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Introduction
Terminology — Wikipedia definitions

= Algae are a very large and diverse group of simple, typically autotrophic eukaryotic
organisms, ranging from unicellular to multicellular forms (Protista Kingdom)

» Macroalgae — seaweed

= Microphytes or microalgae are microscopic algae, typically found in freshwater and
marine systems... It has been estimated that about 200,000-800,000 species exist of
which about 35,000 species are described...

= Bacteria constitute a large domain of prokaryotic microorganisms

= Afunqgus is a member of a large group of eukaryotic organisms that includes microorganisms
such as yeasts and molds, as well as the more familiar mushrooms (Fungi Kingdom)

» Phototrophs are the organisms that carry out photon capture to acquire energy... Many, but
not all, phototrophs often photosynthesize: they anabolically convert carbon dioxide into
organic material...

= A heterotroph is an organism that cannot fix carbon and uses organic carbon for growth
= A mixotroph is an organism that can use a mix of different sources of energy and carbon
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Introduction

Why algae
« High oil containing crops are adequate to Litres per
meet only the current demands for bio- hectar per year
diesel Oil palm 5940
« some plant oils (soy, sunflower, Jatropha 1890
rapeseed) raise important questions Rapeseed 1400

concerning food versus fuel

: : : Sunflower 955

« some plant oils (e.g. oil palm) raise _
questions concerning indirect food Camelina 560
versus fuel conflicts Soybean 450

 used vegetable oils provide a limited _
source (~5% total desired bio-diesel)

Darzins et al. 2010. IEA Bioenergy Task 39 Report T39-T2.
Antoni et al. 2007. Appl. Microbiol. Biotechnol. 77: 23-35.
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Introduction
Why algae

= Focus of this presentation is on microalgae as renewable energy source —
potentially high yield, flexible end environmentally sound source of energy
= Suitable also for brackish and salty waters
= CO,/sugars as carbon source
= light as energy source
= wastes as nutrient source
Potential for CO, sequestration

Lipid content
(% DW)

Lipid content
(% DW)
40

Cryptococcus > 65 Arthrobacter
. Bacteria |
Yeast Lipomyces 64 Acinetobacter 27-38
Rhodotorula >72 Botryococcus 25-75
Aspergillus 57 Chlorella 28-32
: Algae :
Fungi Humicola 75 Dunaliella 23

Mortierella 86 Nannochlopopsis 31-68
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Introduction
Why algae — Many alternatives of microalgae based energy

Microalgal
biomass

Thermochemical
COnversion

Edited from:

Chemical
reaction

Anagrobic

Methane,

digestion

Pyrolysis

Direct

combustion

hvdrogen

Bio-oil, charcoal, syngas

Power

geieration

Transesterification H Biodiesel |

« Brennan L, Owende P. Renew. Sust. Energ. Rev. 2010; 14: p. 557-577.
* Tsukahara K, Sawayama S. J. Jpn. Petrol. Inst. 2005; 48(5): p. 251-259.
* WangB, Li Y, Wu N, Lan CQ. Appl. Microbiol. Biotechnol. 2008; 79(5): p. 707-718.

Photabiological [7]
hydrogen production Hydrogen
Biochemical Bioethanol,
conversion acetone, butanol EXAMPLE

Comparison of typical properties of petroleum oil and bio-oils

from fast pyrolysis of wood and microalgae

Properties Typical values
Bio-oils Petroleum oil
Wood Microalgae
C(%) 56.4 62.07 83.0-87.0
H (%) 6.2 8.76 10.0-14.0
0(%) 373 11.24 005-1.5
N (%) 0.1 9.74 001-0.7
Density (kgl ') 1.2 1.06 0.75-1.0
Viscosity (Pas) 0.04-0.20 (at 40°C) 0.10 (at 40°C) 2-1000
HHV (MJ kg 1) 21 29-459 42

Brennan L, Owende P. Renew. Sust. Energ. Rev. 2010; 14: p. 557-577.



VTT TECHNICAL RESEARCH CENTRE OF FINLAND

23/05/2013

Challenges
Many algal species with different capabilities

’
Marine and freshwater Areal produdivity
microalgae species of binmass (g/m?/day)
Ankistrodesmus sp. TSTo = = TTo=T7o
Botryococaus braunii 250-750 = o 30
(haetoceros muelleri 336 218 0.07 -

Chaetoceros caldtrans 146-164/39.8 176 0.04 -

Chlorella emersonii 250-630 103-500 0.036-0.041 091-097
(hlorella protothecoides 146-578 1214 2.00-7.70 -

Chlorella sorokiniana 19.0-220 447 0.23-147 -

Chiorella vulgaris 50-58.0 11.2-40.0 0.02-0.20 057-0.95
Chiorella sp. 100480 421 0.02-25 161-1647/25
Chlorella pyrenoidosa 20 - 290-364 725/130
(hlorella 180-570 187 - 3.50-13.90
Chlorococcum sp. 193 537 az28 -
CGrypthecodinium cohnii 200-51.1 = 10 =

Dunaliefla safina 6.0-25.0 1160 0.22-034 16-3.5/20-38
Dunaliefla primolecta 231 - am 14

Dunaliella tertiolecta 167-71.0 - 012 -

Dunalieila sp. 175-670 335 - -

Hllipsoidion sp. 274 473 017 -

Fuglena grmdilis 14.0-200 = 7.70 =
Haematococcus pluvialis 250 - 0.05-0.06 102-36.4
Isochrysis galbana 7.0-40.0 < 0.32-160 =

Isochrysis sp. 7.1-33 378 0.08-0.17 =

Monodus subterraneus 160 304 019 -
Monalanthus saling 200-220 - 0.08 12
Nannochloris sp. 20.0-56.0 60.9-76.5 0.17-0.51 -
Nannochloropsis oculata. 227-297 840-1420 0.37-0.48 -
Nannochloropsis sp. 120-530 37.6-90.0 0.17-1.43 19-53
Neochloris oleoabundans 290-650 90.0-1340 - -

