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Microalgues et biocarburants :
potentiel et enjeux actuels
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Croissance par photosynthese :

e —

Milieu entierement minéral , sans apport d'un substrat
organique (organismes autotrophes), par absorption en
milieu aqueux des minéraux nécessaires et du carbone
Inorganigue environnant grace a la lumiere captee




Photosynthese : - fixation du CO ,
- production d’O ,



» précurseurs de la vie sur terre

Thalassiosira pseudonana Phaeodactylum tricornutum Cylindrotheca fusiformis



*Teneur elevee en protéines

» Carbohydrates : amidon, sucres, glucose, polysaccharides
e Lipides : Glycerols, acides gras satures ou pas (w3, W) (de 1
a 70% de la matieres seche)

* Pigments : caroténoides, phycobiliprotéines




Photosynthese

CO, + 0.512H,0 + 0.0063MgSO, + 0.181NH,CI +

0.0213K,HPO, —I"—> CH; 7704 472N0 18150.063P0.0213
1.07520, + 0.0063Mg + 0.181Cl + 0.0426K

Photosynthese : chloroplaste

Respiration : mitochondrie

Absorption de la Ilumiere : pigments =
Chlorophylle + Carotéenoides)



Photobioréacteur

Parameétres : gaz/liquide
Cinétiques chimigue : incorporation cellulaire des
| nutriments

< biologique : photosynthese,
. metabolisme
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Valorisation industrielle des
microalgues

Nouvelle ressource

. Nécessité d’ mtegr s différentes étapes
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Valorisation energétique des microalgues

Différents vecteurs énergétiques :
H, (photolyse de [I’eau), lipides (biodiesel),
polysaccharides (bioethanol), fermentation
(méthane)

»Production sans gaz a effet de serre

»Production controlée dans des systemes clos : pas d e relargage
de fertilisants, recyclage de l'eau,

»Pas de compétition avec l'alimentation

Production solaire de

masse




Mecanismes et verrous biologiques

Voies de
biosynthéese et
dynamique des
reserves (amidon,
lipides)

Perception et
signalisation de la
carence minérale
(N, P, S,..)

Corps lipidiques

Mécanismes de
protection contre les
stress abiotiques

// (stress oxydant)

co,

Optimisation de
la photosynthese
pour le stockage

il
\\

Résistance des

H,ases a 'O
Thylacoides 2 2

O,



Production d’hydrogene par voie
biologique

hlamydomonas
reinhardtil

Algue verte unicellulaire; bi flagellée;
ordre des Volvocales

. Organisme modele : facilement
cultivable

. Production H , : hydrogénase a forte
activité spécifique



Existence d’'une
hydrogénase (a fer)
couplée a la chaine
photosynthetique

Dégagement transitoire d'H
(mécanisme de protection)

eur limitant la production
d’'H, : la sensibilite de
I'nydrogénase a 'O ,




Production de lipides par les microalgues

Différents types de lipides (dépendant des souches)

Lipide neutres (stockage) Hydrocarbone
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H,C—(CH,;)5—C—0O—CH,, \ Cyy diene

(|:|) squalene A TN S S S S S S
H,C—(CH,);—C—O—CH Cyy triene
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H3C—(CH2),,—g—O—CH2
Triacylglycerol Phospholipides
Lipides (principalement dans S
le chloroplaste) Polar group. ™~~~ 7 l

Phosphate .. Hydrophilic
' head group
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HO
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HO CH,OCOR, 2
Monogalactosyldiacylglycerol (MGDG) Hydrophobic
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il T, Phospholipid bilayer hydrophile
c:Hocon, Glycerophospholipid
o CH,OCOR;

Digalactosyldiacylglycerol (DGDG)



Modification des profils de lipides

Conditions standard

Sucre 20%
pspholipides
30%

(20% of Chl)

Lipides 20%

Glycolipides
45%

Protéines 60%

Conditions de carence en nitrates

Lipides neutres
70 %
TAG

Sucre 25%
Lipides 35%

Phospholipides
Glycolipidse
30%

Protéines 40 %



L CAN WE PRODUCE BIODIESEL FROM MICROALGAE?

