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Abstract

This thesis aims to model and scale-up the culture of encapsulated microalgae. A strain of
Chlamydomonas reinhardtii is encapsulated in alginate beads by cross linking with CaCl,. As often
observed in literature, the growth rate of the encapsulated algae measured in flasks is lower than the free
(suspended) culture. The studied photobioreactor is a rectangular liquid-solid fluidized bed reactor of
5 L. It enables to cultivate the strain almost 20 days without cell leakage. It allows to efficiently cultivate
it as it leads to higher growth rates than in flasks (conditions are similar).

A global model to predict biomass growth in the photobioreactor is developed considering
hydrodynamics, light and biological kinetics. Hydrodynamics is studied using CFD (Computational
Fluid Dynamics). The liquid phase is first modeled. CFD is validated experimentally by PIV (Particle
Image Velocimetry) on five vertical planes. Mean and fluctuating vertical velocities are compared. CFD
correctly models the unusual flow of the reactor: laminar and unsteady. CFD and PIV are in fairly good
agreement which allows to quantitatively validate the model.

The liquid-solid model is then validated using a light attenuation method which gives access to local
solid distribution through the reactor depth. CFD allows to highlight a high influence of bead density
(which is close to water) and of the lift force on the flow. Moreover, CFD gives access to liquid and
solid velocities. This allows to quantify the influence of solid on liquid flow.

Relying on these simulations, a CFD-based compartment model is adapted to the studied reactor. This
allows to describe hydrodynamics with less computation time. On the compartment model, a stochastic
model is used which predicts the solid movement in the reactor thus the bead displacement in the light
field. Light attenuation is modeled using Beer-Lambert law. Hence, the light intensity received by algae
during the culture is known. As light is the most limiting growth parameter, it is possible to link biomass
growth and “light history” of cells. Besides, light attenuation due to growth is considered. A three-states
type PSF (PhotoSynthetic Factory) model is used to calculate the growth in the reactor and parameters
are fitted on experimental results. The model allows to reach a final dry weight close to the experimental
one. This global model predicts a high influence of hydrodynamics on biomass growth in this
photobioreactor.
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Résumé

Cette thése a pour objectif la modélisation et la montée en échelle de la culture de microalgues
encapsulées. Une souche de Chlamydomonas reinhardtii est encapsulée dans des billes d’alginate
formées par réticulation dans une solution de CaCl,. Comme observé la plupart du temps dans la
littérature, le taux de croissance de I’algue encapsulée mesuré en erlenmeyer est plus faible que celui de
I’algue cultivée de maniére suspendue. Le photobioréacteur étudié est un lit fluidisé liquide-solide
rectangulaire de 5 L. Il permet de cultiver efficacement la souche pendant prés de 20 jours sans fuites
dans le milieu de culture, en obtenant un taux de croissance plus important qu’en erlenmeyer (les
conditions sont similaires).

Un modele global pour prédire la croissance de la biomasse dans le réacteur est développé, prenant en
compte I’hydrodynamique, la lumiére et les cinétiques biologiques. L’hydrodynamique est étudié¢ a
I’aide de la CFD (mécanique des fluides numérique). Dans un premier temps, seule la phase liquide est
modélisée. Le modele CFD est validé expérimentalement par PIV (vélocimétrie par images de
particules) sur 5 plans verticaux. Les vitesses moyennes et fluctuantes de la composante verticale sont
comparées. Le modéle CFD permet de rendre compte de 1’écoulement inhabituel du réacteur: laminaire
et instationnaire. Une concordance satisfaisante entre les résultats CFD et PIV permet de valider
quantitativement le mod¢le.

Le modg¢le liquide-solide est ensuite validé par une méthode d’atténuation de la lumiére qui donne accés
a la distribution locale de solide a travers I’épaisseur du réacteur. Le modéle CFD permet de mettre en
¢vidence la forte influence de la densité des billes (qui est proche de 1’eau) et de la force de portance sur
I’écoulement. De plus, la CFD donne accés aux vitesses liquides et solides. Cela permet de quantifier
I’influence du solide sur I’écoulement liquide.

Se fondant sur ces simulations, un modele compartimenté basé sur la CFD est adapté au réacteur étudié.
Cela permet de décrire I’hydrodynamique avec un temps de calcul réduit. Sur le modéle compartimenté,
un modele stochastique est utilisé pour prédire le mouvement du solide dans le réacteur et ainsi le
déplacement des billes dans le champ de lumiére. L’atténuation de la lumiére est modélisée par une loi
de type Beer-Lambert. Par conséquent, 1’intensité lumineuse regue par les algues lors de la culture est
connue. Comme la lumiére est le paramétre principal limitant la culture, il est possible de relier la
croissance de la biomasse et « 1’histoire lumineuse » des cellules. En outre, I’atténuation de la lumiére
due a la croissance est prise en compte. Un modéle a trois états de type PSF (PhotoSynthetic Factory)
est utilisé pour calculer la croissance au sein du réacteur et les parameétres sont ajustés aux résultats
expérimentaux. Le modéle permet d’atteindre une masse seche finale proche de celle mesurée
expérimentalement. Ce modele global prévoit une forte influence de I’hydrodynamique sur la croissance
de la biomasse dans ce photobioréacteur.
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1.1 Thesis context

1.1  Thesis context

This thesis is part of ValoAlgue project which is included in the portfolio Algae Factory (FEDER grant
469780-671950). The project aims to study and scale-up the culture of encapsulated microalgae to
produce high-added value metabolites. Different teams are involved in the project. The laboratory of
Bioenergetics of the University of Liege provides the strain and studies the conditions of culture. The
CMI laboratory of the University of Namur develops the encapsulation material. The Chemical and
Biochemical Process group of the University of Mons studies the behavior of the encapsulation material
and develops analytical methods. This thesis, performed in the PEP’s laboratory (Chemical Engineering
department) of the University of Liege, is focused on the photobioreactor development.

This thesis focuses on high-added value metabolites to consider a potentially profitable process. It is
chosen to study a strain of Chlamydomonas reinhardtii which is able to secrete extracellularly Gaussia
luciferase, a recombinant protein of high-added value.

The ValoAlgue project aims to scale-up the culture of encapsulated algae. A photobioreactor (liquid-
solid fluidized bed) is developed especially for the culture of encapsulated algae. To understand and
enhance the culture of encapsulated algae, the reactor is characterized and modeled in this thesis. A
global model which considered hydrodynamics, light and predict growth is developed.

1.2  Microalgae
1.2.1 Microalgae definition
1.2.1.1  Phylogeny

Microalgae are microscopic organisms which most often contain chlorophyll a (and potentially other
pigments that can color the cell) and are able to perform oxygenic photosynthesis, i.e., converting light
energy into chemical energy by consuming carbon dioxide that produces back oxygen (European Algae
Biomass Association, 2021). It must be noticed that some microalgae (heterotrophic cells) do not
perform photosynthesis and grow in the dark transforming an organic carbon source (glucose, acetate,
...) into energy (Krebs cycle). Microalgae are unicellular although they can form colonies or filaments.

There are around 40 000 species of microalgae identified around the world, but phycologists estimate
the total number of species to be up to some millions (Metting, 1996; Norton et al., 1996). Thus the term
“microalga” brings together a considerable diversity of species. It refers to eukaryote and, most of the
time, also includes prokaryote (cyanobacteria) cells. It designates thus species that are not taxonomically
related. Historically, species were morphologically regrouped but more recently, new groups have been
formed using molecular biology (J. Singh & Saxena, 2015). However, there is no consensus on
taxonomic classification of microalgae. The European Algae Biomass Association proposes a
classification based on Tree of Life project (Tree of Life Web Project, n.d.) and John & Whitton, 2011.
It suggests four main kingdoms to classify microalgae: Eubacteria (which contains cyanobacteria),
Archaeplastida, Chromalveolata and Excavata. Figure 1.1 represents the classification proposed by
Pierre et al., 2019; Not et al., 2012. It shows that Chromalveolata are divided into Rhizaria, Alveolata
and Heterokontophyta.

As microalgae are represented in a lot of different evolutionary lines, they have a huge morphological
and molecular diversity. Microalgae can be of different colors (green, red, brown), shapes (circular,
elongated, spiral form, ...) and sizes (0.2 um — 2 mm (Not et al., 2012)). They can grow in various
environments: most of the time in fresh or marine water, but they can also develop on glaciers, rocks or
desert (Cardon et al., 2008; Williamson et al., 2019). Some species can live in extreme conditions in
terms of temperature or pH (Pierre et al., 2019).
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Figure 1.1 — Microalgae phylogenic tree representing eukaryotic species. Reproduced from (Pierre et al., 2019)
with authorization.

1.2.1.2 Chlamydomonas reinhardtii

Chlamydomonas reinhardtii is a green microalga belonging to the phylum Chlorophyta. It measures
between 6 and 11 pm of diameter (Gallaher et al., 2015). As all algae from Chlamydomonas genus, it is
characterized by two flagella, a cell wall and a single chloroplast containing one or more pyrenoids
(Figure 1.2) (Harris et al., 2009). Flagella allow Chlamydomonas to move in the culture medium
(Silflow-2001). This alga can grow autotrophically (performing photosynthesis) or heterotrophically (F.
Chen & Johns, 1996). It grows on the soil or in fresh water.

Chlamydomonas reinhardtii is a model organism used to study biological processes. It grows rapidly
and can be easily modified genetically. Strains used in laboratory come from an original strain isolated
by G.M. Smith in 1945 (Harris et al., 2009). Numerous advances on genetics, biochemistry and cell
biology have been made studying it, mainly on cell cycle, pyrenoid structure, photosynthesis, sexual
reproduction or cell light acclimation (Sasso et al., 2018). In 2007, the entire genome of Chlamydomonas
reinhardtii has been published in the literature (Merchant et al., 2007).
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Figure 1.2 — Schematic representation of a Chlamydomonas reinhardtii cell. Reproduced from (Sasso et al.,
2018) published under the Creative Commons Attribution 4.0 International Public License
(https://creativecommons.org/licenses/by/4.0/). No changes were made.

1.2.2  Production of microalgae biomass and metabolites
1.2.2.1  Production steps

The production of microalgae requires generally four main steps (Figure 1.3). The first one is the
inoculation which is the addition of a small number of algae cells in the bioreactor to allow the cells
multiplication. Then there is a step of microalgal culture, strictly speaking, when the algae are in growing
phase. This step can take place in open or close bioreactors as explained in section 1.2.2.2. This step is
the one that will be studied in the present thesis as it deals with photobioreactor characterization and
performance optimization. The third step is the harvesting step and consists in the separation of algae
from their culture medium. Different methods exist and are detailed in section 1.2.2.3. Finally, algae are
usually dried and transformed depending on their purpose. As metabolites of interest are, most of the
time, situated inside the cell, a step of cell disruption (high-pressure homogenization for example) can
be necessary (Halim et al., 2012). Algae can also be dried and milled in powder before extraction.
Extraction is thus performed using organic solvent or supercritical fluid. Avoiding this step by using
algae which extracellularly secrete metabolites, allows to save energy or solvent costs.
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Figure 1.3 — Four main production steps from microalgae.

1.2.2.2  Culture of microalgae
1.2.2.2.1  Cultivation modes
1.2.2.2.1.1 Choice of trophic mode

Autotrophic cultivation mode which uses the ability of microalgae for photosynthesis enables to
consume carbon dioxide and produce oxygen. Heterotrophic cultivation mode (in the dark using organic
carbon source) enables to obtain high biomass productivities, but bacterial or fungal contaminations are
more common (W. Zhou et al., 2020). Furthermore, this causes undesirable CO, emissions. Mixotrophic
cells, which are using both metabolic schemes previously described, can grow with the help of an
organic carbon source or light. This leads generally to a two-step culture beginning with a fast growth
when cells are consuming organic carbon (W. Zhou et al., 2020). Autotrophic and mixotrophic (flask
scale) modes are discussed in this thesis. Heterotrophic mode, which requires the use of fermenters, is
not studied.

1.2.2.2.1.2 Operating modes

The culture of microalgae can be performed in continuous, semi-continuous or discontinuous modes.
The discontinuous or batch mode is the most used mode in industry because of its technical simplicity
(Takache, 2010). No fresh culture medium is added in the system after inoculation. Hence, the entire
culture is harvest when the algae concentration has reached its maximum value.

The continuous mode consists in pumping fresh culture medium into the system while withdrawing the
same amount of culture (Ramos Tercero et al., 2014). Two methods exist, the chemostat and the
turbidostat. Chemostat method uses a fixed dilution flow rate that is equal to the growth rate. In
turbidostat method, the dilution depends on biomass concentration which is continuously measured and
kept constant. Even if the continuous mode gives better biomass productivity than batch mode in theory,
it is difficult to scale-up as the biomass is harvested at any time.

In semi-continuous systems, a certain amount of culture (1/3 of the total volume for example) is
punctually withdrawn and the equivalent volume of fresh culture medium is added (Benvenuti et al.,
2016). For practical reasons, it is easier to scale-up than continuous mode.

Finally, fed-batch mode refers to punctual addition of nutrients. It is employed to avoid a potential
inhibition at the beginning of culture due to high concentration of a nutrient (Ferreira et al., 2010).
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1.2.2.2.2 Open systems

Open systems exist from the beginning of microalgal culture, in the 1950’s (Chisti, 2013; Sompech et
al., 2012). They can be lagoons (stagnant water near seacoasts), but raceway ponds are mostly used.
These last consist in a closed-loop recirculation channel, taking its name from racetrack (Figure 1.4). A
paddlewheel ensures the liquid circulation through the loop and therefore the mixing. Generally, only
one eight bladed paddlewheel is used for energy saving reasons. The flow velocity is generally around
0.3 m/s to prevent cells from sedimentation (Chisti, 2013). Raceways are generally 0.25-0.30 m deep.
They require a high surface of land (which can be non-arable land). Depending on the location
(illumination, temperature, ...), they can be used only in some periods of the year.

While raceway ponds are the most adopted systems to cultivate microalgae because of their low cost,
they suffer from several drawbacks (Mendoza et al., 2013). Indeed, due to their geometrical conception
they do not allow the control and regulation of some main culture parameters such as temperature or
pH. In addition, light penetration within culture medium decreases rapidly thus limits global growth
inside the system: more than 80 % of the culture is considered to be in dark zone (Chisti, 2013). Another
limitation is the fact that the mixing induced by the paddlewheel is not sufficient to ensure a proper
renewal of cells near the free surface (Sompech et al., 2012). The poor mixing also results in low gas
mass transfer between culture medium and atmosphere or injected gas (CO, can be bubbled directly at
the bottom of the reactor). This leads to insufficient intake of carbon to cells and insufficient stripping
of accumulated oxygen, which both have a negative effect on growth (Mendoza et al., 2013). Moreover,
some CO, not transferred to the culture medium is released in the atmosphere.

Finally, open systems are subject to contaminations as they exchange directly with the environment. It
can be viruses, bacteria, fungi or other species of microalgae (Chisti, 2013). Therefore, only fast-growth
and extremophile algae, which grow in high pH or high salinity medium that prevents other micro-
organisms development, are cultivated in open ponds nowadays. They can be placed under greenhouses
to limit contaminations (R. N. Singh & Sharma, 2012). This also enables a better temperature control.
Raceways are also subject to evaporation (Chisti, 2013). Hence raceways are commonly used to cultivate
microalgae due to their low cost but do not allow to obtain a high biomass concentration which increases
harvesting step costs.

Figure 1.4 — Photography of a raceway pond for the culture of microalgae. Reproduced from (Chowdury et al.,
2020).
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1.2.2.2.3  Closed systems

Closed systems or photobioreactors are transparent bioreactors made in glass or plastic to allow light
penetration. As closed systems, they allow to control the different parameters which have an impact on
growth. Temperature can be regulated using a heat exchanger or spraying water on the surface of the
reactor (R. N. Singh & Sharma, 2012). pH is generally measured by probes and regulated with enriched
air/CO, injections. Thanks to their low depth, light path through the culture is enhanced compared to
raceway ponds, leading to thinner dark zones. Furthermore, they are designed to favor mixing. This
enables an adequate light access for cells and enhance gas-liquid mass transfer. For all these reasons,
photobioreactors allow to obtain high cell concentration. Moreover, as they have no direct exchange
with the environment, they enable to axenically cultivate strains which cannot be grown in raceways (R.
N. Singh & Sharma, 2012).

A lot of different photobioreactors exist. Several geometries and mixing types have been designed
(Figure 1.5). The most frequently used types are tubular reactors (Miyamoto et al., 1988; Molina et al.,
2001; Travieso et al., 2001). They can be vertical, helical, or horizontal (Figure 1.5 a (A), (B), (C)
respectively). Horizontal reactors require more land than vertical but optimize access to natural light
while vertical reactors can be inclined to optimize natural light inflow (Tredici & Zittelli, 1998). They
are equipped with a degassing system used to collect residual gas. Tubular reactors require a high energy
consumption as a low shear pump is needed to drive the flow (R. N. Singh & Sharma, 2012).

Other geometries as rectangular columns are used to grow microalgae. They are, most of the time, in
the form of flat panels (Figure 1.5 a (D)). Due to their low thickness, they maximize light inflow that
leads to high biomass concentration. They used gas sparger at the bottom of the reactor which provides
an efficient mixing and gas-liquid mass transfer. No pump is needed thus these reactors need less energy
than tubular reactors. To enhance mixing and transfers, airlift technology can be used (Degen et al.,
2001). Geometry of this type uses baffles to extend the way of the gas going up to enhance gas-liquid
transfer (Figure 1.5 a (E)).

Some cylindrical vessels also exist although they do not allow light to easily penetrate. Bubble columns
are one of them (Figure 1.5 a (H)). Other cylindrical vessels which can be used are stirred tank reactors
(using also gas sparger) (Figure 1.5 a (G)) (Muifioz et al., 2004) but they provide high shear stress in the
impeller region which can damage cells (Aslanbay Guler et al., 2020).

More recently, innovative designs have been investigated. Hybrid photobioreactors, which used several
geometries to take different advantages of the reactors previously cited, have been designed. For
example, tubular and air-lift reactors have been successfully combined (Acien Fernandez et al., 2001).
New photobioreactors such as floating reactors for offshore production have been studied (Kim et al.,
2016; Wiley, 2013). They facilitate temperature control and mixing is driven by waves. Rotating biofilm
reactors have been designed to increase biomass concentration and reduce harvesting costs but biofilm
attachment must be sufficient (Blanken et al., 2014). Biofilm culture is one of immobilization methods
discussed in section 1.2.3.1.

