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ETHANOL FROM LIGNOCELLULOSIC BIOMASS
—~ ATECHNO-ECONOMIC ASSESSMENT

John R. Benemann®, Don C. Augenstein,

Institute for Environmental Management, Inc.
Palo Alto, CA 94306 *Presenter jbenemann @aol.com
and

Don J. Wilhelm and Dale R. Simbeck
SFA Pacific, Inc, Mountain View, CA 94041

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



Ethanol nroducers warily EY6 algae’s bioom

News§ )09 Katie Howe

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

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 needl all biofuels: Glohal Warming!
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(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.”







Microalgae are very small, dilute, low standing biomass,
daily harvesting. Microalgae bhiomass could be used to
produce methane, ethanol, biodiesel, hydrocarbons, H2,
etc. No practical process has yet heen 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, paddie wheel mixed, open ponds for high
value nutritional supplements, ~10,000 mt/yr produced




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 ylahotobioreactors not feasible (engineering limits).
(NOTE: | 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.




DUTLINE OF TALK

1.
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Historical development of microalgae biofuels

Closed photobioreactors vs. Open Ponds

Current commercial microalgae production
Wastewater Treatment with microalgae

Prior microalgae biofuels engineering-cost analyses

Recent microalgae biofuel cost studies, LCAs

. CONCLUSIONS: Not Shovel Ready. Caveat emptor!
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greener dawn

This 1s for
PetroAlgae
INn Florida

NOT algae;
duckweed!

(Caveat
emptor!l



DUTLINE OF TALK

. Historical development of microalgae biofuels

Closed photobioreactors (PBRs) vs. Open Ponds
Current commercial microalgae production
Wastewater Treatment with microalgae

Prior microalgae biofuels engineering-cost analyses
Recent microalgae biofuel cost studies, LCAs

CONCLUSIONS: Not Shovel Ready. Caveat emptor!

N oo g A 0 b -



ALGAL CULTURE

FROM LABORATORY TO PILOT PLANT

Edited by

JOHN S. BURLEW
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Plastic bag-type
photobioreactors
(PBRs)

Yo I
of MIT




40 hectare design hased.on MIT Rooftop pilot plant
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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!




DUTLINE OF TALK

1. Historical development of microalgae biofuels

ro

Closed photobioreactors vs. Open Ponds

Current commercial microalgae production
Wastewater Treatment with microalgae

Prior microalgae biofuels engineering-cost analyses
Recent microalgae biofuel cost studies, LCAs

CONCLUSIONS: Not Shovel Ready. Caveat emptor!
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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 |/ha-yr (absurd!).
Then tested at Arizona Public Services power plant

(photoshop!), tests failed... Went broke May 2009,
sting $70 miIIion - 1St funded, 15t to go broke!
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Latest Technology: Photoshop [Solix Biofueis]

First, grow colonies of Botryococcus braunii algae (a species especially prone to
storing fat) [1] in long, thin, transparent plastic bags in the desert [above]. As the
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Biotechnology and Bioengineering, Vol. 31, Pp. 336-344 {‘IBBE}I

IPhotobioreactor 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 ¢cm) horizontal glass tubu-
lar reactors are compared to ponds in several respects.

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

1. Historical development of algae biofuels

2. Closed photobioreactors vs. Open Ponds

. Current commercial microalgae production

Wastewater Treatment with microalagae
Prior economic-cost analyses of algae oil production
Recent microalgae biofuel cost studies, LCAs

CONCLUSIONS: Not Shovel Ready. Caveat emptor!
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Microalgae protduced commercially today

Spirulina (Arthrospira platensis) Dunaliella salina




15t Gommercial Algae Production 1960s: Chiorella
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Microalgae Products: >95%
“nutraceuticals”, total world
production ~10,000 tons
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Cynoh Co
Open, raceway

ponds, algae
plant in Hawail.

Red ponds for
Haematococcus
pluvialis for

astaxanthin.

others Spirulina |
NOTE red ponds
source of oil =
used in flight by =&
Continental =%
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DUTLINE OF TALK

1. Historical development of algae biofuels

2. Closed photobioreactors vs. Open Ponds

3. Current commercial microalgae production

4. Wastewater Treatment with microalgae

s

Prior microalgae biofuels engineering-cost analyses

o

Recent microalgae biofuel cost studies, LCAs

7. CONCLUSIONS: Caveat emptor!



MICROALGAE FOR WASTEWATER TREATEMENT
NANA LA ASIEWALCTAICATMENIFONUS U U Bhi

In 1974 I started an-R&D project on Iow-cost

algae hawestmg by bioflocculation....
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BIOFLOGCULATION OF MIGROAGTINIUM

these spontaneously forming flocs settie rapidiy for
low-cost harvesting - a key refuirement in mass
culture of microalgae, for hiofuels or waste treatment
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Algae Biomass
G. Shelef and C.J. Soeder, Editors