Solvant extraction and TAG

Cultivation of robust Harvesting Biomass thermal drying

conversion in biodiesel

species in open systems (30%DW) (95%DW)

’ Lipids extraction on dry biomass ‘ | TAG transesterification and
biodiesel (FAME) purification

Current process for biodiesel production from microalgae (“the dry route”)

5-8 g/m*/day (1-1.5grag/m*/day) 2-10 kWh/m3
10to 30g/m3/day (3-6grac/m3/day) 3.5 kWh/kg DW

= D Shamash-PE project (2009-2013)

Engine test (PSA)

Production of 100 kg Extraction of 5-8 | of Production of . — f,f' |
of DW biomass in raceway lipids from microalgal /B ‘\
(AlphaBiotech, AlgoSource group) microalgae biodiesel (CIRAD)
(CO2sc, M2P2)

Columns 60ls

ALGO$OLIS

MICROALGAE R&D FACILITY

Biodiesel from microalgae was produced and tested in
HDi engines (see Perrier et al., Fuel, 2015)



L CAN ALGO-FUELS BE SUSTAINABLE?

Cultivation of robust Harvesting Solvant extraction and TAG

species in open systems (30%DW)

Biomass thermal drying

(95%DW) conversion in biodiesel

Thermal drying Lipids extraction on dry biomass TAG transesterification and

biodiesel (FAME) purification
800-2500 kWh/m? E

Current process for biodiesel production from microalgae (“the dry route”)

—

5-8 g/m?/day (1-1.5g-ae/m?*/day) 2-10 kWh/m3
10to 30g/m3/day (3-6grse/m3/day) 3.5 kWh/kg DW

What could be the impact of technological innovations?

-9%
R AlgoFilm® PBR
45° inclined PBR gort
(ultrathin system)
13 g/m?/day 13 g/m?/day 7 :
260g/m3/day 6000g/m3/day 3
Mixing 0.35 kWh/m3 Mixing 0.35 kWh/m3 :
Thermal regulation 1.1 kWh/m3 Thermal regulation 1.2 kWh/m3 '

(o if passive regulation)

ALGO$OLIS

ANR Biosolis (2007-2011) Hydroliquefaction MICROALGAE R&D FACILITY




TOWARDS INDUSTRIAL SUSTAINABLE PRODUCTION

10 ; Positive energy balance (EROEI>1)

W Biomass production stage

StUdy case: Production Of DODownstream processing stage
100 kT of oil/year 13
Surface | Volume
(ha) (Mm?®)
o 014
Lagoon 50 000 200 8
w
Raceway 16 700 50 = e
PBR (5¢cm) | 5000 25 0,01 =" 4
AlgoFilm 5 000 0.25 { ] I
Production in raceway or in PBRs 0,001 - , .
Case A: State-of-the-art Case B: Raceway+ Case C: State-of-the-art Case D : State-of-the-art  Case E: High-cell Case F : Case C with oil-
i 1 PBR with full th | B drying + PBR with i PBR with i density PBR (AlgoFilm) producting strains havi
Wlth fU” thermal regU|atlon’ reguI;\;:on + Bioer:::s H;:tn;iisegangion lhgrmaﬂegﬁ?ﬁ&i therm;r ‘regz?:l?;i i:;: :assive thgeomlan: pro&;iknPAsEs ilc[::le:: "
following by biomass drying and -l (IR PRREIIEVE: PN e
SCCO eXtraCtion |eadS tO a \ g Dbiomass TAG extraction biomass TAG extraction
2 1

negative energy balance %

Developing new technologies for sustainability

Improving/finding
strains with high
TAG production

Intensified photobioreactors have a significant effect on the overall energy balance:

- The volumes decrease allows reducing the global energy consumption due to thermal control, agitation, pumping

The work on wet biomass has also brought a significant improvement by decreasing by one order of magnitude the

consumed energy compared to the classical method

18

Possibility of a positive overall energy balance (maximal EROEI of about 7)
This was retained as guidelines of the GEPEA R&D effort

ALGOSOLIS

MICROALGAE R&D FACILITY

18
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GEPEA

\ THE DIESALG PROJECT (ANR) 5\/’ @

UNIVERSITE DE NANTES

Cultivation of robust Harvesting Biomass thermal drying Solvant extraction and TAG
species in open systems (30%DW) (95%DW) conversion in biodiesel

ﬂ Thermal drying Lipids extraction on dry biomass TAG transesterification and
e ] biodiesel (FAME) purification

Centrifugation

@
"

5-8 g/m?/day (1-1.5g-se/m*/day) 2-10 kWh/m3

10to 30g/m3/day (3-6g:4c/m3/day) 3.5 kWh/kg DW 800-2500 kWh/m?3

Current process for biodiesel production from microalgae ("the dry route”)

Current process lines present negative energy balance: technological breakthroughs and
systematic optimization are needed for a sustainable and effective biofuel production.