Nitzschia sp. 160470 88-216
Oocystis pusilla 105 = = 406-45.8
Paviova safina 309 494 0.16 -

Paviova lutheri 355 402 014 -
Phaeodactylum tricormutum 18.0-570 448 0.003-19 24-21
Porphyridium cuentum 9.0-18.8/60.7 348 0.36-1.50 25
Scenedesmus obliquus 11.0-550 - 0.004-0.74 -
Scenedesmus quadricauda 19-184 35.1 019 -

Scenedesmus sp. 196-21.1 408-53.9 0.03-0.26 243-1352
Skeletonema sp. 133-318 273 009 -

Skeletonema costatum 135-513 174 0.08 -

Spirulina platensis 40-16.6 = 0.06-43 1.5-145/24-51
Spirufing maxima 40-9.0 - 0.21-0.25 25
Thalassiosira pseudonana 206 174 0.08 -

Tetraselmis suedca 85-230 270-36.4 0.12-032 19

Tetraselmis sp. 126-147 434 a.30 =

Mata, T.M., Martins, A.A., and Caetano, N.S., Renewable and Sustainable Energy Reviews, 14(1): 217(2010).
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Challenges
Many potential co-products

i e Nitrogen Gases Exhibit 7.4 Overview of the five
&; potential options for the recovery

and use of co-products
¥ N\
Ash/ Soil Amendments
Soil Fertilizer/ Conditioners

Dry Residue Processing

Opions

Chemical/ Biological Co

Option 4 ¥ _ _
,f.*mamlf Butanol/ nyml/
Chemical/ Biological Conversio

Source: National Algal Biofuels Technology Roadmap
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Ammonia

Phosphorus

Challenges
Many possible process configurations

23/05/2013

co, l

(bottled or flue
gas)/sugars

Cultivation >

Water/waste water —————>>

Harvesting

S Solid

separation

1\

Recycled water

Wastewater/dilution

Biogas

Straw (in .

phototrophic Anaerobic

boiler cases) digestion
Dilution
water

Recycled water
v
Sludge

Lipid
r—>|{ disruption and ——> Lipids
” separation
i
[N
i
i1 Biomass
WV
[]
1
1
i
r--i--) Bloga's ——> Upgraded
P upgrading biogas
Lo
T l
P
R
L—-F> Boiler ——> Electricity
& steam
Water Wastewater Flue gas

Block-flow diagram of microalgae-based energy production. Dashed lines represent alternative configurations
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Challenges
Many methods for each process step... design analysis and selection process challenging

= The cultivation: traditional open ponds,
photobioreactors, etc.

= Harvesting methods: centrifugation,
flocculation, filtration, flotation

= Lipid extraction include mechanical
separation, solvent or hot oil extraction,
supercritical fluid extraction using CO, or
other fluids, subcritical water extraction,

Harvest Feed Paddlewheel

==
((:)%1
(—=

[ [

Bafflo Flow

rst inoculation
it

Chisti Y., Biotechnology Advances 25 (2007) 294-306

Waldeck P., ABO Algal Biomass Summit 2012
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Challenges
Feasibility

= Costs & benefits > technology comparison difficult due to different assumptions
= Strain, product, yields, scale, process parameters, prices, equipment providers

Direct Installed Capital, MM$

P S Standardized Cost Comparison

s108 B CO2 Delivery +Average = 5109 USD/gal
I $522 = Harvesting Variability is wide, Std. Dev. = 5301 USD/gal
W Extraction
a Digestion PER GALLON Triglyceride Production Cost
$irstigal $1.12Tgal

¥ Inoculum System 2580

W Hydrotreating

W OSBL Equipment £50 -

¥ Land Costs

$40 -

Direct Installed Capital, MM$
(Ponds) & Ponils

B CO2 Delivery

o Harvesting
s12 | Extraction $10 4

® Digestion

8 Inoculum System

» Hydrotreating

sa1 ::s:::,:mm ﬁfﬁfjf;#&ffﬂ,?ﬂff %JJ!_WJJI*#@“E‘;

s S

Davis, R., Aden, A., and Pienkos, P.T.,
Applied Energy, 88(10): 3524(2011). Philip T. Pienkos, DOE Algal Biofuels Workshop, December 2008

£30 Loeeeeen

USDigal

520 o
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Challenges
Feasibility

= Environmental performance (NER: primary energy input/dry algal biomass output)
= Downstream processing excluded
= Targets: EU — 60% lower greenhouse gas emissions compared to fossil diesel
= Main contributors: electricity demand of harvesting, heat demand of drying (if needed)

NER Blomass
Primary Energy In put(MJ/MJ Dry Algal Blomass)
NER Blomass
Primary Energy Input {MI/M] Dry Algal Biomass)

z ! . - . ! . 3 !

BURIRUBUBURIERER

I ojlr o3l ild g TlEd

] g Flat-phale PER  Flat glate PER® | Tobular PS8 Tubuier PER® Tebuiar PER Tublar PER®
NG | WD | WEER | el | S oo ' Soequesalf P PER) | Steghensoa(! PEN) Torguens(T PEK)
W Lipid Extraction W Biomass Drying and Dewatering W Algac Cultivation and Harvesting WUpKEssction B Orving sd Dewstering 89 AlgaeC ond Harvesting

NC: Normel Cultivation; LN: Low Nitrogen Cultivation: FP- Filter Press; C: Centrifuge; RP: Roceway Pond FP PRR: Flat-plate Photobloreactor; T PRR: Tubular Photobloreactor
*«Normatised system boundary " fived system boundary

AquaFUELs — EU project (FP7), www.aquafuels.eu
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Challenges
Feasibility

= |nvestor expectations

= “If an algae venture is not (a) able to demonstrate and prove its technology works on a
small scale or (b) produce more than 1,000 tonnes of algal biomass or at least 100 gallons
of algal oil with its partners, it is unlikely investors will take serious notice” (Algae 2020 Vol 2:
Biofuels, Drop-In Fuels, Biochems & Market Forecasts)