© 1980 Elsevier/North-Holland Biomedical Press

DEVELOPMENT OF MICROALGAE HARVESTING AND
HIGH-RATE POND TECHNOLOGIES IN CALIFORNIA

JOHN BENEMANN, BEN KOOPMAN, JOSEPH WEISSMAN,
DON EISENBERG AND RAY GOEBEL

Sanitary Engineering Research Laboratory, University of California, Berkeley,

It is reported on techniques for high-rate pond operations which could control algal
population characteristics such that low-cost microstraining and bioflocculation processes
can be used for algae removal. The primary parameters tested were: detention time,
mixing, inoculations, and biomass recycle. Results were encouraging; however, further
work is required to develop the reliability of these processes and to demonstrate them in
practice. Effluents from high-rate oxidation ponds from which microalgae had been
harvested were used in preliminary experiments for regrowth of green algae followed by
cultivation of blue-green algae, as methods for nutrient (N, P) removal in a tertiary treat-
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Say algae, and most people think of those unpleasant green organisms found in
swimming pools and fish tanks. But to the scientists and engineers of ExxonMobil,
algae conjure something far more appealing: Opportunity. Why? Because algae
can create renewable energy while absorbing CO,

&

The energy from algae might someday produce biofuels that are compatible with
those made from conventional crude olf. That's why ExxonMobif is cormmitted
to a major fong-term research and development program aimed at developing
algae as a viable fuel source. Unlike other biofuel sources such as corn and
sugar cane, algae do not compete with our food supply. And because they
consume CO,, algae could help reduce greenhouse gases.

Exxoniiobil is partnering with Synthetic Genomics Inc., pioneers in biotechnology,
on this groundbreaking research effort. Our goal is to produce biofuels from
algas in the future to supplement the fuels we use in our vehiclas today, while
reducing greenhouse gas emissions. Algae have never looked so inviting.
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OUTLINE OF TALK

1. Historical development of algae biofuels

2. Closed photobioreactors vs. Open Ponds

3. Current commercial microalgae production

4. Wastewater Treatment with microalagae

5. Prior microalgae biofuels cost analyses
6. Recent microalgae biofuel cost studies, LCAs

7. Conclusions: not shovel ready, Caveat emptor!



Prior techno-economic analyses for open
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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 DGé- SERT (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 DGE-FiETL (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
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A Look Back at the

LS. Department of Energy’s 1945,
Aquatic Species Program: Executive Summary
Biodiesel from Algae 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
Close-Out Report extensive work by the ASP




ASP Isolated many algal strains, tested formass cultires
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ROTIFERS [ JUST ONE TYRE OF ALGAE GRAZER]
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Genetics needed to mcrease algal productivity
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DUTLINE OF TALK

1. Historical development of microalgae biofuels

Closed photobioreactors vs. Open Ponds
Current commercial microalgae production

Wastewater Treatment with microalgae

o &~ b

Prior microalgae biofuels engineering-cost analyses

(=2

. Recent microalgae biofuel cost studies, LCAs

7. CONCLUSIONS: Caveat emptor!



Updated Engineering Design Gost Analysis Project

2009 (EnergyuBiosciencesinstitute; UG Berkeley/iBl)
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* Annual daily average projected at = 20 g/m2/d
. Max 4 g/m2/hr for designs of ducts, pipes, pumps, etc.

Algal Biomass Productivity (g/m2/d
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Sep Oct Nowv Dec
3 2 0.5 0.5
3214 2143 036 G336
1607 1.071 265 265
736 0291 1323 1323
9,770 3,800 62 62
ar.rer 35495 3620 3,620
33983 22,659 066D 0,665
25,405 15447 a2 2,000
20E3 4,523 43 1]
aagz0 23,847 1632 1]
2070 1233 a8 1]
20,696 12,394 ard 1]
12,181 T.295 517 1]
1E17 1539 1574 1560
10,196 10,136 10,136 10,196
14932 1,703 1300 1,065
a54 584 a84 334
2EET 1547 13 1]
1] 406 17a 44
15,026 16,455 14,346 13,543
540,771 434,550 430,380 415,474
1803 F# 1643 F3 1435 & 1,385
54077 | % 43450 % 45038 % 41547
1,233,558 1,046,269 TO7.81 503,697
128956 ¢ 104527 § TOFH % 50,970
T4a,7a8F 551,719 % 27T asr 94,2232



== - O E F £ H I o
Recycle wastewater case

et Price for Land [50% increase for » 100ha) 15,000 F'ha
| Set Price for Barrel of Oil 120 $'barrel Soy bean oil cost ;
| Set Price for Carban Credit 125 Fimt A= of 10-02-08
| Gas Turbine Cast [Fdk W ¥ 470 kW REF Boyce 2002
| Additional area req. ‘based on drawing K32

l —1

| Dperation ® Jan Feb Mar Apr

n Buerage algae productivity [gimid] 2 2 12 25
n Ewaporation of tatal Flow [*] 2.5 KR TR T
n Wolatilazation M) 1025 1025 1025 1025
n Elow down [*] 100,002 100,002 1000025 100,002
n Anaerobic digestion loss [