As they allow to better control culture conditions, photobioreactors enable to get a significantly higher
biomass productivity than raceway ponds. However, they require higher investment and production
costs. At present, photobioreactors can only be used to produce high added value products to be
profitable (see section 1.3.5) (Souliés, 2014), while raceway ponds are considered as more cost-efficient
for large-scale culture of microalgae (Kang et al., 2015). To extend the range of applications of PBR,
the associated costs must be drastically reduced or their performances must be further increased, so more
research on photobioreactors: design, optimization, ... is needed.
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Figure 1.5 — Schematic representation of different types of photobioreactors (a): (A): vertical tubular, (B):
helical tubular, (C): horizontal tubular, (D): flat panel, (E): airlift, (F): accordion type, (G): stirred tank, (H):
bubble column. Reproduced from (Khetkorn et al., 2017) with authorization. Photography of industrial tubular
reactors (b). A Varicon Aqua Phyco-Flow serpentine photobioreactor growing Haematococcus pluvialis in
Kona, Hawaii. Image courtesy of Varicon Aqua Solutions Ltd. UK (2018) (Varicon Aqua Solutions, n.d.).

1.2.2.3  Microalgae harvesting

Microalgal culture are very dilute, reaching between 0.05-0.3 % of dry matter at the end of the culture.
Hence, a step of harvesting is needed to increase the biomass concentration before its valorization.
Several methods exist to harvest microalgae: chemical, mechanical and biological methods. The
selection of the method is based on different criteria: biomass quantity, processing time, cost, biomass
quality, species characteristic and toxicity (G. Singh & Patidar, 2018).

Natural sedimentation can be used but is very slow and inefficient. However, as microalgae are
negatively charged, flocculation can be used to aggregate cells before sedimentation. Different types of
flocculation/coagulation exist according to the flocculating agent. Chemical flocculation refers to
addition of cationic polymers (Danquah et al., 2009), pH increase (Vandamme et al., 2012) or electrolyte

-9.
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addition (Granados et al., 2012). Bio-flocculation can also be used: addition of bacteria to form
microalgal-bacterial flocs thanks to polymers produced by bacteria (Lee et al., 2009). Electrical methods
are studied as well. Electrical power enables to recover algae on electrodes or by sedimentation (S. Gao
et al., 2010). Finally, flotation uses gas bubbles to carry algae on top of liquid, often after a flocculation
step (Garg et al., 2015). It is efficient for low density algae.

In industry, centrifugation (gravity sedimentation using centrifugal force) is mostly used (Person, 2011).
It can be used in continuous or batch mode. Centrifuges are efficient (more than 90 % of separation) but
requires a high consumption of energy and can damage cells due to high shear stress (G. Singh & Patidar,
2018).

Filtration through a membrane (nano, ultra or microfiltration) using a pressure drop can be used to
efficiently separate microalgae from their culture medium (Sun et al., 2014). However, membranes are
expensive and subject to fouling: cells accumulation which block the flow through the membrane (Liang
et al., 2008). Tangential and dead-end membranes are the most appropriates to reduce fouling (Babel &
Takizawa, 2010; Danquah et al., 2009).

It is often profitable to combine two methods (Barros et al., 2015). The aim of the first step is culture
medium thickening. It is done by flocculation/coagulation, flotation ... which allows to obtain a biomass
concentration between 2 and 7 % of total volume. Then a dewatering step (centrifugation, filtration) is
used to concentrates the biomass up to 15-20 % of total volume.

Due to high energy consumption, the cost of harvesting is considered to represent 20-30 % of the total
cost process of microalgae culture (Barros et al., 2015; G. Singh & Patidar, 2018). More recently, Fasaei
et al., 2018 calculated that the actual harvesting costs represent 3-15 % of total cost. It is worth noting
that the harvesting cost is highly dependent on labor cost, energy cost and dry matter content. In all
cases, this step of the process must thus be studied and optimized to lower the total cost of microalgae
production which is not always profitable (Barros et al., 2015).

1.2.3  Encapsulation of microalgae

Immobilization hinders cell mobility by the attachment or entrapment of microorganisms on or inside a
carrier. It thus differs from the leading method of microalgae cultivation which consists in performing
suspended cells cultures. If bacteria or enzyme immobilization are common, microalgae immobilization
have been developed more recently. Microalgae immobilization allows to locally densify cultures and
thus facilitates the harvesting step. It must be noticed that microalgae have the tendency to form biofilm
or aggregates in nature (Karsten et al., 2007). These configurations protect microorganisms from
biological or physical stresses such as extreme temperatures, UV radiations or contaminants (Costerton
et al., 1995; Vasilieva et al., 2016). This shows that some microalgae easily tolerate and are able to grow
when immobilized.

1.2.3.1 Immobilization
1.2.3.1.1 Methods

Different methods of artificial immobilization exist (Figure 1.6). They can be divided into passive and
active techniques. Passive techniques refer to natural attachment (adsorption) while active force the
attachment between cells and the carrier (covalent bonding, membranes, entrapment).

Natural attachment (adsorption) on a support is enabled by weak forces as van der Waals forces,
hydrogen, ionic or hydrophobic bonds (Bayat et al., 2015). This method is easy, not costly and allows a
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direct contact between cells and nutrients. But the weakness of the binding force leads to cell leakage.
The link depends on several factors: the hydrophobicity and surface charge of the carrier and the
microorganism, pH, temperature, culture medium flow... (Costa et al., 2005).

To favorize a better attachment on a carrier, active techniques have been developed as covalent bonding.
It consists in using chemicals as glutaraldehyde to form a covalent bond between cells and the carrier
(Pan et al., 2009; Yigitoglu & Temogin, 2010). This irreversible covalent bonding method enables to
obtain a strong attachment. However, bonding agents can be toxic, which causes cell losses (Bouabidi
et al., 2019). Therefore, this method is sometimes employed on non-living cells. Dead cells can be used
for metal removal (Mallick, 2002).

Finally, entrapment, in which cells are captured in a polymeric porous matrix, is the most used
immobilization method (Moreno-Garrido, 2008). This method protects cells but reduces nutrients
accessibility. Entrapment can be performed in different shapes such as layer or beads. This one is called
“encapsulation” and corresponds to the method used in this thesis. It is described in more details in
section 1.2.3.2.

- - g .;_ L .1 y :5 L _.-*.l-._ . 1 '._,1:
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Figure 1.6 — Schematic representations of main immobilization methods: adsorption (a), covalent bonding (b),
entrapment (c) and encapsulation (d). Reproduced from (Costa et al., 2005) with authorization.

1.2.3.1.2  Carrier choice

Several carriers can be used for microalgae immobilization depending on the method, strain and
applications (Figure 1.7). The carrier must also be mechanically, chemically and biologically stable, i.e.,
it must not be degraded by shear/collisions, dissolved by the medium (pH, ...) or bio-degraded by the
biomass (Vasilieva et al., 2016). It must be hydrophilic to allow a good transfer with aqueous media,
but insoluble (Bouabidi et al., 2019). Carriers can be organic or inorganic, natural or synthetic. Natural
carriers are highly biocompatible, hydrophilic and achieve high diffusivity but are less resistant and
more expansive than synthetic carriers (Bouabidi et al., 2019; de-Bashan & Bashan, 2010; Vasilieva et
al., 2016). In passive immobilization, cucurbits type loofa is commonly used as it is biodegradable,
biocompatible and relatively inexpensive (Vasilieva et al., 2016). Polyurethane foam cubes can be used
in the same way. Carriers made from activated charcoal, glass, wood, zeolite, mineral or plastic can also
be used (Bouabidi et al., 2019; Vasilieva et al., 2016). Other supports which can be used are membranes
(hollow fiber for example) (Hyde et al., 1991; Naessens et al., 2000). There are some drawbacks:
membranes are expansive and growth within it can lead to its breakage when high concentration of
biomass is reached (Mallick, 2002).
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For entrapment, more constraints are imposed as the material must be transparent (for light transmission)
and permeable (for nutrients and gases) in addition of being biocompatible and resistant (Lebeau &
Robert, 2006). Natural polymers as agar, carrageenan, agarose, chitin or alginate are used (Moreno-
Garrido, 2008). Synthetic carriers used can be acrylamide, polyurethane, polyvinyl or resins (de-Bashan
& Bashan, 2010; Vasilieva et al., 2016). To entrap cells in these materials, physical (temperature change)
or chemical (cross-linking with multivalent cations) methods of polymerization exist (de-Bashan &
Bashan, 2010). They must give as less stress as possible to cells in terms of toxicity, pH and temperature
(Lebeau & Robert, 2006). Alginate, which is widespread for encapsulation processes, is used in the
present thesis as described in section 1.2.3.2.2.

In order to gain benefits on both characteristics, composite carriers made from organic and inorganic
materials can also be developed. They can exploit mechanical strength of inorganic material and
biocompatibility and diffusivity of organic carrier (Desmet et al., 2014), which can lead to a better
growth inside the material than with an organic carrier only (L. Zhou et al., 2010). However, the material
preparation and encapsulation process are more complex which make them more difficult to scale-up or
mass produce.

Polyvinyl alcohol
Chitin R A;Jr r'“"m".."q - e Polyurethane Ceramics e
(FVA)
Z F‘c:l-rprnp'rl-ene
i, Carrageenan Acrylamide 4 !
BTV U
—

Polyvinyl alcohol-sodium Polyvinyl a
alginate [PVA-5A] gum |

Figure 1.7 — Description of different carriers which can be used for microalgae immobilization. Reproduced
from (Bouabidi et al., 2019) with authorization.

1.2.3.2  Encapsulation
1.2.3.2.1 Benefits and bottlenecks

Encapsulation of microalgae presents several advantages. As all immobilization methods, encapsulation
enables to increase local biomass concentration and facilitates harvesting step of the microalgae
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production (de-Bashan & Bashan, 2010; Vasilieva et al., 2016). Indeed, only a coarse filter is needed to
separate algae from the culture medium while costly and energy consuming methods are needed for
suspended free cell cultures (section 1.2.2.3). Recovered biomass can then be valorized as usual. An
easier manipulation of the biomass is possible as well, as microscopic cells are not easy to manipulate
compared to beads of a few millimeters. Encapsulation also enables to cultivate genetically modified
strain without a risk of spreading in the environment. In case of vessel breakage, beads can be safely
collected.

Encapsulation also enables to work more easily with a continuous process (Bayat et al., 2015). The
culture medium can be replaced without algae renewal. Encapsulation enables to reuse cells without any
cell wash-out (Lebeau & Robert, 2006). It allows to recover high-added value metabolites in the culture
medium as well, if they are secreted extracellularly by the cells (Figure 1.8). In the latter case,
metabolites have thus to pass through two barriers: cell and encapsulation matrix. The extracellular
secretion allows to prevent extraction of the metabolite from the cell while encapsulation enables to
avoid the harvesting step. The product can then be recovered in the culture medium using an adequate
separation technique (a membrane for example). In the case of luciferase, ultrafiltration cassettes have
been successfully used to concentrate the metabolite.

Outlet Products -
[ ¢
a0 cﬁc

GelBead @ %’_: gﬁ

— ]

Microalgal cell

Bioreactor

Inlet

Figure 1.8 — Schematic representation of continuous process involving encapsulated microalgae to produce
high-added value metabolite, secreted extracellularly by the cell.

Besides, encapsulation matrix preserves cells from different external unfavorable conditions. It
attenuates sudden changes of temperature and pH (Vasilieva et al., 2016). It protects cells from shear
stress which allows to cultivate fragile strains (Bayat et al., 2015). Moreover, the encapsulation shell
decreases the risk of contamination, especially in the bead, in the direct vicinity of algae, even if the
culture medium is contaminated (Vilchez et al., 1997).
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Encapsulation enables to co-immobilize several species which have symbiotic relationship. It can be
bacteria which favorize directly microalgae growth or enhance oxygen supply through the encapsulation
material (Chevalier & de la Noiie, 1988; Gonzalez & Bashan, 2000).

In the context of the ValoAlgue project, encapsulation has several advantages using Chlamydomonas
reinhardtii strain modified to secrete Gaussia luciferase. It allows to protect the fragile strain (which
lacks a cell wall (Lauersen, Berger, et al., 2013) and to prevent the spread in the environment of this
genetically modified strain. Moreover, luciferase secreted extracellularly by the cells can be recovered
in the culture medium.

The positive and negative impacts of encapsulation on growth and metabolites secretion is described in
chapter 2. They mostly depend on the strain and secretion strategy thus no systematic advantage or
drawback can be highlighted.

One drawback of encapsulation is the high cost of the polymer (Vasilieva et al., 2016). Even if alginate
is considered as less expensive than other polymers (de-Bashan & Bashan, 2010), the economic
feasibility of the process must be calculated. Moreover, a fast and reliable method of encapsulation at
large scale must still be developed. The method must be reproducible and able to produce at large scale
under sterile conditions. Research on encapsulation material is needed to improve diffusion rates and
mechanical strength. Moreover, the material must be optimized depending on the strain and application.

These reasons lead to poor knowledge on encapsulation at large scale. There are few existing systems
as described in section 1.2.3.3. They are mostly focused on a rather small scale (1 L).

1.2.3.2.2 Method

In many applications, sodium alginate is used to encapsulate the algal strain. Alginate is a polysaccharide
made from brown macroalgae formed with mannuronate and guluronate monomers. It has several
advantages: transparent, permeable, biocompatible, easy to handle, safe for human and an abundant
feedstock (de-Bashan & Bashan, 2010; Moreno-Garrido, 2008). The immobilization process does not
require extreme conditions for cells as high temperature or pH (Lebeau & Robert, 2006; Moreno-
Garrido, 2008). On the other hand, alginate composition is dependent on the algae origin, which can
lead to reproducibility issues. Furthermore, it can be degraded by some contaminants or sea water (de-
Bashan & Bashan, 2010; Vasilieva et al., 2016).

To form beads, the most common method is to cross-link alginate in bivalent cation solution to solidify
the shell (Figure 1.9). The mixture of alginate and microalgae is dropped through a needle to form beads.
Beads must stay in the reticulation solution a certain period of time before being rinsed and placed in
culture medium.

The bead diameter must be low enough to allow a good light access and nutrient transfer. But smaller
beads are more fragile. Hence a compromise must be made for the size of the beads. Beads size and
shape depends on a lot of parameters: needle diameter, needle height, flow speed through the needle,
alginate concentration, duration of reticulation, reticulation solution concentration, .... Operating
parameters are usually set to obtained beads from 2 mm to 3 mm. The mechanical strength of beads
increases with the reticulation time and solution concentration, but bead porosity decreases leading to
lower mass transfer with the culture medium (de-Bashan & Bashan, 2010). This last step must then be
optimized depending on the alginate and the application.
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Figure 1.9 — General description of bead formation by cross-linking: alginate is dropped in reticulation solution.

To scale-up the production of alginate beads, as manual production is time consuming, several automatic
methods can be used to produce several beads at a time. A multinozzle system based on laminar jet
break-up caused by vibration, has been designed by (Brandenberger & Widmer, 1998). The production
occurs under sterile conditions and can produce up to 5 L.h™1. Another system was developed using a
showerhead box containing several apertures (de-Bashan & Bashan, 2010). Beads are formed when
passing apertures using gravity and the system produces 6 L.h™1. A last method was used to produce
microbeads (100-200 um) by low pressure spraying through a nozzle (Bashan et al., 2002).

1.2.3.3  Photobioreactors for encapsulated algae culture

Few studies are dealing with the culture of encapsulated microalgae at a pilot scale. Different reactor
types can be used: fluidized bed, packed bed, parallel-plate bioreactors and air-lift bioreactors (Mallick,
2002). A fluidized bed reactor enhances carbon dioxide diffusion within solids and thus is particularly
appropriate for the culture of immobilized microalgae (Jaycor, 1985). Light supply is better in a fluidized
bed reactor than in a packed bed. However, it must be considered that the flow rate monitoring of
fluidized bed is difficult because of bead density evolution due to microalgae growth (Jaycor, 1985).

Most study obtained better results using a fluidized bed reactor than in other types of reactors. Regarding
growth, Cheirsilp et al., 2017 obtained similar growth rate for encapsulated Nannochloropsis sp.
cultivated in fluidized bed and free culture. Fluidized bed reactors gave higher metabolites production
as well. A better marennine (pigment of interest) production yield has been obtained using a fluidized
bed than a tubular reactor from the strain Haslea ostrearia (Lebeau et al., 2002). Ross & Pott, 2021
shows a higher production of hydrogen, secreted by Rhodopseudomonas palustris, using a fluidized bed
than using a packed bed or free culture. Finally, from a bioremediation point a view, Travieso et al.,
1992 shows a better COD removal and nutrient uptake using a fluidized bed reactor of 1 L than a packed
bed. In both previous references, the same beads are used in the fluidized than in the packed bed reactor.
As fluidized bed reactors have given better results in several cases, a fluidized bed reactor has been
chosen in this thesis to cultivate encapsulated microalgae in the form of beads as this type of reactor
seems to enhance light supply and nutrients transfer. Most designs use gas to fluidize beads of
encapsulated algae (Figure 1.10 a b). In this thesis, it has been chosen to use a solid-liquid
photobioreactor. The gas-liquid exchanges take place in a column installed outside the reactor, in the
external loop. Ross & Pott, 2021 cultivated encapsulated algae in this kind of reactors as well (Figure

-15-



1 Introduction

1.10 ¢). Concerning the shape of the photobioreactor itself, its design is unusual: a rectangular column
divided by a central panel, which improves bead recirculation and their renewal near walls (chapter 2).
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Figure 1.10 — Examples of fluidized bed reactors used for the culture of encapsulated microalgae in the
literature. Reproduced from a) (Cheirsilp et al., 2017), b) (Lam & Lee, 2012), ¢) (Ross & Pott, 2021) with
authorizations.

1.3 Commercial applications of microalgae

Microalgal culture for commercial purposes began in the 1960s. The market grows over the years to
become a significant industry mostly in Asia, USA and Australia (Spolaore et al., 2006). In 2004,
between 7 000 and 10 000 tons of dry matter were produced each year, which represents more than
4.5 billion US dollars (Person, 2011). In 2010, 10 000 tons of dry matter were produced (Person, 2011).

Nowadays, Arthrospira (Spirulina), Chlorella and Dunaliella are the most cultivated species (Milledge,
2011). They grow rapidly and in extreme conditions (high pH, nutrient-rich media or high salinity)
which avoid contaminations even in open systems (Milledge, 2011). They are mostly marketed for
human and animal nutrition and cosmetics (Table 1.1). However, the huge diversity of microalgae and
the development of closed systems open opportunities for microalgae in a wide range of commercial
applications.

-16 -



1.3 Commercial applications of microalgae

Table 1.1- Microalgal production in 2004. Reproduced from (Spolaore et al., 2006) with authorization.

