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Abstract 
Microalgae are considered as a potential feedstock for many promising applications. 

Some active substances in microalgae have plant biostimulation effects potentially use-

ful in agriculture. However, to produce such a microalgal biomass, specific microalgae 

cultivation and post-treatment processes must be designed to preserve active substanc-

es. 

A particular focus is provided on cultivation (tubular photobioreactor) and different 

plausible post-treatment scenarios for microalgae separation (flocculation and centrifu-

gation) and preservation (sterilization and drying). For each step, yield and energy con-

sumption are modeled using data taken from literature or lab and pilot scale experi-

ments. Industrial equipment for scale-up process is also studied by comparing existing 

systems. 

These models enable to make an economic evaluation of the whole process and to 

study its profitability for each scenario. The breakeven price is calculated as a function 

of the production rate. Several parameters are suggested to improve system efficiency 

and profitability at the end of this study. However, a better microalgae characterization 

and more experiments on potential post-treatment systems are required to improve the 

accuracy of the model.  
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1. Introduction 

1.1. Background 
Sustainability, competitiveness and autonomy are now basic guidelines in industry and 

agriculture. Biomimicry that consists in imitating efficient nature elements and pro-

cesses can be a good inspiration to face the challenges of a globalized world while re-

specting these guidelines. Microalgae are a good application of such principles since 

they can be cultivated on wastewater and then be recycled for many useful applications 

such as biofuel, food or high-value chemicals (1) (2).  

Agriculture and the food industry have to face many challenges: sustainability while 

maintaining high crop yields levels, customers’ demand for better quality products and 

classical agricultural input price volatility. Plant biostimulants are agricultural organic 

inputs that reduce abiotic stresses and boost plant growth (3). Several studies have 

shown the biostimulation properties of microalgae (4). This biomass could thus be 

used as an agricultural input to improve crop yields while maintaining soil quality. 

1.2. Aim, Limitations and Delimitations 
As an integrated circular economy approach, combining waste bioremediation by mi-

croalgae and production of microalgae based biostimulants is now possible. After de-

tailing a state-of-the-art of microalgae based biostimulant potential, this study focuses 

on the process design and the economic feasibility of its production and post-treatment 

(separation and preservation). This production is assumed to be integrated in a 

wastewater and organic treatment downstream process.  

The state-of-the-art includes microalgae and biostimulant definitions and application 

overviews, a microalgae biostimulation properties scientific review, an experimental 

protocol to characterize these properties and finally a short market forecast about bi-

ostimulants in general. All these details enable to define precise specifications for mi-

croalgae based plant biostimulant production. 

Then, according to these specifications, the technological feasibility study includes the 

design of a process with different scenarios and optimization. At each step (cultivation, 

separation and preservation), one or two technologies are selected after an overview of 

all possible designs with respect to specifications and constraints defined previously. 

Each selected technology (ie plausible design) is then more thoroughly studied includ-

ing a state-of-the-art of the technology with basic principles, main parameters, models 
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and scale up industrial equipment. For some technologies (flocculation, centrifugation 

and autoclave sterilization), lab and pilot experiments have been carried out and results 

are analyzed.  

In the last part of this study, an economic evaluation of the whole process is presented. 

The cost evaluation of each step of the process (equipment, operational costs) is mod-

eled and analyzed. It enables to find out the breakeven price according to production 

rates. Lastly, in the discussion, potential improvements and optimizations are suggest-

ed. 

Some sections and models of this public report are not described for confidentiality 

reasons. Nevertheless, the author and Ennesys SA are open to discussion for research 

and/or industrial partnerships. 
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2. The Potential of Microalgae Based Biostimulant 
This section presents to what extent microalgae contain active substances that have 

biostimulation effects on plants. After recalling what microalgae are and what the 

properties of biostimulants are, a state-of-the-art on research about the use of microal-

gae as plant biostimulant is provided. A protocol to characterize biostimulation proper-

ties of microalgae is then suggested. Lastly, a quick overview of the biostimulation 

market shows the economic potential of this biotechnology. 

2.1. What are Microalgae? 

2.1.1. Definition 

Algae are a large and very diverse group of photosynthetic organisms. They are poly-

phyletic and it is hard to find a simple definition for them (5). A definition could be 

that algae are a heterogeneous collection of plants being autotropic, having reproduc-

tion by partly or entirely unprotected spores, and having a potential for forming com-

plex thalli. Besides, they contain chlorophyll and can be sometimes heterotrophs. Most 

of them are aquatic (sea or fresh water).  

For their part, microalgae are a heterogeneous group of microscopic photoautotrophic 

and unicellular algae. However, some microorganisms are also heterotrophs and classi-

fied as microalgae. Microalgae are usually related to eukaryotic microorganisms 

whereas prokaryotic organisms are named cyanobacteria. However, cyanobacteria may 

be considered as microalgae, depending on the definition (6). 

Cyanobacteria appeared on Earth 3 billion years ago and microalgae (prokaryotic) took 

a nucleus 1.5 billion years ago. From these times, they have developed in a huge biodi-

versity from which about 40,000 species are described (7). Many species have very 

different morphologies and physiologies since they evolved in very different environ-

ments (temperature, pH, light, salinity…). Only a few of them are used and cultivated 

for industrial purposes (Spirulina, Dunaliella, Chlorella, Haematoccocus, Porphyridi-

um, Nannochloropsis, Isochrysis). 

2.1.2. Microalgae Industry and Applications 

Today, microalgae are used in the industry to extract from their cells high-value prod-

ucts such as antioxidants (carotenoids), coloring substances (astaxanthin, phycocya-

nin), fatty acids or toxins (2). Even if it is profitable, these markets are small niches. 

For several decades scientists and engineers have been exploring the possibility to use 

microalgae to produce lower added value products (biofuels, biofertilizers, food and 
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feed, see Figure 1) or to use them for bioremediation industrial processes (flue gas, 

wastewater and soil treatments). 

 

Figure 1: Markets and prices of microalgae as feedstock 

In an integrated circular economy approach, it could be both an economic and ecologi-

cal advantage to combine a treatment process and a feedstock production thanks to mi-

croalgae properties. For instance, by combining wastewater treatment, carbon dioxide 

fixation from a polluting plant and the production of medium value algal product, more 

sustainable and profitable systems can be designed by recycling waste and pollutants to 

provide nutrients to microalgae. 

Microalgae remain little known and many scientists think that their potential for sus-

tainable applications is far from being reached (1). Nevertheless, many companies have 

managed to combine phycoremediation and profitability. For several years, the use of 

microalgae as a potential biofuel has been established technically; however it cannot be 

competitive due to higher costs than those reached in the traditional oil industry. Thus, 

one of the applications of microalgae should be in a more valuable product, such as 

biostimulants.  
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2.2. What is a Plant Biostimulant? 

2.2.1. Definition 

A plant biostimulant, sometimes named simply biostimulant, is an agricultural input 

that reduces biotic and abiotic stresses and improves plant growth. It boosts crop quali-

ty and quantity yields. It can also enable farmers to control plant maturity (8) (9). A 

formal definition is given by the European Biostimulant Industry Council: “plant bi-

ostimulants contain substance(s) and/or microorganisms whose function when applied 

to plants or the rhizosphere is to stimulate natural processes to enhance/benefit nutrient 

uptake, nutrient efficiency, tolerance to abiotic stress, and crop quality; biostimulants 

have no direct action against pests, and therefore do not fall within the regulatory 

framework of pesticides” (3). 

A plant biostimulant is not a classical fertilizer neither a biofertilizer. Only essential 

nutrients (N, P or K generally) are delivered by a classical fertilizer whereas a plant 

biostimulant stimulates some internal mechanisms in the metabolism. For instance, 

biostimulants can reduce the impact of frost, drought, salinity, temperature or the lack 

of sunlight but they can also improve photosynthesis or the nitrogen uptake by stimu-

lating microbiology at the interface of the roots. A plant biostimulant helps the plant to 

help itself by acting directly on the plant or on the rhizosphere (8) (9). 

2.2.2. Agricultural Uses of Plant Biostimulants 

Biostimulants usually contain many substances that affect the plant and/or the soil. It is 

hard to describe the action of each substance individually. However, five categories of 

well-established biostimulants can be classified according to their nature (9): 

 Microbial inoculants promote plant growth by better nutrient uptakes, by in-

creasing the production of plant hormones or by improving resistance to 

drought and salinity; 

 Humic acids can improve plant growth, yields,  nutrient uptake by increasing 

overall root growth; studies show (9) that they could also improve resistance to 

salinity; 

 Fulvic acids have similar properties as humic acids but can also enhance fruits 

quality, size and weight; 

 Protein hydrolysates and amino acids (mixture or individual amino acids) can 

improve nutrients uptake, plant size, yields and fruit qualities but also induce 



 

18 

 

plant defense responses to salinity, drought, temperature or oxidative condi-

tions; 

 Seaweed extracts (mostly from brown seaweed), used for millennia in farming, 

act as chelators and as biostimulants by boosting seed germination and estab-

lishment, plant growth, yield, flower set and fruit production, resistance to bio-

tic and abiotic stresses and post-harvest shelf life. 

Biostimulation properties of seaweed extracts are attributed to plant growth hormones 

(cytokinins, auxins, gibberillins) (10), some other low molecular weight compounds 

(mannitol), osmo-regulators (glycine betaine) and also some particular polysaccha-

rides, polyamines and polyphenols they contain (8) (9). Seaweed extracts are similar in 

composition to microalgae. This composition and its biostimulation properties are 

studied in the following subsections. 

 

Figure 2: Compositional variation in Chlorella sp. biomass;  

left, molecular composition; right, proportions of macro and micro elements 

2.3. Biostimulation Properties of Microalgae 
Biostimulation pathways are not well known. That is why a biostimulation effect can-

not be proved only by knowing the active substances contained in the biostimulant. 

The effects must be studied directly on plants. However, an idea of the composition is 

a good start to give an idea of microalgae potential as biostimulant. 
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2.3.1. Microalgae Composition 

Of course, the huge diversity of microalgae species can imply quite different composi-

tions. Here is presented the composition of Chlorella sp.. The element distribution is 

given by the molecular formula C3.96H7.9O1.875N0.685P0.0539K0.036Mg0.012 and a molecular 

composition is presented on Figure 2 (11). Active substances for biostimulation come 

from specific proteins, plant hormones and also cell wall fragments. 

2.3.1.1. Proteins 

Microalgae contain important quantities of plant stress factors, polyamines, zwitterion-

ic metabolites such as glycine betaines (osmoprotectant and cryoprotectant) (4).  

Protein hydrolysates can promote nitrogen assimilation in plants. For instance proline 

regulates plant redox homeostasis and can enhance plant resistance to many stresses. 

Glutamate, arginine, diamine are also active against biotic and abiotic stresses (more 

details in (4)). 

2.3.1.2. Plant Hormones 

Auxins that induce elongation growth, differentiation, tropism, initiation of root for-

mation in plants are found in green algae such as Chlorella (notably isopentenylade-

nine) (10).  

Basic cytokinins that control cell division, bud development, senescence retardation 

are present in green microalgae such as Chlorella or Scenedesmus (notably cis-zeatin, 

riboside and ribotide conjugates). Studies found cytokinin concentrations around 

4mg/kgDW in several strains. Commercial seaweed extracts biostimulants contain 0.1-

1.0mg/L total cytokinin (4).  

Jasmonic acid is found in almost all algae. Jasmonic acid regulates plant responses to 

abiotic and biotic stresses as well as plant growth and development  

Microalgae contain also important quantities of gibberillins, brassinosteroids, abscisic 

and lunularic acids (10) (4). 

2.3.1.3. Cell Wall Fragments 

Even cell wall fragments could have an elicitor effect on plant systemic defense activa-

tion (damage-associated molecular pattern) which stimulates plant tolerance to stresses 

(4). 
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Many components of microalgae can be relevant active substances for biostimulation. 

However biostimulation mechanisms of action are not yet well understood (for a state-

of-the-art of known or supposed mechanisms, see (4)). The effects cannot be predicted 

only by knowing concentrations of each potential active substance of the mixture. That 

is why lab and field tests on specific plant species are necessary. 

2.3.2. State-of-the-art on the Use of Microalgae as Plant Biostimulant 

Plant biostimulants based on microalgae already exist and there are a lot of research 

and development on it. Several studies have confirmed the stimulating impact on plant 

growth and their resistance improvement to some biotic or abiotic stresses on specific 

species. The effect of some strains such as Chlorella vulgaris has been shown on 

wheat (12), lettuce (13), vine (14) and maize (15) plants. This strain can also be used to 

produce biopesticide against nematodes in the case of grapevine (16). 

Based on scientific research and articles, a first approximation of the methods and the 

doses to apply to stimulate plants with microalgae can be provided. This overview is 

specific for Chlorella vulgaris but other strains can be found in the literature (Dunal-

iella salina, Phaeodactylum, Spirulina maxima…). Results from scientific articles are 

classified according to the application mode of the algal biomass: watering and irriga-

tion powder and pellets, and foliar feeding. For a detailed analysis of the literature, see 

Appendix A. 

2.3.2.1. Watering and Irrigation 

Dry or fresh microalga can be diluted in order to irrigate plants. In the case of grape-

vine, 1g of dry Chlorella vulgaris in 100mL per plant stimulates the plant in case of 

infestation with nematodes. With this treatment, better results are obtained compared to 

an uninfected plant (16). Experiments have been done also on Chlorella oocystoides 

and Chlorella minutissima (17). For 2.5% concentration of alga, it shows enhancement 

of nutrient absorption and the soil presents better properties (increase in organic matter 

content and more nitrogen available). 

2.3.2.2. Powder and Pellets 

Dry microalga can be directly added into the soil. In the case of lettuce plant, a dose 

between 2 and 3g/kg of soil increase fresh weight and chlorophyll content significant-

ly. The treatment also enhances nutrient absorption. (13) While for maize plants, be-

tween 350 and 470kg/hectare (which is equivalent to 4.5 and 6g/plant) increase nutri-

ent uptake, dry weight and plant height (15). 
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2.3.2.3. Foliar Feeding 

Cell extracts can be directly sprayed onto plant leaves. It has been tested on wheat (12) 

and grapevine (14). The optimal dose is half algae extract, half water. It increases well 

dry weight, grain weight, leaf area, number of leaves and it improves significantly crop 

yields. However, application rates are quite high compared to other application modes. 