= Scale-up

= “The implications are that the supply of CO,, nutrients, and water, in particular, can be
expected to severely limit the extent to which US production of algae biofuel can be
sustainably expanded unless approaches are developed to mitigate these resource
constraints in parallel to emergence of a viable algae technology. Land requirements
appear to be the least restrictive...” (Pate R. et al., Applied Energy, Volume 88, Issue 10, pp. 3377—
3388)

-> Nutrient availability & recycling need more attention in addition to process
technology development

= “The share of microalgal biodiesel and renewable jet fuel produced from it (microalgal
biomass) in total global final energy consumption over the time horizon 2010-2100 is
5.1% in the case without CO, constraints compared with 3.9% and 0.7% in the case of
CO, stabilization at 550 ppmv and 400 ppmv, respectively” (Takeshita T., Applied Energy, Volume
88, Issue 10, pp. 3481-3491)

-> Potential CO, stabilization constraint has an impact on CO, fixing energy sources
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Challenges
Top challenges based on the algae industry

What are the industry's most critical production challenges? (5 is high)

Systems-level — Production systems 512

Harvest. extraction

Process/technical
Component separation

/ Algal species selection

Culture stability

Quality control,

monitoring x81

Contamination 337

Environment &
biology Light management
Mixing management

Weed algae invasion

K All Other Responses

3 4 5

Edwards, M., Algae World 2010 Industry Survey, Arizona State University & Centre for Management Technology, (2010)
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State-of-the-art

Algae strains

= Phototrophic oil production = direct harvesting of light and CO2

» CO2 feeding enhances growth rate and biomass production

7 —~S.obliquus-Air

—8—E.gracilis-2%C02
6 —e— C.protothecoides-2%C02 R
5
o te e
<
=2
=¥
2 et
1 EPEPDD/D/D
0 R R R R
0 5 10 15 20 25
Time (d)

Strain Light CO, Growth rate
(%) (g'L'd")*

S. obliquus ++ 0.03 0.15

E. gracilis ++ 2 0.32

C. protothecoides +++ 2 0.41

* 2 or 3 light sources, each ~400 pmol s"'m2
# Average linear growth rate

Source: VTT

06

Biomass production rate (g'L-'d"")

0 5 10 15 20
Time (d)

25

N
~

o L =
™ N

CO, uptake rate (g-L-'d"")

o
)

o



[N
o

©

DW (g biomass/L)
S o
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State-of-the-art

Algae strains

23/05/2013

= Biomass densities in phototrophic cultures will always be limited by light penetration
= Solution: grow algae with organic carbon (heterotrophic)

03 r

025

02 r

01

0.05 r

Growth Growth rate Lipid production rate
mixotrophic (g'L-1d-1) (g'L-1d-1)
heterotrophic phOtOtrOphiC 0.1 0.05* ®

8 0.15
. (&)

oozfed phototrophic + CO, 0.3 n.d.

heterotrophic 1.3 0.1*
phototrophie mixotrophic 1.3 0.2*

5 10
Time (d)

heterotrophic

mixotrophic

reduction in CO,

output
(- excess after day 6)

15
* not optimized

= Mixotrophic oil production - reduced CO, output

maintain the benefit of high biomass and high growth rate
reduce loss from cell lysis
utilize 'waste' biomass & recycle nutrients
measurably less CO, is produced
Source: VTT

Time (d)
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State-of-the-art

Processes — overall production concept

» Financial limit assumptions:

= 70% gross profit margin if sold directly into Investment costs (mainly cultivation)
blenders

= no subsidy assumed 140,000 Acrylic tube

= 5% price increase/year 120,000

= year 5 of production
Y P Required 100,000 Assumed (for competition)

= 8% interest rate for 1st facility capital loan 50 g/m2/day

(Gal/acrelyr)  go.000 $0.86/gal var. cost

* 20% down payment For 70% 70% margin
i L. . Gross Margin g0 000
= Rational limit assumptions ASP: Open Raceway
= 45% lipids in dry algae, 50g/m2/d T, " _10%
productivity 20,000 po—————————— Ratioral fimit  Margin
PFR I - Cap Ex
000, 100 2.00 3.00 4.00 5.00 so0o  ($/gal)

- cost ~$1.00/gal (70% gross margin,
~0.2%$/gal CAPEX), or ~$3.1/gal (10%

Financial Limit

gross margin, ~2.5$/gal CAPEX) Edited from Algae Industry Magazine, October 14, 2010, by Brad W.
. Bartilson
- Latest published costs ~$10/gal (open http://www.algaeindustrymagazine.com/techno-economic-modeling-an-

pond) and ~$20/ga| (PBR) (Davis R. et al. invaluable-tool-for-invention-and-investment/
Applied Energy, Volume 88, Issue 10, pp. 3524-3531)
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State-of-the-art

Processes — Costs and reduction potential

Analysis Support to Assess & Prioritize R&D
Enabling Affordable & Scaleable Algal Biofuels

Systems and Processes Scale-up Issues

» Algal strain selection / improvement
Charti ng » Production systems (open, closed, hybrid)
* CO2 sourcel/infrastructure/cost
the Cost/gal » Biomass/oil productivity & reliability
* Harvesting & dewatering processes

Path(s) « Oil extraction & separation processes
from « Oil feedstock yield & properties
Point “A” « Integrated system scale-up
oin « Installed system CAPEX & OPEX
to « Co-products & co-services
: ey gy, water, and nutrient sources,
Point “B balances, and costs
10 "; ars Commercially-Viable Scale (e.g., 225Mghr)
y Production
Scale

with Cost Offsets
from co-products
and co-services

) ==

Pate R. DOE Algal biofules workshop (2008)
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State-of-the-art