Alga Annual production Commercial applications
Arthrospira 3000 tons/year Human. and anlmal. r}utrl‘ugn,
cosmetics, phycobiliproteins
Chiorella 2000 tons/year Human nutrltlon,.aquaculture,
cosmetics
. . H triti ti
Dunaliella salina 1200 tons/year umat nuiriion, cosmetcs,
B-carotene (pigment)
Aphanizomenon flos-aquae 500 tons/year Human nutrition
.. A It t thi
Haematococcus pluvialis 300 tons/year quactiture, astaxantiin

(pigment)

1.3.1 Nutrition

Some microalgae (Arthrospira (Spirulina), Chlorella, Dunaliella, ...) are used as human food due to
their very high protein and nutritive value content (vitamins, enzymes, fibers, ...) (Priyadarshani & Rath,
2012). They can be consumed as fresh paste but, most of the time, are sold as powders, tablets or
capsules. Microalgae can be considered as nutraceutical or functional food source. It refers to food which
have positive effects on the body (Borowitzka, 2013).

Furthermore, due to their high contents in pigments (as carotenoids), algae are used as food colorants,
boosted by the increasing demand for natural colorants (Priyadarshani & Rath, 2012).

Microalgae may also be used to feed animals. They are particularly used in aquaculture as live feed for
larvae, young fish or zooplankton used to feed bigger fish. They also have a role as natural orange
pigment for prawns and salmons (Priyadarshani & Rath, 2012). They can be used to feed farming
animals (cow, poultry, ...) or pets (dog, cats, ...) (Bahadur et al., 2015).

1.3.2  Energy

Due to their high lipids and polysaccharides content, microalgae can be used to produce biofuels
(Bahadar & Bilal Khan, 2013). Biofuels produced from algae are referred to as third generation biofuels.
Unlike first generation biofuels, they do not compete with arable lands. Moreover, particularly using
vertical bioreactors, they require less land than plant crops to produce the same amount of fuel (Mata et
al., 2010).

Different biofuels can be synthetized from microalgae (Bahadar & Bilal Khan, 2013). High lipids
content (50 - 70 %) of some microalgae (Chlorella, Botryococcus braunii, Schizochytrium, ...) dedicate
them to produce biodiesel by transesterification. Besides, carbohydrates contained in algae (Chlorella
protothecoides, Chlorococcum, Spirogyra, ...) can be used to produce bioethanol by fermentation.
Chlamydomonas reinhardtii and some cyanobacteria can produce biohydrogen by biophotolysis:
photolyzing water using solar energy and enzymes. Algae can also be used to produce methane by
anaerobic digestion.
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1.3.3  Environmental applications

Microalgae (Platymonas subcordiformis, Caulerpa, Dunaliella salina, Oscillatoria, ...) can be used for
bioremediation of polluted soils. Their high capacity to absorb heavy metals such as lead, cadmium or
mercury allows to treat soils polluted by industries (plastic manufacturing, battery production, or
smelting industries) (Bahadur et al., 2015). They can also be used to capture CO, released from fossil
fuel power plant gas effluents (Klinthong et al., 2015).

Moreover, it is possible to treat wastewater using microalgaec (Chlorella, Ankistrodesmus,
Scenedesmus, ...). They consume nitrates, phosphates and biotransforme xenobiotics contained in
wastewater (Bahadur et al., 2015). Microalgae also remove coliform bacteria and reduce Chemical or
Biochemical Oxygen Demand in autotrophic, as well as mixotrophic or heterotrophic mode (Abdel-
Raouf et al., 2012). The biomass produced treating wastewater can be valorized in almost all sectors
(energy, high-added compounds, ...) except nutrition.

1.3.4  High-added value compounds

Some microalgae (Dunaliella, Haematococcus, Spirulina, Porphyridium, Rhodella, Crypthecodinium,
...) produce secondary metabolites which can be high-added value compounds used in cosmetical or
pharmaceutical industries. They can secrete pigments: carotenoids (p-carotene, astaxanthin, ...),
phycobiliproteins (phycocyanin, phycoerythrin), or polyunsaturated fatty acids (omega 3) which can be
valued in cosmetical or pharmaceutical industries for their properties (Bahadur et al., 2015; Borowitzka,
2013; Milledge, 2011). Their properties: antioxidant, antiaging, anti-irritant, regenerant... are attractive
in skin or hair care products. Some amino acids produced by algae (4Ankistrodesmus spiralis, Chlorella,
Dunaliella tertiolecta, ...) to protect themselves from UV are also used in sunscreens (Priyadarshani &
Rath, 2012). Others diverse properties interest pharmaceutical industry: antibacterial, antifungal and
antiviral activity; anti-inflammatory, anti-hypotensive and prevent cardiovascular disorders, cancer,
type 2 diabetes, depression or schizophrenia (Priyadarshani & Rath, 2012). However, further studies
must confirm these properties (Bahadur et al., 2015). Proteins secreted by algae can be valuable as
therapeutic cells (1.3.7).

Cyanobacteria, green algae or diatoms can also synthetize gold or silver nanoparticles from these metal
salts by bioreduction (Lengke et al., 2006). This synthesis is less expansive and decreases environmental
impact of current processes used to synthetize metallic nanoparticles (Bahadur et al., 2015).

1.3.5  Microalgal culture profitability

Microalgae are thus a promising raw material for numerous applications. Several have been discussed
but microalgae can also be employed as biofertilizer or biostimulant (Dineshkumar et al., 2018; Garcia-
Gonzalez & Sommerfeld, 2016) and to produce biomaterials (Cinar et al., 2020). However, as a new
feedstock mainly under research stage, the profitability of microalgae industrialization is discussed.

It must be noticed that profitability depends on several factors: location of the plant which have an
impact on temperature, light supply and employing labor costs; cultivation process; cost of the existing
method of production (Borowitzka, 2013; Ruiz et al., 2016). Nowadays, high-added value metabolites
or food market can be profitable (Ruiz et al., 2016) but biomaterials or biofuels market are not yet
competitive (Bahadar & Bilal Khan, 2013; Mata et al., 2014; Milledge, 2011). However, as larger
markets, economies of scale will help to make them profitable. It must be noticed that biofuels market
is highly dependent on crude oil price (Bahadar & Bilal Khan, 2013; Borowitzka, 2013) and thus on its
availability. The biorefinery concept, which consists in exploiting all marketable fractions of
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microalgae, will play a role to make microalgae culture profitable (Bravo-Fritz et al., 2016). The
microalgae market will thus change as production costs will decrease with the help of research (Figure
1.11). Biofuels and green chemistry could be profitable in several years but in the short term, high-added
value compounds are a more realistic market for microalgae. Progresses in cell engineering will allow
to enhance secretion of metabolites by strains. Besides, improvements on cultivation processes
(photobioreactor and raceways) are needed as well to decrease the processes costs.
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Maturity
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Figure 1.11 - Microalgae profitability according to commercial application. Adapted from (Person, 2011).

1.3.6  Commercial applications of encapsulated microalgae

Among all commercial applications (1.3), the most common one for immobilized algae is wastewater
treatment (Praveen & Loh, 2015; Ruiz-Marin et al., 2010; Whitton et al., 2019; Zamani et al., 2012).
Encapsulated microalgaec are used to biocapture nutrients as well as heavy metals. Different
encapsulation advantages are favorable for wastewater treatment: higher resistance to contaminants,
easy separation, higher mechanical resistance, possibility to use continuous process without problem of
cell washout and co-immobilization (de-Bashan & Bashan, 2010; Mallick, 2002; Vasilieva et al., 2016).

The production of high-added value metabolites is also widespread. It can be intracellularly or
extracellularly secreted metabolites to enables continuous recovery of metabolites. This is the targeted
application of this thesis therefore a literature review is available in chapter 2.

Encapsulated microalgae are used to produce energy as well, mainly hydrogen (Brouers & Hall, 1986;
Homburg, Venkanna, et al., 2019; Stojkovic et al., 2015). Immobilization enables to increase hydrogen
production of cells. Cell reuse and continuous process facilitated by encapsulation are advantageous for
biohydrogen production by microalgae.
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Finally, encapsulation is used for culture handling of microalgae. It allows to store microalgae for a
longer time than free cells. Different studies reported high cell viability after storage in darkness and at
low temperature, even after several years (Benson et al., 2018; Y.-C. Chen, 2001; Romo & Perez-
Martinez, 1997). This enables to save time and costs for culture collection handling (Lebeau & Robert,
2006; Moreno-Garrido, 2008)

The long conservation of immobilized microalgae allows to use it as biosensor or bioassay to detect low
dose of molecule and its toxicity (Naessens et al., 1999; Shitanda et al., 2005; Védrine et al., 2003). It is
usually based on photosynthetic activity, measuring fluorescence of chlorophyl or oxygen. It is
particularly interesting to use immobilized cell to transport it or to perform a continuous test.

1.3.7  Context of the project: recombinant proteins

Recombinant proteins are proteins produced by genetically modified cells. They result from the
expression of recombinant DNA. Genome of microalgae can be easily manipulated to produce proteins,
particularly in chloroplasts of green algae (Gimpel et al., 2015). Chlamydomonas reinhardtii has been
used most of the times, as its genome is entirely known and several molecular toolkits exist (Gong et
al., 2011).

Recombinant proteins are used as industrial enzymes and therapeutic cells: antibodies or vaccines
(Barrera & Mayfield, 2013). The market of recombinant proteins represents 100 billion dollars every
year (Barrera & Mayfield, 2013). They are nowadays produced by mammalian cells or bacteria. There
are several benefits of using microalgae to produce these kinds of proteins. They grow fast and at low-
cost compared to the cells currently used (Gimpel et al., 2015). They can grow autotrophically or
heterotrophically, in close systems which avoid spread in the environment (Gong et al., 2011). Finally,
microalgae are generally edible which facilitates the ingestion of therapeutic cells by humans (Gong et
al., 2011). However, some bottlenecks on recombinant protein commercialization remain. The most
commercialized microalgal strains, which easily grow and are well characterized, have not been used to
produce recombinant proteins. Expression levels of protein by algae can be low, and proteins must be
stable once secreted (de Grahl et al., 2020; Gong et al., 2011). Besides, more studies on recombinant
proteins secreted by algae are needed before they are allowed for human consumption.

Although microalgae are not yet commercially cultivated to produce recombinant proteins, they are a
promising source of these high-added value metabolites. This is the reason why the ValoAlgue project
is dedicated to this subject, with a Chlamydomonas reinhardtii strain able to secrete extracellularly
Gaussia luciferase (chapter 2) (Lauersen, Berger, et al., 2013). Moreover, recombinant proteins
production is particularly indicated to be produced by encapsulated cells as explained in section
1.2.3.2.1.

1.4 Characterization and modeling of photobioreactors

Microalgal growth and metabolite production depend on numerous parameters: light, pH, temperature,
nutrients... In photobioreactor, most of them can be controlled: pH is often regulated by air-CO,
injection, a system of temperature regulation is implemented, and an excess of nutrients is provided.
Among all growth factors, light is the most difficult to control due to shelf-shading of microalgae. This
is the reason why photobioreactor models focus mainly on light modeling. Nutrient consumption is
sometimes modeled as well but is not considered in this thesis as a large excess of nutrients was used.

As growth depends on light received by algae, the model must consider the light input truly experienced
by cells. This is possible by modeling hydrodynamics which governs bead circulation in the
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photobioreactor and coupling it with an attenuation light law, which describes light distribution in the
photobioreactor (as a function of biomass concentration). Hence, a global photobioreactor model can be
built using a hydrodynamic, light attenuation and biological model to predict microalgal growth (Figure
1.12).

L 4

Beads Time and frequences

i i ' b dark and
trajectories etween dark an
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Figure 1.12 — Interactions between hydrodynamics, light and biological activity of microalgae in
photobioreactors.

1.4.1 Light
1.4.1.1 Light characterization
1.4.1.1.1 Definitions

Light can be described with photometry or radiometry. Photometry, using lumen or candela as units, has
been created to adapt to human eye with a non-linear response to light wavelength. This is the reason
why radiometric units (as watt) are more adapted for microalgae (Legrand, 2016). Irradiance (W.m™2),
which is light power per unit area, is often used to describe light input on photobioreactors.

Microalgae absorb photons in a spectral range called Photosynthetically Active Radiation (PAR)
between 400 and 700 nm. To describe the light used by microorganisms, mole of photons (corresponding
to Einsteins) unit is more often used than watt (1 J approximately equals to 4.6 umolph). Hence the

1

photon flux density (PFD) in umolph.m‘2.s‘ orin pE.m2.s™! (used in this thesis) is employed to describe

light intensity at the reactor surface. PAR probes are dedicated to measure the light intensity in the PAR
range and directly gives results in pE.m2.s'. Another parameter used to quantify light utilization by
microalgae is the photosynthetic efficiency which describes the percent of energy stored as biomass
produced per unit of light energy absorbed.

1.4.1.1.2 Light transmission in a photobioreactor

The energy at the reactor surface (PFD) is different from the available energy inside the reactor (Souli¢s,
2014). Indeed, the light passing through a microalgae culture will be absorbed, refracted and reflected
(Figure 1.13). The sum of refracted and reflected beams, which is called scattering, is transmitted to the
other cells (Legrand, 2016). Absorption is described by a specific light absorption coefficient which
depends on the cell’s pigmentation. However, microalgae can change their pigmentation according to
light by a process called photoacclimation. Therefore, microalgae which are low-light acclimated will
have a higher specific light absorption coefficient than high-light acclimated cells (Legrand, 2016).
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(2) Reflected beam

(3) Refracted beam

Figure 1.13 - Light deflection by a microalgal cell. Reproduced from (Legrand, 2016) with authorization.

There is thus a light gradient inside a photobioreactor due to microalgae absorption and scattering. There
is a zone close to the reactor surface which is highly illuminated and potentially a dark zone where the
light cannot penetrate. The boundary between illuminated and dark zones is fixed arbitrarily. Janssen et
al., 2003 defines the illuminated zone as “the depth at which 90 % of the incoming photon flux is
absorbed” while Souliés, 2014 defines it as the zone where photosynthetic reactions are predominant
compared with respiration. The system must be optimized, providing enough light without losing energy
if light input is increased and some light is not used by cells.

Moreover, light input can only be increased to a certain point because microalgae cells can also be
damaged by a strong light. This phenomenon is called photoinhibition. It describes the excess of light
which affects reaction center proteins situated in the photosystem units (Legrand, 2016). This is why in
case of excessive light input in the photobioreactor, microalgal growth can decrease or this can cause
cells death in worth cases. Hence there is a balance to obtain the fastest growth as possible without
damaging the cells and optimizing energy input. In any case, the most economical and sustainable
solution is to use sunlight but this leads to highly unpredictable and potentially inadequate light input.

1.4.1.2  Light distribution modeling

Some models describe outdoor photobioreactors thus characterize natural sunlight depending on time of
the day and geographical position. This is not discussed in this thesis as an artificial source of light
(LED) is used. Moreover, the alternation of day and night (which should not be confused with light/dark
cycles inside the reactor that are discussed afterwards) is not taken into account as a permanent
illumination is used to facilitate modeling.

1.4.1.2.1 Beer-Lambert law

Beer-Lambert law may be used to model light attenuation in the PBR. It predicts an exponential decrease
of light with depth in the culture depending on the biomass concentration and the specific light
absorption coefficient (Figure 1.14). It is based on three assumptions: the light beams are unidirectional,
the light is monochromatic, and scattering is negligible compared to absorption (Acién Fernandez et al.,
1997).

1(x) = I, e~ (Ep-Cxtew)y (Equation 1.1)
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with I the light intensity, I, the light intensity at the reactor surface, y the distance to the reactor surface,
C4 the biomass concentration (dry weight), €, the absorption coefficient of the biomass, &, the
absorption coefficient of the water.

Figure 1.14 - Schematic light attenuation in a depth of a photobioreactor.

Due to its simplicity, Beer-Lambert law (Equation 1.1) is often used to describe the light attenuation in
photobioreactors (Souli¢s, 2014). However, because the scattering effect in dense culture is not always
negligible compared to absorption, enhanced models have been developed.

1.4.1.2.2 Extensive models

A widely used model which takes absorption and scattering into account is the Radiative Transfer
Equation (RTE) which is a simplification of the Boltzmann transport equation (Legrand, 2016). This
equation can be solved by Monte Carlo method (stochastic method) which is time consuming (Souli¢s,
2014). In RTE basic equation, absorption is considered uniform in the culture while it depends on cells
pigmentation (Souliés, 2014). A model has also been developed to take cells pigmentation into account
(Murphy & Berberoglu, 2011).

While RTE uses a mesoscopic point of view, attenuation models have been developed in a macroscopic
point of view. The first method integrates RTE in all propagation directions to get a diffusion equation.
This is possible using an approximation on luminance angular distribution which is called P1
approximation. Nevertheless, this model does not fit well with a collimated source.

A simple macroscopic model (called two-flux model) has been developed which proposed that light
absorption and scattering are described with two independent coefficients in Beer-Lambert law (Figure
1.15) (Cornet et al., 1995). It is based on unidirectional light attenuation and is a good compromise
between accurate results and a short calculation time (Takache, 2010).

Any of these models is used in this thesis as explained in section 1.4.1.2.3.
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hv

Figure 1.15 — Schematic representation of two-flux model. Reproduced from (Takache, 2010).

1.4.1.2.3 Light transmission through encapsulated microalgae

The absorption and scattering effects in encapsulated microalgae culture are different than in free
microalgae culture. Indeed the model should take into account the absorption and scattering due to the
encapsulation matrix in addition to the algae absorption and scattering (Figure 1.16). Moreover, the
spatial distribution of encapsulated algae compared to free algae is different. Due to the complexity of
the system, only absorption is considered and Beer-Lambert law, with adapted attenuation coefficient
(5.2.2.2), is used in this thesis.
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Figure 1.16 - Schematic representation of light attenuation through microalgae encapsulated in alginate beads.

1.4.1.3  Light/dark cycles

According to Molina Grima et al., 1999, the time algae cells spend in illuminated and dark zones is not
sufficient to quantify a photobioreactor productivity, but the frequencies at which the cells go from an
illuminated to a dark zone must be taken into account. These are called light/dark cycles (L/D cycles).
As L/D cycles are due to renewal of cells in the reactor walls, the L/D cycle depends on superficial
liquid velocities in the reactor.
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A positive effect (called “flashing light effect”) of L/D cycle on photosynthetic efficiency has been
found over the years on different species. Different strategies have been elaborated to experimentally
study the flashing light effect. Average frequencies of L/D cycles have been estimated based on liquid
flow in different geometries (Janssen et al., 2003). Another way of studying L/D cycles is to induce
frequencies by different methods: using flashing LEDs (Matthijs et al., 1996) or by periodically shading
parts of the reactor (Liao et al., 2014). The best results were found for the shorter L/D cycles in any case
(frequencies higher than 1 Hz). A biological explanation of the positive impact of flashing light effect
could be that photons utilization by cells is not instantaneous (Takache, 2010). During a short period,
more photons are absorbed but cannot be used by the cells. As a consequence, under continuous
illumination, some photons are lost. L/D cycles can thus enable to reduce the energy consumption.
Flashing light effect can also have a positive impact on secretion of metabolites such as proteins, fatty
acids or pigments (Lima et al., 2021). One should notice that some studies did not find any positive
influence of flashing light effect on growth for some species (Schulze et al., 2020). Moreover,
frequencies truly experienced by the cells are complex to measure and a favorable impact of increasing
velocities can also be due to better transport processes (Takache, 2010).