2.4. An Experimental Protocol to Characterize the Bi-

ostimulation Properties of Microalgae 
A protocol is suggested to evaluate the agronomic efficiency of microalgae based bi-

ostimulant, ie characterize biostimulation properties of a strain. Taking into account 

this characterization process during the technical design of the post-treatment, particu-

larly the preservation step, is necessary since it could have a negative impact on active 

substances in the final product. It is not possible to evaluate precisely the influence of a 

specific post treatment process on all the diverse active substances. Testing final prod-

ucts from different post-treatment processes: freeze-drying, drying and sterilization 

(see Section 3 for the selection of these technologies) must be included in the protocol. 

Freeze-drying is considered to be the reference since it is the process that should have 

the lowest impact on active substances. 

The global efficiency of a plant biostimulant is a tradeoff between (8): 

 Positive effects such as reduction of stress impacts, growth enhancement that 

improves qualities and/or quantities of crop yields, maturity control… 

 Negative effects such as yields reduction, toxicity, impact on other crops… 

 Competitiveness with classical agricultural inputs. 

An experimental protocol to characterize biostimulation properties of a microalgae 

strain has been established but is not detailed in this public report. 

The greatest challenge of this protocol is to be able to eliminate or at least limit the 

measurement uncertainties due to biological factors to have statistically significant re-

sults. Uncertainties can come from: 

 Genetic factors of the plants,  

 Development stage of the plants, 

 Environmental conditions (light, soil properties, temperature, irrigation…), 

 Controlled stress generation, 

 Microalgae production constancy (substrate, bacteriology…). 



 

22 

 

2.5. Biostimulant Market Forecast 

2.5.1. Market Trends 

The global agricultural input market is estimated to reach € 150 billion. Biostimulants 

represent around 0.6% if this market (8). According to other sources, in 2014, the bi-

ostimulant market was about € 1.4 billion and would reach € 2.5 billion in 2019 (18). It 

means that a global compound annual growth rate of more than 12% is expected for 

this market. The main market is Europe with 30 % of revenue share (19) and 3 million 

of hectares treated (3). 

Biostimulants were firstly used in organic farming and for high-added value plants, 

particularly in horticulture. Nevertheless, conventional agriculture started also to use 

biostimulants as a complement of traditional fertilizers and pesticides (3). Biostimu-

lants application for row crops accounts for largest market share, followed by applica-

tion for fruits and vegetables. Acid-based biostimulants dominate the market, followed 

by extract-based biostimulants. Foliar application is the main application mode (19). 

It is quite hard to get access to biostimulant prices. It depends of course on the desired 

stimulating effect. For algae extracts and microalgae biostimulants, price levels would 

be around € 10-80 per kg of dry weight. Treatment costs are thus about € 100-600 per 

hectare depending on the application rate and the number of applications required. This 

rough estimate is based on prices from some European companies and also on global 

prices for dry microalgae powder. 

2.5.2. Market Environment, Threats and Opportunities 

Regulators are more and more trying to support a more sustainable agriculture by inte-

grating safe and ecological considerations in their regulations (8). In many countries, 

governments support research and investments both in microalgae and biostimulant 

industries. 

Traditional fertilizers have relatively high and volatile prices. Farmers are more and 

more interested in products that protect plants against abiotic stresses that are today the 

main causes of yield losses. 

Consumers are more and more willing to consume safe and organic products. Howev-

er, high levels of production are still required. Biostimulants could combine both. 

Moreover microalgae can be cultivated on unfertile lands. However, the market is still 

lacking credibility since it is very new and not well established. 
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The development of a biostimulant product lasts between two and five years and only a 

few are patented. The costs of development are much more affordable than those of 

pesticides or GMOs. However, there are no specific methods and procedures to devel-

op such products (8). Results established in laboratories are sometimes hard to repro-

duce in fields. 

The ecological impact of biostimulants is positive since they are usually not composed 

of synthetic substances. Many biostimulants regenerates microbiology in the soil and 

thus improve soil quality. 

Last but not least, while plant biostimulant products are traded internationally, regula-

tions vary widely between countries. In the EU, there is no specific regulation yet (3). 

Biostimulation products must be classified in different categories (fertilizers, pesticide 

standards) to be allowed to be placed on the market. These regulations make it more 

complicated to develop new innovative products. 

The biostimulation products that are already sold on the market and the large number 

of scientific publications that identified the potential of microalgae based plant bi-

ostimulants (Appendix A) show why it could be both feasible and profitable to produce 

plant biostimulants from microalgae. The market environment and trends show good 

opportunities for new business developments. However, several biological, agronomi-

cal, economic and technological issues must be solved for such products to be placed 

on the market. Next sections will focus on the technical issues and on the economic 

analysis associated with such processes.  
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3. Cultivation, Separation and Preservation Process 

Design 
In this section, the different plausible process designs for cultivation, separation and 

preservation of microalgal biomass are tackled. As explained before in Section 2., sev-

eral biological constraints must be taken into account in the production of a high quali-

ty microalgae based biostimulant. All the specifications are presented below.  

For each step of the process, basic principles are reminded, together with the main pa-

rameters influencing the process. A model for yield and energy consumption is provid-

ed. Industrial equipment is compared and some optimization options are suggested 

where it is relevant. Moreover, in the cases of separation (flocculation and centrifuga-

tion) and preservation (autoclave), experiments have been carried out. The flocculation 

study is completely detailed in this public report (principles, model and upscaling). 

However, cultivation, centrifugation, autoclave and drying models are partly detailed 

for confidentiality reasons. 

3.1. Specifications and Hypothesis for Microalgae Based  
The scope of statements and hypothesis for cultivation and post-treatment are detailed 

in this subsection. The process design must include the following steps: photobioreac-

tor cultivation, harvest, separation of microalgae from water, concentration, preserva-

tion and packaging of the final product. 

As an integrated circular economy and sustainable approach, this process is supposed 

to be included in an organic waste and wastewater treatment downstream process. 

Sludge and organic waste are digested in a methanization unit. This methanization unit 

provides carbon dioxide and liquid digestate that contains essential nutrients and trace 

elements to cultivate microalgae. The wastewater treatment plant provides clean water 

for liquid digestate dilution if necessary. A schematic integration process is presented 

in Figure 3. 

3.1.1. Resources 

For microalgae cultivation, nutrients (N, P, K, micronutrients) are provided by liquid 

digestate from the methanization unit. The source of CO2, as well, comes from 

methanization, either after separation from methane, either as a by-product from me-

thane combustion. Heat or vapor can also be used for preservation by sterilization. 

 



 

25 

 

 

Figure 3: Microalgae based biostimulant production process integration 

3.1.2. Final Product Requirements 

Final product can be either dry biomass (powder or pellets) in 1kg package samples, 

either high concentration liquid solution (> 50g/L) in 1L package samples. This bio-

mass must be kept stable over time (>1 year storage at ambient temperature). It is con-

sidered that microalgal final product is sold as complete cells (no algae extraction). 

Diffusion in the soil would then be slower and the effect of the treatment would last 

longer. 

This study should provide a process design and an economic evaluation for small, me-

dium and large scale production (from 1kgDW/d to 50kgDW/d) 
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3.1.3. Physical, Chemical and Biological Laws 

The study is based on microalgal properties of the strains Chlorella vulgaris and 

Scenedesmus Obliquus since they are well studied and quite commonly cultivated for 

many applications and particularly for waste-water treatment. When data are lacking 

for one strain, data from other strains can be used and it will be specified. The results 

could be generalized to other strains that have similar composition and size (1-15μm). 

Algae mechanical resistance must be protected and the microbial load must be con-

trolled. Liquid digestate is assumed to be harmless and to provide effectively microal-

gae with nutrients. 

The post-treatment process should not damage biostimulation active substances in the 

final product (see Section 2.4.).

3.1.4. Standards and Government Control 

The final product must reach the highest certification levels to be distributed all over 

the world. 

3.1.5. Economic Constraints 

Operational and investment costs must be minimized. 

3.2. Cultivation of Microalgae in Photobioreactors 
This subsection presents the main biological principles and parameters behind micro-

algae cultivation in photobioreactor. A model taking into account these parameters is 

then detailed to evaluate mass balances and yields. 

3.2.1. Photosynthesis and Main Parameters for Microalgal Produc-

tion 

3.2.1.1. Heliosynthesis 

Photosynthesis is the fastest reaction inside the cell: it fixes CO2 and emits O2 with 

light (see Figure 4). It occurs in photosystems I and II located in the thylakoid mem-

branes of the chloroplast. These photosystems are composed of light harvesting pig-

ments that are specific for each strain. Light energy is then converted into chemical 

energy (ATP and NADPH) thanks to chlorophyll. ATP and NADPH are then used for 

the dark reactions to produce carbohydrates from the reduction of CO2 (carbon fixation 

in the Calvin cycle) in the chloroplast. CO2 fixation is permitted by the enzyme ribu-

lose biphosphate carboxylase (named also Rubisco). However, Rubisco can also facili-

tate photorespiration when the ratio O2/CO2 is high. It means that organic carbon is 
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converted to CO2 with consumption of O2. For this reason, O2 must be removed regu-

larly from the photobioreactor to favor photosynthesis. 

Cell growth refers to longer carbon molecules synthesis (metabolism) and brings the 

cell to divide after one or two days of growth. This metabolism includes sugar, protein, 

lipid synthesis and also three microalgal specific metabolic pathways: the luvelinic 

pathway for light molecular sensors such as chlorophyll, the mevalonic pathway for 

photoprotector color substances such as carotenoids and the fatty acid pathway includ-

ing polyunsaturated fatty acids (1). 

 

Figure 4: Microalgal heliosynthesis 

3.2.1.2. Light and Temperature 

Light that is absorbed by photosystems I and II are photosynthetic active radiations 

(PAR). They correspond roughly to the visual spectra of sunlight (400-700nm). Most 

of the photons are absorbed at 450-475nm (violet) and 630-675nm (red) wavelength. 

This phenomenon thus transmits green color, giving the name to green algae. 

The relationship between photosynthesis rate and irradiance is depicted on Figure 5. 

Growth depends on light availability. When there is no light, photoautotrophic organ-

isms metabolize carbohydrates to sustain cell activity (dark respiration). At the light 



 

28 

 

compensation point Ic, photosynthetic activity rate equals respiration activity rate. At 

low irradiance, growth is light-limited (linear phase). At higher irradiance, light satura-

tion occurs because photosynthetic dark reactions are limiting photosynthesis (shift at 

the saturation point Ik). If irradiance is too high, reversible photodamage occurs and 

photosynthesis is inhibited (20). 

 

Figure 5: Relationship between irradiance and photosynthetic activity (up)  

and photobioreactor depth (down) 
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In a photobioreactor (PBR), transmitted irradiance is limited by alga themselves fol-

lowing Bert-Lambert law. Maximizing the irradiated surface is very important since it 

is light that limit cell growth in microalgae cultivation. The reactor depth is a crucial 

parameter to maintain photosynthetic activity (see Figure 5) (20). 

In a batch culture, after inoculation, microalgae need some time to adapt to their new 

environment (lag phase). Then, microalgae growth starts following an exponential law 

(assuming nutrients large excess). At higher concentrations (typically 2 to 5g/L) all of 

the light reaching the surface of the PBR is absorbed and microalgae growth is light-

limited. When light or another nutrient is not provided in a sufficient amount, microal-

gae growth and death rate are equalized (stationary phase). For continuous cultivation 

an optimum must be identified in the growth phase between the growth rate and irradi-

ance transmission to maximize productivity. 

Temperature has also a huge impact on growth rate. Each strain has a minimum tem-

perature Tmin below which biological activity stops. Similarly, there is a maximum 

temperature Tmax above which microalgae start to die. Each strain has thus a tempera-

ture interval including an optimal temperature Topt. In some industrial cultivation sys-

tems, a heating or cooling system is added to obtain a continuous productivity. How-

ever, such systems consume a lot of energy. 

3.2.1.3. Nutrients 

Carbon, nitrogen and phosphorus are the main nutrients for microalgal growth (Figure 

2). Carbon (50-70%) is provided by CO2 bubbled in the reactor, directly with air 

(380ppm) or at very high concentrations. Nitrogen (6-10%) can be supplied by nitrates 

(NO3
-
), urea or ammonia (NH4

+
). Phosphorus (1-2%) is an essential nutrient for cell 

metabolism (21) and the preferred supply form is orthophosphate (PO4
2-

) (22). Nitro-

gen and phosphorus can be provided by diluted liquid digestate from a methanization 

unit (see Section 3.1.). 

Micronutrients are also required in smaller amounts such as sulfur, oligo-elements (po-

tassium, sodium, iron, magnesium, calcium) and traces of boron, copper, manganese 

and zinc (22). All these micronutrients are assumed to be provided in sufficient 

amounts by liquid digestate. 

3.2.1.4. Annual and Diurnal Cycles 

Two natural cycles and one “technological” cycle must be taken into account for mi-

croalgal continuous cultivation: 
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 Annual cycle (temperature and light seasonal variations) 

 Diurnal cycle (temperature change, light and dark hours, weather) 

 Photobioreactor cycle (light region on the surface and dark region far from the 

surface) that depends on PBR geometry and mixing. 

Natural cycles depend on the geographical location of the system. Nevertheless, artifi-

cial conditions can also be set (light control with shading or temperature control). 

PBR geometry and mixing are crucial parameters that should be optimized to maxim-

ize cell growth. However, there is an economic balance to find between energy inten-

sive mixing, small PBR thickness and sufficient production. 

