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Conclusions: lignocellulosic ethanol was not ready    
to go commercial, still needed long-term R&D.



Ethanol producers warily eye algae's bloom 
E&E News 8/21/2009 Katie Howell

It's been the summer of algae-based fuels: investments [BP, Dow, 
ExxonMobil.] technical advances, tax incentive [Continental flight]

can't blame ethanol producers for being a little defensive. “ethanol 
is here today, it's a proven fuel" said Mark Stowers, VP R&D, Poet 
LLC, the largest ethanol producer, developing  cellulosic ethanol

But last week in Science J. Regalbuto (NSF) writes that cellulosic 
ethanol has serious drawbacks while biomass-derived gasoline-
like hydrocarbons from forest wastes, cornstalks, algae, might not 
"If recent technological innovations result in competitive costs

And O'Hanlon, of the American Biofuels Council, recently said that 
algae-based biofuels show the most promise... "It's algae – period.
There's so much upside to algae. I've yet to find a downside”.

But Stowers from Poet LLC says:  "They're not making gasoline 
from algae today... it is still R&D... We're going to need it all”



Why we need all biofuels: Global Warming!
(from the book jacket):

“...the geopolitical 

conflicts that may unfold 

over the next few 

decades  [are] almost too 

fearsome to absorb... 

[among] the scientists 

themselves, there is a 

palpable sense of panic, 

something confirmed by 

Dyer in his interviews 

conducted around the 

world.”





Abstract: Background and Introduction
Microalgae are very small, dilute, low standing biomass, 
daily harvesting.  Microalgae biomass could be used to 
produce methane, ethanol, biodiesel, hydrocarbons, H2, 
etc.  No practical process has yet been developed.

Microalgae cultivation requires an enriched source of 
CO2, such as power plants flue gases, from biogas, 
ethanol plants, etc. GHG abatement derives from the 
biofuels, not from CO2 capture. Co-products, such as 
wastewater treatment, can improve the economics and 
reduce GHG of such systems above biofuel contribution. 

Microalgae are cultivated commercially mainly in shallow, 
raceway -type, paddle wheel mixed, open ponds for high 
value nutritional supplements, ~10,000 mt/yr produced 



Absract: Microalgae Biofuel Economics
Engineering cost studies suggest that such ponds, scaled to 
hundreds of hectares, could produce biofuels economically, 
IF the algae can be stably cultivated, at high productivities 
and simple low-cost harvesting ( “bioflocculation”). 

Closed photobioreactors not feasible (engineering limits). 
(NOTE: I do not discuss algae fermentations using sugars!).

Achieving the goals of high culture productivity, stability and 
harvestability still requires long-term applied & fundamental 
R&D in algal physiology, genetics, photosynthesis, mass 
cultivation, control of grazers and 'weed' algae, harvesting 
and processing. We need better algae strains!  (GMOs!!)
.
The microalgae biofuels potential is limited by the need for 
simultaneous availability of water, flat land, CO2, good 
climate.  It will not be a panacea, cannot replace fossil fuels. 



OUTLINE  OF  TALK

1. Historical development of microalgae biofuels 

2. Closed photobioreactors vs. Open Ponds 

3. Current commercial microalgae production

4. Wastewater Treatment with microalgae

5. Prior microalgae biofuels engineering-cost analyses 

6. Recent microalgae biofuel cost studies, LCAs

7. CONCLUSIONS:  Not Shovel Ready.  Caveat emptor! 
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2006, Austin, TX
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Roof of MIT Building~ 1950

Inoculum Tubes

Plastic bag-type 
photobioreactors 
(PBRs)

First algal mass culture 
project 



40 hectare design based on MIT Rooftop pilot plant

Fisher (1956), A.D. Little Co.: engineering design-cost 

estimate for 40 ha PBR system: 2009$>2,000,000/ha

(plastic tubes ~5% of total)  A rather detailed study!
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History repeating itself: GreenFuel Technologies 

Roof of MIT at Campus power plant. Claimed that 
their PBRs captured 85% NOx & 50% CO2, and 
produced biodiesel at >250,000 l/ha-yr (absurd!).
Then tested at Arizona Public Services power plant 
(photoshop!), tests failed... Went broke May 2009, 
wasting $70 million - 1st funded, 1st to go broke!



Latest Technology: Photoshop  (Solix Biofuels]



PBRs Studied for over 50 
years: DO NOT SCALE! 



