewed study of microalgae
biofuels, H2 and methane in combination with wastewater treatment

« From 1980 to 1995, the U.S. DOE-NREL ASP for microalgae oil
production. Initial issue: open ponds vs. closed photobioreactors
The ASP culminated in open pond pilot plant at Roswell, New Mexico

* Algae oll production is still a long-term R&D goal. Like the ASP a
future program should be an open collaboration by researchers
from academia, national laboratories and industry, not inhibited by
concerns about IP or commercial interests.
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Bubbles are H2 -

Microalgae:

a source of energy



Micrealgaebiotech could be ahuge source . of Hafuel
Jeia Belmnoriels Worled Incusirizl Blotach Corierass, 2002
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Optical Photobioreactgjgfor H2 Production (USA, 1977)

Example of not clear on
concept: cannot produce
cheap biofuels in very
expensive bioreactors.
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Microalgae for CO2 Capture ? : £miliana huxleyi

Many projects used these algae to abate CO2 emissions



Large “whitening” in the Atlantic Ocean
digito coccdlfirigdriorics e e it 2y,
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Another example of not
7 clear on concept: CaCO3

E . /L ppt. with algae leads to CO2
o !emissions, not capture!
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MICROALGAE DIVERSINN
«30 000 described species (< 10% of estimated)

11 Divisions divided into 29 classes (vs. 2/12 vascular plants)
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Plastic bag-type
photoblreactors
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Alres ol plaleisIS SpIIGE)

Spirulina is easy to culture (high alkainity
medium and easy to harvest by screens




SplulinaCuliure Expansion (Earthrlse Farms)
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Spirulina Productionin lndia
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Paddle wheels for mixing high rate ponds.
(Mixing at or below 30 cm/sec _mini_mizes, energy use)
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PoWerreguied iormixingpones
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Current products from
microalgae: nutraceuticals
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2 MW(e) Power Plant and CO2 Capture
Tower at Cyanotech Corp., Hawalili

!
=
...?:- 1 ‘_‘-I

S
I
I o




aemartococcls pluvialls

s T Production of red carotenoid
astaxanthin, —$10 million/ton
A B (>%$100,000/t algae biomass)




HACIIAIGEECCUSPIUV/AlS pPreductionynisiael

These algae can be produced, and
are, In open ponds, e.g. Cyanotech
or in closed photobioreactors such
. as these. PBRs have advantages,
s but much more expensive (>10x)
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Most R&D i1s now on
PBRs and several T
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'‘Commercial Photobioreactor in German
s AR ERRS ; ; Try.

AN\ /4 /@ For Chlorella produciton.
PRRRRRAR AN s /@@ Over $10million/hectare!
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Commerummobloreactors Tn“Spaln (1989)
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A Look Back at the AL Capetles
LS. Department of Energy’s M r OU [el ]’ fl (,-\ ,J)
Aquatic Species Program:
Biodiesel from Algae

The ASP also started
out with a PBR
design as its amin
initial focus.....

Clee-Chat Report




[R—
Patented
closed PBR (L.
Raymond 18t
ASP PM)

Claims: very

high yields

. >100t/ha-vy,
flashing

light effect, olil

content

—4090, etc.

Ed Laws at U.
Hawalii showed

ATENT CLAIMS
R A aAs LIFT PuMs MECHANISM FOR cImcuaTion, cassowatzon aso warves [1OT SO. ASP
- HEAT EXCHANGE FOR TEMPERATURE CONTROL

« FDAM FRACTIONATION / SKIMMING HARVESTING then went to

« CasS0y SOLUTION IN COVER TO REMOVE INHIBITING IR.

= MIXING TO ACHIEVE FLASHIMG LIGHT EFFECT Open pOndS



Biotechnology and Bioengingering, Vol. 31, Pp. 336-344 (1988)

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

Joseph C. Weissman* and Raymond P. Goebel o
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 ¢m) horizontal glass tubu-
lar reactors are compared to ponds in several respects.

This paper written in response to many claims that
closed photobioreactors were superior to open
ponds. Pointed out some of the problems faced by
both open ponds and closed PBRs.



OpenPonds vs: Closed Photoblioreactors

Parameter Relative Note

Contamination risk Ponds > PBRs  Just a matter of time for either

Space required Ponds ~ PBRS A matter of productivity

Productivity Ponds ~PBRs  NO substantial difference

except at low temperatures

Water losses Evaporative cooling nee
Ponds ~ PBRs vaporatv ing needed

CO2 losses Ponds ~ PBRs Depends on pH, alkalinity, etc.

O2 Inhibition O2 greater problem in PBRs
Ponds < PBR .

Process Control Ponds ~PBRs no major differences (weather)

Biomass Concentration Ponds < PBRs  function of depth, 2 -10 fold
Capital/Operating Costs Ponds << PBRs  Ponds 10 -100 x lower cost!

CONCLUSION: Photobioreactors better than ponds? Sometimes
but advantages Way overstated. For biofuels can’t afford PBRs
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I Photosynthetic Efficiencies in the Ponds and

Photobioreactors (30% dilution/day)

Conclusion: No difference in productivity between them
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Typical High Rate Pond Design

This is the basic way to grow AL

algae nothing better/cheaper // ) s

now available for biofuels /7 04 M
production ’

Siding



MICROALGAE PILOIP. NJJ [N ROSSWEL NEW MEAICO
for Microalgaes erlf tjon (J. Welssman, 2.1, Microgizl
Products ]nr 1989-1990 —DOE NREL ASP Project)




Figure 5. CO, outgassing as a function of constant pH and alkalinity.
For both cases, pond depth = 0.2 m and K; = 0.1 m/h.
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Depth  Velocity KL Surface

cm cm/sec cm/sec Renewal, sec
10 10 3.9x10% 150
10 30 1.4 x 1073 12
30 10 2.2 X 10* 480
30 30 0.8 x 103 37

Efficient CO2 use at <30 cm depth, <30 cm/sec velocity
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Weissman et al. in open

ponds.
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ASP Productlon 0] I\/Ilcroal gaeforkuels

gae b|0d|;




flechno-econemic analyses of microalgae biofuels

Benemann, J.

