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Introduction
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Source: BP, 2014. Statistical Review of World Energy. (Note: one trillion = one thousand

billion).

Limitation of the 
fossil ressources 

Projection of 
energy-related CO2

emission
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CO2 Production and Biomitigation
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Microalgae as raw materials in biorefinery concept 
and circular economy
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Circular economy concept
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Past Present Future
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7 Key Principles :

• Ecoconception

• Industrial Ecology

• The functional Economy

• Re-employment

• Repairs

• Ruse

• Recycling

Circular economy
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Attempt to reconcile:

growth (economic, 

demographic), 

resources

and environment
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Algae : Polyphyletic group of organisms
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D.B. Stangel et al. Biotechnology Advances 29 (2011) 483–501
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Biochemical composition
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Storage lipids
(triacylgycerides with mainly C16 to C18 fatty acids, 

unsaturated)
Up to 70% of dry weight

Triacylgy-
cerides

Glyco- et phospholipids
(up to 40 % of fatty acids are polyunsaturated, 

i.e. eicosapentaaenoic acid (EPA))
Up to 7% EPA  of dry weight

Membrane 
lipids

Storage products
α-(1-4)-glucane, -(1-3)-glucane, fructane, 

glycerol
Up to 50% of dry weight

Carbo-
hydrates

Proteins with all amino acids
Partly soluble and partly bounded as particulate

Up to 50% of dry weight

Proteins

Carotenoids (astaxanthin, fucoxanthin, lutein)
Phytosterols, all vitamins et antioxidants

Antifungal, -viral ou –microbial
From 1 – 5% each of dry weight

Valuable
compounds

High plasticity to 

direct 

bioproduction to 

specific fatty 

acids or other 

metabolites of 

interest



Factors Affecting Biochemical Profiles

Factors

• Light (photo-period and intensity)
• Temperature
• Nutrient-status (nitrogen availability)
• Nutrition (media)
• Salinity
• Carbon availability (CO2 or organic carbon)
• Growth phase

Affect the biochemical composition and therefore 
bioproduct potential of microalgae

A.C. Wilkie et al. 2011
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Traditional biorefinery concept
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Health & Lifestyle
(farma, chemicals, cosmetics, nutraceuticals…)

Alimentation
(food, feed)

Chemistry and Materials
(Commodity and building chemicals, fertilizers, …)

Energy
(Heat, Power, Fuels, ..)

Value pyramid of biomass
in a biorefinery concept
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Chlorophylle
1 10-5- 1 10-4 

US$/mg

High Value Proteins
6.6 10-6 US$/mg DW

Polyunsaturated Fatty Acids
(PUFA’s) 

2.64 10-6 US$/mg

Carbohydrates for energy
1.32 10-6 US$/mg DW

Bulk proteins
9.9 10-7 US$/mg DW

Lipids for energy
6.6 10-7 US$/mg DW
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Ramirez & Olvera, 2006
Wijfels, Barbosa & Eppink, 2010

Phycobiliproteins

0.13 – 15 US$/mg

Value pyramid of biomass in 
a microalgal biorefinery
concept
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Biorefinery

First Generation : edible crop

Sugarcane, rice, wheat, patato, sugar
beet, etc Low scale

Antioxidants, 
medecines, dietarySecond generation : wastes, 

lignocellulosic biomass
Sugarcane bagasse, forest residues, 

grass, cell biomass from fermentation, 
etc

Third generation : Algae
Botryococcus braunii, Crypthecodinium, 

Nitzschi sp., etc

Forth generation : non-edible
CO2, Jatropha, Castor, Karanja

Large scale
Biopolymer, biofuels, 

chemicals, food, 
biofertilizers

Microalgae : 3G biorefinery
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Adapted from Romeo-Garcia et al. 2017
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Comparaison between the 3 generations of biofuels
based on their feedstaookc 1G to 3G
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G.M. Elrayies - Renewable and Sustainable Energy Reviews 81 (2018) 1175–1191
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Microalgae : 3G biorefinery

Cultivation options
And microalgae harvesting
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Algal Cultivation Options
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Microalgae harvesting
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Screening

Thickening : 

- Coagulation/

Floculation/

Biofloculation

- Electrical methods

Separation :

- Gravity separation

- Dissolved air 
flottation (DAF)

Dewatering :

- Filtration

-Centrifugation

Drying
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High energy consumption

Comparison of algal harvesting methods 
(Udumann et al. 2010). 
TSS = total suspended solids.
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E. Jankowska et al. Renewable and Sustainable Energy 
Reviews 75 (2017) 692–709

Same technolgies
developped for the 1G 
and/or 2G 
bioreffineries
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And some
new biofuels
productions

And some
new biofuels
productions
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Mainstream Biorefinery with Microalgal Biomass
Cascad Principle
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Production Pre-treatment / 
Harvesting/Dewatering

Carbohydrates/ 
lipides/ 
proteins

Highvalue
compounds

Crude extract/ fractions

Fermentations /
Enzymatic reaction/
Chemical transformation Energy

Coproducts
valorization

Valuables
compounds and 

molecules

Sequential steps for optimal biomass use  
→ Energy recovery stage at the end 

of the lifecycle

Fractions of 
biomass and 

utilization 
cascades
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Microalgae for waste treatment and 
valorization : Environmental Biorefineries
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Fertilizer/Biochar

Algal biofuels

Animal feeds

Carotenoids

Biorefining

Nutraceuticals

CO2

NOx

Waste gases

Waste water

N, P

Metals

Algae Cultivation

Outcomes

GHG emission abatement

Water recycling

Nutrient remediation

Bioremediation (metals)