However, frequencies of L/D cycles experienced by cells in photobioreactor are lower than 1 Hz most
of the time. The influence of medium-duration L/D cycles on growth has been studied experimentally
on Chlamydomonas reinhardtii. Janssen et al., 2000 measured a lower photosynthetic activity under L/D
cycles between 6 and 25 s than with continuous illumination. Takache et al., 2015 measured a positive
impact of L/D cycles under 12 s (they suggest L/D cycles influence pigment content which influences
growth). The influence of medium-duration L/D cycles on growth thus remains unclear.

The influence of L/D cycles on growth has also been studied using models. Under intermittent light,
growth rate can be calculated by two asymptotic approaches. On the one hand, the full integration
approach suggests cells does not take into account fluctuating light and growth rate can be calculated
with a mean light intensity. On the other hand, the approach without integration considers cells
instantaneously detect and adapt to light variations. The approach depends on the light intensity and the
frequencies of cycles. Takache, 2010 suggests Chlamydomonas reinhardtii follows an instantaneous
adaptation approach for cycles higher than 40 s. However, for L/D cycles under 12 s, they measured an
algae response following a partial integration, i.e. between the two asymptotic approaches. Hence the
global growth rate cannot be directly predicted. Gernigon et al., 2019 introduced a Damkdhler number
(Equation 1.2) which is the ratio of the characteristic times of biological response (ty,;,) and light
fluctuations (ty).

Da= Toio (Equation 1.2)
U

If Da << 1, the approach without integration must be used, while if Da >>1, the full integration method
is used to describe growth. Photobioreactors in which cells experience cycles of a few minutes lead to
Da = 1, which suggest a partial integration. As the characteristic time of light fluctuations depends on
light distribution and hydrodynamics, the coupling between flow and light must be studied in this case.

1.4.2 Hydrodynamics

Studying hydrodynamics is particularly important in bioreactors as it influences the microenvironment
experienced by cells. Especially, hydrodynamics of a photobioreactor plays a leading role as it has an
impact on growth through several factors. It influences mixing and may thus prevent or not the
development of temperature or nutrients gradients. These can have a negative impact on cells. Mixing
also has a direct impact on mass transfer as mass transfer coefficients depend, among others, on agitation
rate (Bitog et al., 2011). Finally, hydrodynamics has a direct impact on light access for cells. The time
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a cell spends in an illuminated zone is directly correlated to velocity fields within the reactor. Moreover,
flow motion determines the frequencies cells pass through illuminated and dark zones, i.e. L/D cycles
(as mentioned in section 1.4.1.3). Hence, mixing must be sufficient to allow a good mass transfer and a
high enough cell turnover in the light zone. But it must be optimized to reduce energy input and keep
low shear stress.

Computational Fluid Dynamics (CFD) is widely used to model hydrodynamics in photobioreactors
(Bitog et al., 2011; Pires et al., 2017). The method consists in dividing the reactor in a high number of
elements called cells, according to its geometry. It calculates then fluid flow motions based on the
resolution of Navier Stokes equations inside each cell. A mesh optimization must be performed to
balance calculation time and accuracy of the results. In any case, this numerical tool enables to save
costs and time needed for experimental work. It is advised though to perform an experimental validation
of a base case, especially for unusual geometries, to verify the abilities of CFD model to reflect reality.
To this end, several experimental methods exist as Particle Image Velocimetry (PIV) used in this thesis
(chapter 3). CFD may be used to improve and optimize reactors design. One of the best examples is that
it can be used to detect dead zones in a reactor. In the case of photobioreactors, it has enabled to optimize
gas bubbling (Huang et al., 2010) or mixing (Pruvost et al., 2006).

Standard photobioreactors (to cultivate free algae cultures), as air lift or tubular reactors, imply most of
the time gas-liquid simulations (X. Gao et al., 2018). This requires studying gas bubbles size and light
transfer through the bubbles. In this thesis, which involves encapsulated microalgae, a solid-liquid
system is studied which does not raise the same issues (chapter 0).

Indeed, the gas injection occurs in an absorption column outside the reactor and is not modeled. In
standard photobioreactors, most of the time, the liquid flow regime is turbulent and can be studied with
a k-e model (X. Gao et al., 2018) while the flow in the photobioreactor involved in this study is laminar
(chapter 3).

However, CFD is time consuming, especially for multiphase flows. To overcome this bottleneck,
compartment models have been developed (Delafosse et al., 2014; Nauha & Alopaeus, 2013; Weber et
al., 2019). They contain a lower number of meshes (compartments) which are considered ideally mixed,
to decrease the calculation time. Moreover, one can easily integrate biological equations in the
hydrodynamic model, which make them attractive to model PBR performance (chapter 5).

is time consuming, especially for multiphase flows. To overcome this bottleneck, compartment models

have been developed (Delafosse et al., 2014; Nauha & Alopaeus, 2013; Weber et al., 2019). They
contain a lower number of meshes (compartments) which are considered ideally mixed, to decrease the
calculation time. Moreover, one can easily integrate biological equations in the hydrodynamic model,
which make them attractive to model PBR performance (chapter 5).

1.4.3 Biological models

Several models have been developed to characterize the influence of parameters on microalgae growth.
For example, Monod, 1949 developed a useful model to predict nutrient consumption by microalgae.
The attention is focused here on light as a preponderant limiting parameter as explained in (equation
1.4). There are numerous correlations between growth and light intensity depending on the strain. For
example, Fouchard et al., 2009 used growth kinetics developed by Andrews, 1968 for Chlamydomonas
reinhardtii (Equation 1.3).
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I
[ % (Equation 1.3)
K +I+(—
1 ( KH )

with K; the half-saturation constant and Ky; the inhibition constant.

This type of equations is highly dependent on the system and on the quantities which are considered.
For example, the light intensity used can be the incident light at the photobioreactor surface or the mean
light intensity inside the reactor (Béchet et al., 2013).

Other models have been developed which combine a light attenuation law (as Beer-Lambert law) with
a growth equation depending on light. The reactor is divided into several parts and both equations are
calculated in these parts and summed. However, these models do not consider the “light history” of
cells, i.e. L/D cycles.

To overcome this, PhotoSynthetic Unit (PSU) models, also known as Photosynthetic Factory (PSF),
have been developed. It sets that biomass is divided in three states: active, resting and inhibited (Figure
1.17). The state of biomass depends on light input. Biomass is first considered in the resting state (x).
By receiving a certain number of photons, it reaches the active state (x,). Two possibilities occur then.
It can either go back to the resting state and the energy provided by photons is used to produce biomass.
Otherwise, if receiving additional photons, biomass goes to the inhibited state (x3). Once in this state, it
is recovered in the resting state after a certain time. Thus, equations used to describe the models require
constants (, B, v and 8) for each transition between states. Theses constants depend on the strain and
on the system (Equation 1.4), (Equation 1.5), (Equation 1.6). As y and d constants depend on time, this
model is able to account for L/D cycles.

The model was first developed by Eilers & Peeters, 1988. Different modifications have been suggested.
Wu & Merchuk, 2001 added two parameters in the equations (k, M,) to consider negative growth in
dark (Equation 1.7).

The equations associated to this model are simple ordinary differential equations, which can be easily
implemented in a global performance model.

[3l

Figure 1.17 — Structure of PhotoSynthetic Unit (PSU) model. x1, x2 and x3 represent the resting, activated and
inhibited state respectively. Reproduced from (Nauha & Alopaeus, 2013) with authorization.
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Xm
v -xIx;+ yXy + 0x3 (Equation 1.4)
dX2 -
E = «Ixq- 7X5- BX, (Equation 1.5)
s JA
E = BIx,-0x3 (Equation 1.6)
1= kyx,-M, (Equation 1.7)

1.5 Thesis strategy
1.5.1 Objectives and methodology

Two main objectives of the thesis can be defined: the scale-up of the culture of encapsulated microalgae
and the modeling of the photobioreactor. They are linked as the reactor modeling allows a better
knowledge of the culture of encapsulated microalgae which can improve ultimately the scale-up.

The first aim of the thesis, as part of ValoAlgue project, is to scale-up the culture of encapsulated
microalgae. Encapsulation method is still under research stage. Really few studies deal with the culture
of encapsulated microalgae at pilot scale. First, measurements are realized in flasks. This enables to
compare encapsulated and free (suspended) cultures of algae. This allows to study mechanisms of
secretion of luciferase as well. Then, cultures in 1 L photobioreactor are realized. Results are not
described in this thesis as they are more of practical/technological than scientific interest. This enables
to test the encapsulation material and the UV disinfection system. Finally, a fluidized bed
photobioreactor of 5 L is used to cultivate encapsulated algae and results are analyzed and compared to
cultures in flasks. Results are used in the global model as well.

The second aim of the thesis is to develop a global model of the reactor. The model includes
hydrodynamics, light and biological equations. Hydrodynamics is modeled using CFD. One main
innovative contribution of the thesis is to model a photobioreactor dedicated to the culture of
encapsulated algae. While traditional photobioreactor models deal with liquid or gas-liquid processes,
the studied reactor involves solid and liquid. This leads to a different strategy, especially regarding
hydrodynamics. Flows of liquid and then solid are studied and modeled. Models are experimentally
validated at each step. Liquid CFD model is validated using PIV and the two-phase model is then
validated using a light attenuation method which gives access to solid distribution. Light is modeled
using Beer-Lambert law. The biomass absorption coefficient is calculated based on light attenuation
measurements through the reactor during the culture.

Another particularity of this thesis is to use a CFD-based compartment model as a base for the global
performance model. Compartment models have already been used to model photobioreactors but it is
still unusual (Nauha & Alopaeus, 2013; S. Papacek et al., 2007).
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1.5.2  Outlines

Even if the thesis is built to lead to the global model of the photobioreactor, each chapter is a step of the
model and is written to be read independently. As methods used in every chapter are very different, they
are detailed before the corresponding results.

Chapter 2 is focused on the culture of encapsulated microalgae in flasks and in the 5 L photobioreactor.
The chapter describes thus biological measurements. Growth of encapsulated algae in flasks is compared
to the growth of free algae in the studied conditions. The extracellular secretion of luciferase by algae
and its diffusion through the beads are studied. The culture inside the 5 L photobioreactor is finally
discussed. The growth and main parameters which have an influence on growth are followed.

Chapter 3 and 0 are dedicated to the hydrodynamics characterization of the photobioreactor. Two phases
are present in the reactor: a solid phase constituted of beads containing microalgae and a liquid phase
which is the culture medium.

As a first step in the analysis of hydrodynamics, only the liquid phase is studied in chapter 3. An
experimental method, PIV (Particle Image Velocimetry) is used to measure velocity fields in the reactor
in 5 different vertical planes. In parallel, a CFD (Computational Fluid Dynamics) model is developed to
be used in the development of the photobioreactor global model. PIV results are used to validate the
CFD model.

Chapter 0 is dedicated to the study of both phases in the reactor (liquid and solid) and their interactions.
A two-phase CFD model is developed. The specificities of solid (density close to water and low
diameter) have a high impact on the liquid — solid suspension behavior and are studied. An experimental
method based on light attenuation and giving access to the solid distribution in the reactor is used to
validate the CFD model. The influence of the presence of solid on the liquid phase flow is studied as
well.

The last chapter, Chapter 5, presents the building of the global model from its constitutive “blocks”. It
groups together the biological results obtained in chapter 2 and the hydrodynamics knowledge brought
by chapter 3 and 0. First, a compartment model is built based on CFD results of two-phase simulations
of chapter 0. A stochastic model is then added to the compartment model, to describe the movement of
solid (beads) in the reactor. On the other hand, light distribution in the reactor is modeled using Beer-
Lambert law, considering the influence of algae growth on light attenuation. Trajectories of beads from
the stochastic model are then coupled with light distribution fields to get a light history of biomass
contained in beads. The growth of biomass is calculated using a biological PSF (PhotoSynthetic Factory)
type model. Model parameters are fitted and simulation results are validated by comparison to
experimental results obtained in chapter 2. The global model is finally used to numerically study the
impact of different parameters (light, liquid flow rate) on the algae culture performance.

At the end of the thesis, a general conclusion summarizes the main results on characterizing a
photobioreactor for the culture of encapsulated algae. Furthermore, it suggests outlooks for future
studies on culture of encapsulated algae and photobioreactor modeling.
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2 Culture of encapsulated algae

2.1 Introduction

In the present study, the impact of immobilizing by encapsulation Chlamydomonas reinhardtii
microalgae in a spherical alginate matrix is studied. Microorganism immobilization is a well-known
process that finds an increasing number of applications for 30 years. Nevertheless, if processes involving
encapsulation of microorganism such as enzyme or heterotrophic cells are well controlled, it is not the
case for microalgae (Hameed & Ebrahim, 2007; Katarzyna et al., 2015).

There is no general rule on the influence of encapsulation on growth and physiology of algae cells,
especially because of the diversity of microalgae strains. Growth of encapsulated microalgae has proved
to be generally lower than free microalgae (Faafeng et al., 1994; Ferro et al., 2012; Homburg, Venkanna,
et al., 2019; Pane et al., 1998). I. Moreno-Garrido et al., 2005 have shown that some microalgae species
do not grow when encapsulated (Heterocapsa sp. and S. costatum). Some studies found a similar growth
rate for free and encapsulated strains (Lau et al., 1997). A higher growth rate of encapsulated algae
compared to free one has also been observed (Guolan et al., 2000; Hertzberg & Jensen, 1989). Hence,
the influence of encapsulation on growth highly depends on the strain and on encapsulation conditions
(bead diameter, material concentration...). Moreover, the encapsulated cell concentration at the
beginning of the culture has an impact on the viability of the culture (Ignacio Moreno-Garrido, 2008).
In some cases, a longer lag period at the beginning of the culture has been observed for encapsulated
cells (Chevalier & de la Noiie, 1985; Lau et al., 1997). Besides, encapsulation can have an impact on
cell morphology. Encapsulation can lead to larger cells (De-Bashan et al., 2002; Lukavsky et al., 1986).
Formation of colonies have also been noticed (Bailliez et al., 1985).

Table 2.1 — Influence of encapsulation on growth for different microalgae. = sign indicates growth rates have
been calculated by the author based on growth curves.

Algae Encapsulated compared to free growth Reference
Chlmy domozms -13% Ferro et al., 2012
reinhardtii
Chlamydomonas 36 % Homburg, Venkanna,
reinhardtii 0 etal., 2019
S. capricomutum -80 % (10 °C) -60 % (20 °C) Faafeng et al., 1994
Tetraselmis suecica -29% Pane et al., 1998
Chlorella vulgaris -1% Lau etal., 1997
Chlorella ~+6% Guolan et al., 2000
Phqeodaclylum ~ 160 % Hertzberg & Jensen,
tricornutum 1989

Most published studies on encapsulated microalgae are in the fields of wastewater treatment or heavy
metals removal (de-Bashan & Bashan, 2010; Mallick, 2002; Ruiz-Marin et al., 2010; Zamani et al.,
2012). Production of energy (mainly hydrogen) from encapsulated microalgace is also studied (Homburg,
Kruse, et al., 2019; Seibert & Torzillo, 2018). However, the secretion of high added value metabolites
by encapsulated microalgae is less studied. Studies are compiled in Table 2.2. Different species have
been immobilized and cultivated to secrete various metabolites (Cheirsilp et al., 2017; Choix et al., 2012;
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Hatanaka et al., 1999; Lam & Lee, 2012; Santos-Rosa et al., 1989; Sicard et al., 2010; Thakur & Kumar,
1999).

Most papers deal with a metabolite secretion intracellularly thus a recovery inside the encapsulation
matrix is possible. Using a strain able to secrete extracellularly a metabolite of interest which can be
recovered in the culture medium is a real advantage for continuous processes. Few strains have this
ability but some studies on the secretion of metabolites in the culture medium by encapsulated
microalgae have been found. Some immobilized cells may produce more metabolite than free cells
(Ledn & Galvan, 1994; Tripathi et al., 2002; Vilchez et al., 1991). Secretion can also be enhanced by

changing the COTZ ratio every 12 h (Vilchez et al., 1991) or as a response to an osmotic shock (Leon &
2

Galvan, 1994).

In this chapter, a strain of Chlamydomonas reinhardtii genetically modified to secrete extracellularly
Gaussia luciferase is encapsulated. This fluorescent recombinant protein is used in biotechnology or in
microscopy as a marker. It does not require a source of light but a substrate to produce bioluminescence.
A very low amount of luciferase is needed to catalyze the reaction, but the cost of this protein is high.
Lyophilized luciferase protein powder is sold 1250 $/mg in 2021 (Nanolight, ref. 321-100) for
luminometer control.

Table 2.2 — Metabolite production from encapsulated microalgae.

Extra Comparison
Algae Metabolite cellular Quantity with free Reference
cells
. : 50 mmol.L™" aft Hatanaka et
Dunaliella parva propanediol No mml% 0h atter = ( ai’a?;;;)e
8 4 (Thakur &
Dunaliella salina glycerol No 1. 1 + Kumar,
pmol.L™. mg chl a 1999)
total 150 (Choix et al.,
Chiorella carbohydrates No mg.100mL1.day”! NA 2012)
Chlorella lipids No  12% of total biomass NA (Lar;Of‘z)Lee’
. .. B _ (Cheirsilp et
Nannochloropsis lipids No 0.362 g.L = al.. 2017)
Klebsormidium gold (Sicard et
flaccidum nanoparticles No NA NA al., 2010)
Haematococcus i1 1 (Tripathi et
J’_
pluvialis vanillin Yes 10.6 mg.L al., 2002)
(Santos-
Chl“’@ domql.zas ammonium No 2700 umol.h'1 NA Rosa et al.,
reinhardtii 1989
)
Chlamydomonas 23 pmol.(mg chl)'l. (Vilchez et
J’_
reinhardtii glycolate Yes h! al., 1991)
(Leén &
Ch Iamy dom onas glycerol Yes 4 gL after 120 h + Galvan,
reinhardtii
1994)
039 (Lebeau et
Haslea ostrearia marennine Yes g -l . - al,, 2002;
mg.(10° cells) .day Rossignol et
al., 2000)
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Most studies focus on the culture of encapsulated microalgae in flasks. Very few of them are dealing
with the culture of encapsulated microalgae at a pilot scale in photobioreactors. Regarding the culture
of encapsulated algae in form of beads, some photobioreactors have been developed for a 2 L working
volume scale (Cheirsilp et al., 2017; Kitcha & Cheirsilp, 2014; Serp et al., 2000). Only one study was
found in the available literature on a 5 L bioreactor (Lam & Lee, 2012).