3.2.1.5. Photobioreactor Systems 

PBR design is a crucial step to be able to reach high levels of productivity (ratio of bi-

omass produced every day per unit area). Several general specifications have to be sat-

isfied. The reactor must allow light to enter, which implies a large transparent area, an 

optimized geometry according to the sun direct irradiance direction and a cleaning sys-

tem to remove biofilms. A large surface-to-volume ratio should minimize light path 

and maximize productivity. Mixing must be sufficient to have all microalga irradiated 

but it should not be energy intensive neither generate shear stresses that can break the 

cells. Carbon dioxide has to be supplied with a blower and oxygen gas must be re-

moved with air circulation. The whole process should be easy to control, particularly 

inlet and outlet flows, pH and nutrient concentration levels (20).  

PH can be regulated thanks to CO2 inlet flow. If pH increases, CO2 flow can be re-

duced. Thus, microalgae would still consume HCO3
-
 (for strains like Scenedesmus 

obliquus that grow at pH 7-8) and pH will decrease. On the contrary, if the medium 

becomes too acid, pH should be increased by increasing CO2 flow rate. 

Depending on the systems and on environmental conditions, temperature can be regu-

lated to maximize productivity. 

Scientists and engineers have developed several PBR designs (see Figure 6) (20). Each 

of them has its advantages and disadvantages. The oldest and the most widely adopted 

are open-pond raceways, consisting in large ponds (10-30cm depth), in which water is 

circulated by a paddle wheel. The main advantages of this system are that it is inexpen-

sive and simple by construction. However, since it is open, it is hard to regulate it and 
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it is impacted by environmental conditions (temperature, evaporation, rain, contamina-

tion of other species). Productivity is quite law, around 10-20g/m²/d (20). 

 

Figure 6: Raceway culture in California (up left),  

tubular PBR at Ennesys SA (up right) and flat panels in Almeria University (down) 

Tubular PBR (plug-flow reactor) are small diameter long tubes. Turbulent mixing is 

generated by pumps and/or injection of air or CO2 (see Figure 7). Walls are transparent 

(polyethylene or glass). Liquid-gas mass transfer is conducted inside the reactor or in a 

separate degasser (20). This technology has the advantages of easier control and clean-

ing processes thanks to a cleaning spongy ball regularly circulating in the tubes. In-

vestment and operational pumping costs are higher; however productivity and final 

biomass concentration can be maximized. This closed PBR can be quite easily automa-

tized for continuous cultivation with controlled inlet flow and harvest. Biomass con-

centration can be measured with optical density sensor. For all those reasons, this sys-

tem is chosen in this study. Optimal biomass concentration (ie growth phase productiv-
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ity) and PBR tube diameter (ie light path length) are the crucial parameters that have to 

be optimized. 

Other systems exist such as flat panel PBR, bubble columns, artificial light PBR, but 

they are not presented here since they are not widely used and usually considered as 

less efficient.  

 

Figure 7: Schematic diagram of tubular PBR 

3.2.2. Modeling of Continuous Microalgae Cultivation in Tubular Pho-

tobioreactors 

A model of microalgae cultivation including light available for photosynthesis, tem-

perature, growth rate, nutrients, carbon dioxide and mixing has been estblished. It is 

assumed that both light and temperature are the limiting factors among other factors 

(nutrients) are present in excess. This model gives thus an idea of productivity yields 

according to environmental conditions and process parameters. The calculations and 

quantitative results are not detailed in this public report. 

3.2.2.1. Light Available for Photosynthesis  

Irradiance data is taken from a database. As described in Subsection 3.2.1.1., transmit-

ted irradiance I (W/m²) inside the reactor follows Beer-Lambert law: 

I = I0e−∆xKaCop (1) 
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with I0 (W/m²) is the incident irradiance, Δx (m) is the length or the depth of the PBR, 

Ka (g/m²) is the extinction coefficient of the biomass and Cop (g/m
3
) is microalgae con-

centration (23). The averaged irradiance Iav (W/m²) is defined by: 

Iav =
∭ IdV

V

V
 (2) 

where V is the volume of the PBR and I is the local irradiance. This equation is 

adapted on the PBR geometry (not detailed). 

3.2.2.2. Temperature 

Temperature influence can be modeled according to the so-called cardinal temperature 

model with inflexion that is usually used for many bacteria species (24). The maximum 

growth rate μmax is given by the following predictions: 

μmax = {

0 for T < Tmin

μoptΦ(T) for  Tmin < T < Tmax

O for T > Tmin

 (3)  

where  

Φ(T) =
(T − Tmax)(T − Tmin)2

(Topt − Tmin)[(Topt − Tmin)(T − Topt) − (Topt − Tmax)(Topt + Tmin − 2T)]
  

The normalized model is depicted in Figure 8. This model is configured with experi-

mental data (not detailed). 

 

Figure 8: Model of the normalized growth rate versus temperature  
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3.2.2.3. Specific Growth Rate 

Many models for light-dependent specific growth rate μ (/d) have been established 

(25). The most comprehensive one is described in (26). It is adapted from Monod 

equation and it takes into account photo-inhibition (see Subsection 3.2.1.2.). The appli-

cation of this model is not detailed in this public report. A trend curve is depicted in 

Figure 9. 

 

Figure 9: Specific growth rate μ model  

as a function of incident irradiance I0 and temperature T 

3.2.2.4. Continuous Harvest, Nutrients and Carbon Dioxide Balances 

The cultivation in the PBR is continuous. Mass balances enable to calculate inlet and 

outlet flow rates, required nutrients concentrations and CO2 bubbling flow.  

3.2.2.5. Mixing 

Mixing is very important to homogenize the solution and to enable all microalgae to 

reach the irradiated surface of the reactor (Subsection 3.1.2.4.). The culture is thus cir-

culating through the glass tubes by a pump. Pump power requirements to overcome 

friction forces in the tubes is evaluated in the model. 
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3.2.3. Integrated Model Results and Optimization 

All the models explained in the previous subsections are integrated to evaluate the spe-

cific averaged growth rate and energy consumption. This integrated model can be also 

used to optimize crucial parameters. The calculations are not detailed in this public 

report. 

As explained in Subsection 3.2.1.1., oxygen gas that is produced by microalgae must 

be regularly removed. To remove oxygen from the solution, 0.3L of air/min/L of PBR 

must be bubbled in the degassing tank.  

The hourly growth rate μh is calculated using models and environmental data (hourly 

temperature, diffuse irradiance and direct normal irradiance averaged over the year). 

The average daily flow rate μ can then be evaluated.  

With the same procedure, the maximum flow rate Qmax can be calculated from optimal 

environmental conditions to size post-treatment equipment. This flow corresponds to 

the case in which the growth rate μ reaches its maximum μmax because of optimal tem-

perature and irradiance. 

Nutrients consumption is also calculated. Microalgae fix nutrients that correspond to 

the difference between inlet concentration and PBR concentration. Data taken from 

Methasim model (27) for organic waste from community kitchen and canteens enables 

to estimate nutrients concentrations in liquid digestate from methanization. In the mod-

el, nutrients dilution and reduction are calculated. Microalgae thus contribute to 

wastewater and/or liquid digestate treatment by bioremediation. 

Last but not least, Considering the technical and biological aspects together with the 

environmental conditions (light and temperature), the tubes radius R and the fixed con-

centration of microalgae Cop in the culture can be optimized to maximize the areal 

productivity ηS = m/(Llm) (kg/d/m²) and thus minimize PBR length, (L is the length of 

the module, lm is the width between two modules). The smaller the radius, the higher 

the optimal concentration in the PBR is. In thin tubes, the light pathway is shorter, 

concentration can thus be higher. However, for thicker tubes, shading effects between 

the modules must be taken into account. This would stabilize areal productivity. More-

over, the thicker the tube, the lower volumetric productivity is. Much more water will 

have to be separated in post-treatment. The model enables to find out the optimal bio-

mass concentration Cop in the PBR. 
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3.3. Microalgae Separation 

After cultivation, microalgae are harvested and must be separated. Due to specific al-

gae properties, several possible designs can be imagined. Those meeting the best to 

meet the requirements are studied more deeply: flocculation and centrifugation. 

3.3.1. Possible and Plausible Designs for microalgae separation 

According to specifications detailed in Subsection 3.1., microalgae must be separated 

from water after harvest. They are quite sensible to shear stresses and chemical treat-

ments. Cell walls should not be damaged but a high cell recovery and high final con-

centration are needed. Technological solutions can be classified according to three 

physical principles: density based separation, either by gravitational force either by 

centrifugal force or size exclusion separation. Basic description, main parameters, 

rough estimate of cell recovery and concentration factor, technology readiness level, 

main advantages and disadvantages of each possible technology are summed up in Ap-

pendix B. 

Because of its small diameter (1-15μm) and density (1-1.1kg/L), microalgae are as-

sumed to behave like small solid spherical particles in water. Their sedimentation rate 

u0 is given by Stokes’ law (28): 

u0 =
Kd2g(ρ

μa
− ρ)

μw

 (4)  

where K is a constant, d is microalgae diameter, ρμA is microalgae density, ρ is water 

density, g is gravitational acceleration and μw is water viscosity. If separation is based 

on gravitational forces, it is necessary to agglomerate cells by coagulation, floccula-

tion, auto-flocculation or electro-flocculation to increase d and thus enhance sedimen-

tation. Flocs can then be harvested by decantation or air flotation. However, all these 

agglomeration techniques do not permit high final concentration levels (<3%DW). 

Nevertheless, flocculation is chosen in this study since a biopolymer can be used as 

flocculating agent and since it could preconcentrate the solution before further separa-

tion. 

Several robust technologies have been adapted for microalgae separation if separation 

is based on centrifugal force: bowl/tubular centrifugation, disc stack centrifugation and 

spiral plate technology. High concentration levels can be reached. The process can be 

automatized. For these reasons, focus is put on these technologies in this study. 
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A separation based on size exclusion is not studied because it consists mainly in filtra-

tion, either micro or ultrafiltration and applications have not been very developed for 

microalgae (fouling issues are recurrent). 

Following this first overview, flocculation and centrifugation seem to be the best tech-

niques to separate microalgae. Physical principles, models, scale-up considerations and 

industrial equipment are presented in the next subsections. This methodology is com-

pletely detailed for flocculation but not for centrifugation due to confidentiality rea-

sons. 

3.3.2. Flocculation 

3.3.2.1. Basic Principles and Main Parameters 

Flocculation can be carried out for microalgae suspensions because microalgae have a 

negative surface charge at neutral pH. This negative surface charge generates a coun-

ter-ions dense layer named Stern layer. Thus, an electrical double-layer is observed and 

creates a zeta potential ζ. For microalga, ζ is about 10-35mV. If ζ > 25mV, repulsion 

between particles is strong and the suspension is stable. On the contrary, if ζ is close to 

zero, coagulation or flocculation occurs (29). 

When flocculation, destabilized particles are induced to coagulate, to make contact and 

to form larger agglomerates. Four mechanisms can occur: charge neutralization, elec-

trostatic patch mechanism, bridging mechanism and sweeping flocculation. Chemical 

flocculation can be performed with several flocculating agents: metal salts, poly-

acrylamide polymers (toxic) or positively charged biopolymers such as chitosan (at 

low pH), cationic starch or poly-γ-glutamic acid (29). Chitosan is a linear polysaccha-

ride composed of randomly distributed β-(1-4)-linked deacetylated and acetylated units 

(see Figure 10). It is made by treating chitin in crustacean shells with sodium hydrox-

ide. 

 

Figure 10: Molecular representation of chitosan 
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Flocculation of microalgae with chitosan is well documented in literature. Several 

studies have shown it in case of Chlorella vulgaris and other strains (29) (30). Never-

theless, other non-toxic flocculation processes can be performed such as autofloccula-

tion (pH > 9), physical flocculation (electro-coagulation-flocculation), biological floc-

culation (with bacteria) or genetic modification (29). However chitosan has proven to 

be very efficient. 

After flocculation, decantation (or air flotation) is performed. In the case of independ-

ent and unalterable particles, it is possible to apply general physical laws to describe 

decantation phenomenon. However, in the case of suspensions containing unstable and 

flocculated particles like microalgae, theoretical calculation is not possible and exper-

iments have to be carried out to find the efficiency of separation by flocculation. If 

flocs density is high enough to perform decantation, several phases can be observed. 

First, flocs aggregate in flakes and decantation speed is constant. Then, perturbations 

between flakes and particles create a compression zone of flakes network at the bottom 

of the reactor. 

The flocculation efficiency EB is defined thanks to a mass balance: 

x1VB = xupper phase (VB − Vlower phase) + xlower phaseVlower phase 

VB = Vupper phase + Vlower phase 
(5)  

where x1 is the inlet concentration in dry matter (g/L), VB is the flocculation reactor 

volume. EB is given by: 

𝐸𝐵 =
xlower phaseVlower phase

x1V
 (6)  

The main factors that affect the process are pH, flocculating agent concentration, chi-

tosan chain length, initial concentration, mixing, decantation time, strain and microal-

gae density (that determine if decantation is possible or if flotation is necessary). 

3.3.2.2. Lab Scale Experiments and Analysis 

Experiments have been carried out to have a more precise idea about the main parame-

ters influence, pH conditions and quantities of flocculating agent required.  

3.3.2.2.1. Materials and Methods 

Chitosan powder can be dissolved in acetic acid. The chain length has a huge impact 

on dissolution properties. For long chains (viscosity 3000-5000cps), chains must be cut 

down by heating to be dissolved in acetic acid solution. To get 1g/L chitosan, 100 mg 

of chitosan (Glentham 3000-5000cps) is put in 100mL of water under vigorous mixing. 
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The suspension is then heated up to 60°C. Then 3mL of 96% acetic acid is added under 

mixing until complete dissolution is reached. Direct dissolution of chitosan in 96% 

acetic acid is another method that works as well and heating is not necessary. 

The microalgae solution contains mainly Scenedesmus obliquus strain (>95%). The 

initial concentration was measured by dry weight (filtrated sample dried for 24h – 

105°C). 

0.1M sodium hydroxide was used to regulate pH which was measured with JBL 

pHControl and GHL pHelectrode pH meters.  

The settled mud was measured by dry weight. Supernatant concentration was measured 

by optical density (λ = 680nm). Calibration is presented on Figure 11. Over 0.5g/L, 

linearity is lost. For concentration x < 0,5 g/L, x = A/3,97, where A is optical density. 