Paper in response to many claims that PBRs superior to 
open ponds.  Points out problems of both open ponds 
and closed PBRs.  One main issue for PBRs scalability: 
maximum unit size <1000 m2. Also PBRs too expensive 
for biofuels, can produce inoculum (~1% of need)



EXAMPLE OF A COMMERCIAL PBR (only a few): 
Photobioreactors in Israel (>300 km tubes!)   
for a very high value product (astaxanthin 
>$10K/kg biomass, Haematococcus pluvialis). 
... failed, closed, reopened, now going to ponds! 
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Microalgae produced commercially today



1st Commercial Algae Production 1960s: Chlorella

In Japan, using circular ponds (these do not scale)



Perspective of microalgae production 

Earthrise Nutritionals, LLC, S. California



Microalgae Products: >95% 
“nutraceuticals”, total world 
production ~10,000 tons       
(~1% PBRs)



Cyanotech Co.
Open, raceway 
ponds, algae 
plant in Hawaii. 
Red ponds for 
Haematococcus  
pluvialis  for 
astaxanthin. 
others Spirulina 
NOTE red ponds 
source of oil 
used in flight by 
Continental
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me in 1974

MICROALGAE FOR WASTEWATER TREATEMENT 
Napa, CA, Wastewater Treatment Ponds ~ 100 hectare

In 1974 I started an R&D project on low-cost 
algae harvesting by bioflocculation....



U.C. Berkeley, Richmond Field Station, 
Sanitary Engineering Research Laboratory.  

1st paddle-wheels used for mixing large ponds



BIOFLOCCULATION  OF  MICROACTINIUM
these spontaneously forming flocs settle rapidly for 

low-cost harvesting - a key requirement in mass 

culture of microalgae, for biofuels or waste treatment









Prof. W.J. Oswald at high-rate paddle wheel
mixed pilot-scale wastewater treatment 
ponds at UC Berkeley Engineering Lab 1977



c

Oswald and Golueke, 
App. Microbiol., 1960

FIRST PROPOSED 
CONCEPTUAL 
PROCESS  AND 
ENGINEERING 
COST ANALYSIS 
FOR ALGAL FUEL 
PRODUCTION
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Prior techno-economic analyses for open 
pond microalgae biofuel production

http://www.osti.gov/bridge/)

Benemann, J.R. P. Pursoff, & W.J. Oswald, 1978. Engineering Design 
and Cost Analysis of a Large-Scale Microalgae Biomass System, 
Final Report US DOE. NTIS #H CP/T1605-01 UC-61.

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  (for the Aquatic Species Program)

Benemann, J.R. & W.J., Oswald 1996,  Systems and economic 
analysis of microalgae ponds for conversion of CO2 to biomass.  
Report to US DOE-NETL (National Technology Energy Laboratory)

Caution: These reports lack in design and cost details –
and made many very favorable assumptions about process. 

Conclusion: it may not be impossible to produce algae biofuels



Aquatic Species 

Program Report 

1998      .              
Executive Summary

J. Sheehan (NREL)  et al.

Part 1. Algal Cultures and 

Genetics (P. Roessler and 

T. Dunahay, consultants) 

Part 2.  Algal Mass 

Cultures and Production 

Technology (J. Benemann, 

Principal Investigator, and 

J. Weissman, consultant).  

Report only summarizes 

extensive work by the ASP 



ASP Isolated many algal strains, tested for mass cultures
Each species, even each strain has its own story
11 Division,  29 classes   (vs. 2/12 vascular  plants)  

30 000 described species  (< 10% of estimated)



ASP MICROALGAE R&D PONDS ROSWELL, NEW  MEXICO
J. Weissman, Microbial Products, Inc., P.I. 

two 0.25 acre ponds, one lined and one unlined
Demonstrated key engineering and biological parameters in 

algal mass cultures, such as gas transfer, mixing, effect of 

liners,  productivity, culture stability, strain selection, etc.



ROTIFERS ( JUST ONE TYPE OF ALGAE GRAZER]

Must manage ponds for algal species & culture stability



Genetics needed to increase algal productivity 
Example: Mutant of Cyclotella with reduced antenna 

(Huesemann, Weissman, Benemann et al., 2009)

WT CM1

CM2 CM1-1

CM3 CM7

A B

low <---------------   normal
Fluorescence

Wild Type          CM1-1
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High Rate Ponds Clarifiers