Processes — Costs and reduction potential

Potential cost reduction (NREL) for
algal diesel production (similar values

Development process timeframe )
announced by Solix)

S&T, Systems & Processes Arcas
$12
] Stotot Commesion NREL Cost Breakdown [WCo-Product credt Total
. [ extraction & Fractination W Operating-Total
[ Harvesting & Dewatkrng $10 Capital-Indirect
5 B Product W Capital-Facility
'3 Stage-1Advances : hs;sums nnsm& oture & mCapital-LAND
Wegraion $8 o
g 3 T uncertainty Range
g Mlh T 36
E Reductions I Stage-l Advances 3
Perfomance E}
- ? "
‘g I Cost & Risk =
Peducbons T
-I Pecacimar: I’ sz 1 -
mprovements x
foumeet tats) Ty T, #4616 pars) * - N
Current Case Aggressive Case Maximum Case
Roadmap Timeframe Multi-Stage RAD,
Demonstration, Commercializtion, Deployment -32

' ) Pienkos P. DOE Algal biofules workshop (2008)
National Algal Biofuels Technology Roadmap

Development some 20-25 years late from bioethanol development
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State-of-the-art

Many alternative process steps under development — huge opportunity

= Cultivation
= Most of the operational and biological factors favor closed systems over open systems,
but open systems have lower investment and operation costs compared to closed
systems
= The main benefit of closed systems is their better control of operation (e.g. contamination,
mixing, light, CO2 losses, and alga specie flexibility).
= Harvesting

= some of the methods need to be combined with a pre-harvesting method such as
dissolved air flotation to reach a suitable input concentration defined either by physical

separation requirement or the capital cost of the separation equipment.
» Lipid extraction
= mechanical separation (70-75% lipid extraction can be obtained)
= solvent or hot oil extraction (90-95% efficiencies)
= supercritical fluid extraction using CO, or other fluids (90-95% efficiency), or subcritical
water extraction and

- Suitable combination for many conditions and algal strains
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= Harvesting algae is the
most energy consuming
unit operation, e.g.
= PBR cultivation ~20
kWh/t flow

= DAF + centrifugation
~60 kWh/t flow

EVODOS claimes to have
significantly lower
consuming centrifuge
system (~1.7 kWh/t flow)

Challenge is the low
starting concentrations
(0.05... 0.5% for pond and
PBR respectively)

State-of-the-art

Processes — harvesting

Dewatering process

Highest possible yield

Energy usage

Centrifugation
Flocculation

Natural filtration
Pressure filtration
Tangential flow filtration
Gravity sedimentation
Dissolved air flotation
Dispersed air flotation
Electrocoagulation
Electroflotation

Electrolytic flocculation

>22% TSS

>95% removal of algae
1-6% TSS

5-27% TSS

70-89% removal of algae
0.5-1.5% TSS

1-6% TSS

90% removal of algae
99.5% TSS

3-5% TSS

>90% removal of algae

Very high - 8 kWh/m®

Low for slow mixing: varies largely

Low (vibrating screen) - 0.4 kWh/m?

Moderate (chamber filter press) - 0.88 KWh/m*®
High - 2.06 kWh/m*®

Low (lamella separator) - 0.1 kWh/m*®

High - 10-20 kWh/m®

High

Medium to high - 0.8-1.5 kWh/m*

Very high

Low to medium - 0.33 kWh/m*®

Udumann N. et al., Renew. Sustain. Energy. 2010; 2(1 - 012701): p. 1-15
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State-of-the-art

Processes — biogas production

= Relatively low C/N-ratio of algae - co-digestion with other wastes gives higher methane
yield

= Upgrading of biogas to vehicle fuel and electricity production from biogas are also potential
approaches — existing technologies

Theoretical methane potential and theoretical ammonia Experiments with anaerobic digestion of microalgae species
release during the anaerobic digestion of the total biomass and algal sludge
Species Proteins Lipids Grbohydrates CHs N-NHs Substrate Y i HRT®  Loading rate Methane yield CH,
(%) (%) (%) (LCHsgVs™') (mggVs ') () (d) (gL 'j') (LCHsgVvs™!) (2 wol)
Euglena gradhs ~ 39-61  14-20 14-18 05308 543-849 Algae sludge (Chiorella-Scenedesmus)  35-50 3-30 144-289 0.17-032 62-64
Chlamydomonas 48 21 7 069 447 Algal blomass 35 28 1 042 2
reinhardi Spirufing 15 28 091 032-031
Chiorella 57 2 26 08 531 Dunalielia 35 28 091 044-0.45
pyrenoidosa Tretraselmis {fresh) 35 14 2 031 2-71
Chilorella vulgaris  51-58  14-22 12-17 0.63-0.79 475-540 Tretraselmis (dry) 15 14 2 026 72-74
Dunalielle salina 57 6 2 068 531 \ Tretraseimis (dry) +NaCl 35 g/L 35 14 2 025 2-74
Spiruling maxima  60-71  6-7  13-16 0.63-0.74 559-66.1 Chiorella vulgaris 2831 4 - 031-035¢ 68-75
Spiruling platensis 46-63 4-9 8-14 0.47-0.69 428-587 Spiruling maxima 35 3 097 026 68-72
Scenedesmus 50-56 12-14 10-17 0.59-0.69 466-422 Spiruling maxima 15-52 5-40 20-100 025-034 46-76
obliguus Chiarella-Scenesmmus 15 10 2-6 0.09-0.136 69