Key-aspects

e Strain Screening : the strain has a global impact on the process (culture, extraction, scalability,
robustness). Selection have to consider this impact and not only TAG content has usually done...

* New process development and intensification: optimized and intensified cultivation systems,
extraction methods able to work on wet-biomass

e Overall optimisation and industrial integration

ALGO$OLIS
ANR DIGSAlg (2012-2015) MICROALGAE R&D FACILITY




L THE DIESALG PROJET: STRAINS SCREENING

Combining high-throughput and process-scale screening approaches for selection of

industrially efficient oil-producing strains

o

Looking for saturated and low insaturated fatty
acids

Nannochloropsis

Production of TAG
A

=
e
o

Culture inmicroplates Screening by flow cytometry Quantification by HP-TLC

> —

Culture in erlen 200mL

Profile of GC-FID-MS

s =5
377

A\
B il
g o

An integrated approach combining
both HelioBiotec and GEPEA-
AlgoSolis facilities

élio !~ iotec

(high-throughput techniques)

O

GEPEA

(characterization at process scale)

ALGO$OLIS

MICROALGAE R&D FACILITY
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‘ THE DIESALG PROJET: STRAINS SCREENING

Nannochoropsis gaditana Parachlorella kessleri
(sea water strain) (fresh water)

]

Biomass productivity (+N) 27g9/m?/day 279/m?/day
(1oot/ha/year) (100t/ha/year)

Lipid productivity 2,3-2,5gac/M?/day 2,7-4,497ac/M?/day
(8-10t;5c/halyear) (10-16t;,c/halyear)

Oil productivity 9-12m3,c/halyear 12-20m3p,c/halyear

Lipid content 62% Total lipids 41-65% Total lipids
56% TAG 38-46% TAG

Cells disruption >70% >90%

(TAG wet-extraction)

Selection of two oil-producing strains (1 fresh and 1 seawater)
(1) with high TAG accumulation, (2) with high growth rate in N deprivation
culture robustness and (4) easy to process in wet-extraction




L SOLAR PHOTOBIOREACTORS INTENSIFICATION

- ANR B/osol/s project

2 Patents (CNRS Unlv Nantes)

2.1liter/m2 of culture
(150liter/m2 for a raceway)

<10CMm
%
0
0
0
%

Standard PBR
CXhay = 1-10 (g/L)

Photobioreactors
(aliglht < 400m?)

Photobioreactors
(a|ight <20mw)

Conventional

SN
AlgoFilm operating range
jight = 470mM™

22

AlgoFilm PBR: PBR technology for solar production with
High Cell Density culture (>10g/l in continuous culture)

| PBR technology X20
| (Lz= 0.05m)I I | L
1073 1072 10™ 1 10

Biomass volumetric productivity (kg.day*m3)

High-Cell density culture
(High Volumetric Productivity
PBR)

CXmav > 20 (/L)

v

6.0 kg.m=3d?
(Cx > 15kg.m3)

Maximal productivity achieved:

(C.vulgaris - chemostat - 3 weeks stable
\production —Average PFD 27opmole/m2/s)/

~

ALGO$OLIS

MICROALGAE R&D FACILITY

05.10.18
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L WET EXTRACTION OF LIPIDS FROM MICROALGAE

e ‘ ANR Diesalg project

l pe N High pressure disrupter or bead millin
\ g g

Disruption (‘ "
! 9
P

e

Fractions with target
molecules
(cosmetics, pharmas,

chemicals) ~ Residues
(energy,
materials)
Wet-extraction
) interface
Microalgal cell  Aqueous i | Solvent
Je— _ phase ' | _
i (organic
i phase)
> —l—b

Oil bodies extractability combines :
=>» Release from the microalgal cells : integrity effect

=> Liquid-liquid mass transfer and water effect ALG OSO LIS

=>» Dissolution.in the organic phase : solvent effect MIGRORLEAE (BEDIRACILITY



Principe liguéfaction hydrothermale

Liquéfaction hydrothermale (HTL) : conversion en eau sous pression

Permet de transformer de la biomasse humide en biocrude a température modeéréee
(300-400°C) et a haute pression (100-250 bar) durant 5-15 minutes.