This study focuses on the encapsulation of Chlamydomonas reinhardtii genetically modified to secrete
extracellularly Gaussia luciferase. The growths of free and encapsulated microalgae are compared. The
influence of encapsulation on the secretion of luciferase is studied as well. Bioluminescence of the
secreted protein makes it easy to dose. The impacts of growth rate and of culture medium composition
on secretion are considered. The influence of adding a polycation (PDADMAC -
poly(diallyldimethylammonium chloride)) to the reticulation solution used for encapsulation is also
studied. All these experiments are performed in flasks. Furthermore, an innovative liquid-solid fluidized
bed photobioreactor of 5 L is used for the culture of encapsulated microalgae, to analyze the scalability
of the process.

2.2  Materials and methods
2.2.1 Strain

The strain used is a Chlamydomonas reinhardtii strain genetically modified by K. Lauersen (Bielefeld
University) to secrete Gaussia princeps luciferase (Lauersen et al., 2015; Lauersen, Berger, et al., 2013).
The nuclear DNA of the UVM4 mutant of Chlamydomonas reinhardtii has been modified. The secretion
signal for the extracellular carbonic anhydrase 1 of the native strain has been replaced with a Gaussia
luciferase marker. The strain is referred to as “algae” or “microalgae” in the following.

2.2.2  Culture medium

Tris-Acetate-Phosphate (TAP) NH; medium (C;H3NaO; 17 mM, NH4Cl1 7.5 mM, TRIS-HCI 20 mM,
pH 7.2) and Tris-Minimal-Phosphate (TMP) NH; medium (which corresponds to the TAP medium
without acetate) are widely used to cultivate Chlamydomonas reinhardtii (Adam et al., 1993; Ermilova
et al.,, 2003; Kumar et al., 2004). Mixotrophic conditions (TAP NH,) are not easily controlled in
photobioreactor due to bacterial proliferation, TMP NHy is then used for cultures in photobioreactor. As
TMP NH; medium has a low concentration in nutrients, especially for culture under CO,, it is
concentrated 2 or 4 times, except for the TRIS component. TAP NH, and TMP NH, are named TAP
and TMP in the following. TMP concentrated 2 or 4 times are named TMP 2x and TMP 4x, respectively.
For cultures in photobioreactor, no TRIS (buffer) is added in the culture medium as pH regulation is
made by CO, addition. Chemical buffers are not usually used at large scale due to their high costs.

2.2.3  Cultivation methods and algae encapsulation
2.2.3.1 Flasks

Free and encapsulated Chlamydomonas is cultivated in 500 ml flasks filled with 200 mL of culture
medium and fixed on an orbital shaker. The orbital shaker (110 rpm) is placed in a room where the
temperature is between 20 °C and 25 °C. Fluorescent lamps (Philips Master TL5 HO 54W/827) that

provide up to 70 pE.m™2.s™' (on the orbital shaker) are used to enlighten the flasks from the top.
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2.2.3.2  Encapsulation

Chlamydomonas is encapsulated in an alginate matrix. A 3.75 %wt sodium alginate solution (Sigma-
Aldrich, ref. 71238) is considered as optimal for encapsulation by our partner from the CMI laboratory
(University of Namur). The solution is sterilized by autoclave at 120 °C for 20 minutes. As alginate
properties are changing with temperature, the viscosity of alginate is measured by a falling ball
viscometer before and after autoclaving. The dynamic viscosity of the non-sterile solution of 3.75 %wt
is 5730 mPa.s. After testing different concentrations, a 5.50 %wt alginate solution sterilized by autoclave
is chosen as its viscosity, equal to 5480 mPa.s, is very close to the viscosity of the optimal non-sterilized
3.75 %wt solution (4 % relative difference).

Algae are first grown in flasks as free cultures in TMP medium for one week. 50 mL of free culture is
then centrifuged (2000 g, 2 min) and suspended in 1 mL of fresh culture medium. They are mixed with
alginate to get an algae/alginate volume ratio of 1:4.

The mix of alginate solution and microalgae is dropped in a reticulation solution (aqueous solution of
CaCl,, 100 mM, sterilized by 0.22 um filtration) to form beads. Due to its influence on material porosity,
PDADMAC (0.4 %) can be added in the reticulation solution (containing CaCl,). PDADMAC is a
cationic polymer. It is used to form a cationic layer around the anionic sodium alginate to increase the
bead resistance (Desmet et al., 2014). Its impact on the secretion of luciferase is studied in 2.3.1.1.2.
To ensure sterile conditions and minimize bacteria proliferation inside the photobioreactor, all the
encapsulation process is carried under a laminar flow hood.

Bead making is time consuming thus requires semi-automatic methods. A simple method, which have
been used in the present case, is to use a peristaltic pump, a tubing and a needle (Figure 2.1). The method
still takes time as beads are made one by one but enables a reliable bead formation and reproducibility.
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Figure 2.1 — Automatic method to produce Ca-alginate beads. Schematic representation of the method (a).
Photography of the set-up (b) using a peristaltic pump (3), tubing (2) and a needle (1).

2.2.3.3  Photobioreactor

The photobioreactor is specifically designed for the culture of encapsulated microalgae. It is a two-phase
flow fluidized bed reactor in which beads of encapsulated microalgae are the dispersed solid particles
and culture medium is the liquid continuous phase. It is a flat, rectangular reactor of 38.05 cm height,
35.10 cm width and 4.25 cm depth (Figure 2.3). Walls are made of 8 mm thick transparent Plexiglas
sheets to allow light transmission. The working volume of the reactor, where microalgae beads are
circulating, is around 5 L. Fluidization of the solid is ensured by a liquid injection at the bottom of the
reactor through an off-centered slit of 1 mm thick disposed over the whole width of the photobioreactor.
The liquid outlet is situated at the top of the photobioreactor whereas a grid is disposed to keep the solid
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particles within the working volume. The liquid is recirculated from the top to the bottom of the
photobioreactor by the means of an external loop. A 5.5 mm thick internal wall enables to control the
circulation inside the reactor and to homogeneously distribute the beads. As a consequence of the
internal wall and of the off-centered liquid inlet, the flow is ascending on one side of the internal wall
and descending on the other side. A prism is set at the bottom of the reactor to force the circulation of
the liquid and the beads over the slit at the reactor bottom, avoiding a dead zone.

In this study, a solid volume fraction of 4 %v is chosen. To keep sterile conditions, the solid is introduced
in the photobioreactor using a lateral valve which is disinfected with ethanol before use. A liquid flow
rate of 0.1444 kg.s™' (520 L.h'l) is chosen, which corresponds to the flow rate required to fluidize a bed
of beads with specific characteristics (diameter: 3.3 £ 0.1 mm, density unknown) for the solid volume
fraction involved. The liquid flow rate is highly dependent on beads characteristics (chapter 0). For a
solid volume fraction of 4 %v, the flow rate varies from 0.1138 kg.s™ to 0.1444 kg.s™ for a bead
diameter of 2.8 and 3.3 + 0.1 mm and a density around 1018 kg.m™ at 20 °C.

A LED light system is used to enlighten the reactor on the descending zone side (Figure 2.3 b ¢). The
mean light intensity equals 60 pE.m?2.s™!. Detailed information on light attenuation in the reactor is
given in chapter 5.

The photobioreactor external loop is used to implement all the probes and equipment required to control
the culture conditions. The temperature is kept at 25 °C using a heat exchanger and a water bath. An
electronic controller (Consort, multi-parameter controller, R3620) regulates the pH under 7.2 by means
of a pH probe and an air-CO, injection through absorption column disposed in the external loop. The
absorption column allows enhancing gas-liquid transfers between culture medium and atmosphere. It
improves CO, transfer to the liquid phase and stripes the excess of dissolved oxygen in the culture
medium due to photosynthesis which can be harmful for algae. Oxygen concentration of 30 mg.L™! can
be harmful for microalgae (Kazbar et al., 2019). A concentration of 10 mg.L'1 is reached using an air-
lift reactor (Sanchez Mirén et al., 2002) while a higher concentration (33 mg.L™") is obtained with a
tubular reactor (Molina et al., 2001). The global amount of CO, added during the culture, is monitored
by weighing the CO, cylinder (scale: Sartorius Entris 2). Dissolved oxygen concentration is measured
using a probe (Hach, LDO101) and a controller (Hach, HQ40d).

A UV system (Philips, PL-S Module 25W) is also set on the external loop to limit the bacterial
proliferation within the culture medium. As a matter of fact, the separation of the algae and the medium
allow the continuous sterilization of the culture medium by UV as long as it does not have a negative
impact on the metabolites of interest that are secreted in the medium.

Before each culture, the photobioreactor is chemically sterilized using sodium hypochlorite and washed
with distilled water. Culture medium is then introduced through a 0.22 um filter. 0.22 um gas filters are
also used to sterilized injected air and CO,, as well as for gas exhausting from the photobioreactor during
culture.
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Figure 2.2 - Flow characteristics in the photobioreactor. A prism, an internal wall and an off-center inlet
improve the beads circulation. A grid at the top of the reactor keeps solid with in the reactor while liquid is
controlled in an external loop.
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2.2.4 Biomass quantification
2.2.4.1  Free microalgae cultures

In free culture performed in flasks, the algae concentration (growth) monitoring is made by measuring
the evolution of the culture optical density. The optical density (A=750 nm) of cultures is measured using
a spectrophotometer (Hach, DR 3900). The calibration is establishing the correlation between the optical
density measured on different free cultures to their dry weight (Equation 2.1). The correlation is linear
and is specific to the spectrophotometer and the strain used (Figure 2.4).
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Figure 2.4 — Calibration curve between optical density at 750 nm and dry weight of Chlamydomonas reinhardtii
for the spectrophotometer used (Hach, DR 3900). Linear regression through origin.

2.2.4.2  Encapsulated microalgae cultures

The protocol to measure biomass dry weight in encapsulated algae cultures is based on an optical density
method similar to the one used for free algae described in Figure 2.4, adapted to prevent interference
from the encapsulation matrix. Beads are first dissolved, then the optical density is measured. It requires
a perfect dissolution of the alginate matrix, otherwise alginate fragments can absorb light and distort
results. The dissolution protocol had to be optimized, as the method most often proposed in literature
(trisodium citrate at room temperature) did not lead to satisfactory results.

A defined number of beads containing algae (10 to 50) are dissolved within 10 mL of trisodium citrate
solution (0.25 M). To completely dissolve alginate, the mixture is heated during 2 h at 45 °C and then
vigorously agitated at room temperature for 20 minutes. The optical density of the resulting solution is
then measured by spectrophotometry at A=750 nm, with trisodium citrate solution as blank.

If all beads are equivalent (same volume and same algae concentration) and if all beads are completely
dissolved, the measured optical density should linearly increase with the bead concentration. Figure 2.5
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shows that the linear regression is not perfect, while remaining very good, with a R? equal to 0.97. A
microscopy observation of the resulting solution confirms the complete dissolution of alginate.

For comparison of free and encapsulated algae growth in flasks, 3 beads are dissolved par mL (9 beads
in 3 mL) of trisodium citrate solution (0.25 M). Dry weight is calculated according to the total volume
of solid (19 mL) and liquid (181 mL) in the flask. 1% of the total solid is removed in each sample, which
is considered in the dry weight calculation.

In the photobioreactor, two duplicates of 9 beads in 3 mL are collected and dissolved before the
measurement of optical density. Dry weight is calculated according to the volume of the bed bead (height
< 350 mm) which corresponds to a volume of 4.5 L (while the volume of culture medium in the reactor
is 15 L). The volume of beads removed every day (around 1 % of total volume of solid each day) is
taken into account.
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Figure 2.5 — Optical density measured by spectrophotometry at 750 nm for different number of beads per
milliliters containing microalgae. Linear regression through origin.

2.2.4.3 Growth rate

Growth rate p is calculated depending on the dry weights (C,;) measured at different times t; following
the correlation (Equation 2.2). As dry weights are measured daily, intervals between two times are
expressed in day.

_In(Co) - In(Cy)

(Equation 2.2)
-t
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2.2.5 Luciferase dosing

Luciferase is dosed by bioluminescence using the protocol described by Lauersen, Berger, et al., 2013;
Shao & Bock, 2008. The samples used for measurement are either dissolved beads (6 beads in 2 mL of
citrate) or culture medium sampled during culture. Optical density is measured by spectrophotometry
and the sample is filtered (0.22 pm) to remove biomass before measuring luciferase concentration.
Samples are kept at -20 °C for conservation. The impact of the volume of collected samples of beads
and culture medium on measured luciferase concentrations is not taken into account, as it globally
represents less than 3 % and 2 % of the total volumes of beads and culture medium, respectively.

Every sample is diluted in fresh culture medium with dilution ratios equal to 0.025, 0.05, 0.1, 0.175,
0.25, 0.5, 0.75 and 1 (ranging between 0.025 and 1). A blank containing only culture medium is also
realized. 20 uL of sample is diluted in 125 pL of assay buffer (K,HPO, 100 mM, NaCl 500 mM, EDTA
1 mM, pH 7.6) in a 96 well-plate. 50 uL of coelenterazine (Roth, 4094.3) at 0.04 mM (after dissolution
in ethanol), is added in each well (72 wells plate used). The plate is then placed in the dark for 5 min
incubation. A plate reader (Synergy MX) is used to measure the relative luminescence unit (RLU).

This bioluminescence method is semi-quantitative and requires the use of a standard. It is not possible
to use a commercial standard with a known concentration because of costs reasons. Indeed, the cost of
100 pg of luciferase powder is 225 $ (Nanolight, ref. 321-100) which is the quantity required for 3 tests
only. Results are then expressed as relative and not absolute results, using a standard with an unknown
concentration. Luminescence signal is plotted according to the sample dilution (Figure 2.6), allowing to
determine the dilution ratio range in which the correlation is linear. A linear regression is made on this
zone. For culture medium samples (from free and encapsulated cultures), the linear zone is between
0.175 and 0.75 dilution ratios, while it ranges between 0.1 and 0.5 dilution ratios for dissolved beads
and standard. The concentration in the sample is extrapolated from the regression obtained on this linear
zone for a dilution ratio equal to 0.5 and the y-intercept is subtracted. The luminescence of a standard,
which corresponds to the supernatant of a 3 day-culture of free microalgae, is measured each 3 samples
(2 lines of standard per well plate of 8 lines). As the second standard value has not a constant variation
(was slightly higher or lower) compared to the first standard value, the average of both values is taken.
The results of a plate are expressed as a percent of this averaged standard. However, the difference
between two standards of one plate is generally of 30 % (vary from 2 to 90 %). Hence the error of the
method is high and enables to only get main tendencies.
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Figure 2.6 — Example of data processing of luminescence signal. Sample of dissolved beads on day 6, made
using PDADMAC and cultivated in TMP. The linear regression is made between dilution 0.1 and 0.5 for this
sample of dissolved beads. The value in absolute RLU for a dilution of 0.5 using the regression is 243. The y-

intercept (8.2107) is subtracted and the result is multiply by the dilution (0.5). The absolute value in RLU is thus

118 and the mean value of the standards was 4942 for this plate so the value in RLU (%standard) is 2.4 %.

2.2.6  Nutrient dosing

Ammonium and phosphate ion concentrations are measured by a colorimetric method using a
spectrophotometer (Hach, DR 3900). Phosphates are measured (spectrophotometric measurement at 890
nm) using the PhosVer method proposed by Hach: powder pillows of ascorbic acid are added in 10 mL
samples. After swirling, the reaction is allowed to run for two minutes. For each sample, a blank is
realized with sample without acid, submitted to the same swirling and reaction protocols. The method

allows dosing up to 2.5 mg.L™! of PO43'.

Ammonium is dosed using the Nessler method (spectrophotometric measurement at 425 nm). Reagents
provided by Hach are used: mineral stabilizer (3 drops), polyvinyl alcohol dispersing agent (3 drops)
and Nessler reagent (1 mL) are added to 25 mL samples. After swirling, the reaction is allowed to run
for one minute. The same protocol and reagents are used for the blank (distilled water). The result is

considering nitrogen and must be multiplied by 1.29 to be expressed as mg.L'1 ammonium (NH, ). The
method range is up to 2.5 mg.L ™. Culture medium samples are diluted by 250 to be in the method range.

2.3 Results
2.3.1 Cultures in flasks
2.3.1.1  Luciferase production

One of the aims of the project is to recover in the culture medium luciferase secreted by encapsulated
algae, to avoid separation of the metabolite from the algae, which is one benefit from encapsulation
(chapter 1). There is a multi-scale process occurring: production of luciferase by the cells, extracellular
secretion of part of luciferase, diffusion through the encapsulation matrix. To understand the process
performances (luciferase concentration in the culture medium), each step must be analyzed. Luciferase
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concentration in beads is thus measured. Growth is simultaneously evaluated to calculate a specific
production of luciferase. Then, the comparison of luciferase concentration in beads and in the culture
medium allows to evaluate luciferase diffusion through the encapsulation material. The impact of
different parameters on each step is analyzed.

2.3.1.1.1 Luciferase production in beads

The concentration of luciferase in beads cultivated in flasks is followed for 6 days and measured on day
1,2, 3 and 6. The influence of different parameters on secretion is studied. Different culture medium are
tested (TAP, TMP, TMP 2x). For each medium, two flasks are used: one containing bead made from a
reticulation solution with CaCl, and PDADMAC and one made using a reticulation solution with CaCl,
only (Figure 2.7).

In beads formed using PDADMAC, a higher luciferase production is measured with TAP medium
(between 9 and 41 %standard) than using TMP 2x medium (4 - 26 %standard). Similarly, luciferase
concentration is more important using TMP 2x medium than TMP medium (1 - 3 %standard).

The influence on the secretion of luciferase of adding a polycation (PDADMAC, 0.4 %) in the
reticulation solution (containing CaCl,) is studied. In TAP medium, the concentration of luciferase
inside the beads formed with PDADMAC (between 9 and 40 %standard) is higher than using CaCl,
only (between 2 and 8 %standard) (Figure 2.7). This shows the high influence of the encapsulation
material on the secretion of luciferase even inside the beads, due a modification of the local conditions
around microalgae. However, in TMP 2x medium, the beads formed with or without PDADMAC
produce a similar quantity of luciferase. Finally, the beads formed using PDADMAC and cultivated in
TAP medium and the beads formed without using PDADMAC and cultivated in TMP 2x medium
produce the most luciferase inside the beads.