Benefitting Industries

Coal-fired Power Stations

Underground coal mines

Metal refineries

Waste water remediation

Problem Process Products
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CO2 biomitigation in a power plant using chemical looping 
combustion and microalgae cultivation for biofuel production
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Mungui-Lopez et al. 2018
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E. Jankowska et al. Renewable 
and Sustainable Energy Reviews 
75 (2017) 692–709

L. Moreno-Garcia et al. Renewable and Sustainable 
Energy Reviews 76 (2017) 493–506

Nutriment rich Wastewater as feedstock
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E. Jankowska et al. Renewable and Sustainable Energy Reviews 75 (2017) 692–709
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Adapted from Zhu 2015

Biostimulants,

Biofertilisants, 

Biopesticieds, Mat. 

premières pour 

autres productions

Microalgal biorefinery
integrating recovery and 
recycling of gaseous and 
liquid industrial effluents 

+ by-products

Integrated 
environmental

biorefinery

Circular economy
concept

Resource 
exploitation

Processing

ConsumptionProduction

Waste
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Different LCA approaches for algal biofuels

Life cycle assessment
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Exemple of biofuel production 
pathway and residual
processing options for LCA

Well to Gate (WTG)

Cultivation Harvesting Extraction Processing
Transporta

-tion
End use

Well to Gate (WTG)

Well to Wheel (WTW)
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LCA for microalgal
biodiesel production 

for different 
scenarios

M.L.N.M. Carneiro et al. Renewable and Sustainable Energy Reviews 73 (2017) 632–653

NER and EROI of 
microalgae biodiesel

NER =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡

EROI =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑓𝑜𝑠𝑠𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡

With « total energy output » = biofuel only or (biofuel + co-
products)
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LCA comparaison 
for the 3 biofuel
generations in 
terms of CO2

emissions

M.L.N.M. Carneiro et al. Renewable and Sustainable Energy Reviews 73 (2017) 632–653
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LCA comparaison for the 
3 biofuels generation in 
terms of NER and ERIO

M.L.N.M. Carneiro et al. Renewable and Sustainable Energy Reviews 73 (2017) 632–653
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Efforts required for economic viability and 
systainibility of 3G bioreffinery and biofuel

production
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L.M. Schüler et al. Algal Research 25 (2017) 263–273

Exemples of inducers to increase the content 
of interesting biochemical compounds
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Conclusions
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Plus Minus

• High surface productivity

• Flexible Composition of biomass

• Limited competition on food production

• Urban and industrial effluents and 
waste recycling (N, P, … wastewater) or 
cement plant/power station (CO2))

• Use of stress conditions to induce the 
storage of energy-rich compounds

• Expensive harvesting and drying 
processes 

• Little genetic improvement

Microalagae C3 plants
C4 plants 

(Sorghym, corn)

Maximum productivity
(T.ha-1.year-1)

150-180 30 60

Observed productivity
(T.ha-1.year-1)
(PBR/Field)

50-70 10-15 10-30
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Sectors Applications, 
potential

Strengths Difficulties

Environment • CO2 remediation
• Effluent 

treatment 
(ponds/raceway)

• N, P, CO2 consumption
• Existing pond/raceway

• Effluents polluted with 
toxic compounds

Energy • Biodiesel
• Bio-crude oil
• Biogas

• High lipids contents ( 7 to 30 
higher than rapeseed)

• No competition with food
• Co-products valorisation

• Large scale production
• Industrial technology
• Large area needed

Fish Farming • Quality food 
(proteins, 

• omega 3)

• First level of the aquatic food 
chain

• Nutritional quality

• Need of « non 
polluted » substrates 
for the culture

• Single species culture 
required

Feed • Livestock
• Pet

• Co-products valorisation
• Protein intake
• Reduced dependence on soy

• Large scale production
• Industrial technology

Green chemistry
Bio-material

• Bio-polymers
• Lipo-chemistry

• New raw materials for 
bioplastics and 
agrosurfactants

• Large scale production
• Industrial technology

Strengths and difficulties of the microalgal sector in large scale 
production
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Adapted from Adebiotech. Livre turquoise, 2010
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Sectors Applications, 
potentials

Strengths Difficulties

Cosmetics • Active compounds, 
dyes/colorants, 
antioxidants

• Innovative natural 
compounds,

• high diversity of species and 
molecules,

• rich in antioxidants,
• good marketing image

• Few cultivated species 
at large scale,

• low dry matter content 
in the culture medium,

• evolution of the 
regulations

Food supplements
Nutraceutical

• Omega 3
• Carotenoids
• Proteins

• Important nutritional 
quality (omega 3, vitamins, 
proteins),

• existing markets

• Long and complex 
regulations,

• high production costs,
• almost incompatible 

CO2 remediation,
• Market control

Human health • Control Diagnosis • Very high added value,
• replaces the use of 

radioactive products

• Niche market,
• impossible CO2

remediation,
• Long regulations

Human Food • Food,
• Colorants, Ingridents

• Nutritional qualities,
• Natural colorants,
• Fight undernitrition

• Long and complex 
regulations,

• Consumer acceptability

Strengths and difficulties of the microalgal sector in high value 
added markets
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Adapted from Adebiotech. Livre turquoise, 2010
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Environmental Microalgal Biorefinery

=

Real Opportunity for integrated biosourced
products and biofuels developments

Conclusions
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Hellweg and Milà i Canals 2014
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