 

Figure 11: Optical density and microalgae concentration 

3.3.2.2.2. pH Influence 

This experiment was carried out to find out which pH should be used to flocculate mi-

croalgae. 

A large excess of chitosan is added to several microalgae solution samples: 10mL of 

1g/L chitosan solution is added to 200mL of 0.49g/L microalgae solution. It is as-

sumed that flocculation is not chitosan-limited. 
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Initial pH (~3-4) is then regulated by adding drop by drop required 0.1M sodium hy-

droxide amount under vigorous mixing. A pH jump is observed around pH 7.5. Above, 

pH is very unstable and quickly increases. Samples are then agitated (60rpm) for 

30min and decant for 30min more. Supernatant concentration is measured by optical 

density to find out clarification levels (see Figure 12). Settled mud concentrations were 

not measured in this experiment. 

Flocculation occurs quickly for pH over 7 (a few seconds). However, after that, sedi-

mentation starts well but, some minutes after, flocs start to float again (see pictures on 

Figure 12). Small bubbles are observed around microalgae. If the suspension is agitat-

ed again, the same phenomenon is still observed. This may be due to microalgae stress 

(they produce gases or increase their lipid concentration and the density drops under 

1). Best clarification (over 98%) is found for pH over 8. 

3.3.2.2.3. Chitosan Concentration Influence 

This experiment was carried out to optimize flocculating agent concentration to floccu-

late microalgae. 

Some assays were done for 100mL samples with initial microalgae concentration 

1.02g/L. After having added different amounts of chitosan, pH is regulated with 0.1M 

sodium hydroxide to obtain pH ~ 9. 

Nice flocculation is observed above 20g/kg of microalgae (see Figure 13). Flocculation 

is limited between 5 and 20g/kg. Nothing is observed under 5g/kg. In the graph Figure 

13, clarification is relatively bad for 30g/kg, because many flocs were still floating and 

they distorted optical density. 

3.3.2.2.4. Chitosan Chain Length Influence 

A flocculation experiment was carried out with shorter chains of chitosan (Glentham 

3cps). After 30 min of moderate agitation, flocculation was not observed.  

Chain length is thus an important parameter. It is possible to find an optimum by bal-

ancing flocculation yield (if molecular weight increases) and chitosan dissolution yield 

(if molecular weight decreases). This phenomenon may be explained by the following 

assumption: chitosan chain length should be of the same magnitude of microalgae di-

ameter. For 3000-5000cps, Mw ~ 2100000g/mol. With Mw(monomer) = 159 g/mol 

and with monomer length around 4-5 Ǻ, total chitosan chain length is about 5-7µm, 

which is the size of a microalgae (1-15 µm). For 3 cps, Mw ~ 20000g/mol, and the 
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chain length is around 0,05-0,06µm, which is very small compared to microalgae di-

ameter. 

 

Figure 12: Clarification levels and sodium hydroxide added versus final pH  

of microalgae flocculated suspensions 
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Figure 13: Clarification level versus flocculating agent concentration 

3.3.2.2.5. Mixing Speed and Duration Influences 

These parameters not quantitatively studied should not be limiting factors. Vigorous 

mixing is required when chitosan is added. Flocculation operates with slow agitation 

(60-100rpm) in a few minutes. Pilot scale experiments are necessary to evaluate the 

energy consumption of such a process. If flotation is observed, 30 min to 1 h are 

enough to get a nice decantation. 
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3.3.2.2.6. Sedimentation Efficiency 

Precise measurement of settled mud was not possible. It is thus hard to get an idea of 

sedimentation yield and flocculation concentration factor. 

Microalgae settled mud was measured by dry weight for a flocculated sample at pH ~ 

8, initial concentration 1.04 g/L and chitosan ratio 39 g/kgDM. After one hour sedi-

mentation in a separating funnel, xlower phase = 20.7g/L. However, it was not possible to 

get a precise measurement of the lower phase volume. Nevertheless, it can be estimat-

ed assuming 100% clarification, xupper phase = 0g/L, Vlower phase = 0.052Vi. Assuming 95% 

clarification, xupper phase = 0.05g/L, and according to Equation 5, 

Vlower phase =
𝑥1 − 𝑥𝑢𝑝𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒

𝑥𝑙𝑜𝑤𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 − 𝑥𝑢𝑝𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒

𝑉𝑖 = 0.047𝑉𝑖 (7) 

which means that the yield is YB = 93 % and the concentration factor is FC = 19.9. 

3.3.2.2.7. Acid-base Reactions Modeling 

To estimate the sodium hydroxide amount needed, a model of acid-base reactions dur-

ing flocculation has been established. Calculations and details are presented in Appen-

dix C. The solution can be modeled with four acid-base species: 

 Sodium hydroxide NaOH, 

 Chitosan, pKa ~ 6.5, 

 Acetic acid, pKa ~ 4.76, 

 Microalgae, neutral. 

In this model, it is assumed that dissolution is permitted by protonation of each mono-

mer of chitosane. Aqueous solution pH is estimated from acid-base equilibriums and 

electro-neutrality of the ions in the solution. The second assumption is that flocculation 

occurs when sodium hydroxide deprotonates chitosan that generate microalgae aggre-

gation. When the aqueous solution becomes basic, deprotonated chitosan is linked with 

microalgae and flocculation appears. The modeling of pH jump enables general deter-

mination of required sodium hydroxide amount. This model is verified by experiments, 

see Figure 14. 
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Figure 14: Final pH versus sodium hydroxide addition  

for 200mL-0.59g/L microalgae solution 

3.3.2.3. Potential Scale-up Equipment 

Industrial pilot implementation has not been experimented. However, potential indus-

trial solutions are presented below. It is necessary to keep in mind that these solutions 

must be evaluated by experiments to confirm their relevancy. 

Microalgae density is not stable (it depends mainly on the amount of lipids in it) and is 

close to 1. It is thus very hard to know if decantation is practically feasible. Since flota-

tion is forced, it could be a relevant answer to get a sustainable solution. In the flota-

tion process, air bubbles are dispersed in the reactor and it enables small particles (ie 

the pulp) to rise over the aqueous suspension. Then, pulp and water form a supernatant 

scum that can be harvested by overflowing (31). Three flotation techniques can be 

studied: mechanical mixing cells, pneumatic mixing cells and aero-flotation. 

3.3.2.3.1. Mechanical Agitation Cells 

In mechanical agitation cells, agitation is done by a rotor-stator system. Air is intro-

duced into the hollow axis under the rotor. The pulp is introduced laterally in the cell. 

Scum overflows over the top of the vessel. A plate system maintains low turbulences 

in the upper part to let the scum stable (31). 
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Mechanical agitation has several advantages: all the particles are maintained in suspen-

sion; it disperses air bubbles; it can be stopped and restarted even after pulp sedimenta-

tion.  

According to (32), V  L
n
 and R  Dr

m
, with n ~ 2.6 et m ~ -0,4, where V is the cell 

volume and R is the ratio between the rotor diameter Dr and the length of the cell L. 

Several kinds of rotors are possible: blades, squirrel-cage or spiral structures. 

For small columns (1-2m
3
), specific energy consumption is about 3-5kWh/m

3
 (31). For 

more efficient systems (Dori Oliver cells), installed power is at least 3 kW for rotor 

speeds that reach several hundred rpm (31). 

3.3.2.3.2. Pneumatic Agitation Cells 

In pneumatic cells, air is introduced by a blower or by a bubble generator at the bottom 

of the cell. A flotation column is a kind of pneumatic cell that is made of a vertical cy-

lindrical vessel, a bubble generator, a pulp feed system and a scum harvest system (31). 

The column diameter Dc depends on the feed flow. The column height Hc can reach 

13-15m in large scale industry since the ratio Hc/Dc must be high (>10). Particles are 

falling in a bubble counter-flow and the bubble generator is air pressurized (31). 

3.3.2.3.3. Aero-flotation 

Mechanical or pneumatic agitation cells generate large diameter bubbles (200-800μm) 

which could be too large for microalgae flotation. A flotation experiment should be 

carried out to find out which bubble size is the best for microalgae flotation. If it shows 

that small bubbles are required, aero-flotation could be a good alternative because it 

avoids small bubbles diffusion into bigger ones. 

Tiny bubbles (50μm) are generated using a gas saturated water expansion (high pres-

sure dissolved air). The dissolution pressure order of magnitude is about a few bars. 

The air solubility CL (mL/L) follows Henry’s law: CL =KHp, where p (atm) is air pres-

sure and KH is Henry’s constant (= 18 at 20°C). And the associated energy consump-

tion is much lower, around 50-100 Wh/m
3
 (31). 

3.3.2.4. Optimization and Potential Improvements 

Lab scale experiments and model give an idea of raw materials needed for microalgae 

flocculation with chitosan. It was found that 20g of chitosan are needed for 1kgDW of 

microalgae. 0.50mol of acetic acid is required for 1g chitosan dissolution and 22,4g of 
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sodium hydroxide is then necessary to basify the solution. With such a protocol, the 

concentration factor is around 20 and clarification reaches 93%. 

However, more experiments are required to confirm these estimates and, moreover, 

several issues still have to be solved: 

 Optimize chitosan dissolution (by changing solvent, reducing chain length), 

 Optimize basification (with an “eco-friendly” base for instance), 

 Study strain and initial concentration influences, 

 Evaluate pH jump hygienization of the solution, 

 Find out the best industrial equipment (ie bubble size) and test it to evaluate 

optimal doses. 

3.3.3. Centrifugation 

3.3.3.1. Basic Principles and Main Parameters 

In a centrifuge, centrifugal force is used in place of the gravitational force in order to 

make the separation. Much higher rates of separation are reached and it is possible to 

achieve separations which are not practically feasible under the unique gravitational 

field (typically microalgae). Also, centrifugation enables to reduce a lot the size of the 

equipment (28). 

Basically, during centrifugation, a fluid is introduced with a high tangential velocity 

into a cylindrical vessel. The flow pattern approximates to a free vortex in which the 

tangential velocity varies inversely with the radius. The heaviest phase of the fluid (ie 

the particles) stays stuck in the cylinder vessel while the lightest phase accumulates 

close to the rotational axis and is ejected, see Figure 15. 

3.3.3.1.1. Sedimentation in a Centrifugal Field 

The liquid rotating around a vertical axis is submitted to vertical forces due to gravity 

and centrifugal forces in a horizontal plane (33): 

dp = (−ρg)dz + (rρwω2)dr (8) 

where p is the pressure, w is the liquid density, z the height, g the gravitational field, r 

is the radius,  = rpm/30. In a forced vortex,  is constant. If 𝑟0𝜔2 ≫ 𝑔 (r0 is the 

radius of the liquid free surface where p = p0), the liquid free surface is almost vertical. 

In this case: 
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p − p0 =
ρwω2r2

2
 (9) 

In the case of a centrifuge, the liquid is contained in a cylindrical basket (see Figure 

15). At high operating speeds, the gravitational force is relatively small, and the func-

tioning of the centrifuge is independent of the orientation of the axis of rotation. For a 

basket of radius r (33): 

pr − p0 =
ρω2

2
(r2 − r0

2) (10) 

 

Figure 15: Schematic diagram of bowl centrifugation 

For separating fine particles such as microalgae (~1-15m), it is necessary to consider 

Stokes’ law region in calculating the drag between the particle and the liquid. Neglect-

ing the inertia of the particle: 

dr

dt
=

d2(ρμA − ρw)rω2

18𝜇𝑤

= u0

rω2

g
 (11) 

where d is the diameter of the particle,  is microalgae density,  is viscosity, u0 is 

the terminal falling velocity of the particle in the gravitational field. The time to settle 

in the periphery of the bowl is given by integration between r0 and r, with simplifica-

tion if h = r – r0 is small compared with r: 
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t𝑟 =
18μ

d2(ρμa − 𝜌𝑤)rω2
 (12) 

The maximum flow rate QC at which particle larger than d will then be given by:  

QC =
V′

t𝑟

= u0

rω2V′

hg
= u0Σ (13) 

where V’ is the bowl volume between r0 and r, Σ is the capacity term, theoretically in-

dependent from the properties of the fluid (if h remains small compared with r) and in 

the case of a tubular/bowl centrifuge (28): 

Σ = πr(r + r0)H
ω2

g
 (14) 

If h is comparable in order of magnitude with r (28): 

Σ =
π(r2 − ri

2)Hω2

ln (r/r0)g
 (15) 

Equation 13 shows that factors influencing centrifugation are separated between bio-

logical ones (u0) and mechanical ones (Σ). The terminal falling velocity of microalgae 

depends on ,  and d: if the strain density increases, if viscosity is lower or if micro-

algae diameter increases, centrifugation is more efficient. The equivalent surface Σ de-

pends on h, r, H and ): if the basket is bigger or if rotational speed increases, centrif-

ugation capacity increases. The rotational speed is often evaluated with G number, de-

fined by G = r
2
/g. 

The centrifugation mechanical power corresponds to the power required to rotate the 

shaft that supports the centrifugation bowl. Losses are due to friction and driver losses. 

It is very hard to model effective energy consumption since it depends mainly on the 

driver efficiency. A lot of power is necessary when centrifugation starts, but then, en-

ergy consumption falls.  

3.3.3.1.2. Centrifugal Sedimentation Techniques 

Several systems can be used to maximize centrifugation efficiency. The tubular/bowl 

centrifugation (see Figure 15) is the simplest. To increase Σ, disc stack centrifuges and 

spiral plate technologies have been developed (see next subsections for details). De-

canter centrifuge is not possible for microalgae because they are too small particles. 

For a first rough estimate of which technology meets the requirements the best, a chart 

has been established by (34), see Figure 16. 
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3.3.3.2. Potential Scale-up Equipment 

Bowl centrifugation, disc stack centrifuge and spiral plate technologies are presented in 

this subsection. For each of these techniques, a description and a model are established 

but not detailed. For bowl centrifugation, tests have been carried out on a machine and 

experimental findings are compared with the model. 

3.3.3.2.1. Bowl Centrifugation 

Bowl centrifugation is studied on Rousselet DRA20 machine. Several experiments 

have been done to evaluate the optimal flow rate, the bowl filling rate, energy con-

sumption, clarification efficiency and cell recovery. These results are then compared 

with the modeling. 