Sialve B. et al. Biotechnology Advances 27 (2009) 409—416
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MARKET SI7E SALES VOLUME
COMMERCIAL PRODUCT (TONS/YR) (MILLION SUS/YR)
BIOMASS
State'Of'th e'art , Heslth Food 7.000 2,500
Microalgae Products / I o0 0
Micraigae Aneal prediction re—p—— Application and product / Animal Feed Additive Mo available information 300
Spiring 3000 wenes dry weight Chisa, India, USA. Myanmae, Japan Human autrtin 7] POLY-UNSATURATED
Cosmetics FATTY ACIDS [PUFAz)
Phycatdigeoteing
Chiorella 2000 tones dry weight Taiwan, Germany, Japan Human nutrition / ARA No available information 20
Cosmetics
Aquacultare
Denalbella seling 1200 toanes dry weight Australsa, lsrael USA Japan Human nutntion _/ DHA <300 1.500
Cosmetics
e, PUFA Extracts Mo available information 10
Aphanizomenon flos-aguoe 500 tomeves dry weight USA Human nutrition
Horsmatooearss pluvialc 300 sonees dry weight USA, India, Israel Aquaculname GLA Potential product, no current commercial market
Astaxanthin
Crypthecodinium ohnil 240 tomnes DHA o USA DHA oil EPA Potential product, no current commercial market
Shizochyrim 1010nnes DHA oil USA DHA o B ANTHOXIDANTS
Brennan L, Owende P. Renew. Sust. Energ. Rev. 2010; 14: p. 557-577.
Beta-Carotene 1.200 =280
Tocopherol CO, Exiract Mo available information 100-150
= World conventional biodiesel production 2010 e
5.02 billion gallons/yr (12.5 B$/yr, $2.5/gal)
Astaxanthin « 300 [biomass) <190
= World diesel production 2010 ~1 billion tons/yr Plycocyarin o avalebie information -
(~900 B$/yr, $25/ga|) Phycoerythrin Mo availzble infermation +2
FERTILIZERS/SOIL CONDITIONERS
Fertilizers. growth promaters, Mo available information 5,000

s0il conditioners

National Algal Biofuels Technology Roadmap
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State-of-the-art
Scale of production in 2012

“Consolidated ‘algae ventures’ at present worldwide: approx. 50 ha (123 acres)
in surface, = max. 1.000 ton/year ? " (Vieira V. A4F, ABO Algae Biomass Summit 2012)

Sapphire Energy

Cellana — 10t MT algae

20% PBRs /
80% open ponds

> 250.000 gallons
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State-of-the-art

Investments & interest

(Algae 2020 Vol 2: Biofuels, Drop-In Fuels, Biochems & Market Forecasts)

Algae investments in PPPs, private companies and project finance:

Organisation

Investment

Project scope and R&D

FLIGHT DATE FEEDSTOCK BLEND COMPANIES E
—_———— 3 Sapphire Energy | §100 million i R&D from Bim ‘Algas for biocrude demonstration
- - . Gatas" Cascade Investmants project in Las Cruces, Calfornia
e fr Ly 2009 E mm:*mu H,Hﬂl.“hm“ i — ation
1%, migna beniusin blana
Solazyme §75 million in R&D finance so far | Algas for biocrude, jet fusl and biodiessl
; from private investors in San Francizco, California
Canringeral darunny 20065 [R50 - BO% JPA, 5O0% Bland Comiramnl, LIOP Bnsing, i
2igas and Jatropha biend OFM Lngres, Sapphes GreanFusls $82 Million in project finance ‘Girsen fusls plans to producs 25,000 tonnes.
o ] of aigas biomass for Aurantia SA in Spain
Algae-based fuel on sale in Bay
Ao si’“lmwm Q.I:ht‘utﬁ.de UK Garbon Trust | §40 malion challange for aigae in October, UK Carbon trust announced a fund to
Muw Toabard | Ducormbor 2008 | | e simvine commercialisation by 2020 award up to $40 million in grants for algas projects
I bbb 307180 .. Timwday, Mo 13, 2013
Aurora Biofuels | Raizad a sacond round of Aurora Biofusss is an algas-to-biodiessl startup
funding of $20 million from Oak | with roots at University of California at Barkslay.
W A Fbruany 2000 I Big oil took a small but significant kit Tuesday when Bay Area motorists bagan filling up Invesiment Partners, Gabriel
¥ their gas tanks with algae, becoming the first privats citizens in the world touse a Venturs Partnars and Novanti
domestically grown product that could revolutionize the fuel industry. o e r— R
The fiest alternative fuel made from algae went on sale at four Bay Area gas stations in airines, new Chinsse venturss based aigas production manufacturer.
what advocates insiet is the first wave in a tide of clean fuel that will kit the marketplace. Pet n a0 in funding from China | F 1on of P Ching, a 50/50 joint venture
“T'oday, at this station, we are putting a stake in the ground,” said Matt Horton, clief with Shanghai Jun Ya Yan Technology Deveiopmant
MwadWth as!wmcpand to fill the ﬁnt!fnkwifh thulpe-l'»md NREL 425 from 18708 1o A l in 2008 from Chevron,
product at the Valero station an Whipple Avenue in Redwood City, "Wa hope to build 1000z ne US DOE, and several otner firms.
bundreds of stations like this in California.”

The fuel, which 1 actually 20 percent algae and 8o percent patroleum, is available to any
vehicle that runs on diesel, and it spews much Jess smog and ozone-depleting
greenhouse gases, Horton said.

Clean, affordable fuel scarce

There are now more than a million Californians driving al wo-fusl-ready vehicl
but there ts not enough clean fuel, and the supply lne is virtually nonexistent,
Horton said.

The product, made from algae grown by the South San Franeisco company Solazyme,
has been usad in trials by the military and industrial companies, The pilot p will
make it available on the retail markst for a months at Propel's clean fuel fll-up tanks at
stations in Redwood City, San Jose, Berkeley and Oakland. After a month, 2 decision will
be made on whether to continue offering the product.