It can be observed that luciferase concentration decreases after day 3 inside beads for all samples.
Besides, optical density measurements of dissolved beads shows that encapsulated algae growth reaches
stationary phase on the same day (day 3), indicating a potential correlation between secretion of
luciferase and growth.

It must be noticed that the optical density is directly correlated to the dry weight, but these experiments
are made with a spectrophotometer for which the correlation is unknown. This is the reason why results
are expressed in OD (optical density).

Similar correlation is observed by other ValoAlgue partners. Moreover, Lauersen, Vanderveer, et al.,
2013 highlights the same pattern on this strain when cultivated as free algae. They show an accumulation
of recombinant protein at day 2 and 3 which corresponds to the period of exponential growth. After that,
they observe a drastic decrease of recombinant protein. Hence the strain secretes luciferase only during
its growth phase. Moreover, the luciferase concentration does not remain constant but decreases,
meaning that during stationary phase no luciferase is secreted and the luciferase produced during the
growth phase is degraded. This also is noticed by Lauersen, Vanderveer, et al., 2013.
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Figure 2.7 — Influence of the culture medium (TAP, TMP, TMP 2x) on the secretion of luciferase inside beads
formed with (solid line) and without PDADMAC (dashed line). Optical density of the cultures in every medium is
indicated (dotted line). For TAP and TMP2x, a mean optical density in cultures made with and without
PDADMAC is calculated.

As more biomass is produced with TAP medium, the secretion of luciferase in TAP flasks is more
important. The concentration of luciferase (%standard) is divided by the optical density for every culture
medium to get information on the specific production of luciferase, i.e. normalized by a quantity (OD)
directly related to the biomass concentration.

The specific production (ratio RLU/OD) obtained in TMP medium concentrated two times (TMP 2x) is
more important than using TAP or TMP medium in any case (Figure 2.8). During day 2 and 3, it reaches
the double of luciferase secreted by algae cultivated in TAP medium, inside beads formed with or
without polycation. The specific production is significantly lower in TMP medium as well. Hence even
if TAP medium allows to get a higher dry weight, TMP 2x medium enables to get higher luciferase
specific production.

As working in mixotrophic conditions, when using TAP medium, results in higher bacterial
proliferation, this culture mode is very difficult to manage in photobioreactor and must be avoided. It is
thus promising that TMP 2x presents good results for luciferase production.
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Figure 2.8 - Influence of the culture medium on the specific secretion of luciferase inside beads formed with and
without PDADMAC. The relative luminescence is divided by the optical density measured by
spectrophotometry.

2.3.1.1.2 Impact of the encapsulation matrix on luciferase diffusion in culture medium

The aim of the project is to design a process, allowing the continuous recovering of metabolite in the
culture medium. To achieve this, the metabolite must be excreted by cells and then diffused through the
beads. In free cultures, around 40 % of the total production of secreted luciferase is excreted by cells
(results not published from our partner from the Laboratory of Bioenergetics of the University of Liege).
Then the extracellularly secreted luciferase must be transferred to the culture medium, by diffusion
through the bead material. This is the reason why a special attention is paid to the evolution of luciferase
concentration in the culture medium as well as in beads. Figure 2.9 shows concentration values measured
on days 1, 2, 3, and 6 in beads and in the culture medium. For all culture medium, luciferase
concentration is always significantly lower in culture medium than in beads (factor 2 to 400), indicating
a retention of luciferase inside alginate beads.

Results obtained without using PDADMAC in the reticulation solution shows the same, luciferase
concentration in culture medium is always lower than in beads

The decrease of luciferase concentration with time is visible in the culture medium as it is in beads. The
degradation of luciferase (decreasing and not stable concentration) can also be noticed. In TAP medium,
the higher concentration in beads is measured on day 2 while it is on day 3 in culture medium. This
could be due to the time required for the luciferase to diffuse through the encapsulation material.
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Figure 2.9 — Secretion of luciferase inside beads and culture medium. Cultures conducted in TAP, TMP 2x or
TMP medium in flasks. Reticulation solution containing PDADMAC.

Gaussia luciferase secreted by Chlamydomonas reinhardtii has a molecular weight of approximately
50 kDa (Lauersen, Berger, et al., 2013). Assuming the protein is spherical, it corresponds to a 5 nm
diameter. The pore size distribution and the pore volume of the encapsulation material was characterized
by a team of the CMI laboratory (University of Namur) working on ValoAlgue project (Desmet et al.,
2015), leading to a pore size distribution between 10 and 80 nm. Hence the pore size cannot completely
explain the retention of luciferase inside the beads.

According to our partner from the University of Namur, possible explanations of the diffusion limitation
is the physico-chemical properties of the material which have the most important influence on luciferase
diffusion. Hydrophilic or hydrophobic sites as well as positive or negative charges can have an influence
depending on the affinity of these sites with the metabolite (Rooke et al., 2011)-

The impact of using PDADMAC during cross-linking of beads on the diffusion of luciferase in the
culture medium is studied. The concentration of luciferase in the culture medium (TAP) without
PDADMAC is more important except for day 3 (Figure 2.10). But the quantity of luciferase is low (a
few percent of standard) and the error of the method is important as explained in the Methods (2.2.5),
so it is difficult to draw conclusions.

Hence no impact of adding PDADMAC on the diffusion of luciferase through the beads can be observed.
The luciferase concentration in beads made with PDADMAC is higher but concentration in culture
medium is equivalent, indicating perhaps even a worse diffusion using PDADMAC. The above-
mentioned study also showed that a higher porous volume is obtained if no PDADMAC is added to the
reticulation solution (Desmet et al., 2015). Even if the pore size may not explain the luciferase retention
in beads, a reticulation solution without PDADMAC is used, as it leads to a higher porosity and thus
potentially to a better diffusion. Moreover, the beads without PDADMAC are sufficiently resistant.
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Figure 2.10 - Influence of the addition of PDADMAC in the reticulation solution on the diffusion of luciferase in
the culture medium. Cultures conducted in TAP medium.

As the quantity of luciferase in the culture medium is significantly lower than the luciferase dosed in the
beads, the conclusions drawn inside the beads are confirmed. The secretion of luciferase takes place
during the growth phase only and is rapidly degraded. The luciferase is not well diffused through
alginate beads made with this protocol. Improvements on encapsulation material have to be performed
but are not the subject of this thesis. Results obtained at small scale show that the method (this strain
encapsulated with this material) cannot be used to produce luciferase in the culture medium in the
photobioreactor, so luciferase is not dosed in the photobioreactor. Despite this, the results obtained on
photobioreactor are still valuable as the aim of the global project is to validate its design as a proof of
concept for cultivating encapsulated microalgae at pilot scale, in the perspective of using it to cultivate
other strains. Some strains have been previously used to secrete smaller metabolites through alginate
beads. As detailed in the introduction of this chapter, Haematococcus pluvialis was used to produce
vanillin (Tripathi et al., 2002) and Haslea ostrearia to secrete marennine (Lebeau et al., 2002).
Moreover, the studied strain is used to test photobioreactor performances as knowledge on
Chlamydomonas reinhardtii behavior has been accumulated and it is considered as a model alga. This
green alga can be easily manipulated genetically which can results in extracellular secretion of
metabolites. Chlamydomonas reinhardtii has been encapsulated to produce glycolate (Vilchez et al.,
1991), glycerol (Leon & Galvan, 1994) and hydrogen (Homburg, Kruse, et al., 2019).

Based on the results obtained in this section, it is chosen to study the strain growth with a reticulation
solution containing no PDADMAC and with a culture medium TMP 4x (concentrated 4 times) in view
of promising results with TMP 2x. Moreover, cultures can be more rapidly limited by nutrients using
CO, input as in the photobioreactor.

2.3.1.2  Comparison of free and encapsulated microalgae growth

Microalgal growth in photobioreactor is potentially lower than in flasks, which is the main challenge of
scale-up. For the purpose of cultivating encapsulated microalgae in photobioreactor, two potential
negative impacts on growth must be taken into account: encapsulation and scale-up. Since the 5L
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photobioreactor does not allow cultivating free algae, it cannot be used to compare growth of free and
encapsulated cells. Thus, the impact of encapsulation is evaluated based on biomass growths measured
in cultures in TMP 4x performed in flasks agitated on orbital shaker. Three Erlenmeyer flasks of free
and encapsulated algae are cultivated. Cultures are performed for 10 days.

The normalized dry weight evolution is presented on Figure 2.11. Dry weights are divided by their initial
concentration as they are slightly different (0.02 g.L"! for free cultures and 0.03 g.L™! for encapsulated
algae). It must be noticed that the biomass in flasks of encapsulated algae is situated only in the beads.
There are thus two areas with different concentration: a high local concentration in the beads and a null
concentration in the culture medium. A same initial concentration of free and encapsulated cultures
corresponds to two different spatial distributions as free microalgae are almost uniformly distributed.
After 10 days (237 hours) of culture, the normalized dry weight obtained in free algae cultures (13.9) is
significantly higher (4 times higher) than the normalized dry weight measured with encapsulated algae
(3.5).

If measured between day 0 and 8 (before the stationary phase is reached for encapsulated algae), the

growth rate is 0.31 day'1 for free algae and 0.16 day'1 for encapsulated algae. This represents a growth
inhibition of 49 %, higher than in the literature: between 13 and 36 % (Ferro et al., 2012; Homburg,
Venkanna, et al., 2019). However, a longer lag phase for encapsulated algae than for free algae can be
noticed the first two days. If the exponential growth phase of encapsulated cells is considered between

day 2 and 8, the growth rate is 0.15 day'1 for encapsulated algae and 0.19 day'1 for free algae,
corresponding to a 19 % difference, in better agreement with inhibition values reported in literature for
Chlamydomonas reinhardtii (Ferro et al., 2012). It is important to note that these results strongly depend
on the strain, the culture conditions, the encapsulation material, the time of reticulation and the
concentration of the reticulation solution, the needle diameter, the height of the needle compared to the
reticulation beaker... All these parameters have an influence on bead diameter and permeability thus an
influence on the growth. Hence results obtained here are in the same order of magnitude than in literature
but results of studies using different conditions cannot be accurately compared.
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Figure 2.11 — Growth of Chlamydomonas reinhardtii cultivated in flasks as free or encapsulated in alginate
(without PDADMAC in the reticulation solution). Mean dry weight of three free and three encapsulated cultures
in TMP 4x. Dry weights are normalized (divided by the initial dry weight).
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2.3.2  Culture in photobioreactor
2.3.2.1 Growth

Two cultures are realized successively in the 5 L photobioreactor (Figure 2.12). Different parameters
are followed during the cultures: dry weight, temperature, pH, dissolved oxygen and nutrients
concentration. Cultures are stopped when algae can be visually detected in the culture medium due to
cell leakage from beads. Cell leakage occurred slightly from day 19 and more importantly on day 24
(end of culture) for culture 1. During culture 2, few algae grow in the culture medium from day 17. The
culture is stopped on day 21. Hence the cultures lasted more than 20 days, even if no PDADMAC
(commonly used to obtain a more robust material) is used. It is a longer time than most of other cultures
of encapsulated algae in alginate in photobioreactor described in the literature, which last maximum 10
days (Cheirsilp et al., 2017; Kitcha & Cheirsilp, 2014; Lam & Lee, 2012; Ross & Pott, 2021). It should
be taken into account that this time depends obviously on the initial cell concentration and the duration
of growth, which is particularly long in this case due to a low light intensity input. This prolonged time
shows that the encapsulation material is adapted to the conditions used for the culture. Moreover, it
suggests that the designed photobioreactor provides low shear stress which could damage the beads.

Beads of encapsulated algae are sampled every day to measure the dry weight in the 5 L photobioreactor
(as explained in Methods 2.2.4.2). Growth curves of culture 1 and 2 show a long lag period of 2 days.
Then a low growth occurs during day 3 and 4 before a fast growth between day 4 and 6. Then, an almost
constant growth occurs until the end of the growth, on day 20.

It can be noticed that final dry weights are globally low. This can be explained by a rather low light
intensity (60 pE.m.s™! on the reactor wall) and the low concentration in biomass at the beginning of
the cultures.
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Figure 2.12 - Growth of Chlamydomonas reinhardtii encapsulated in alginate cultivated in a 5 L
photobioreactor. Error bars correspond to the two duplicates of 9 beads used to measure dry weight.

Hence, not only the encapsulation material is robust enough to cultivate the algae more than 20 days but
also has a suitable permeability to nutrients and transparency to grow algae. Indeed, the microscopic
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observation of a cross section of a bead indicates that algae grow in the center of the bead as well as
near their surface (Figure 2.13). A lack of nutrients or light in the center of the bead would lead to the
death of cells. Furthermore, the photobioreactor provides a low shear stress but allows a sufficient
mixing, which has an impact on mass transfer and light access for beads, to grow well this alga. It is a
challenge in cultivating encapsulated microalgae. The encapsulation material and the design of the
reactor are thus effective to grow encapsulated algae.

S|

Figure 2.13 — Cross section of an alginate bead (obtained by cross-linking with CaCl,) of around 3 mm of
diameter containing encapsulated Chlamydomonas reinhardtii. The bead has been cut using a scalpel.

Measured dry weight of culture 2 is significantly lower than the dry weight of culture 1 (Figure 2.12).
However, it should be noticed that the volume of solid in the reactor is unintentionally different for both
cultures. The volume of solid in culture 1 is 4.3 % while the volume in culture 2 is 3.8 %. As the dry
weight is calculated according to the total volume of solid in the reactor, this has an impact which can
explain the dry weight difference between both cultures. Dry weights are normalized (divided by their
initial concentration) to be compared (Figure 2.14). Once normalized, growth curves of dry weights are
very close. This shows the very high influence of initial dry weight on the growth. The growth rate of

culture 1 between day 4 and day 17 is 0.16 day'1 while it is 0.15 day'1 for culture 2. Between day 4 and

19, growth rate is 0.14 day'1 for both cultures. Hence, even if only two cultures are performed,
experimental results are highly repeatable.

From the beginning of culture 2, some beads (approximately evaluated at ¥4 of the total) are less colored
(contained less algae) than most beads and this difference remained visible during the entire culture.
These beads are not isolate from the others before the dissolution and measurements of dry weight. Then
the proportion of light beads is random in the two duplicates of 9 beads used to measure dry weight. The
uncertainty of the measure is then higher than for culture 1 and can perhaps explain the fluctuating dry
weights measured on day 10, 11, 12.
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Figure 2.14 — Normalized dry weights of two cultures of Chlamydomonas reinhardtii encapsulated in alginate
cultivated in 5 L photobioreactor. Error bars correspond to the two duplicates of 9 beads used to measure dry
weight.

Bacterial proliferation is observed as the culture medium becomes turbid from day 3 in both cultures
(Figure 2.15). Microscopic observation validated this assumption, but bacteria cannot be identified.
They can come from the inoculum or the reactor. This one was sterilized using bleach but must be rinsed
5 times with filtered distilled water because of dead zones of the reactor. Bacterial proliferation in
microalgae culture is quite usual, even in closed systems (Fulbright et al., 2018). In the studied
photobioreactor, where the culture medium and algae are not mixed, bacteria are particularly visible
compared to a classic photobioreactor used for the culture of free microalgae. Moreover, bacterial
proliferation is favored by the absence of algae in the culture medium (no competition for nutrients).
The UV disinfection system (25 W) situated in the external liquid loop is not sufficient to stop bacterial
proliferation in this case. The impact of bacteria on algae growth is not well known. Some studies
observed a negative impact of bacteria for algae because of competition for limiting nutrients or
secretion of inhibitory compounds by bacteria (pigments or substances which cause algal lysis) (Cole,
1982; Mayali & Azam, 2004). Bacteria are often considered as contaminants in photobioreactor.
However, a positive impact of bacteria on microalgae growth was measured by several teams (Amin et
al., 2009; Foster et al., 2011; Kazamia et al., 2012). For example, vitamin B12 or iron synthetized by
bacteria are used by algae. Delucca-1977 found a positive impact of two bacteria on growth of a
Chlamydomonas strain but an inhibition when co-culturing both bacteria. Hence the influence of
bacterial proliferation on microalgae growth really depends on the bacteria and algae strains. Without
identification of the bacteria, which could be different in both cultures, and a comparison with an axenic
culture, no conclusions can be drawn on the impact of bacteria on growth of this alga.
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Figure 2.15 — Photographs of the 5 L photobioreactor containing encapsulated Chlamydomonas reinhardtii.
Pictures taken during culture 1 on day 1 (a) and day 5 (b) to show turbidity of the culture medium due to
bacterial proliferation on day 5. Zones where bacteria are visible are indicated by a red rectangle.

2.3.2.2  Culture conditions
2.3.2.2.1 Temperature

The temperature of the culture medium is followed in the external loop. The temperature is regulated at
25 °C using a heat exchanger and a thermostatically controlled bath. For the culture 1, the regulation is
fine (mean of 24.5 °C), even if the temperature difference between night and day is around 2 °C (Figure
2.16). However, for the second culture, the ambient temperature is higher and the regulating system is
not able to cool the medium sufficiently. A technical problem made unable to save data between day 1
and 5. The culture begins around 27 °C and increases around 30 °C. The mean temperature of culture 2
is 28.1 °C.

The influence of temperature on alginate polymerization is well known. High temperature
depolymerized alginate (Moe et al., 1992). The difference of 3.6 °C between the two cultures could
explain that cell leakage occurs earlier in culture 2 because of alginate degradation due to higher
temperature. However, it seems not to impact growth as both cultures have similar growth. The
temperature can also have an influence on bacterial proliferation in the reactor (Antoniou et al., 1990;
Pomeroy & Wiebe, 2001).

-53 -



2 Culture of encapsulated algae

35 |

—Culture 1
—Culture 2

w
o
T

N
4,

Temperature (°C)

20 1 1 1 |
0 5 10 15 20 25

Time (day)

Figure 2.16 — Evolution of the temperature (°C) of the culture medium of culture 1 and 2.