 

Figure 16: Centrifugation technology as a function of inlet flow  

and settling velocity under gravity 

The model can be scaled-up for larger bowls and to get an idea of centrifugation yields 

with other microalgae strains (with their specific properties; diameter, density, viscosi-

ty). The bowl centrifugation strengths are yield, equipment cost, simplicity and low 

maintenance. Weaknesses are low the inlet flow rate, energy consumption, cleaning 

and manual harvest of the paste. 
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3.3.3.2.2. Disc Stack Centrifugation 

Disc stack centrifuges have the property to increase Σ while keeping a small volume 

compared with bowl centrifugation. Harvest of the paste in these centrifuges can be 

automatized using nozzle discharge or by regular ejection from the bowl by automatic 

peripheral opening. They can be automatically self-cleaned. 

These systems can be also modeled by assuming that Stokes’ law can be applied. 

Equations are not described.  

3.3.3.2.3. Spiral Plate Technology 

The company Evodos BV developed an innovative centrifugation process to separate 

microalgae without damaging microalgae cells. Microalgae solution is introduced un-

der a rotating cylinder. Liquid flows vertically and microalgae are ejected on the “spi-

ral plates” by centrifugal forces. Algae paste is thus stuck on the peripheral internal 

walls of the cylinder. For Evodos 10 system, harvest is done manually and the basket 

must be opened like the bowl centrifuge. Evodos 25 and Evodos 50 systems have a 

continuous automatic harvest system. 

Evodos systems have many advantages: yield, energy consumption, flow rate, smooth 

separation. 
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3.4. Microalgae Preservation 

After separation, microalgae must be preserved. Due to some specific algae properties, 

several possible designs can be imagined. Those that appear to be the best to meet the 

requirements are studied more deeply: autoclave sterilization and drying. 

3.4.1. Possible and Plausible Designs for Microalgae Preservation 

According to specifications detailed in Subsection 3.1., microalgae must follow a 

preservation treatment. Active biostimulation substances are sensible to chemicals and 

heat. However, since active substances are not well known (see Subsection 2.3.), it is 

not possible to find out to what extent an active substance is damaged by heat. Moreo-

ver, microalgae should stay stable over time (>1 year), which means that the product 

should be either sterilized, either follow a treatment that stops the development of mi-

croorganisms (ie fermentation, spoilage) by inactivation.  

Technological solutions can be classified according to eight physical or chemical prin-

ciples found out from food processing industry (35) (36) (37) (38): thermal treatment, 

mechanical treatment, water activity reduction, antimicrobial substance addition, radia-

tion treatment, ambient treatment, pathogens separation, pulsed electronic field. Basic 

description, main parameters, rough estimate of microbial resistance, technology read-

iness level, main advantages and disadvantages of each possible technology are sum-

marized in Appendix D. 

A thermal treatment leads to protein denaturation and thus microorganisms’ death by 

heating; or slows down enzyme reactions and microorganisms’ growth by cooling. 

Cooling is not suitable since it requires maintaining a cold temperature for storage and 

since it does not inactivate microorganisms (only slows down). Pasteurization or the 

use of microwaves might not be enough to sterilize heat-resistant spores contrary to an 

autoclave sterilization (temperature > 100°C). The product can be completely steri-

lized, however it may denatures proteins and thus active substances. This technique is 

going to be studied since it is the only one that can guarantee complete sterilization in 

liquid form and because denaturation levels cannot be estimated yet (see Subsection 

3.4.2.). 

Mechanical treatments performed either by sonication, by ultrasonication, by both or 

by bead-vortexing are not suitable since they can keep some micro-organisms living. 

An addition of an antimicrobial substance such as ozonation or chloration is not com-

patible with microalgae paste since these methods oxidize all organic matter. The use 

of preservatives have been experienced with Spirulina (39), and even with high con-
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centrations of preservatives, long-term preservation was not reached. Radiation treat-

ments (UV, X, Gamma) are not working as well (UV only on transparent media; X, 

Gamma, huge capital costs). Modified atmosphere, bactericidal gas cannot work with 

pastes. Filtration works only for liquids (without suspension matter) and an electrical 

pulse field treatment does not kill spores. 

The other technique which is widely used to preserve food consists in decreasing water 

activity. Drying and freezing are applications of this principle. Water activity decreases 

when freezing thanks to crystallization of water molecules. However it requires main-

taining very low temperatures for storage. Drying eliminates water from the product 

thanks to evaporation (temperature and partial pressure gaps between the product and 

the atmosphere). Sun-drying is the cheapest method but it strongly depends on the 

weather conditions. Convective drying, widely used in microalgae post-treatment pro-

cesses, consists in suspending the product in a heated dry air flow. This method is also 

tackled in this study (see Subsection 3.4.3.). The last drying technique is freeze-drying. 

After freezing, the product is sublimed under very low pressure and vapor is captured 

by condensation. This method is the best one to preserve all active substances and inac-

tivate microorganisms. However, it is extremely expensive (capital costs and energy 

consumption) since very low pressure (~ 100Pa) and low temperature (-55°C) must be 

reached, usually for several hours and days (~ 48h for microalgae). According to the 

protocol described in Subsection 2.4., this method should be used as a reference for 

evaluating microalgae biostimulation properties and for being compared with other 

post-treatment techniques (typically convective drying and autoclave sterilization). 

The study of autoclave sterilization and drying is relevant since the first technique is 

for liquid form final product and the second one is for powder or pellets form final 

product (see specifications in Subsection 3.1.). 

3.4.2. Autoclave Sterilization 

3.4.2.1. Basic Principles and Main Parameters 

Autoclave sterilization denatures proteins by partial hydrolysis of peptide chains that 

kills microorganisms. Sterilizing agent is saturated water vapor or super-heated water 

that enables to exceed 100°C and eliminate heat-resistant microorganisms if necessary. 

An autoclave is a pressurized and closed chamber that contains products to sterilize 

and process water (sterilizing agent). This water is heated either directly by a thermo-
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couple in the chamber; either by heat exchange with a secondary circuit fed with su-

perheated vapor (see Figure 17). 

The product is firstly introduced in the chamber. When the autoclave is closed, the sys-

tem warms up thanks to the process water in it. This rise in temperature leads to a pres-

sure rise when process water starts to boil and evaporate in the isochoric chamber. 

When the required temperature and pressure are reached, the product is left in these 

conditions during the sterilization time. Sterilization is the result of: 

 Vapor condensation on the product surface, 

 Pressurized water conduction if the product is immersed or by process water 

that is circulated by a pump and that trickles down around the product (cascad-

ing water). 

Then, the product is cooled down, either naturally, or by process water that is also 

cooled down by the secondary circuit fed with cold water. For packed products, a 

counter-pressure system is necessary to avoid their explosion: internal pressure stays 

high because the product takes more time to cool down and the autoclave chamber 

should not be depressurized too quickly. 

 

Figure 17: Process diagram of cascading water autoclave  

(adapted from Static Steriflow) 
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3.4.2.2. Thermobacteriology 

3.4.2.2.1. Thermobacteriology theory 

Canned products are stable under ambient conditions because they were heat-treated in 

a sealed package. Products are said to be sterilized if no life forms remains in the prod-

uct.  

The heat-sensitive target destroying follows first order kinetics, depending on tempera-

ture (Arrhenius law) and being cumulative. The microbiological counting of surviving 

germs (10
X
) follows the first destroying law (40): 

lg (
N0

N
) = t

DT
⁄  (16) 

where DT is the heat-resistance (90% target reduction time, ie decimal reduction) and 

N is the number of germs. The destroying speed can be deducted from another temper-

ature (40): 

lg (
DTref

DT

) = (T − Tref)/Z (17) 

where Tref is the reference temperature for sterilization (usually 121.1°C) and Z is the 

thermal activation parameter (usually ~ 5-10°C). Z and DTref are thus sufficient to de-

fine microorganism’s heat-resistance. However there is no generic determination and 

sterilizing value F0 = D121.1lg(N0/N) has to be established for each germ, see Table 1. 

Usually, the most heat-resistant microorganism in the product is taken as a reference 

(40). 

Table 1: Usual conditions for moist heat destroying of microorganisms 

Microorganism Vegetative cells Spores 

Yeasts 5min 50-60°C 5min 70-80°C 

Molds 30min 62°C 30min 80°C 

Mesophilic bacteria 10min 60-70°C 0.5-12min 121°C 

Viruses 30min 60°C  

 

Absolute sterilization does not exist (exponential decaying law). A security level is 

thus set (“commercial sterilization”) with a large safety margin to guarantee product 

stability (for instance 10
10

 units margin in the food industry) (40). 
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3.4.2.2.2. Microalgae Paste Sterilization 

Not detailed. 

3.4.2.2.3. Method for Determining Sterilizing Value 

The sterilizing treatment (T, Δt) should combine several parameters: 

 The objective sterilizing value F0, 

 The total sterilizing duration found out from product and package properties: 

critical point in the product (ie coldest point), heat penetration (conduction or 

convection), initial temperature, 

 The autoclave characteristics. 

3.4.2.2.4. Influencing Treatment Parameters 

The main parameters influencing sterilization (41) and their application for diluted mi-

croalgae paste are: 

 Product characteristics: 

o Initial microbial load, before process (from liquid digestate) and dur-

ing process (cultivation and separation contamination), has to be esti-

mated following a HACCP procedure; 

o Microorganism reference; 

o If pH < 4.5, high temperature sterilization is usually not necessary, but 

it is not the case with microalgae; 

o Physical properties (viscosity, particle size, critical point) must be also 

taken into account; 

 Package characteristics: 

o The product is sterilized in its sealed final package to keep it aseptic; 

o Package materials and size, see next Subsection; 

o Filling rate; 

 Process characteristics: 

o Temperature, pressure, duration; 

o Static or internal agitation, static is preferred since it is less expensive; 

o Sterilizing agent distribution (immersed, cascade, vapor), see Subsec-

tion 3.4.2.5.; 

o Cooling and counter-pressure that avoid explosion of the final product 

package. 
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3.4.2.3. Packaging 

3.4.2.3.1. Packaging Characteristics and Requirements 

The parameters that have to be considered to choose the best package for microalgae 

paste are extrapolated from the food industry; see Figure 18 (38). The evaluation of 

these parameters for microalgae based biostimulant product implies: 

 Technical considerations that include the protection of the product from: 

o Mechanical stress: dynamic stress (transportation), static stress (stor-

age), pressure gap during sterilization, 

o Physical environment: oxygen, insects, 

o Chemical reactions: between the product and the package 

 Safety considerations: protection from deterioration, contamination and adul-

teration 

 Technological considerations:  

o Feasibility of the process, even at small scale (heavy fully automatized 

package production process cannot be implemented), 

o Improving the quality of the product, 

o Compatibility of packaging with existing processing equipment and 

facilitating the process (dosing, standardization, control, transporta-

tion, handling, storage). 

 Economic considerations: 

o Cost of package, 

o Attractiveness (facilitating consumption), 

o Transmission of information (technical, biological and advertisement), 

o Marketing. 

 Ecological considerations: recycling and disintegration. 

3.4.2.3.2. Packages and Packaging Materials 

From all possible packages presented in (38) in the food industry, some materials have 

been selected to be the potential final product package (plausible packages). From this 

selection, the package material and shape that fit the best with the requirements is cho-

sen (confidential). 
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Figure 18: Parameters influencing the choice of the package  

for microalgae based biostimulant in liquid form 

3.4.2.4. Lab Scale Autoclave 

3.4.2.4.1. Experiments 

A lab scale autoclave has been studied and experimented. It enables to build a model 

for energy consumption estimate that can be extrapolated for scale-up.  

The autoclave is a HMC HV50L machine (Figure 19). Process water is heated by a 

thermocouple (2kW) without water circulation. This autoclave does not have counter-

pressure system.  

The testing was carried out with diluted algae paste (2 to 10%DW). Diluted algae paste 

was put in Rotilabo bottles made of borosilicate glass (Figure 19).  The PP cap is not 

tighten in order let gas and thus pressure equalize between the inner product and the 

autoclave chamber. Nevertheless, it is sealed as soon as the sterilization cycle is fin-

ished and the autoclave chamber is opened to avoid contamination from the exterior.  
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A flexible temperature sensor was put in a control sample filled with water. It is as-

sumed that the microalgae diluted paste behaves like water. Temperature that is meas-

ured is assumed to be the same in all the samples because of convection heating. Pres-

sure is measured in the chamber by an integrated sensor. 

 

              

Figure 19: HMC HV50 autoclave (left) and a Rotilabo bottle (right) 

Testing (120°C-15min) has been carried out in different conditions (see graph on Fig-

ure 20): 

 Empty autoclave containing only 3L of process water. 

 Full autoclave containing 21 500mL bottles filled with water and placed in 

three stainless steel baskets. 

3.4.2.4.2. Energy Consumption Modeling 

The model is an estimate of the energy balance in an autoclave. Several hypotheses are 

made: 

 The initial air bleed, vapor generation to increase pressure and losses during 

sterilization duration can be neglected; 

 100% of electrical energy is converted in thermal energy (joule effect); 

 The product is homogeneous thanks to convection in it; 

 Microalgae solution has the same heat capacity than water; 



 

59 

 

 A double layer with air or another insulating material in between insulates the 

chamber. Stainless steel walls are assumed to conduct heat perfectly and in-

stantaneously. 

 

Figure 20: Temperature and pressure over time for full and empty autoclave 

The energy balance is given by: 

E = E° + Q′ + L. Δt = P. Δt (18) 

where E is the total energy needed for the whole sterilization cycle;  

P is the electrical power (1.8kW average with HV50);  

E° is the energy needed excluding losses: 

E° = ((mb + mμA). Cp(water) + me. Cp(pack) + ma. Cp(steel)) . (Tr − Text) (19) 

where Cp is the heat capacity (kJ/(kgK)), mb is the process water mass, mμA is the 

product mass, me is the package mass and ma is the total steel mass including chamber 

walls;  

L is the energy loss (W) given by (33): 
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L = k. A. (Tr − T0)/x (20) 

where k is the heat conductivity of air or of the insulating material (W/(mK)), A is the 

surface of the chamber (m²) and x is the insulation layer thickness. This thickness is 

crucial to make a good estimate of energy losses;  

Q’ is the loss due to optional air bleed. This loss is assumed to be equal to the produc-

tion of vapor during bleed (Q’ = PΔtbleed); 

Δt is the heating time: 

Δt =
E0 + Q′

P − L
 (21) 

A slightly overestimated heating time is found and energy estimates are close to exper-

iment findings (gap < 10%). The specifications of the model and results are not de-

tailed in this public report. 