ﬂ blofuelsdigest.com

g /iwww biohaslsdigest conyboigest/2012/04/1 0/two-algak bofmis-prajects

devekpur-says/

to-launch-m-2013-m-nois

Two algal biofuels projects to launch in 2013
in India, developer says

I India, Worki Health Energy Hokdings expects to launch both its $100 milion, 250 acre algae
biodiesel project with local company Prime inc. and 45 $25 milion, 45 acre algae farm with
another ocal company SHK Energy Projects both during 2013, Combined sales from the two
projects are expected to bring in $200 milion in revenue during 2013.
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Investments & interest

= Current Trends and Strategies for Microalgal Biomass in Korea

= Government support 2010... 2019 — total 320+ M$-US (additional tentative
290 M$)

Mniatias oiouont I rssvies Projects Name and Goal Gt Buiget
Yang JW (KAIST) LeeKY (NLP Co.
Ay e [0 Do R Doy | kg Microalgal Blodiesel Production using PBR/Pond Hybrid System " soacs
MEST USS$150mil & 2501 STMPIMS [ ORYSiAA P Pl US$13.5mil
Minstey of B:oeneray F’roductlon u..lng erroal ae Absediat 1o MEE jurjoct stasmg 0tz K800 DH (KIOST)
Seerce snd : ek et o oo P g S MKE GO Fixation and Astaxanthin Production by Microalgae 5""25;'(;‘_"1';‘”)
b i ~Funded by Korea Dunect Hewong Co
Novel Bioconversion Platform Technology based on Marine Microcrganisms ‘""Eszgt':_"““"m s?,:"""" Harging $lasic bags USS$11.2mil & 301
ki ons bl Nl bin USS23mil § 280y i Development of Biofuels Pmﬁ:ﬂ Technologies using Algae  Oh YK (KIER)
2004 ~Ranewablo ety Sus Ight, wnd, bia, waste, solar tet Ty io powse sndl DL anesgy B Neds) 2009~13US$6
Ocean Biotechnology Development (Ocean Korea 21 Project) | . 1:, Mo gnagy | Tusl G T RIGEE and bedgan oy Bt 2 L
< Sudme onmolecdar goramica of manna and extrome orgenmme fLes JH @ KORDD _“ Uss mil Yoo YJ (tentative!
~Tha 3cwan in piocess ieewch (e SK @ Puyosss Ui ) Kim SK US$18.2 mil Green Carbon Korea a0 YJ | )
MLTM EHabaseotrdindypntumipbo gt Airitia oun; I Sud Lk ) KangHJ US$33 mil ~WHIe bolechrolsgy feedatocks fum hamess 2013~17US$220 mil
The\l
C02 Seaweeds Chung K (Pusan U} Forestry Tech. Research and Development
me b N M) Y o a Riciect ~ 2006-11 ‘ﬂfy’f ot oiemroantires | < US$05mi
Mnns USS5.5mil & 15007 S ki e AR 2o 1
MBE Marine Bioenergy Research Consortium l“m‘” F“"m““"“.'m Bioenergy Crop Production Tech, Development WooHC (PKU)
~gwdun PER i acewn, maes sulfwatin, harvest and badieest eatracion & man schyrng teca -ﬁmu hy M Dévalepmant Admrestatan
o US$44.5mil & 1804yr sty i R 2009~ 14US$3.0md

Choul-Gyun "CG" Lee , ABO Algae Biomass Summit 2012
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road for algae fuel o

. . . O R%\
Algal business — a growing reality \C\,\\i“ : w\ﬁﬁiy d
) CORT P
e . . o\° = et e
Algal commodities industry: biofuels, chemicals, feed, — ® M.\c»“,.,‘:;@‘g:;“;::&;;»
T " o ‘v .
fertiliser, waste treatment, research, companies, “w‘i\,cﬂ‘i‘gm@g}ﬁ;gﬁ*
e O VA T 0O N
conferences theguardian
SO et
~$1 000 000 000 per year industry (/. Benemann, 810 Guardian Environment Network ot P
PacRim 2012) i g i gt 5]
N { j, 2z 3 ¢
(comparable to enzyme industry a decade ago excluding research etc.) O&O"’e -8 ; 351 %’
: of ; A
~10 000 person years labour (FTE — full time & Will algae ever power our cars? 3 1 §
H o & Scores of companies across the world are racing to unlock algae's 2 5% B
eqUIvalent) ,Q\\ < energy potential and create a ‘green crude oil' 3 § =
& < § i 3
& : =
o’( Mare Ganiiet bt Veir Eovhmemnest 30, gert of the Guaniian Ensin Qy ’.; s s
United States ~3000 & - €05 : 1
& o S & A . 8%
Europe ~2000 & o @ i
«O .‘“‘6\ '10\-\00 > \\’iéi’ ag
. & 9 & p’t{"‘\ !%
India > 500 AP B A i
?o,:;a S X >
China > 500 G L, i
‘°\o“‘° q?‘»‘bof H
Australia 400-500 Loy I
Apr 5. 2012 12:00AM PY z g i
Korea, Brazil... The long, long (lon

projected annual “average growth of 43.1%, that will lead the [algal biofuel] market
volume from $271 million in 2010 to $1.6 billion in 2015” (sBI Energy Reports 2012)
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State-of-the-art

Algal business — Technology companies pushing forward

American companies

Acent Laboratories, LLC
Renewable Algal Energy, LLC
ITouchstone Research Laboratory, Ltd.
IA2BE Carbon Capture, LLC
Alga Technologies

Algae Biofuels

AlgaeWheel

Algaeventure Systems

IAlgenol

IAlgodyne

Algoil

IAlgroSolutions

IAquaflow Bionomic

IAquatic Energy

Aurora BioFuels Inc.

Bionavitas

Blue Biofuels

Blue Marble Energy

Bodega Algae

ICequesta

Circle Biodiesel & Ethanol
ICommunity Fuels

Diversified Energy

IDynamic Biogenics

Energy Farms

[Enhanced Biofuels & Technologies
IGeneral Atomics

IGlobal Green Solutions

IGreen Star

IGreenfuel Technologies Corp
IGreenShift

IGS Cleantech

HR Biopetroleum/Shell (Cellana)

Imperium Renewables

Infinifuel Biodiesel

Inventure Chemical

Kai BioEnergy

KAS

Kent SeaTech Corp.