: Operation Aesults Jan Feb Mar Apr

|| InfFluent [mi3td) 211,400 211,400 211,400 211,400
n Tatal Flow & [m3id) 20,607 21,253 a2 62k ALY
| Total area req. [ha) 100 101 103 104
2 # of Fonds 25 25 25 25
| Evaporation [m3'd] 2,015 2073 4,555 k030
| Elow down G [m3id] FGL 7E,E10 422k 72218
2 Elow down M [mgil] 24 24 19 15
,

[ Total Biomass Available [kgfd] 1E20 E.539 14,942 20,9583
| Total Biomass per month [kgimonth) 42531 196161 448272 B2ad33
|



36

37

38

39

40

41

42

43

44

45

4k

47

43

43

a0

2

oY

B3

54

55

BE

a7

i

53

B0

E1

E2

B3

&4

ES

BB

Carbon Diozide
Peak hourly
Feak Algaes Productivity [gimaihr)
Max Biomass [kagfhr]
C needed [kgfhr)
CO2 Required with uptake eff. [kagfhr)
CO02 Req. [m3thr)
Flue Gas Req. [m3fthr)
Flue Gas Req. [f3/min)

Daily

Eiomass produced [kgld)

C needed minus recycled C and W C [kaglday]
C02 Required with uptake atf. [kgid)

C02 Req. [m2fhr)

Flue Gas Req. [m3fhr]

Flue Gas Req. [H3/min)

Parasitic Energy
Water purmping (Hlling HRF) [k'whid)
HEF mixing [kwhid)
Salvent Extraction [kWwhid)
Frimary Sludge pumping [k'whid)
Elowers for Flue gas [k'whid]
setted algae pumping [2 times] [k'Whid)
Total Energy Consumption [k'whid]
Total Energy Consumption [k'whimonth)
Walue [£/day)
Value [$fmonth)

Total Energy Produced [kWhimonth)

Jan

0.5
B3k
2BE
1323

62
9,625
5,665

2,000

Lo B e D e

1560
10,196
1,065
954
0
44
13,849
415, 474
F$ 1385 7§
$ 41547 $

a09,697

Feb

0.5
K]
263
1323

362
625
2,665

2,072
417
2,060
107
1,071
B30

1574
10,136
1,300
954
128
178
14,571
431,121

1437 Fg
4312 %

FO7ET

0.5
B3k
2B8
1323

62
9,625
5,6ED

13,447
4,925
24,521
1,264
12,641
7 440

1,593
10,136
1,703
924
1,623
40E
16,517
435 503

1652 Fg
43550 ¢

1,045,263



100 ha 011 +Biogas; preliminary cost estimate
Total capital cost = $23 Miillion

Financial summary

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)

Not Included: income, property taxes, wastewater treatment
revenues, depreciation, corporate overheads, license fees ...




Capital costs dominated by pond (clay lined)

100 ha, Oil+Biogas: Total capital cost = $23 Miillion

Note: Municipal
engineering
construction
costs ~ Xo6!

Algae Digesters
5%

CO, Delivery
System
9% High Rate Pond

47%
Land

9%

Solvent
Extraction
13%



Operating costs were dominated by staffing

(because at this scale mainly a WWT function)

100 ha, Qil+Biogas: Total O&M = $2.1 Million

Operators
30%

INnsurance
5%

M aintenance

12%
Admin Staff Electricity
23%
Costs

271%



LGA GREENHOUSE GAS EMISSIONS & COSTS OF ALGAE BIODIESEL

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 |/ha-yr

Emissions & Costs for moving Algae Algae Canola Diesel
1 mtlkm by diesel truck 100%C0O2 Flue Gas biodiesel Fossil

GHG CO,e 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

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



The Israeli Seambiotics Go. produces algae hiomass with

=307 o1l contentusing/COZirom coal powerplantflue gas:
ENMrECoHNSeAtiERCONVENISHLID N omese] anuetmanpl:
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REGENT DEVELOPMENTS: Hydrocarhons fromAlgae

April’09 Sapphire Energy: Algae commercializaton accelerating!
Expects to double commercial output to 1 million %allon lyear of
jet fuel and green diesel by 2011, 100 MGY, by 2018, 1000 MGY...

Currently constructing first productlon plant In New Mexmo

Continental flight Jan ‘09 used 2.5%
algae biojet fuel Sapphire "supplied”>

Are we ready for Sggsac .
GMO algae’ ol




Nature alreadv provides what some want to make
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ALGAL BIOMASS
ORGANIZATION

Algae Biomass Summit

“Algae for Energy” W N\

. _ e

1t Summit San Francisco Nov. 2007 sg ,;.*;‘"»‘1
2"d Summit Seattle. Oct. 2008 - e

3'd Algae Biomass Summit:

October 7-9, San Diego
www.algalbiomass.org