This model seems relatively satisfactory for autoclaves with submersed internal heat-

ing system (thermocouple). This model can thus be a good basis for scaling-up and 

estimating energy consumption at larger scale. 

3.4.2.5. Potential Scale-up Equipment 

Several processes can be implemented for larger scale autoclaves: 

 Submersed sterilization: the product to be sterilized is submersed in heated and 

pressurized water. Heat transfer is done by conduction and is very energy in-

tensive since a lot of water has to be heated up; 

 Cascading sterilization: the product is sprayed with heated water that is circu-

lated by a pump. Heat transfer is done by conduction, but it is less energy in-

tensive since the volume of process water that has to be warmed up is smaller; 

 Vapor sterilization: vapor is directly circulated in the chamber or generated by 

process water boiling. Heat transfer is done by vapor condensation on the sur-

face of the packages. 

 Air/vapor sterilization and cascading water for cooling. 

3.4.2.6. Process Optimization and Potential Improvements 

Horizontal autoclaves can be automatized and are easier to fill in with products thanks 

to a carriage. Their length can be increased to sterilize large quantities of products. The 

water consumption is decreased by spraying water so that the heat transfer is opti-
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mized. However, these systems are more expensive (approximatively twice) than verti-

cal autoclave.  

Several experiments and tests have still to be carried out to be able to optimize the en-

ergy consumption of sterilization and several issues have not been solved yet: 

 Modeling autoclaves designed with a secondary circuit (vapor heating) is nec-

essary to get an idea of energy efficiency of these machines. The heat-

exchange between the primary and the secondary circuits should follow an 

equilibrium Q = UAΔTm; 

 The chosen package have to be tested and the filling rate should be maximized; 

 Sterilizing value can be minimized according to agronomic efficiency tests of 

sterilized microalgae biomass;  

 Choose the best equipment by finding a balance between equipment and opera-

tional costs. 

3.4.3. Drying 

3.4.3.1. Basic Principles and Main Parameters 

Drying is a dewatering technique by evaporation that decreases water activity aw. A 

dried product is not sterilized but remains stable because microorganisms are inactivat-

ed. For long-term preservation, aw should be under 0.5 to avoid spoilage from microor-

ganisms (42). 

Water in the product is neither pure nor free due to sorption phenomenon. This phe-

nomenon is described with water activity aw = p/pθ’ where pθ’ is the pressure of pure 

water at T = θ (saturated vapor).  

Moisture and heat equilibria are characterized by Tair = Tproduct and aw = φ where φ is 

the relative air humidity (42). The sorption isotherm, different for each product, gives 

aw as a function of X, the dryness state of a product (kg of moist product/kgDW). If the 

temperature increases and if aw does not change, adsorbed water increases (42): 

ln (
aw,T1

aw,T2

) =
∆HS

R
(

1

T1

−
1

T2

) (22) 

where ΔHS is latent sorption enthalpy. Desorption isotherm enables to find out mini-

mum dryness level Xmin that can be reached at specific temperature and air humidity 

levels: Xmin = Xeq such as aw = φ for Tproduct = Tair. Air humidity characteristics can be 

found in Mollier-Ramzine enthalpic diagram (42). 
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In convective drying, temperature and pressure gaps between the product and the air 

(or another gas) are established. The air provides the energy for drying and water 

evaporates without boiling. If drying is isenthalpic, product temperature depends only 

on water activity, air conditions and product surface (42). 

Mass and heat transfers occur inside and outside the product. Internal mass and heat 

transfers cannot be theoretically calculated because water and heat diffusivity cannot 

be modeled inside the product. Experimental evaluation has to be carried out. Internal 

mass transfer is the limiting factor for biomass drying (cell walls resistance to water 

migration, substances that clog pores, product shrinkage) (42). 

External transfers can be theoretically described (see Figure 21). Vapor is eliminated 

from the surface of the product by convection. Heat is transferred by convection or 

conduction. The boundary layer is usually 0.1mm thick. Inside the boundary layer, the 

equilibriums are (42): 

Q̇ = Ah(T − T∗) = Ah(T − TS) 

 

ṁ = Akp(p∗ − p) = Akp(p′
θS

aw,s − p) 

(23) 

 

(24) 

where Q̇ is the heat transfer at the surface of the product, A is its surface, h is the heat 

transfer coefficient, T is the dryer temperature, T* is the air temperature at the surface 

of the product, TS is the product temperature at its surface (W/(m².K)); kp is the mass 

transfer coefficient (/(m².s.Pa)), p and aw indices are the same than those for tempera-

ture. Increasing temperature accelerates drying. However, if temperature is too high, 

active substances in microalgae could be damaged (see Subsection 3.1.2.). This con-

sideration must be taken into account in the protocol described in Subsection 2.4.. 
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Figure 21: External heat and mass transfer in convective drying 

3.4.3.2. A Protocol to Characterize and Model Microalgae Drying 

As explained is the previous subsection, drying kinetics cannot be calculated and ex-

periments must be carried out. Mass and heat balances can then be evaluated. 

The sorption isotherm curve can be established by three different measurement meth-

ods (43):  

 Moisture content measure after equilibrium in a fixed relative humidity air 

(fixed by salt solution); 

 Measure of equilibrium drew bulb temperature of air for fixed moisture con-

tent of microalgae paste; 

 Measure of mass variation under air relative humidity variation (closed loop 

hot air circulation). 

The thickness and the form of the paste have a huge impact on drying kinetics. It can 

be thin layers of paste (several mm) or extruded paste like spaghetti (44). 
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During the drying of the paste, two steps can be distinguished (43): 

 The first one corresponds to a constant drying rate; free water in the product 

evaporates at a constant rate, aw = 1. At the end of this period, the product 

reaches its critical moisture content Xcr. Under this value the product starts to 

be hygroscopic; 

 The second one corresponds to a decreasing drying rate; aw < 1 and X tends to 

reach Xlim that depends on air conditions (T, φ). 

Then, the characteristic drying curve method can be used to normalize the moisture 

content and the drying rate (43). It consists in normalizing the drying rate v and the 

moisture content φ by the drying rate during the first period v1: 

f(φ) =
v

v1

=
(

dX̅
dt

)

(
dX̅
dt

)
1

 versus φ =
X̅ − Xeq

X̅cr − Xeq

 (25) 

where X̅ is the average moisture content and X̅cr is the average critical moisture content 

at the transition. The function f characterizes the drying of the product. 

Once these experimental findings are found, drying time can be described as a function 

of air properties (T, φ and air flow velocity). Energy consumption can be compared 

between the energy needed to evaporate water and energy carried by the air to evaluate 

the whole efficiency of the dryer (43):  

�̇�∆Hv = A𝑘𝑝(𝑝𝑆 − 𝑝)∆Hv 

 

�̇� = 𝐴ℎ(𝑇 − 𝑇𝑆) 

(26) 

 

(27) 

3.4.3.3. Small Scale and Industrial Scale Drying Equipment 

Several drying technologies have been developed or adapted for microalgae produc-

tion: solar heat drying, cross-flow and vacuum shelf drying, rotary dryers and spray 

drying (44). Selection of a drying technology depends on the scale of operation. 

3.4.3.3.1. Sun Drying 

Solar heat drying can be done either by direct solar radiation or by solar water heating 

if environmental conditions are dry and warm enough. However, direct radiations 

damage the cells (44). Another technique consists in using a solar dryer (wooden 

chamber with a glass plate on the top). Such systems are used to dry extruded spaghetti 
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of Spirulina (45). Drying for 5-6h, with temperature ~ 60°C enables to dehydrate the 

paste to about 4-8% water content (46). This technique is the less expensive one, both 

on capital and operational costs but it is strongly weather-dependent and subject to 

contaminations. 

3.4.3.3.2. Convective Drying 

Cross-flow and vacuum shelf drying have been studied on Chlorella and Spirulina 

(44). The Spirulina sorption isotherm and the convective thin layer drying kinetics 

have been measured (43). Spirulina is very hygroscopic and the equilibrium moisture 

content is not depending on the temperature (for T between 25 and 40°C). At satura-

tion, this equilibrium is ~ 3 kg of water/kgDW. For a soft drying (40°C), constant dry-

ing rate periods appear above 2.5m/s air flow. The drying rate is limited to 2.2 g of wa-

ter/kgDW/s. Desorption isotherm and characteristics drying curve are also modeled 

(43). 

Artisanal drying techniques of Spirulina are well described in (45). At small scale, 

kitchen dehydrators work well. After extruding microalgae with a manual or automated 

piston, the spaghettis can be placed on the dehydrator trays. An electrical dehydrator 

for fruits and vegetables such as Stoeckli machines can dry a small production of paste. 

A 30cm diameter Stoeckli system can dry 20gDW/h of Spirulina (power 450W). Heat-

ing temperature should be above 37°C to avoid fermentation. The maximum drying 

temperature should be optimized following the protocol described in Subsection 2.4.. 

Reaching 60-80°C is also a good thing to pasteurize biomass. 

3.4.3.3.3. Rotary Drying 

Rotary driers use a sloped rotating cylinder to move the paste being dried from one end 

to the other by gravity. It works well with Scendesmus and drying rate has been charac-

terized on a pilot (46). For 20L of paste/h/m² of drum surface, 52kWh are required 

(120°C, 10s, 30%DW). However, at this temperature, active substances can be dam-

aged. 

3.4.3.3.4. Spray Drying 

Spray drying is widely used for large scale production of microalgae (continuous pro-

cess). The liquid is firstly atomized in small droplets that are then dried by a hot gas 

stream in a vertical tower. The dried product is then removed from the bottom (44). 

However, this process damages the cells because of high pressure required for atomiza-

tion and heat alteration by hot gases. Operational costs are also expensive. 
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3.4.3.4. Process Optimization and Potential Improvements 

Convective drying of thin layer or extruded spaghetti seems to be the best technique to 

dry microalgae at small and medium scale. However, some experiments should be car-

ried out to evaluate the feasibility for drying as a preservation step for the production 

of microalgae based biostimulant: 

 The desorption curve should be measured for each strain; 

 Drying kinetics must be experimented for each strain; 

 Air flow velocity, relative humidity, temperature of the air and treatment dura-

tion should be optimized in the dryer; 

 Energy balance should be calculated to find out the efficiency of the process; 

 The form of wet microalgae paste distribution in the dryer has to be deter-

mined (thickness if thin layer, diameter if extrusion). 

Moreover, after drying, the dry biomass must be packed. A crusher may be required to 

make microalgae granules. The packaging could be the same than the one suggested in 

Subsection 3.4.2.3. for sterilized microalgae; but other kinds of packages can be easily 

imagined since the requirements are less specific than for autoclave-resistant packages. 
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4. Cost Study on Different Process Scenarios 
Plausible scenarios for the production of microalgae based biostimulant have been de-

scribed in the previous section on a technical point-of-view. The cost study presented 

in this section will give an idea about profitability of the process depending on the dif-

ferent process scenarios. The cost modeling methodology is firstly quickly described. 

Then, from experiments and models studied in the previous section, capital and opera-

tional costs are estimated for each system. These estimates are then integrated in an 

economical evaluation model that provides the breakeven price of microalgae based 

biostimulant. For confidentiality reasons, only the methodology is detailed in this sec-

tion. 

4.1. Cost Modeling 

4.1.1. Methodological Approach 

The economic evaluation is carried out by estimating the total fixed capital investment 

(TCI). This investment is then depreciated during a defined period of production (15 

years is chosen), which gives the annual fixed capital investment (ACI). 

TCI is the sum of direct costs and indirect costs. Direct costs evaluation is based on the 

purchased cost of basic equipment (PCE). Equipment installation, piping, electrical, 

building, yard improvement and service facilities costs are estimated as a percentage of 

PCE (47). Land is also included in direct costs. Indirect costs cover engineering and 

supervision, construction expenses, legal expenses, the contractor fee and contingency. 

These costs are also estimated as a percentage of PCE (47). 

On the other side, total operating costs (TOC) are calculated. It includes direct costs 

(raw materials, operating labor, direct supervision, utilities, maintenance and repairs, 

operating supplies), fixed charges (local taxes, insurance, financing), plant overhead 

and general expenses (administrative, distribution, marketing, research and develop-

ment costs) (48) (47). Raw materials, operating labor and utilities (energy and 

wastewater) are calculated from the models described in Section 3.. 

To find out the breakeven price B€ for a given annual production Prod (L), revenue 

REV is calculated such as ACI + TOC is balanced: 

B€ =
REV

Prod
=

ACI + TOC

Prod
 (28) 
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4.1.2. Process Flow Diagram 

The economic evaluation includes different plausible process scenarios. Four different 

scenarios are studied, see Figure 22. 

 

Figure 22: Plausible scenarios 

The final production is chosen. At each step, a mass balance is established and the 

yield YX, the outlet concentration xi and the required inlet volume Vi are calculated 

from the models. Once all the steps have been described, the PBR volume can be found 

out. Moreover, as described in Subsection 3.2.3., in case of optimal environmental 

conditions, the outlet flow from PBR culture increases up to VmaxA = Qmax. The post-

treatment sizing must be adapted to this flow. Thus, raw materials, utilities and labor 

are of course calculated for annual averaged flow, but equipment is sized for maximum 

flow rate. 

Mass balances enable to calculate raw materials and by-products at each step. Equip-

ment cost is calculated from quotations from manufacturers. In some cases, quotations 

have not been established, and estimates are calculated from simple equipment cost 

models described in (49). Then, the most relevant equipment is selected according to 

the production rate required and the associated maximum flow rate. 