Kwikpower

LiveFuels

Mighty Algae Biofuels

Oilfox

(Organic Fuels

OriginQil

PetroAlgae

PetroSun

Phycal

Revolution Biofuels

ISapphire Energy

[Seambiotic

SeaAg, Inc

ISolazyme, Inc.

Solena

Solix Biofuels, Inc.

ISunrise Ridge Algae

ISunx Energy

ISynthetic Genomics

[Targeted Growth

[Texas Clean Fuels

[Trident Exploration/Menova

/alcent Products

W2 Energy

XL Renewables

IGV

European companies

EIEE ' i icut Fir Gotrsldavararbeitung. GabH
Ecoduna Swbitéc, CbH
Aachimed
SEE ALGAE Technology GmibH = . SpA
BMI """m“ et Fososintelica & Micsobiologica s.r ).
EcoFudlLab, Lid T
Algae Food and Fusd
Phycosource M-—*
Alpha Biotach, SARL Ingrepro BY
Microphyt LiGem
PITIRE AR . AlgaFusl, 5.4
Greensea SAS > Aquarmer Hecion = Companhia Foruguess de Cultures Marinbaes, S8
Mgasod EEM / BFS5 = Empresa de Eleciricdade da Wadsira
Adgenics Auraniia | BTME | Exelena
Maraigen, SARL Bic Fusl Syatems
oae Fitoplancion Maing, $L
Algas Bickech SL J FayeCon
mmtw 1 Fapal:
Roquette Klotze GmbH & Co. KG w""'"“s‘
Biue Biotech GmbH ASH Laader
Greanowalion GrebH fataReal. AB. owned by Fuji Chemical
Bsantech Nuova, GibH Maccartons
Priysohubions, GmbM | Jacobs Unevarsty Bremen Algasbastechganducts
BlusBlotech — Mikromigen Biotschnoioge, GmbH
e M ke it Boots | PML I Photobloreacton co.uk
Astaxa GebH Seasalter Shellfish, Lid
Wangon Aqua Soluticng, Lid {Bedence)
Suprere Buctech < Nir Zeland
AlgaeCytes
Marin Buodervelopments
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Examples
Cursor Oy — BioA project

 Cutsor Oy

Elintarviketeollisuus. F| nn | S h Cu ISor Ov

S laisen Ci i i BioA on kehitett T
et by aema ey * Target: evaluate feasibility
Raaka-alneet lhes kaiken yhdysk % louden ja teolli- H
= o suuden jatteet. Jitteiden ja leviakasvatuksen Of mlcroalgae Waslte Water
avulla szadaan lopp inablopolito: treatment system in

: aineita ja biol. itteita. Jiteved . . "
m:::‘:;“’l'::ee - puhdistamolssa levien avulla ale- Finnish conditions
< = nevat fosfori- ja typpipaastot. . ProceSS

Jateet kasiteliaan > < .
: , b - * Pulp and paper mill
) Kierratyslannoite o

on madatteen - 1 WaSte Water utl“zed 9

kulva-alnetta

Jitevedet ja jatteet : excess low grade heat
kasitelldan levien avulla =32 | from the ml”

energiaksi tai lannoitteeksi.

Mikrolevit tuottavat jopa ﬁg Sl = =1 ¢ Anaerobic digestion

kymmenkertaisen madran -

energiaa oljypalmuun verrattuna. digestate - nutrients for

’ algae growing
ol il Sellu- tai itehtaan ylim3arainen lampé
J hilkiokah shmetasn fevien kasvatukseeen * Produced algae used as

Madatysliett 1 H
typpasa fosforla.joke hivika feed for biogas

AUDAL L

levan kasvatuksen yhteydessi

production

Teemu Loikkanen, Cursor Oy ()www.cursor.fi 19
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Examples
Solazyme Inc.

" Founded in 2003, publicly held A month-long pilot program with biofuel

= Based on heterotrophic microalgae (sugar used as retailer Propel Fuels where the
carbon source) companies are selling Solazyme’s algae-
= |nitial focus on commercializing products into three based diesel (called Soladiesel BD) in

California. The fuel (composed of 20%
blend Soladiesel BD) is being sold at the
same price as conventional diesel fuels

target markets: 1) fuels and chemicals, 2) nutrition,
and 3) skin and personal care

= Main partners (2012)

= Bunge Global Innovation LLC (Brazil) — JV (announced
Nov 15, 2012), upto 300 000 tons of oil annually for
chemicals, based on Bunge sugar mill

= Archer-Daniels-Midland Company (USA) — collaboration
to start 20 000 tons of oil production at ADM’s lowa corn
wet mill
= Other partners: Chevron, Dow Chemicals, Quantas,
Roquette Freres, Honeywell UOP, United, Unilever,
DOE, DOD, Navy

= Main facility (2012) — lllinois, 2 million liters oil/yr
(~1820 ton/year)
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Examples
Value of algal biomass residue

= Fertilizer, terrestrial animal feed,
mariculture feed, human food

additives production from biomass | EA \;3|ue for Terrestrial Animals

residue

* Producing and selling by products "l
can increase or reduce net cost of : el
o 3001

renewable diesel 2
= Best scenarios: produce Poly

unsaturated fatty acids (PUFASs) § : : '
from 10% of total lipids for 33% 2 1001

decrease in diesel cost %
= Next best: sell Rubisco at $1000/ton 0 - - —r—r—r—r——v—r— . .
’ s 3 8 5 L 8 2 2 2
17% decrease in cost to produce 33333833333332338333333353
diesel B

= Selling animal and fish food reduces
costs much less 5% to 10%

= Selling residue as fertilizer is least
profitable use of by products

e tigh-protem PEAR (average valort of thiee Nannochions ocutata 1amplen with vanous havesning and extranon
methodi)

- Qther PLAR sampies (average vakors of eght PLAN tampies, contisting of twe specns and vanaus harveiting
and ewtraction method)

Richardson J. et al., ABO Algae Biomass Summit 2012
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Examples
Value of algal biomass residue

= Utilization of algae biomeal in tissue paper
= |norganic minerals (Kaolin, CaCQO3, TiO2) used ~30 Million metric tons (2002) as
fillers
» Dried Spirulina (Earthwise Nutritionals) Powder replacing filler

- Improved paper properties obtained with 6% - 18% filler replacement (using
standard flocculating agents)

Step ity Result

here

i Fiber Slurry
(92% Solids = 3% Solids = 1% solids)

Stock Prep...