Ces procedeés de liguéfaction permettent I'utilisation de biomasses humides et tres

L'utilisation de catalyseurs alcalins et/ou de métaux permet d'augmenter l'efficacité
et la qualité.

ssssss

300-400 °C,100-250 bar, 5-15 mn,

Heat Bioliquefaction Heat BioCrude
Exchanger Reactor Recovery to Storage

Separator Tank

* bio déchets

* micro algues

* Boues de station
d’épuration

... La séparation s’effectue par

décantation/filtration ou séparation avec
un solvant

Recycled Water Water w/Effluent ©



Macromolecule Breakdown

Cellulose Hydrocarbons

‘. Lignin Phenols 2 RRS
,S E“ 55 E d C Production

de

Proteins

Lipids




Production of hydrocarbons by  Botryococcus
braunii

Special strain: able to synthetise long chains
hydrocarbons (C > 25)

AN TNNANNNNNAN =
b (race A)

a - alcadiene C27
b - alcatriene C27

HC RPN ANAA
Exsudation
d S S S N N N

(race B)
¢ - botryococcéne C30

Rk e NI R S N R4 d - squaléne C30
ormation or colonies GEPEA




BIOMASS PRODUCTION WITH HYDROCARBON

Stoechiometric equation of biomass production of
B. braunbi cultivated in photoautotrophy

h ¢ Y
Stoichiometric equations 5 c¢1)2 il "?3 Reference
(g8g”) (8g™)
- CO, +0.03 NO5 + 0.88 H,0 = CH ;750 15 Ng o3+ 1.41 0, 0.38 8.91 [25]
Chlorella sp. CO,+0.12NO3+0.95H,0=» CH ;500 g4y N 515+ 1.44 O, 0.51 3.00 [54]
Spirulina sp. CO,+ 0.17 NO; +0.84 H,0 = CH ;630 535N p.17+ 1.50 O, 0.50 2.07 [56]

Stoechiometry =» 2.6 kg of CO2 to produce 1 kg of biomass de B.
braunii

30 % than other microalgae, as Chlorella, or cyanobacteria, as
Spirulina

27



Hydrocarbon production
B. braunii raceA
Continuous cultures

P, =1(D)
Phc =1(D)

P..=f(P,)

3 5 7 9
Biomass productivities (g.m2.j-1)

Productivity in hydrocarbons g.m2.j-1)

At pH constant = hydrocarbon kinetic production is associated to biomass
production

=» Contrary to the TAG production (biodiesel)

nutritional limitations (nitrogen) non necessary
28
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Temps de mise sur le marché



Bioraffinerie

Installation industrielle
pour la transformation de la
. biomasse en bioénergie et
en bioproduits

Logistique
Procédés Produits
Blomasse Récolte deprétraitement | Interméciaires
Stockage

Produits
chimiques

Alimentation
humaine

Matériaux

Alimentation
animale

Blocarburants

Bio-énergie




Algoraffinerie : Projet Algoroute




ALGO$OLIS

MICOALGAE R&D PLATEFORM

INFRASTRUCTURE
*Surface de production 1500m?2 (dont 350m2 sous
serre thermorégulée)

*Halle Process de bioraffinage des algues (240m?2)
*Salles préculture et laboratoire d” analyse (1z00om?2)

Procédés industriels de culture de 10 a 100m?
*Technologies low-cost type Raceways clos
*Photobioréacteurs intensifiés nouvelle génération

PROCEDES DE RECOLTE

*Systémes de préconcentration/concentration
innovants dédiés aux microalgues

*Procédés de filtration et séparations
membranaires

*Centrifugeuses

PROCEDES DE BIORAFFINAGE

*Destructeur cellulaire

*Procédés d’ extraction de fractions d” intérét
*Procédés de fractionnement de la biomasse

microalgale
Objectifs PROCEDES DE CONDITIONNEMENT DE LA
*Etudes en conditions réelles et a une echelle regréative de la BIOMASSE
production industrielle. *Sécheurs

*Lyophilisateur

*Développement et optimisation des briques du pre@céaxploitation
*Congélateurs

(souches, technologies).

*Assemblage sur un méme site des briques pour évadpémiser un
scénario d'exploitation.

*Mise en place et optimisation’dne production sur effluents industriels
(gaz, liquides).

Budget 3.5M€
Inauguration : Avril 2015