R., P. Persoff, W.J. Oswald, 1978 Cost Analysis of

Algae Biomass Systems (“100 Square Mile System”) U.S. DOE

Benemann, J.

R., R.P. Goebel, R.P., J.C. Weissman, and D. C.

Augenstein 1982. Microalgae as a source of liquid fuels. Final
technical Report to U.S.DOE BER

Weissman, J.C., and R.P. Goebel, 1987. Design and analysis of

microalgal

open pond systems for the purpose of producing

fuels: A su

Benemann, J.

ncontract report US DOE- SERI

R. and W.J., Oswald 1996, Systems and economic

analysis of microalgae ponds for conversion of CO2 to

biomass. Final eport. US DOE-NETL

NOTE: these reports do not conclude that we can produce algae oll,

they define

long-term research needed to develop such processes
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ALGAL LIPID(OIL) CONTENT SOME OLD DATA

NS=NSuiiieizre NDENDaficiare F2 N, dziys of gzirer) erogir

SPECILES

Chlorella pyrencidosa
Ll i |

m i
L2 m
i ™
" sp. strain A
" strain 10-11

Bracteacoccus minor
Chlorella vulgaris
Nitzchia palea
Chlorella pyrenoidosa
Oocystis polymorpha
Monollanthus salina

Nannochloris sp.
Scenedesmus obliguus

Chlorella vulgaris

LIPID CONTENT

NS

20(80)
18(7)
25(7)
20(7?)
25(7)
20(log)
19 (log)
25(7)
27=33(7)
22 (log)
14 (log)
13({log)
41 (loqg)
20(1log)
26 (log)
24 (log)

ND

35(17)
65(7)
40(?)
T0(7)
35(4)
45-53 (17-26)
18-26(5)
33(7)

54 (?)

39 (7-9)
36(7-9)
35(11)
72(11)
48 (11)
47(22)
64.5(28)

However: high oil content does NOT mean high oil productivity!



JHEALLURE OEMICROALGAE BIODIESEL

Qll yields liters/ha-yr barrels/ha-yr
Soybeans 400 2.5
Sunflower 800 5
Canola 1,600 10
Jathropha 2,000 12

Palm Ol 6,000 36

Microalgae 60,000-240,000* 360 -1500*

*Projected high yield (by GreenFuel Technologies)

IS ~2 X theoretical efficiency (~22,000 gal/acre-yr).
Low Is maximum yield projected for long-term R&D
Near-term (5 yrs?) productivity is perhaps half this!




VicrealgaeBiodiesel = Reality/Check

U.S. DOE- NREL
Aqguatic Species
Program —1987

GreenFuel Technologies 2007
Thelr own Seambiotics/




PDec 2005; Ist Carinworld te run Algae Biodiesel
~10/90 algae blodlese | -




1St car in world fueled with algae biodiesel
Dunaliella salina b-carotene production

ponds, India, source of the algae oil used




D. salina oil extraction systems
— — |




1StProduction ofiMicroalgae Biediesel - Dec 200

sample of the
made In his




Near-term Algae Biodiesel: as co-product from

eigighetiarireairgnt (Netgel, CA Porlcls =500 zic




St Helena,
California
Wastewater .~
Treatment .~ <(
Ponds .~ :

High Rate>
Ponds




BIOELOCCULATION OF MICROACTINIUIN
LESEIsPeRLANELWSIY, forming flejes saine|s rapidly for le)y/-
COSE fleirvasting 21 ey Issua i mess cultura of rnicrozlgz







Viechanism ot Biellocculation e /V/cractiiniiig




Paddle Wheels at existing WWI Poends; a site for
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R DTTARGETS

- Isolate/select algal strains for mass cultures

e Manage ponds for algal species and culture stability
e Maximize overall algal biomass productivity

e Maximize C-storage products and co-products

e Demonstrate large-scale, low cost algal cultivation

e Develop low cost harvesting technologies

e Processing for biofuels and higher value co-products.

e Demonstrate waste treatment - nutrient recovery



Mutants of Cyclotellawithreduced Antenna Size
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SOME CONCLUSIONS

The problem is not making oil from algae, It IS
making algae with oil, actually It’s just making algae

Need to Improve current best commercial practice
and technology by over a factor of ten

There are many problems, and many, many claims
to solutions. No universal, only specific, solutions

Example: harvesting Is species specific, not generic
We MUST develop high productivity strains
Photobioreactors limited to inoculum production

Wastewater treatment Is the near-term application



Micrealgae BiehixatiomNetwerkelVempers
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CGTEE and Eletrobras (Brazil)
ONGC and TERI (India)

NIWA, NZ SRI International (USA)

PNNL (Pacific Northwest National Laboratory)
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 “The successful growth of algae is more or less an art
and a daily tightrope act with the aim of keeping the
necessary prerequisites and various unpredictable events
involved in algal mass cultivation in a sort of balance”
(Wolfgang Becker, posted at commercial production plant)

“The advantage of biofuels and other renewable energy
sources Is that they will be so scarce and expensive that
we will need to use them very frugally instead of wasting
them wantonly as we do now with fossil fuels, and would
with nuclear energy” (John Benemann).
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