23222 pH

pH is regulated by CO, at pH 7.2. However, the volume of liquid (15 L) is much higher than the volume
of solid containing microalgae (220 mL). Hence the photosynthesis of the microalgae is not sufficient
to increase pH, at least after day 2 (Figure 2.17). This is why CO, is not injected to decrease the pH. On
the contrary, after bacterial proliferation on day 2, pH decreases drastically to around 6.7. The same
phenomenon is observed in culture 2 but cannot be studied in detail due to a technical issue to save data
from day 1 to day 5. This suggests bacteria acidify the culture medium. Sudden pH increases are due to
manual injection of NaOH in order to increase pH (day 5 and 8 of culture 1 or day 12 of culture 2).
Gradually increase of pH due to photosynthesis can be observed between day 13 and 16 of culture 1 and
between day 15 and 17 of culture 2.
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Figure 2.17 - Evolution of the pH of the culture medium of culture 1 and 2.
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2.3.2.2.3 Dissolved oxygen

In the studied reactor, the dissolved oxygen decreases drastically (Figure 2.18). Conclusions which can
be drawn from dissolved oxygen evolution in culture 1 are the same as the ones discussed for pH. Due
to technical reasons, oxygen concentration in culture 2 is not followed. Dissolved oxygen concentration
approximately follows pH evolution. It increases the two first days before it falls between day 2 and 3.
This corresponds to the appearance of bacteria in the culture medium, which means that the bacteria
present in the culture medium are most likely aerobic. Dioxygen concentration remains then low except
straight pics due to pump stops for injection of NaOH to increase pH. Between day 14 and 17, a lower
increase of oxygen can be observed which corresponds to an increase of the pH associated to microalgae
metabolism (between day 13 and 16). The same appears at the end of the culture in days 23 and 24.
Once again, the low volume of solid thus of algae (220 mL) compared to the volume of culture medium,
thus bacteria (15 L), can explained this unusual result.

Few studies are dealing with the influence on low concentration of oxygen on the microalgae growth as
the situation is unusual in photobioreactors, but it is worth noting that the studied reactor is under
continuous illumination, thus algae do not need oxygen for respiration. One may note that, in
applications related to wastewater treatment, microalgae are deliberately grown simultaneously to
bacteria (Bilanovic et al., 2016; Vargas et al., 2016). These studies are based on a symbiotic relationship
between bacteria and microalgae, as supposed in the studied 5 L photobioreactor, where the oxygen
produced by algae helps bacteria growth which produces CO, useful for algae. This enables to obtain a
higher growth rate, a better removal of ammonium and nitrogen and to prevent accumulation of oxygen
in the system. These studies highlight the growth inhibition of low oxygen concentration for bacteria
but not on microalgae. Hence, in any case, it can be assumed that no inhibition should occur because of
low dissolved oxygen concentration.
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Figure 2.18 - Evolution of the dissolved oxygen and pH in the culture medium of culture 1.
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2.3.2.3 Nutrients

TMP 4x (TMP concentrated 4 times) is used in the culture in the reactor of 5 L. P043' and NH, " ions
are dosed at the beginning and at the end of each culture (Table 2.3). Concentrations at the beginning of
the culture are closer to TMP 2x (310 mg.L'l) for PO43' and TMP (400 mg.L'l) for NH,* than TMP 4x
even if concentrations of stock solutions correspond to TMP 4x. It must be noticed that a standard is
used for PO43' but not for NH, " ions so absolute values of NH,* concentration are not reliable. These
unexpected concentrations can be due to precipitation because of low temperature conservation or
precipitation on the 0.22 um filter.

Nutrient concentrations logically decrease during both cultures, but residual concentrations, at the end
of cultures, are still quite high, not so far from the initial ones. In culture 1, PO43' and NH," decrease

by 33 % and 31 % respectively. In culture 2, PO43' and NH,* decrease by 19 % and 25 % respectively.
Higher consumptions in culture 1 are related to a higher biomass. These results show the cultures are
not limited by nitrogen or phosphorus nutrients as concentrations at the end of the culture are still close
to TMP medium. As the volume of liquid is significantly higher than the volume of solid, unexpected
low concentrations at the beginning of the culture do not impact the culture.

Table 2.3 — Evolution of phosphates and ammonium during culture 1 and 2 in the photobioreactor of 5 L.

Concentration (mg.L'l)

Day PO,* NH,*
Culture 1

3 300 460

10 210 340

19 200 320
Culture 2

1 350 490

21 280 360

2.3.3  Comparison of growth in photobioreactor and flasks

It is possible to compare the growth of encapsulated algae in flasks and in the photobioreactor as the
same strain is used, encapsulated in the exact same conditions. However, it is important to notice that
the algae are not grown in the exact same culture conditions. Nutrients concentration in culture medium
are different in flasks and in the photobioreactor as the volume of culture medium in the reactor is more
important due to the external loop. But nutrients concentrations of the TMP 4x medium used in flasks
are really close to the one used by Takache, 2010. They measured that this nutrient concentration allows
to reach a dry weight of 2 g.L'1 (0.1 g.L'1 is reached in flasks) and is not limiting culture below this
biomass concentration. Nutrient limitation or inhibition in flasks is thus highly unlikely. The temperature
of the room where the flasks are agitated is not easily controlled (between 20 °C and 25 °C) and not
recorded, so is difficult to compare with the reactor. Bacteria proliferate in the reactor but are not visible
in flasks. Supplement of CO, is finally not added in the reactor so the CO, comes from transfer with
atmosphere, as in flasks. The exchange surface between atmosphere and culture medium is higher in
case of flasks compared to the total volume of medium. The culture medium of the reactor containing
no TRIS (buffer used in flaks to keep a pH equal to 7.2) as the pH regulation is supposed to occur with
CO,. The light sources are different as neon tubes are used to enlighten flasks and LED panel is used for
the reactor. The light intensity on the orbital shaker of flasks is 70 pE.m™.s! while it is 60 pE.m2.s™!
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on the illuminated side of the reactor. However, the light attenuation by glass cannot be quantified in
the flasks. The light attenuation through beads is not the same as the thickness of the bead bed is
different. The light goes through maximum 2 beads in flasks while it is attenuated by up to 8 beads in
the reactor. Hence differences can be identified between the culture in flasks and in photobioreactor, but
they are mostly in favor of growth in flasks (CO, and light). The main difference, that cannot be
evaluated, is the presence of bacteria.

Several differences can be highlighted between growth curves obtained in flasks and in the
photobioreactor (Figure 2.19). Dry weights are normalized to be compared. The lag phase (between day
0 and 2) is more important in the photobioreactor (growth of -0.01 day'1 (negative growth in culture 1)
and 0.03 day'1 in culture 2) than in flasks (0.17 day'l). However, the growth in flasks ends on day 8
while it ends on day 17 in the photobioreactor. Moreover, the growth rate between day 2 and 8
(exponential phase) in flasks is lower (0.16 day'l) than the ones of the culture 1 (0.38 day'l) and 2 (0.37
day'l) in the photobioreactor. Cultures in photobioreactor enables also to get higher final dry weights.
The algae grow thus more efficiently in the photobioreactor than in flasks, even if conditions are mostly
more favorable in flasks (except for the impact of bacteria which cannot be evaluated). Hence the design
of the photobioreactor is very satisfactory and suitable for the culture of encapsulated algae.
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Figure 2.19 — Comparison of growth of Chlamydomonas reinhardtii encapsulated in alginate cultivated in 5 L
photobioreactor (culture 1 and 2) and flasks.
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2.4  Conclusions

The aim of this chapter is to improve knowledge of encapsulated microalgae behavior in terms of
growth, metabolite extracellular secretion and culture at large scale. A strain of Chlamydomonas
reinhardtii, which is genetically modified to secrete extracellularly Gaussia princeps luciferase, is
studied. Microalgae are encapsulated in alginate beads by cross linking with CaCl,. An innovative
photobioreactor is tested in which beads are fluidized with liquid (culture medium) only.

Depending on the strain or encapsulation conditions, encapsulation can have a beneficial effect but have,
most of the time, a negative impact on growth. Growth of free and encapsulated Chlamydomonas
reinhardtii are compared in flasks. During the exponential phase, a 19 % growth inhibition for
encapsulated algae is measured, similar to results obtained in the literature.

While they are mostly used in wastewater treatment, encapsulated algae can be used to produce high
added value metabolites. Encapsulated Chlamydomonas reinhardtii is cultivated to recover luciferase in
the culture medium. The secretion occurs during the growth phase only. It is shown that the
encapsulation material is not adapted for recovering luciferase in the culture medium. The strain is
nevertheless cultivated at a larger scale as a proof of concept but only the algae growth is monitored,
and luciferase is not dosed.

A challenge for the culture of encapsulated microalgae is the scale-up. In this chapter, the biological
characterization of a fluidized bed photobioreactor of 5 L is performed. The reactor is efficient to
cultivate microalgae as it enables to grow them during almost 20 days without cell leakage, which proves
it provides low shear stress but enables sufficient mixing.

Bacteria proliferate in the reactor despite chemical sterilization. They are identified and their impact on
microalgae growth cannot be evaluated. Two cultures are performed and show very close growth curves
after normalization. This shows the good repeatability of experiments. As the volume of culture medium
is important compared to the volume of beads containing microalgae and because of bacterial
proliferation, the pH and dissolved oxygen decrease most of the time. As the pH is kept in acceptable
range (over 6.6), this has not a significant negative impact on the culture.

Hence, it was possible to cultivate a genetically modified strain of Chlamydomonas reinhardtii,
encapsulated in alginate, in a 5 L photobioreactor. Even if the comparison is uncertain, as conditions are
not exactly the same, growth in the photobioreactor is more efficient than in flasks. Growth lasts for
almost 20 days which shows the efficiency of the encapsulation material and of the photobioreactor.
This biological characterization is useful for developing a global model of the reactor. The experimental
results can be used to fit the parameters of the biological model and to validate the global model.
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3 Hydrodynamic characterization of the liquid phase

3.1 Introduction

As the attention in microalgae products is increasing worldwide, photobioreactor scale-up is becoming
a wide challenge for microalgae culture. Indeed, microalgae growth in large-scale photobioreactor does
not reach the growth achieved at small scale (flasks). This is explained by the changes of
microenvironment experienced by microalgae: temperature, pH, nutrient intake, mass transfer of
CO, and O, and light supply. These parameters are largely influenced by hydrodynamics (Takache,
2010). Indeed, the latter has a key role in photobioreactor performance as it influences directly mixing
(thus nutrient availability and CO, transfer) and light supply to microalgae. Mass transfer of gas and
nutrients can be a critical scale-up parameter if mixing at large scale is inefficient. Growth depends
mainly on light supply but light distribution is a function of biomass concentration thus cannot be easily
controlled inside the photobioreactor. Indeed there is a light gradient inside a photobioreactor due to
microalgae absorption and scattering (self-shading of algae). The zone close to the reactor walls is
strongly illuminated, while the region far from the walls is a darker zone, where the light can potentially
not penetrate if the algae concentration is high. Light absorption can be characterized but is hard to
optimize in culture with high biomass concentration. This is the reason why light is most often
considered as the most limiting scale up parameter (Legrand, 2016). According to Molina Grima et al.,
1999, the global characterization of the time spent by algae cells in illuminated and in dark zones is not
sufficient to fully quantify a photobioreactor productivity. A special attention must also be paid on the
frequencies at which cells go from an illuminated to a darker zone. To get information and control these
frequencies, a deep knowledge of the algae circulation is required. This can be achieved by studying the
hydrodynamics in the reactor (Luo & Al-Dahhan, 2004).

The need to perfectly describe hydrodynamics in photobioreactors has led researchers to use models of
increasing complexity to characterize the flow inside them (Bitog et al., 2011; Nauha & Alopaeus, 2015;
Pires et al., 2017). Computational Fluids Dynamics (CFD) has proved to be a powerful and accurate tool
to simulate and describe concentration gradients of nutrients and CO,, in the reactor. Moreover it can be
used to describe cell trajectories, and thus times and frequencies they spend in light or dark zones, and
ultimately improve photobioreactor scale-up.

The objective of the present work is to develop a 3D CFD model to describe hydrodynamics in a
fluidized bed photobioreactor specifically designed to cultivate encapsulated microalgae. Encapsulation
consists in algae entrapment in a polymeric matrix to form spherical beads of around 3 mm of diameter.
It facilitates the microalgae harvest and the recovery of metabolites of interest if excreted out of the
encapsulation matrix, without requiring any further downstream processing except concentration. It is
thus a promising solution to switch to continuous processes, while limiting contamination risks
(Cheirsilp et al., 2017; Vilchez et al., 1997). However, the industrial feasibility of this innovative
production technology is not yet assessed due to the lack of large-scale experiments involving
encapsulated microalgae. A fluidized bed technology has been chosen for the culture of encapsulated
algae because it allows a good distribution and circulation of beads in the photobioreactor. Gas as well
as liquid can be used to fluidize the encapsulated microalgae, liquid has been chosen in the present case.
The photobioreactor has been thus designed as a two-phase liquid (culture medium) - solid (beads)
reactor. The reactor has proved to be effective to grow Chlamydomonas reinhardtii genetically modified
to secrete Gaussia luciferase (recombinant protein). As microalgae are encapsulated and thus protected,
hydrodynamics has no particular effect on them except via the influence of the latter on nutrient
distribution. On the contrary excessive hydromechanical stress may significantly affect the
encapsulation matrix, leading to bead breakage and algae leakage.

The flow regime in the reactor is laminar but unsteady. This kind of regime is mostly studied either in
microreactors, pipes or to study waterhammer phenomena (Brunone et al., 2004; Dreher et al., 2009;
Schohl, 1993; Yuan & Isaac, 2017; Zalc et al., 2002). Studying unsteady laminar flow in a rectangular
flat reactor of this volume using a low viscosity fluid as water is thus rather unusual. The occurrence of
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this kind of flow regime in the present case is most probably due to instabilities induced by the reactor
configuration (internal panel and off-centered inlet) similar to Von Karman vortex shedding (Park et al.,
1994).

To validate the CFD model, Particle Image Velocimetry (PIV) measurements have been performed in
the photobioreactor filled with water. PIV gives access to an Eulerian characterization of the fluid flow.
A transparent reactor is needed to use this non-intrusive technique, which is not limiting in the case of
photobioreactors. PIV is a well-known method to validate CFD models, on the basis of velocity field
comparisons (Alimohammadi et al., 2016; de Lamotte et al., 2018; Lamberto et al., 1999; Xie et al.,
2018). Both methods are complementary: using simulations reduces time and costs of numerous
experiences and PIV enables to obtained information on hydrodynamics truly happening in the reactor
(as long as the experimental error is considered). It is particularly important when using a non-
conventional reactor geometry as in the present work. As a first step, the CFD model is developed and
validated for a single-phase flow (liquid only). As the bead density (1018 kg.m™ at 20 °C) is very close
to water density, the assumption is made that the beads motion almost follows the liquid flow and has a
minor influence on it. In the context of an initial analysis, a single-phase approach gives thus a
representative idea of the liquid flow within the reactor. Moreover, it will give information on the solid
global behavior.

3.2  Materials and methods
3.2.1 Photobioreactor setup

The photobioreactor is a two-phase flow fluidized bed reactor (Figure 2.3) involving beads of
encapsulated microalgae as solids and culture medium as liquid. It is a flat, rectangular reactor of 38 cm
height, 34 cm width and 4 cm depth, made of transparent Plexiglas. The working volume is around 5 L
and the wall thickness is 8 mm. Liquid is pumped in an external loop and injected at the reactor bottom
through an off-centered slit. The slit is 1 mm thick and extends over the entire reactor width. This liquid
upflow ensures the fluidization of beads. A liquid flow rate of 400 L.h has been chosen, which
corresponds to the one required to fluidize a 4 %v solid volume fraction. An internal wall of 6 mm
thickness enables to control the circulation inside the reactor and the homogeneous distribution of beads.
As a consequence of the off-centered liquid inlet and the internal panel, the flow is ascending on one
side of the internal panel and descending on the other side. A prism is set at the bottom of the reactor to
avoid the formation of a dead zone and forces the circulation of the beads at the reactor bottom. At the
top of the reactor, the beads are kept in the reactor thanks to a grid. The external loop is also used to
control the culture medium conditions (pH and temperature regulation).

3.2.2 PIV setup

The camera used is a CDD camera (Dantec Dynamics, Flowsense EO 4M-32, 2048 2048 pixel, 32 Hz)
equipped with a macro lens (Zeiss, Makro-Planar T* 2/50 ZF, 50 mm, £/2.0) and an orange filter (527-
532 nm wavelength). The pulsed laser used is a YAG laser (Litron, DualPower 65-15, 2x65 mJ at 15
Hz, 532 nm). The camera and the laser are synchronized using a trigger unit (Berkeley Nucleonics
Corporation, Model 575 Pulse/Delay Generator). The time between laser pulses (i.e. between two
images used to calculate instantaneous velocities) used is 10 ms. The images are processed using the
Dantec software (DynamicStudio 2015) to enhance the contrast between the polyamide tracer particles
and the liquid. Adaptative PIV method is used to calculate velocities in 64x64 pixel? interrogation areas,
which corresponds to 11.8x11.8 mm?. Results are then further analyzed using Matlab codes (Matlab R
2018 A).

-61 -



3 Hydrodynamic characterization of the liquid phase

To perform PIV measurements, the reactor was filled with water (density and viscosity very closed to
culture medium) seeded with polyamide particles with diameters of 1-20 um and a density of
1030 kg.m™. PIV measurements were realized on the liquid phase only. The global flow motion is
similar in a single or two-phase flow configuration, in the ascending section as well as in the descending
section. As the beads density is close to water (1014 kg.m™ at 20 °C), the liquid flow will not be
impacted by the solid.

PIV measurements are performed in 5 planes distributed along the depth of the reactor: planes 1, 2 and
3 are situated in the descending section, while planes 4 and 5 are in the ascending section (Figure 3.1).
The laser is flashing orthogonally to the reactor depth, while the camera is placed orthogonally to the
reactor front. Plane 1 is the closest to the camera. It is positioned at 3 mm from the reactor wall. Planes
2,3, 4 and 5 are positioned at 8, 18, 28 and 34.7 mm from the reactor wall, respectively.

i m

Figure 3.1. PIV setup to characterize the photobioreactor. A laser flashes towards the depth of the reactor while
camera is taking photos in front of the reactor. Five planes have been characterized by PIV: two in the
ascending section and three in the descending flow section.

3.2.3  CFD parameters

CFD simulations are performed using Fluent software (ANSY'S, 2019 version R3). The geometry was
drawn on DesignModeler software (ANSY'S, 2019 version R3). The inlet slot has been drawn as a cubic
inlet, with a 1 mm side. The mesh was developed using Meshing software. The grid was optimized to
get accurate results in a reasonable computation time. It is composed of around one million of
hexahedrons. The mean edge size of the mesh is 1.7 mm (minimum size: 0.8 mm and maximum size:
2.7 mm). A “mass flow inlet” and a “pressure outlet” boundary conditions are used. Pressure and
velocity are coupled using the SIMPLE scheme. To solve the momentum equation, a second order
upwind scheme is adopted while PRESTO! is used for pressure. Time is discretized using a bounded
second order implicit method. The optimal time step is found to be 0.02 seconds which leads to a Courant
number of 0.3. The flow inside the photobioreactor is solved using the “laminar model”.
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3.3 Results
3.3.1 PIV results
3.3.1.1 PIV data treatment

Figure 3.5 presents an example of instantaneous velocity field measured by PIV on plane 3. Color scale
represents velocity values (m.s™!). It is worth noticing that inlet velocities (at the reactor bottom — white
zone on the figure) cannot be measured by PIV due to the prism set at the bottom of the reactor which
hides the liquid flow in this part from the camera view (below 50 mm height).
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Figure 3.2. Instantaneous velocity field (m.s') measured by PIV in plane 3 situated at 18 mm from the front
reactor wall.