Shannon T., Shi B., ABO Algae
Biomass Summit 2012

Forming...
Dewatering/Drying... / Tl ?:::Ewa,)/
Winding...

Moaryr-Cuiss Componimion
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Comparative analysis of algae-based energy in
Finnish context — ongoing project

= Concepts developed for phototrophic and heterotrophic production using
clean CO,, fluegas and waste water for producing lipids, biogas or
electricity

= National R&D project focusing on strain screening, anaerobic digestion,
lipid production optimization and waste waters for cultivation — modelling
parameters (TE & LCA — GHG emission, ISO 14040:2006 standard)

= Selected production concept do not seem profitable, key challenges
= electricity demand of the production system
= CAPEX

o | Feannues

Caw 1.4 Phosomaghns - e g
BiOgE g et

Cinw 21 Phiterraghi - Hius gue
bisgan m haier

Cane 3.1 Hwtwinirashic | Bl
- g aprades

Case 41 Hutminboehic: Gl
- hiege = bole

g lipidy
W ALgEs maleuE B AROrS oap W u H2504 # NaDH
o Erpgrmin W Slrew Wt W EhcEri iy W Seam Wi asie bioman
Wgr rehicue @ Fined coats. ® Capitsd chargen © Lipids jpare] 8 Diogas | Dperativg profit

Source: VTT

0
Ligids
50
E oo
e
F s !
(=]
[
w2100 |
50
o
Case 1.1 Case 2.1 Case 3.1 Case 4.1
e Algae cultivation  Fertilizers
Harndeating m Hycdrakysis
- Pure CO2 ~==-Fossil diese!
Blofusl target 2018 - EU directive
200
B00
=
% 500
S a00
U 300
e
200
100
a
Case 1.1 Cass 2.1 Case 3.1 Cased.1
e Algae culthvation S Fertifizers Harvesting
B Biogas upgrading MR Anaercbic digestion B Hyd rolysis
_— Pure CO2 ~===Natural gas
2500
Electricity
2000
=
g 1500
¢
o
S 1000
a0
500
a
Case 11 Case 2.1 Cas= 31 Case ]
o Algae cultivation = Fertilizers Harvesting

= Anzercbic digestion = Hydrolysis ====Electricity

800

+ 700

cEyEBEE
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Future

rasn

. Clean water
W corbon Dioxise
. B cityake

B Oxvgen

g 1 esecrricity

. I Natural energies (sun, wind)
= @ et energy
. Biofuel from algae

B Vegrtabies s products
frem vertical farming
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ey .
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Examples
Future

 Significance of Going Vertical?
 from British Inst. Mechanical

- Engineers, UK, Sept. 2009, Report:
I “By Fitting Algae Units to the Sides
of Buildings and Structu ble
| land resources neet
production are not &

5

FEH
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Examples
Future

R -_——_—— /
Circular Jank Technology for developing world » Antenna France

AlgseCompetition.com
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Examples
Future

EcoLab — Algae Microfarm "‘\ ,@' Q‘G‘

eco-laboratory: phase |l algae microfarm center
N

-

THEWATERLOOP : SOURC

= {
-m
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Conclusions

= Challenges

= Biology — high growth rates and yields of targeted fractions

» Process — multitude of alternatives (overall concepts & technological options)

= Systems-level — integration & siting, business models

= Economics — high capital costs & potentially energy intensive harvesting

= Environmental performance — potentially high energy, nutrient and water consumption
= Strategies to solve the challenges

= Step-wise, systematic design process (technology or product driven) combined with
experiments

= Mixotrophic cultivation enables higher yields and utilization of waste carbon sources

= |dentification of local opportunities and constraints (financial & physical) and
development of most suitable local solutions for piloting and demonstration

= Future prospects
» The road ahead for low cost microalgae —based energy will continue attracting
significant investments — good experiences (e.g. from Solazyme)
= even though R&D lies behind the bioethanol development, the potential of algae —
based energy sector is even larger



VTT TECHNICAL RESEARCH CENTRE OF FINLAND 5310512013 41 '\/lm

Acknowledgements

* ALDIGA and ALGIND project funding from Tekes —
the Finnish Funding Agency for Technology and
Innovation

= Dr. Marilyn Wiebe, Dr. Mona Arnold (VTT), MSc
worker Ms. Anna Leino



VTT creates business from
technology



VTT TECHNICAL RESEARCH CENTRE OF FINLAND

23/05/2013

Back ground for introduction
Lots of interest in academia and applied science — some recent publications

= Applied Energy, Volume 88, Issue 10, Pages 3277-3556 (October 2011)
- Special Issue of Energy from algae: Current status and future trends,
available through ScienceDirect

= “National Algal Biofuels Technology Roadmap” (USA), published in May
2010 (based on workshop held in December 2008),
http://www.orau.gov/algae2008pro/default.htm

= Several ongoing EU projects (FP7) with their deliverables
= BIOFAT, All-gas, InteSusAl (industry-led)
»  AQUAFUELS (www.aquafuels.eu), GIAVAP

= Lundquist, T.J., Woertz, I.C., Quinn, N.W.T. et al., “A Realistic
Technology and Engineering Assessment of Algae Biofuel Production”,
Energy Biosciences Institute, University of California, (2010)

= Emerging Markets Online, “Algae 2020 Vol 2: Biofuels, Drop-In Fuels,
Biochems & Market Forecasts”, 2011