Once the equipment has been chosen, energy consumption and labor can be calculated 

from models that were described in Section 3.. Calculation details are not described in 

this public report. 

According to (48), economies of scale can be estimated for large scale production with 

the following model: 
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K2 = K1 (
S2

S1

)
n

 (29) 

where K is the equipment cost, S is its capacity and n is an exponent that is usually 

around 0.6-0.8. This model is applied for tank and PBR modules equipment costs. 

CO2 and liquid digestate are assumed to be free since the system is integrated in the 

organic waste and wastewater treatment downstream process, see Subsection 3.1.1. 

Other input data in the model are established for a specific plant location (energy cost, 

labor cost). Production is assumed to run Δj = 333 days per year and labor activity 

must be comprised in an interval of Δh = 8 working hours per day. 

4.2. Economic analysis 
As specified in Subsection 3.1., from small to large scale productions should be stud-

ied. The economic evaluation of the whole process in the best scenario case is detailed 

for productions of 1, 10 and 50kgDW/d. The results and profitability are not detailed. 

4.2.1. Breakeven Price 

The breakeven price is evaluated from the integrated model for productions ranging 

from 1kgDW/d to 50kgDW/d. Results for the four different options are compared to 

establish the optimal process design. 

4.2.2. Total Fixed Capital Investment 

As explained in Subsection 4.1.1., TCI is estimated from PCE. PCE cost distribution 

can be analyzed as a function of the production rate. 

4.2.3. Operational Costs 

Focus is put on direct costs since fixed charges, plant overhead and general expenses 

are evaluated from TCI and/or direct costs.  

The influences of several parameters can be studied to understand how they affect the 

costs and improve (or not) profitability: 

 Temperature  

 Irradiance, 

 Shading, 

 PBR radius, 

 Drying duration, 

 PBR equipment economies of scale. 
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5. Discussion 
Microalgae seem to have a good potential as agricultural input for biostimulation of 

plants. Their biostimulant properties will be characterized in a proper way. The post-

treatment process can damage the key active substances. The characterization protocol 

should then include an evaluation of this impact.  

The absence of pathogens or spoilage in the final product is the issue to make the final 

product stable for a long period of time. Autoclave sterilization has the advantage to 

guarantee it. However, the presence of pathogens in dried microalgae should and will 

be studied using a HACCP methodology. A preliminary hygienization of the inlet liq-

uid digestate might be required. Moreover, autoclave sterilization may dramatically 

alter some active substances since the treatment is quite high in temperature and in 

pressure. This effect will be studied upon agronomic efficiency tests. 

The PBR cultivation model gives a first idea of the potential productivity of microal-

gae. However, several influencing factors were not taken into account such as green-

house effect in the tubes, shading of the tubes and temperature and irradiance seasonal 

variations as a first approximation. They can easily be included in a more comprehen-

sive model.  

The PBR cultivation cost must be optimized for large scale equipment to evaluate as-

sociated potential economies of scale. More efficient pumps and blowers will be stud-

ied. Operating labor time can be minimized by automating tasks as much as possible.  

Artificial shading (during photo-inhibition) and temperature regulation (with a green-

house) are also two options that can increase microalgae productivity.  

The best scenario is not described in this public report. Influencing parameters and op-

timization are not as well because of confidentiality reasons. 

The final selling price will of course depend on the intrinsic microalgae biostimulation 

properties. In order to improve the accuracy of the model and to decrease costs, six key 

parameters to evaluate are suggested as a forward-looking conclusion: 

1. Evaluate the effects of autoclave sterilization and drying on the biostimulation 

properties of microalgae; 

2. Optimize PBR economies of scale; 

3. Optimize the drying duration and temperature; 
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4. Optimize PBR cultivation (shading, temperature, tube radius) 

5. Minimize operating labor by automatization; 

6. Minimize maintenance;   
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6. Conclusion 
Microalgae contain several active substances that promote plant growth and resistance 

to stresses. A biostimulation product for a more sustainable agriculture can thus be 

based on microalgae. This product requires a specific process that is designed in this 

study. 

The integrated model for the microalgae cultivation, separation and preservation ena-

bles to give a first idea of the techno-economic feasibility for microalgae based bi-

ostimulant production. 

The model accuracy can still be improved; but estimates enable to find out the best 

post-treatment process scenario and the breakeven price. Nevertheless, several sugges-

tions to improve the process efficiency and decrease costs are provided. 
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8. Appendices 

8.1. Appendix A: A Review on the Biostimulation Proper-

ties of Chlorella 

T
it

le
 Green Microalgae 

Water Extract as Fo-

liar Feeding to Wheat 

Plants 

Nutritional Status and 

Growth of Maize 

Plants as Affected by 

Green Microalgae as 

Soil Additives 

Influence of Green Al-

gae Chlorella vulgaris 

on infested with 

Xiphinema index 

Grape seedlings 

W
ri

te
r 

Mahmoud M. Shaaban Mahmoud M. Shaaban Tatyana Bileva 

J
o
u

rn
a
l 

Pakistan Journal of Bio-

logical Sciences (6): 

625-632 

OnLine Journal of Bio-

logical Sciences 1 

(6):475-479 

J Earth Sci Climate 

Change 4:2 

Y
ea

r 

2001 2001 2013 

T
a
rg

et
 

p
la

n
t 

Wheat Maize Grapevine 

S
p

ec
ie

s 

Chlorella vulgaris Chlorella vulgaris Chlorella vulgaris 

M
ic

ro
a

lg
a

e 
  

  
  

  
 

p
re

tr
ea

tm
en

t 

Concentrated microal-

gae slurry (10% water) 

washed, reconcentrated 

by centrifugation, 

freezed, remelted at 

room T, centrifuged at 

5000rpm to obtain a 

clear cell sap 

Not described Not described 

A
p

p
li

-

ca
ti

o
n

 

Foliar feeding 25 days 

after sowing 

Dry alga added to the 

soil before sowing 

Diluted dry extract, wa-

tered once. 
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B
es

t 

d
o

se
 

50%v/v cell sap-

distilled water 

Between 150 and 

200kg/Fed <=> 4,5 and 

6g/plant 

1g/100mL/pot; 2g/pot 

=> phytotoxic 

E
ff

ec
ts

 

58% increase in dry 

weight, 28% increase in 

100 grain weight, 28% 

increase in spike weight 

versus micronutrient 

equivalent treated 

plants 

Nutrient uptake increas-

es (% over NPK control 

for 200kg/Fed treatment) 

by 57% (N), 103% (P), 

62% (K), 74% (Mg), 

216% (Mn) and 76% 

(Zn); DW incresed by 

66%; Plant heigth in-

creased by 60% 

Uninfested + 1g chlorel-

la increases plant heigth 

by 13%, root length by 

35%, leaves DW by 70% 

and roots DW by 108%; 

infested + 1 g chlorella 

gives better results than 

uninfested and non treat-

ed plants 

 

T
it

le
 

Improvement of 

Growth Parameters of 

Zea mays and Proper-

ties of Soil Inoculated 

with two Chlorella 

species 

Effect of Chlorella vul-

garis as Bio-fertilizer 

on Growth Parameters 

and Metabolic Aspects 

of Lettuce Plant 

Effect of Green Alga 

Cells Extract as Foliar 

Spray on Vegetative 

Growth, Yield and 

Berries Qualityof Su-

perior Grapevines 

W
ri

te
r Taher Mohammed 

Taha, Mohamed 

Ahamed Youssef 

Fayza A. Faheed, Zeinab 

Abd-el Fattah 

Eman A. Abd El 

Moniem, A.S.E. Abd-

Allah 

J
o
u

rn
a
l 

Report and Opinion 

7(8) 

Journal of Agriculture & 

Social Sciences 4: 165-

69 

American-Eurasian J 

Agr & Evt Sci, 4(4): 

427-433 

Y
ea

r 

2015 2008 2008 

T
a

rg
et

 

p
la

n
t 

Maize Lettuce Grapevine 

S
p

ec
ie

s 

Chlorella oocystoides 

& minutissima 
Chlorella vulgaris Chlorella vulgaris 
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M
ic

ro
a

lg
a

e 
 

p
re

tr
ea

tm
en

t 

Harvest, centrifugation 

at 5000rpm for 10 min, 

washed twice; Washed 

algal pellet (0.5g) re-

suspended in 1L 

1st option: harvest by 

centrifugation + decanta-

tion (stays fresh); 2nd 

option: centrifugation + 

drying (105°C over 

night) 

Concentrated microalgae 

slurry (10% water) 

washed, reconcentrated 

by centrifugation, 

freezed, remelted at 

room T, centrifuged at 

5000rpm to obtain a 

clear cell sap 

A
p

p
li

c
a
-

ti
o

n
 

Irrigation water each 10 

days (3 equal doses) 
Added to the soil 

Foliar spray 3 times: 10 

days before blooming, 

after berry setting, 21 

days later 

B
es

t 

d
o
se

 

2.5% algae 
2 and 3g dry alga/kg of 

soil 

50%v/v cell sap-distilled 

water 

E
ff

ec
ts

 

No significant impact 

on plant length, nb of 

leaves and total N. P 

and K concentrations of 

maize plants increased 

(between 25 and 67% 

according to the spe-

cies); available N and 

OM in the soil in-

creased a lot (more than 

100%) 

Fresh weight and chlo-

rophyll contents signifi-

cantly increase, the 

treatment enhances nu-

trient absorption, fresh 

and dry weight increase 

(more than 100% for 2g) 

Significant promotion of 

buds; leaf area, shoot 

length, nb of leaves, 

shoots increase (between 

10 and 30% versus con-

trol with mincronutrient, 

for season N+1); yield 

improved 
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8.2. Appendix B: Possible Designs for Microalgae Sepa-

ration 

8.2.1. Density Based Separation (Gravitational Force) 

T
ec

h
-

n
o

lo
g

y
 

Coagula-

tion 

Floccula-

tion 

Decanta-

tion 

Auto-

flocculation 

Electro-

floccula-

tion 

Flotation 

R
el

e-

v
a

n
cy

 

- ++ ++ + - ++ 

D
es

cr
ip

ti
o
n

 

Microal-

gae sur-

face de-

stabiliza-

tion with 

mineral 

coagu-

lants (Fe 

or Al 

salts) or 

organic 

coagu-

lants 

(polyam-

ine, pol-

yDADM

AC) 

Cell clog 

formation 

with poly-

mers (poly-

electrolytes, 

cationic 

biofloccu-

lant), re-

quire strong 

mixing 

(pneumatic 

or mechani-

cal) 

Floc sed-

imenta-

tion 

pH shock or 

medium 

change 

Electro-

magnetic 

pulsations 

to dis-

charge mi-

croalgae 

cell surface 

Ait injec-

tion to 

have flocs 

flotating; 

harvest is 

done at 

the reac-

tor sur-

face 

M
a

in
 p

a
-

ra
m

et
er

s 

pH, elec-

trolyte, 

strain 

Mw, charge 

density, C, 

strain 

cell den-

sity 
T, pH, strain 

 

Bubbling 

flow, 

bubble 

size 

C
el

l 

re
co

v
. 

? ~80% ? ? ? 70-90% 

F
in

a
l 

co
n

c.
 

1-3%DW 1-3%DW 1-3%DW ? ? 1-3%DW 
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T
R

L
 

7 7 7 ? 6 7 

A
d

v
a

n
ta

g
es

 

 
Cost Cost Cost 

 

Usually 

consid-

ered as 

more effi-

cient than 

decanta-

tion 

D
is

a
d

v
a
n

ta
g
es

 

Require 

metal 

oxides 

Flocculat-

ing agent, 

pH control 

Process 

regulari-

ty, effi-

ciency 

(usually 

microal-

gae den-

sity too 

close to 

water) 

Working for 

some spe-

cies in cer-

tain condi-

tions, but 

quite ran-

domly 

Generates 

metal ox-

ides and/or 

particle 

from elec-

trodes in 

the solution 

Large 

volume 

required 

8.2.2. Density Based Separation (Centrifugal Force) 

T
ec

h
-

n
o
lo

g
y
 

Disc stack  

centrifuge 

Centrifugal  

settler 

Bowl/tubular 

centrifuge 

Spiral plate cen-

trifuge (Evodos) 

R
el

e-

v
a
n

cy
 

++ - +++ +++ 

D
es

cr
ip

ti
o
n

 

Particle size 0.1-

100μm. Algae 

paste can be har-

vested continu-

ously (buse or 

automatic dis-

charge) 

Particle size 

>10μm 

Algae paste is 

ejected on the 

walls of a bowl 

turning on itself 

Spiral plate tech-

nology, laminar 

flow centrifuga-

tion 

M
a

in
 p

a
-

ra
m

et
er

s 

rpm, ∆t rpm, ∆t rpm, ∆t, bowl size rpm, ∆t 
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C
el

l 

re
co

v
. 

60-95% 60-95% 60-95% 
 

F
in

a
l 

co
n

c.
 

15-30%DW 50%DW 15-20%DW 20-30%DW 

T
R

L
 

9 
 

9 9 

A
d

v
a

n
-

ta
g

es
 

Fast, high flow 

rate, robust  

Equipment cost, 

robust 

Minimum cell 

damage, energy 

consumption, de-

signed for micro-

algae 

D
is

a
d

-

v
a
n

ta
g
e 

Equipment cost 

Not developed for 

microalgae parti-

cle size 

Labor to harvest 

(manually), batch, 

small flow rate 

Equipment cost 

8.2.3. Size Exclusion Separation 

Technology Microfiltration Ultrafiltration Press filtration 

Relevancy - - ? 

Description 

Membrane separa-

tion, Inlet high pres-

sure flow, algae 

paste outlet; pore 

size 0.1-10μm 

Membrane separa-

tion, Inlet high pres-

sure flow, algae 

paste outlet; pore 

size 0.02-2μm 

New system devel-

oped by AlgaeVen-

ture Systems 

Main  

parameters 
Δp, Q, pore size Δp, Q, pore size 

 

Cell recovery ? ? ? 

Final concen-

tration 
Up to 27%DW Up to 27%DW ? 