Velocity values in this plane are mainly negative as plane 3 is situated in the descending section of the
reactor. The time evolution of velocities measured in different points of the plane shows that velocities
oscillate between a minimum and a maximum value, without ever reaching a constant steady state value
(Figure 3.3). Hence PIV results indicate the flow is unsteady.
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Figure 3.3 - Vertical velocities fluctuations as a function of time for 3 points on plane 3 obtained by PIV. The
coordinates (mm) of the three points studied are: 1(175,150), 2(175,200), 3(175,250).

As the flow is unsteady, it cannot be analyzed based on a single instantaneous velocity field. Statistically
representative time averaged velocities and time averaged fluctuations around these time averaged
velocities can be calculated provided that a sufficient number of images are considered. To this aim,
velocity fluctuations have been analyzed as a function of the number of images considered for the
average calculation. This enables to determine the minimum number of images required to obtain an
average value which is representative. Each instantaneous velocity (u(t)) is decomposed as a sum of a
mean velocity (1) and of a fluctuating component (u’(t)) (Reynolds decomposition) (Equation 3.1):

u(t)=u-+u'(t) (Equation 3.1)

To test the convergence of statistical values, the influence of the number of images on the mean (i) and

on the root mean square (rms) of the fluctuating component (\/ﬁ) is analyzed in six measurement
points distributed in plane 3 (Figure 3.4). Values significantly fluctuate until 300 images is reached.
Values between 300 and 500 images fluctuate in a range of +/- 7 % for every point. A 500 images mean
has thus been considered satisfactory.
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Figure 3.4. Influence of the number of images taken to compute averaged velocity fields in PIV. The mean
velocity component is normalized by its final value on the lefi. The rms velocity is normalized by its final value
on the right. The coordinates of the six points studied are 1(175,150), 2(175,200), 3(175,250), 4(25,50),
5(25,150), 6(325,150).

In the following, all results have been processed by calculating time averaged over 500 images (global
time = 100 s). Moreover, Figure 3.5 shows that the flow is quite uniform along the width. Hence profiles
are obtained by spatially averaging, in time averaged velocity fields, velocity over the width of the

reactor. In the following, they will be called “mean profiles”, “mean” standing for time average over
500 images and for spatial average over the reactor width.

The study of the mean velocity profiles of the corresponding horizontal and vertical components of the
same velocity field shows that the horizontal velocity component is almost constant over the reactor
width and very small if compared to the vertical one. Moreover, the assumption was made that the
normal (“out-of-plane”) velocity is negligible due to the reactor configuration. Thus, only the vertical
velocity components will be considered for comparison.
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Figure 3.5. Mean vertical velocity (m.s™') of plane 3.

3.3.1.2 Experimental error on PIV measurements

To evaluate the experimental error associated with PIV measurements, two sets of PIV measurements
have been performed on plane 3 on two different days in the same operating conditions. The reactor was
not moved between the two measurement campaigns.

The mean profiles of vertical velocities for the two experimental sets are analyzed (Figure 3.6). The
error is lower than 1.5 % on most of the reactor height (between 75 mm and 300 mm). Below 75 mm
and above 300 mm, error increases to 3.5 %. Below 75 mm, this error is due to light refraction and
reflection on the prism installed at the reactor bottom. Above 300 mm, the error increases near the top
edge of the internal panel, due to the change of the flow direction perpendicularly to the measurement
plane (recirculation loops) that cannot be properly caught by PIV.
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Figure 3.6 - Vertical velocity profiles of two different PIV sets on plane 3 situated at 18 mm of the reactor wall
towards the camera.
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3.3.1.3 Analysis of the flow in the reactor

As explain in section 3.2.2, PIV measurements have been performed on five planes in the reactor

distributed along the depth of the reactor. Planes 1, 2 and 3 are situated in the zone where the flow is
descending while planes 4 and 5 are in the ascending section (Figure 3.1). The vertical velocity fields

of each of these planes are presented in Figure 3.7.
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Figure 3.7 - Vertical velocity fields (m/s)

fields (m/s) of planes 4 (left) and 5 (right)

18 mm of the reactor wall towards the camera. Vertical velocity
situated respectively at 28 and 34.7 mm of the reactor wall towards the camera (b). Velocity fields obtained by

PIV. Schematic representation of the depth of the reactor (c). Dimensions are not true to scale.

Flow structures in Plane 1 and plane 2 are very similar: negative velocity values below 340 mm and
positive values above. This corresponds to the top edge of the internal panel which has thus a significant
impact on flow velocities. Plane 1 presents a zone with more negative velocities (up to —4x102 m.s™)
between 280 and 340 mm. Plane 3 is situated in a mainly descending flow section, close to the internal
panel. The velocities are thus negative along the panel except at the top of the panel where velocities are
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null or have low positive values. Above the panel, velocities have higher positive values and this part of
the flow corresponds to liquid leaving the reactor. According to velocity profiles in planes 1, 2 and 3,
the mean value of the vertical velocity in the descending section (between 70 and 250 mm) is around
—1.5x107 m.s™! (Figure 3.8).

Planes situated in the ascending section are more difficult to characterize by PIV. Indeed the transparent
internal panel inside the reactor is situated between the camera and the laser. Thus, the internal panel
adds an additional barrier for light transmission. Unfortunately, due to the reactor configuration, it
cannot be moved.

This influence can be observed on PIV results mostly on plane 5 close to the walls (screws used to fix
the panel can be detected as well as a circular damage on the panel on the upper right part of the plan).

Planes 4 and 5 present the same flow structure with positive velocities below a 340 mm height and
negative or null velocities above. The strong impact of the internal panel can also be noticed in this zone.
As plane 5 is closer to the inlet jet than plane 4, velocity values in plane 5 (+7x 102 m.s™) are higher
than in plane 4 (4+4x 102 m.s!) at the bottom of the reactor. According to velocity profiles in planes 4
and 5, the mean vertical velocity in the ascending section (between 100 and 300 mm) approximately
equals +6x107 m.s™! (Figure 3.8).
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Figure 3.8 - Mean vertical velocity profiles obtained by PIV: on planes 1, 2 and 3 (a) (descending section) and 4
and 5 (b) (ascending section).

To characterize this unsteady flow, studying mean velocity fields is predominant but do not lead to a
full characterization of the flow. This is the reason why, in addition to the analysis of time averaged
velocity fields, fluctuations have been analyzed on the basis of root mean square values of the fluctuating
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component Vu'? (rms velocity). Fluctuating velocities u’(t) have been calculated using the Reynolds
decomposition (Equation 3.1). u'(t) values are considered as following a normal (Gaussian) distribution
around 0. Values which are not in a +/- 4 root mean square interval centered on 0 have been considered

as noise and ignored. The rms velocity v u'? has been divided by the mean velocity component | | to
evaluate the part of fluctuations on the mean flow. These will be called normalized rms velocities in the
following.

In plane 3, normalized rms velocities are around 0.2 below a 250 mm height - in most of the
measurement plane - demonstrating the influence of fluctuations is low in this zone. Fluctuations are
very high (200 %) close to a vertical position equal to 300 mm and above 350 mm (Figure 3.9). In plane
4, normalized rms velocities are below 0.2 between 75 and 340 mm. Large fluctuations are observed
around 340 mm. At these heights, recirculation loops appear due to the internal panel, leading to almost
null vertical flow or to liquid velocity vectors perpendicular to the measurement plane. In plane 3,
recirculation loops height is lower due to the vicinity of the internal panel. On the PIV images, the time
delay between two frames (10 ms) is set to optimally capture the main flow behavior (between 50 and
250 mm height), and not this kind of recirculation.
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Figure 3.9 - Rms velocities divided by mean velocities on plane 3 (a) and plane 4 (b) situated at 18 and 28 mm
from the reactor front wall. Mean on 500 images obtained by PIV.

3.3.1.4 Flow regime analysis

The Reynolds number is used to characterize the flow regime. It can be calculated as follows: Re=
wpiDn/1 3 Dp=4As/Ps.

where p; is the fluid density, u; is the (liquid) velocity, Dy is the hydraulic diameter and
7 is the dynamic viscosity. The hydraulic diameter was calculated using A, the cross (rectangular)
section area and P the perimeter of this area.
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Different Reynolds numbers may be estimated in different zones in the reactor. At the reactor inlet, the
Reynolds number has been calculated through the slit. The inlet velocity has been calculated as the pump

volumetric flow rate (400 L.h'l) divided by the slit cross section area (3.4 cm?).

The mean vertical velocities in the ascending and descending sections have been estimated according to
PIV measurements. The hydraulic diameter values are evaluated for each zone on the basis of the reactor
geometry.

Reynolds number values vary between 650 and 1430 (Table 3.1), which are characteristic of a laminar
regime in this kind of geometry (rectangular duct section), as the critical Reynolds number of a transitory
regime is estimated between 2300 and 2800 (Hanks & Ruo, 1966). Despite the unsteady nature of the
flow in the reactor evidenced by PIV measurements, Reynolds number indicate that it could nevertheless
be considered as laminar.

Table 3.1 - Reynolds numbers calculated in different zones of the reactor.

Hydraulic diameter (m) Velocity (m.s'l) Reynolds number
Slit 0.002 0.330 650
Ascending section 0.024 0.060 1430
Descending section 0.045 0.015 670

3.3.2 CFD validation by PIV

As PIV results highlight a non-stationary flow, and Reynolds number values seem to indicate a laminar
regime in the reactor, it has been decided to test a turbulent as well as a laminar approach for CFD
simulations.

Considering vertical velocity evolution on one random point enables to demonstrate CFD simulations
using turbulent (k-€ model) or transitory regimes do not represent properly flow characteristics described
by PIV. Using these models, velocity indeed reach a constant value after a few seconds while PIV
velocity is oscillating. On the contrary, using a laminar model leads to simulated flow with similar
characteristics as those measured by PIV: very close velocity values and similar range of fluctuations
(Figure 3.10). This good agreement further confirms the laminar nature of the flow in the reactor.
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Figure 3.10. Vertical velocities fluctuations as a function of time (the time between two images is 0.2 seconds)
obtained by CFD and PIV on one point (175mm, 250 mm).

To compare and validate CFD simulations using PIV measurements, it is important to use the same
number of images, taken with the same frequency during the same period. Thus, the frequency used to
sample images in CFD (every 10 time steps: 0.2 s) is equal to the trigger rate used in PIV (5 Hz). Rms
velocities have been calculated on the same six points as for PIV (Figure 3.11). First, fluctuations are
important and then decrease until 400 images, to finally reach a +/- 10 % range between 400 and 500
images. This range is considered satisfactory to show velocity fluctuations are stable using 500 images.
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Figure 3.11 - Influence of the number of images taken to compute time averaged velocity fields in CFD. The
mean velocity component is normalized by its final value (a). The rms velocity is normalized by its final value
(b). The coordinates (mm) of the six points studied are: 1(175,150), 2(175,200), 3(175,250), 4(25,50), 5(25,150),
6(325,150).

3.3.2.1  Qualitative comparison

Vertical velocity fields have been simulated by CFD in the same planes as those investigated by PIV.
CFD model represents very well the influence of the internal panel on the flow structure (Figure 3.12).
Negative velocities below a height of 340 mm and positive values above this zone are represented on
plane 1 and 2. As well as in PIV results, the model evidences the higher negative values between 280
and 340 mm in plane 1. Regarding plane 3, CFD describes correctly the three flow zones in the plane
(downflow, null and upflow) highlighted by PIV. CFD fully describes the flow structure in the ascending
section as well. For both planes 4 and 5, an upflow zone below 340 mm and a downflow zone above
this height are similarly observed in CFD simulations and in PIV results. Hence the flow structure is
correctly represented by CFD if compared to PIV results, allowing a qualitative validation of the
numerical approach.
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Figure 3.12 - Vertical velocity fields (m/s) of planes 1, 2 and 3 from left to right (a) situated respectively at 3, §,
18 mm of the reactor wall towards the camera. Vertical velocity fields (m/s) of planes 4 (left) and 5 (right)
situated respectively at 28 and 34.7 mm of the reactor wall towards the camera (b). Vertical velocity fields (m/s)
in the depth of the reactor (c). Velocity fields obtained by CFD.

3.3.2.2  Comparison of mean velocity profiles

Mean vertical velocity profiles are obtained by CFD in the same way as PIV results, meaning vertical
velocity fields have been temporally and spatially (over the width) averaged using Matlab codes.

To perform a quantitative assessment, vertical velocity profiles simulated by CFD and measured by PIV
(Figure 3.13) are compared. The discrepancy between them is evaluated on the basis of a “difference
error percentage”. This “difference error percentage” (Xoqifr) between two sets is calculated as the
absolute difference between two velocity values (ul and u2) divided by a characteristic velocity (ueq)
(Equation 3.2). This characteristic value is a weighted mean of descending and ascending velocities in
the reactor and equal to 0.03 m.s™'. The use of this quantity allows avoiding (near)-zero division at some
points in the reactor where velocity values are close to zero.

[ul-u2|

Xog diff= x100 (Equation 3.2)

€q

Regarding plane 1 and plane 2, the difference between model and experiment is lower than 20 %. In
both cases, velocity values are underestimate by CFD. In the downflow zone of plane 3, CFD and PIV
velocities are close. The difference is lower than 5 %. Within the upflow zone, the discrepancies are
higher (up to 30 %). As explained in 3.3.1.2, the area between 290 and 340 mm is not optimally
characterized by 2D PIV due to very low (positive) velocity values. Higher than 340 mm, velocities are
getting closer, and the difference is lower than 7 %.

Regarding the ascending section, difference percentage between CFD and PIV are higher. The highest
discrepancies on the velocity profiles are observed at the bottom of the reactor. On plane 4, over a
150 mm height, a difference of less than 20 % is observed while it reaches 50 % between 100 and 150
mm to finally achieve 150 % below 100 mm. In plane 5, discrepancies between velocity fields are lower,
especially at height higher than 100 mm, reaching maximum 10 %. Below 100 mm, the difference
increases up to 90 % at 50 mm.
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Figure 3.13 - Vertical velocity profiles in the descending zone (a) of plane 1, plane 2 and plane 3 obtained by
PIV and CFD. Vertical velocity profiles in the ascending section (b) of plane 4 and plane 5 obtained by PIV and
CFD.
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3.3.2.3 Rms velocity profiles comparison

The full characterization of the flow requires not only the analysis of mean velocities, but also the study
of fluctuations around these mean velocities. To this end, rms velocities have been calculated from CFD
results. Normalized rms velocities have been calculated on plane 3 and 4 (Figure 3.14). The results
obtained are similar to PIV with low values (below 0.2) in most parts of the planes (below 280 mm for
plane 3 and between 100 and 340 mm for plane 4). High normalized rms velocities are obtained in zones
where the mean velocities are low: over 280 mm for plane 3 and below 100 and around 340 mm for
plane 4.
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Figure 3.14 - Rms vertical velocities divided by mean vertical velocities on plane 3 (a) and plane 4 (b) situated
at 18 and 28 mm of the reactor wall towards the camera. Mean on 500 images obtained by CFD.

Regarding PIV results, it has been hypothesized that the high influence of fluctuations (high value of

\/ﬁ/ﬂ) was the result of the change of the flow direction perpendicularly to the measurement plane
(recirculation loops). The influence of the “out-of-plane” velocity (perpendicular to the measurement
plane) on the flow is not reachable by PIV but can be studied thanks to CFD. This shows the
complementarity of both methods. Figure 3.15 shows the vertical profiles of the three components of
velocity in plane 3 (left) and the field of the normal component of velocity in a transversal section of the
reactor (along the depth). Near the reactor bottom (height below 50 mm) and at heights between 260
and 300 mm, the negative normal velocities (-0.005 m.s™!) are not negligible compared to the vertical
velocities (-0.015 m.s!). Moreover, above the internal panel (between 310 and 350 mm), the normal
and the vertical velocities both reach their maximum values, but the normal component (0.040 m.s™) is
larger than the vertical one (0.025 m.s™!) in the descending section. These zones correspond to high
influence fluctuations zones i.e. where the rms velocities are high compare to mean velocities in PIV
and CFD. Recirculation loops which cause a significant normal velocity can thus be considered as a
reason of high fluctuating velocities in this reactor.
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Figure 3.15. Vertical, horizontal and normal velocity profiles of plane 3 obtained by CFD (a) and normal
velocity fields (m.s™) in the depth of the reactor obtained by CED (b).

Rms velocity profiles obtained by CFD and PIV have also been compared in plane 3 and plane 4 (Figure
3.16). In plane 3, the heights at which rms velocities are very high are similar in PIV and CFD: height
between 290 and 310 mm and above 340 mm. The same applies on plane 4, high rms velocities are
observed in the same zones in PIV results and in CFD simulations: at a height of 340 mm and below
100 mm. Rms velocities calculated by CFD are slightly higher than those computed from PIV between
100 and 300 mm.

Hence, the CFD model enables to perfectly describe qualitatively the behavior of the fluctuating flow.
Discrepancies observed between PIV and CFD are mainly due to the PIV experimental error. Based on
these considerations, the CFD model is adequate to describe the rms fluctuating velocities. Moreover,
this confirms that the laminar regime model used in CFD is appropriate to describe the flow.
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Figure 3.16. Comparison of rms velocity profiles of plane 3 (a) and plane 4 (b) obtained by CFD and PIV.

3.4 Factors influencing results

The CFD model is able to satisfactorily describe the unsteady laminar flow in the reactor. Mean and rms
vertical velocity profiles have been compared to experimental results obtained by PIV. Results are in
fair agreement. However, discrepancies between PIV and CFD have been observed. The aim of this
section is to try to explain them.

3.4.1 Pump flow rate influence

The liquid flow rate delivered by the circulation pump at the reactor inlet is not perfectly known. Under
the studied conditions, the pump flow rate presents an experimental uncertainty of +/- 3 %, if measured
with three different flow meters. The impact of this uncertainty on the flow velocities in the reactor is
studied to determine if it may explain the discrepancies observed between CFD and PIV results. It is
studied using CFD (Figure 3.17). Plane 3 has been used as a reference plane. An increase of 3 % on the
inlet mass flow rate (from 0.1111 kg.s™' to 0.1144 kg.s™") has been tested. The impact on vertical velocity
values is between 3 and 8 % depending on the vertical position in the reactor. This has been considered
in the previous sections which means that all simulations described in this chapter were performed using
an inlet mass flow rate of 0.1144 kg.s™'. