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" Here is What | Want to Talk About Today:

» Energy Status and CO, Emissions

e Our Options for Alternatives to Petroleum

|« Corn was NOT the Answer!
e Marine Microalgae May Well be Our Best Chance

e The Hows and Whys of Growing Marine Microalgae

e Cellana and How We are Approaching the Issue



Increasing CO,

Atmospheric CO, is
now 370 ppm -

a value not exceeded
in the past 20 million years

Source: Intergovernmental Panel on Climate Change (IPCC) 2001



The emission rate Is increasing fast:
Global Emissions from Fossil Fuel + Cement

2007 Fossil Fuel: 8.9 PgC
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1990 - 1999: 0.9% y’
2000 - 2007: 35% y
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Fossil Fuel Emissions: Actual vs. IPCC Scenarios
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THE MOST CARBON-INTENSIVE FUEL

Pounds of CO, per Million Btus
Coa R e p e eny 305
Gasoline N 1 5 G
Geothermal 0
Hydro 0
Jet fuel NN 156
Matural gas NN 11 7

Solar 0
Wind O

Martelle, 2009
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Carbon Emissions from Land Use Change =
5 o Lo UREES ! 1: 3.-;"“51‘ .,1--—
= Tropical deforestation
EE——

each year
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2000-2007
ropical Americas 0.6 Pg C y’

ropical Asia 06PgCy’

ropical Africa 0.3 Pg C y

[2007-Total Anthropogenic Emissions:8.9+1.0 = ]

Canadell et al. 2007, PNAS; FAC-Global Resounces Assessment 2005
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. e W‘erld now consumes oil at the staggering rate of a thousand
"7,____ berffels a second” Tertzakian, 2007
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— “By the year 2080, the world’s supply of oil will be in steep decline”
Martinez, 2002



Increasing demand for fuel

; Figure 12. World Markeled Energy Use by Fuel
Figure 8. World Markeled Energy Consumplion, Type, 1990-2030
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Oil and gas are getting harder to find

http://www ei1a doe gov/oiaf/ieo/world html
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Qur Options: Ethan;‘o




Marine Algae
Compelling Advantages

. Saline water
. Non-arable land .

. Algqé consume a major greenhouse
gas: CO, '

15x higher productivity
. New, additional fuel feedstock
.. New, additional animal feedstock

Bigelow Laboratory Phytopia




Reported yields for biomass crops

Biomass | Oil-content Bio- Bio-diesel
(Mt/halyr) (% dry diesel (bbl/halyr)
mass) (Mt/halyr)
1-2.5 20% 0.2-0.5 1.4-3.5
3 40% 122 8.2
19 20% 3.7 26.4
7.5-10 30-50% 2253 16-38
140-255 35-65% 86.6 350-700




Not a new 1dea

ON THE MASS CULTURE OF ALGAE?

Jack Myers, J. NEaL PuHinvLirs, JR, AND
Jo-RurH GrRamAaM

(WITH FOUR FIGURES)

Received January 9, 1951

Of the eonsiderable body of literature variously concerned with the eul-
ture of algae there is relatively little work directed toward the particular
problem of mass culture, Von Wirsca (10, 11) grew Chlorella in vertical
glass eylinders of 3 em, diameter and studied effects of earbon dioxide pro-



Studied for years

A Look Back at the U.S.
Department of Energy’s
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July 1998

By

John Sheehan
Terr1 Dunahay
John Benemann

Faul Roessler

Biodiesel from Algae






« Advantages
e EConomical
e Helatively simple
e High rates of production possible
e Disadvantages
— e Potential for contamination (competitors,
e invaders)
— ¢ Less control on conditions (e.g., pH, Temp)




Photobioreactors

http://www.algaelink.com/algae-cultivation.htm



e Advantages
e Controlled, optimized conditions
e Contamination can be minimized
e High rates of production

— e Disadvantages
e Expensive



Two-stage cultivation

PHOTO-BIOREACTORS + OPEN PONDS

® —

e Continuous e Batch
— o Nutrient e Short residence
—— sufficient time
== e High yield e Large area

e Small area



Harvesting:

Algae are small!




REZPOMNSIBLE ENERGY || IMMCWATION PRODUCTE B SERWICES ABOSUT SHELL

Mews & Media releases

Shell and HR Biopetroleum build facility to grow algae for
biofuel

11 /1272007

Foyal Dutch Shell plc and HR Biopetrolsurn today announced the construction of & pilat facility
in Havrail to grow manno algae and proeduco wegotable ol for conversion inte biofual.

The announcement Is a further ctep in Shell's angoing effort to devalop a new ganeraton of
oiofuals using sustainzbla, non-food raw materials, Algze hald grast promise becauss they
gromw wery rapidly. are rich in vegebable oil and can be culbivab=d in ponds of s=evab=r
minimizing tha uea of fartile land and frach water

Incorporated: 11 December 2007
Cellana LLC and Cellana BV
HRBP: algae cultivation

Royal Dutch Shell:

technology integration and scaling,
network, project management.

Our vision: to be the world’s preferred sponsor of
commercial algae oil and protein facilities




Cultivation
Strain selection —» Processing
Dalhousie University
University of Hawaii ... University
Uni i of ... Research Institute
Southern Mississippi
.::*: < ':'."._ .. 5 CAios Photo Bio Reactors

= : Open Ponds

—»

Cellana Technolog

Integrating
Scaling
Templating

Shell

Technology
Suppliers

2.5ha
1,000 ha
20,000 ha



Strain Selection

High-Throughput Screening (HTS): Mid-scale Screenmyg (M55): Large-scale Screenmg (LS5):  Demonstration
Lab-based Cuidoor production simulaSons Full-scale produwction Sustained produciion uns
3 levels, production eniteria 3levels -day trials H0-day trials

Double-blind design Variabde production criesia

Dalhousie University Kona Pilot Facility
University of Hawaii

University of
Southern Mississippi
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Which model 1s “better”

EFFICIENT
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Which model is “better’”? -

Finding the best strain —
.

Sturdy with good capacity
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Which model 1s “better™?

F'inding the best strain
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: Sturdy and fast with good capacity ph






No Genetically Modified
Organisms (GMOs)
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Sustained Production Rates (P) at Large Scale o

Species (@ %Ef) 5= Fde;;f{g Reference
Tetraselmis suecica 62 24  Laws et al. 1986
Skeletonema costatum 61.3 240 Kitto et al. 1999
Phaeodactylum 81-96"* 150 Acién-Fernandez et

tricornutum al. 1998

Alf in outdoor reactor systems,
5,000 to 50,000 L

** Monthly average

et



Isolation of
new strains




- .
High Throughput Screening
for Production Potential

Mid-scale Screenmyg (M55): Large-scale Screenmg (LS5):  Demonstration
Lab-based Owidoor production simulaSions Full-scale production Sustained production runs
3 levels, production enteria 3 levels H-day frials B0-day trials
Double-blind design ariable production criferia

Dalhousie University Kona Pilot Facility
University of Hawaii

University of
Southern Mississippi




Culture

New Strain
; Collections

Isolates
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Targeted Candidate
Strains

-y 150+ candidates

24 candidates

P

12 candidates

Diurnal
Temp / Light

(Z])

-

- (Growth'RaFe [ Lipid /

T 4

Nutrient
Depletion

Jo

Flashing Light:
High Freq.
(DR)

Integration / Modeling

8 candidates

Mass Culture Validation




Exploiting Algal
Physiology

Algae Biomaas
G. Shelef and C.). Soeder, Editors
& 1950 Elsevier | Wonh-Holland Biomedscal Press

PHYTOFPLANKTON LIPIDS: ENVIRONMENTAL
INFLUENCES ON PRODUCTION AND POSSIBLE
COMMERCIAL APPLICATIONS

MEIL 5. SHIFRIN AND SALLIE W. CHISHOLM
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Conditions change
very fast in batch cultures

Macintyre, H. L, and J_ J. Cullen. 2005. Using
cultures to investigate the physiological ecology of
microalgae, p. 287-326. In R. A. Andersen [ed ],
Algal Culturing Techniques. Academic Press.
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Batch Culture: not much time for exponential growth
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Acclimated conditions can

be achieved through
daily dilution

Brand, L. E., and R. R. L. Guillard. 1981. A method for the rapid

and precise determination of acclimated phytoplankton

reproduction rates. Journal of Plankion Research 3: 191-201.

Tim=1d)

Strain CB501
47 pmol m-2 s-1

10

y = 0.3585x - 2.3346
rR? = 0.0991

9

7




Easy to monitor many cultures
under a range of conditions

In (F /Fo)
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C « LLC L

/ Irradlance Resplratlon (Oz) absorpt10n NPQ,
(PBR concentrations)

B

3i L1m1tat10n) original plan, (~12 strains and investigate
il ._E | _'f' nutrient limitation on lipid yield)

_ posed enhancements

» Examine manipulations of silicate (diatoms)

= » Quantify carbohydrate synthesis

=—_. Complement production modeling if possible
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LOW PRESSURE OVER
FLOW

HIGH PRESSURE
UNDER

Figure 2. Design of a single foil indicating mechanism of vortex
production,

Skeletonema costatum
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Figure 10. Optimum flash period length as a function of the dark
period length for Phaeodactylum tricornutum. The three solid lines
show optima for light intensities of 500, 1000, and 1750 pEinst/m?/s.
The broken line indicates a light :dark ratio of 1:10.




Modeling the process

All day and night, top to bottom:

T bottom

P,y @Cm?*dY)= [ [ [P(.t)-R®)-dt

t=0 z=0

Fully spectral with physiological parameters:

P(Z,t) — Chl' PH?EK . (1 _ e_(ﬁﬂmax a¢ EP[IR(‘E:I)IPM))
Choice of ways to parameterize respiration, €.g.:

R°(t)=RC +[F -P°(1)]




Tunable variables and parameters

Solar irradiance (including daylength and cloud factor)
Chlorophyll concentration

Photosynthetic quantum yield

Maximum rate normalized to Chli

Absorption spectrum (packaging)
Can test genetically modified photosystem hypotheses

Bottom depth + reflectivity (pond liner)

Photosynthetic quotient must be added (N-source)
DWI/C




24-h Production Daylight Production

Respiration factor = 5% of P* Rsspiration factor = 10% Daily Gross Photosymtesis
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Bottom Depth (m) Bottom Depth (m)

« High rates depend on high biomass

« Choice of respiration function has a huge influence

« Maximum production rate associated with moderate growth rates
« The key to high production is avoidance of down-regulation



Moving Toward Producing Billions of Liters
of Fuel per Year

e Partnership
e Science - Industry

e [echnology

e Upstream - Downstream

e Implementation
= e Business plan
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Cultivation and Processing
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Cultivation and Processing
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Cultivation and Processing et







Scaling and Integrating

e 2.5ha - 1000 ha = 20,000 ha

e Leveraging Shell's expertise

o [echnology selection and due diligence
e Integration of technologies

e Design of large scale plants

e Project management

e Professional infrastructure

s Health, Safety. Environment
s Environmental Impact Assessment

o Product Quality Management
s Contracting & Procurement

o Network, reach, eic.
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/ Amsterdam

The Hague

Houston

® Cellana production facilities
® Cellana corporate




Kona Pilot Facility
e 2010 “prove’” the concept
e 25ha

e Freeze initial set
of technologies

e Show that a facility can
produce “large” amounts
of algae and be. ..

e Economically positive
e Energy-positive
e CO,-positive

T A e .
e v
Gl




First Commercial Plant

e The next stage
e 1000 ha

e Integrate and scale

technologies

e Demonstrate acceptable

technology risk
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- 04 1rst oil
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'.,:--::ﬁﬁ §'gn|ng the First Commercial Plant
#_:.__:“, = site;selection, design

- start construction
- --1000 ha (2km x 5km)

e Planning roll-out of Commercial Plants...
- Economies of scale? 20,000 ha plants?
- a material business
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