Anaerobic 
Digesters

Sewage

Generator

CO2

Algal Biomass
Fuel 

Processing
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Other 

Inputs

kWh output

Imported 

Wastes Thickeners

CO2

Liquid Biofuel output

Oil + Biogas Production - water +nutrients recycled

Blow

downCH4

Water 

recycle

Recycled 
Nutrients 

Waste biomass 

Internal 
use

H2O

Settled

Sludge

Updated  Engineering Design Cost Analysis Project
2009 (Energy Biosciences Institute, UC Berkeley/LBL)
Lundquist, Woertz (Cal Poly], Benemann,  Quinn (LBL)

To Grid



Southern California climate and 

optimistic productivities assumed

2

8

18

25

30

40 40

30

25

18

8

2

0

5

10

15

20

25

30

35

40

45

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A
lg

a
l 
B

io
m

a
ss

 P
r
o

d
u

c
ti

v
it

y
 (

g
/m

2
/d

)

Ave.

• Annual daily average projected at = 20 g/m2/d

• Max = 4 g/m2/hr for designs of ducts, pipes, pumps, etc.



Pond Design Layout     
and Construction 

(Ag. engineering!]

690m

60m

Paddle wheel mixer
CO2 sump stations (TYP)

Flow director









100 ha Oil+Biogas, preliminary cost estimate

Total revenue from electricity ($/yr) $800,000

Total operating expenses ($/yr) ($2,100,000)

Bond repayment ($/yr) ($2,000,000)

Total cash outlay requirements ($/yr) ($3,300,000)

Total oil produced (bbl/yr) 10,100

Total cash outlay per barrel ($/bbl) ($327)

Financial summary

Total capital cost = $23 Million

Not Included: income, property taxes, wastewater treatment 

revenues, depreciation, corporate overheads, license fees ...   



Land

9%

Solvent 

Extraction 

13%

CO2 Delivery 

System 

9%

Algae Digesters 

5%

High Rate Pond

47%

Total capital cost = $23 Million

Note: Municipal 

engineering 

construction 

costs ~ X6!  

Capital costs dominated by pond (clay lined)

100 ha, Oil+Biogas:



Insurance

5%

Operators

30%

Admin Staff

23%
Electricity 

Costs

27%

Maintenance

12%

Total O&M = $2.1 Million

Operating costs were dominated by staffing 
(because at this scale mainly a WWT function)

100 ha, Oil+Biogas:



LCA GREENHOUSE GAS EMISSIONS & COSTS OF ALGAE BIODIESEL

Emissions & Costs for moving   Algae      Algae    Canola       Diesel 
1 mt 1 km by diesel truck         100%CO2  Flue Gas  biodiesel     Fossil

GHG CO2e emissions g/t-mi      -22.7        -15.2       95.3       108.8

Cost, feedstock or algae ops        0.015        0.013         0.035       0.026

Cost, conversion & dist                 0.006 0.007         0.007       0.003

Cost, capital        0.014 0.019 0.001      0.000

TOTAL COST $/mt-km                  0.044 0.039 0.042      0.038

CO2e: total greenhouse gases, includes CH4 and N2O.   Costs 
do not include taxes. (Costs are relative: not adjusted from 
AUS$, cost of oil, etc.) Algae 100% CO2 purchased CO2.  

Diesel trucks: algae vs. canola biodiesel/fossil diesel 
Summary LCA Study by Campbell et al., 2009 basis 
Benemann & Oswald,1996, for “conservative” case: 
productivity of 55 mt/ha-yr, 40% oil, ~20,000 l/ha-yr



The Israeli Seambiotics Co. produces algae biomass with 
~30% oil content using CO2 from coal power plant flue gas.   

Inventure Co., in Seattle,  converts it to biodiesel and ethanol.
(used by GreenFuels, others claiming their own production)

Ami Ben Amotz



RECENT DEVELOPMENTS: Hydrocarbons from Algae 
April’09 Sapphire Energy: Algae commercializaton accelerating! 
Expects to double commercial output to 1 million gallon /year of 
jet fuel and green diesel by 2011, 100 MGY, by 2018, 1000 MGY... 
Currently constructing first production plant in New Mexico

100 acre R&D facility, 
Las Cruces, NM ?

Are we ready for 
GMO algae?

300 acres algae farm in
southern NM, in escrow

Continental flight Jan ’09 used 2.5%     
algae biojet fuel   Sapphire “supplied”



Nature already provides what some want to make 
algae do: oil globs from Botryococcus braunii



ANY QUESTIONS?



Public Service Announcement:

ALGAL BIOMASS ORGANIZATION

3rd Algae Biomass Summit: 
October 7-9, San Diego 
www.algalbiomass.org

1st Summit San Francisco Nov. 2007
2nd Summit Seattle, Oct. 2008 