TRL 5 5 2 

Advantages 
   

Disadvantages 
Fouling, shear 

stresses 

Fouling, shear 

stresses 
Not developed yet 
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8.3. Appendix C: Acid-base Reactions Model for Floccula-

tion 

CHEMICAL FLOCCU-

LATION MODEL 
Symbol Source Unit Value 

     
Constants         

Water autoprotolysis Ke Constant --- 1E-14 

Acetic acid density d(AH) Constant kg/L 1,049 

Acetic acid density Mw(AH) Constant g/mol 60,00 

Chitosan molar weight Mw(C0) Constant g/mol 159,00 

Acetic acid acidity constant pKa1 Constant --- 4,76 

Chitosan acidity constant pKa2 Constant --- 6,5 

Acetic acid acidity constant Ka1 = 10^(-pKa1) --- 
1,7E-

05 

Chitosan acidity constant Ka2 = 10^(-pKa2) --- 
3,2E-

07 

     
Acetic acid preparation [AH]      

Initial acetic acid concen-

tration 
x(AH) Parameter --- 96% 

Acetic acid volume V(AH) Parameter mL 2,9 

Acetic acid amount n(AH) 
= 

V(AH).d(AH)/Mw(AH) 
mol 0,0504 

     

Chitosan weighing [C] 
(hyp) calculations done with equivalent monomer 

amounts. 

Chitosan mass m(C ) Parameter g 0,1 

Molar weight Mw(C ) Glentham g/mol 2E+06 

Amount of chitosan equiv-

alent monomer 
n(C0) = m(C )/Mw(C0) mol 0,0006 

     
Dissolved chitosan solu-

tion 

It is assumed that there is protonation for each chitosan 

monomer 

Dilution volume V Parameter L 0,103 

CH3COOH concentration 

before reaction 
[AH°] = n(AH)/V mol/L 0,49 
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CH3COO- concentration 

before reaction 
[A-°] = Ø mol/L 0,00 

Protonated chitosan con-

centration before reaction 
[CH+°] = Ø mol/L 0,00 

Chitosan concentration 

before reaction 
[C°] = n(C0)/V mol/L 0,01 

pH before reaction pH° Parameter --- 7,00 

Acidity before reaction h° = 10^(-pH°) mol/L 0,00 

Basicity before reaction w° = Ke/h° mol/L 0,00 

CH3COOH concentration 

after reaction 
[AH] = [A-].h/Ka1 mol/L 0,48 

CH3COO- concentration 

after reaction 
[A-] = [AH°].Ka1/(h + Ka1) mol/L 0,00 

Protonated chitosan con-

centration after reaction 
[CH+] = [C°].h/(h + Ka2) mol/L 0,01 

Chitosane concentration 

after reaction 
[C] = [CH+].Ka2/h mol/L 0,00 

Basicity after reaction w = Ke/h mol/L 0,00 

Acidity after reaction h 
h such as EN = 0, 

graphical resolution 
mol/L 0,00 

Electroneutrality EN = h + [CH+] - [A-] - w mol/L 0,00 

pH after reaction pH = - log(h) --- 2,68 

     
Chitosan addition to mi-

croalgae solution 

It is assumed that microalgae do not change acid-base 

equilibrium 

Initial concentration of mi-

croalgae 
[uA°] Parameter g/L 0,59 

pH of microalgae solution pH(uA°) Parameter --- 7,50 

Microalgae solution vol-

ume 
V(uA) Parameter L 0,200 

Chitosan solution volume 

added 
V(chito) Parameter L 0,010 

Final volume 
V(chito + 

uA) 
= V(uA) + V(chito) L 0,210 

Dilution factor 1 FD1 
= V(chito)/V(chito + 

uA) 
--- 5% 
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Sodium hydroxide addition to deprotonate chitosan and to generate flocculation 

NaOH solution concentra-

tion 

[HO-°] = 

[Na+°] 
Parameter mol/L 0,100 

Sodium hydroxide volume 

added to the solution 
V(HO-) Parameter L 0,1 

Final volume Vtot 
= V(HO-) + V(chito + 

uA) 
L 0,310 

Dilution factor 2 FD2 = V(chito + uA)/Vtot --- 68% 

CH3COOH concentration 

before reaction 
[AH°] 

= FD1.FD2.[AH](sol 

chito) 
mol/L 0,02 

CH3COO- concentration 

before reaction 
[A-°] 

= FD1.FD2.[A-](sol 

chito) 
mol/L 0,00 

Protonated chitosan con-

centration before reaction 
[CH+°] 

= FD1.FD2.[CH+](sol 

chito) 
mol/L 0,00 

Chitosan concentration 

before reaction 
[C°] 

= FD1.FD2.[C](sol chi-

to) 
mol/L 0,00 

Acidity before reaction h° = FD1.FD2.h(sol chito) mol/L 0,00 

Basicity before reaction w° = [HO-°].V(HO-)/Vtot mol/L 0,03 

pH before reaction pH° = -log(h) --- 4,17 

Sodium concentration [Na+] 
= [Na+°].V(HO-)/Vtot 

= cte 
mol/L 0,03 

Concentration CH3COOH 

after reaction 
[AH] = [A-].h/Ka1 mol/L 0,00 

Concentration CH3COO- 

after reaction 
[A-] 

= ([AH°] + [A-

°]).Ka1/(h + Ka1) 
mol/L 0,02 

Concentration en chitosane 

protoné after reaction 
[CH+] 

= ([C°] + [CH+°]).h/(h 

+ Ka2) 
mol/L 0,00 

Concentration en chitosane 

after reaction 
[C] = [CH+].Ka2/h mol/L 0,00 

Basicity before reaction w = Ke/h mol/L 0,02 

Acidity before reaction h 
h such as EN = 0, 

graphical resolution 
mol/L 0,00 

Electroneutrality EN 
= h + [Na+] + [CH+] - 

[A-] - w 
mol/L 0,00 

Final pH pH = - log(h) --- 12,18 
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8.4. Appendix D: Possible Designs for Microalgae 

Preservation 

8.4.1. Thermal Treatment 

M
et

h
o

d
 

Pasteurization Microwaves Cooling 
Autoclave  

sterilization 

R
el

ev
a

n
cy

 

+ - - ++ 

P
ri

n
ci

p
le

 

Moderate tem-

perature (60°C - 

20min, low pas-

teurization, 80°C 

- 2min high pas-

teurization) heat-

ing treatment that 

denatures pro-

teins and thus 

kills microorgan-

isms 

Water molecule 

agitation by mi-

crowave radia-

tions 

(~1000MHz) that 

generates heat-

ing. 

Slow down en-

zyme reactions 

and microorgan-

isms growth, but 

do not stop it 

Peptides chains 

hydrolyzed by 

water vapor or 

superheated wa-

ter under pres-

sure (T > 100°C) 

that eliminates 

heat-resistant 

microorganisms. 

M
a
in

 

p
a
ra

m
-

et
er

s 

T, t t, P T p <> T, t 

M
ic

ro
b

i-

a
l 

re
-

si
st

a
n

ce
 Not efficient 

against heat-

resistant micro-

organisms 

Not sterilizing Not sterilizing 
Sterilizing pro-

cess 

T
R L
 

9 6 9 9 

A
d

-

v
a

n
ta

g
es

 

No chemical 

treatment 

No chemical 

treatment 

No chemical 

treatment 

No chemical 

treatment, steri-

lized product 

D
is

a
d

-

v
a

n
ta

g
es

 

Spoilga risk, can 

cange protein 

lability 

Less efficient for 

large quantities, 

spoilage risk 

Not suitable for 

long shelf-life, 

spoilage 

May denaturate 

proteins 
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8.4.2. Mechanical Treatment 
M

et
h

o
d

 

High pressure 

(French press) 
Ultrasonication Manosonication Bead-vortexing 

R
el

ev
a

n
cy

 

- - ? - 

P
ri

n
ci

p
le

 

Pressure shock 

(600-900 MPa) 

by circulation 

through a valve 

=> shear stresses, 

turbulences and 

wall impact 

break cells. 

French press: 

high hydrostatic 

pressure 

Shear stresses 

breaking cell 

walls created by 

cavitation phe-

nomenon (f > 

16kHz)  

Sonication  + 

external hydro-

static pressure 

(600 kPa). Can 

be combined 

with heating 

(manothermo-

sonication) 

Small abrasive 

beads are creat-

ing shear stresses 

that break cell 

walls 

M
a
in

 

p
a
ra

m
-

et
er

s 

p, t, n P, t, n, viscosity t, T, p, f ? 

M
ic

ro
b

ia
l 

re
-

si
st

a
n

ce
 

S > G+ > G-, Y 

& M. Large in-

traspecies varia-

tion. Bacterial 

spores are ex-

tremely resistant 

to HHP. 

Not sterilizing 

S > G+ > G-, 

spore inactiva-

tion at high in-

tensity, low in-

traspecies varia-

tion 

? 

T
R L
 

6 8 4 ? 

A
d

v
a

n
-

v
a

n
-

ta
g

es
 No chemical 

treatment, protect 

metabolites. 

No chemical 

treatment 

MS and MTS 

enable 99% inac-

tivation 

Efficient for cell 

lysis 

D
is

a
d

-

v
a

n
-

ta
g

es
 

Not sterilizing, 

capital cost 

Not sterilizing, 

costs 

Not well devel-

oped techno 
Only lab scale 
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8.4.3. Water Activity Reduction 
M

et

h
o

d
 

Convective dry-

ing 
Sun-drying Freeze-drying Freezing 

R
el

-

ev
a

n

cy
 

++ + +++ - 

P
ri

n
ci

p
le

 

The product is 

suspended (spray 

or paste) in a 

heated dry air 

that generate ΔT 

and Δp => re-

move water until 

aw 0.1-0.2. 

Water elimina-

tion with sun-

heated air. Re-

quires dry ambi-

ant air 

After freezing, 

the product is 

sublimed at very 

low pressure. 

Vapor is cap-

tured by conden-

sation. 

aw decreases 

because of water 

crystallization 

M
a
in

 

p
a
ra

m
-

et
er

s 

T, RH, u, t, p 
Environmental 

conditions 
T, p T 

M
ic

r
o
-

b
ia

l 
re

-

si
st

a
n

ce
 

Not sterilizing Not sterilizing Not sterilizing Not sterilizing 

T
R L
 

9 9 9 9 

A
d

v
a

n
-

v
a

n
-

ta
g
es

 Small volume 

(transport and 

storage) 

Small final vol-

ume, no energy 

consumption 

Small final vol-

umes, protect 

metabolites and 

proteins 

No chemical 

treatment 

D
is

a
d

-

v
a

n
ta

g
es

 

Metabo-

lite/protein dena-

turation, energy 

consumption 

Metabo-

lite/proteins de-

naturation, 

strongly weather 

dependent 

Energy consump-

tion, equipment 

cost 

Must stay at low 

T for storage 
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8.4.4. Antimicrobial Substance Addition 
M

et

h
o

d
 

Ozonation Chloration Preservatives 

R
el

ev
a

n
cy

 

- - - 

P
ri

n
ci

p
le

 Powerful oxidant (di-

rect but selective reac-

tion with O3 or indirect 

reaction with OH radi-

cals generated in water) 

Powerful oxydant, used 

for water treatment and 

food process 

Chemical substance 

addition that stop mi-

croorganisms develop-

ment. 

M
a
in

 

p
a
ra

m
-

et
er

s 

m(O3)/L m(Cl)/L ? 

M
ic

r
o
-

b
ia

l 
re

-

si
st

a
n

ce
 

Sterilizing Sterilizing Not sterilizing 

T
R L
 

9 9 9 

A
d

-

v
a

n
-

ta
g
es

 

No toxic derivatives, 

sterilizing 
Low cost, sterilizing   

D
is

a
d

-

v
a
n

ta
g
es

 

Work only if organic 

matter is at low concen-

tration 

Work only if organic 

matter is at low concen-

tration, toxic chemical 

derivatives 

Cannot reach > 15days 

storage with spirulina 

(39) 
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8.4.5. Radiation Treatment 

Method Not ionizing (UV) Ionizing (X, gamma) 

Relevancy - - 

Principle 
Hg radiations. Nucleic acid dam-

age in cells => death 

Application of electromagnetic 

waves or electrons to samples. 

Gamma rays from cobalt-60, 

electron beams or X-rays. Chro-

mosomes are the critical targets. 

Main parame-

ters 
t, dose (mJ/cm²) P, T, t 

Microbial re-

sistance 
Sterilizing 

V > S > Y & M > G+ > G-, 

spore : high dose, medium intra-

species variation. 

TRL 9 9 

Advantages Sterilizing 
Sterilizing, protect active sub-

stances 

Disadvantages 
Work only on transparent solu-

tions 
Huge capital cost 
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8.4.6. Other methods 

 
Ambient treatment 

Pathogen 

separation 
Others 

M
et

h
o

d
 

Modified atmos-

phere 

Bactericidal 

gas 
Filtration Pulsed electric field 

R
el

-

ev
a

n

cy
 

- ? - - 

P
ri

n
ci

p
le

 

Replacement of air in a 

pack by a different mixture 

of gases, where the propor-

tion of each component is 

fixed when the mixture is 

introduced. Usually 02, N2 

ou CO2 

Not 

stud-

ied 

Membrane 

filtration 

Application of short 

duration (1–100 mi-

cros) high electric 

field pulses (10–50 

kV/cm) to a food 

placed between two 

electrodes. For-

mation of pores in 

cells and organelles.  

M
a
in

 

p
a
ra

m
-

et
er

s 

 
    t, N, P, E, T 

M
ic

ro
b

ia
l 

re
-

si
st

a
n

ce
 

      

S > G+ > G- > Y & 

M, spore inactivation 

not possible, medium 

interspecies varia-

tion. 

T
R L
 

9 9 9 4 

A
d

v
a

n
-

v
a
n

-

ta
g

es
 

No chemical/physical alter-

ation 
?     

D
is

a
d

-

v
a

n
ta

g
es

 

Equipment, dissolution in 

liquids 
? 

Algae paste 

cannot be 

filtrated 

New techno, not well 

developed 

 


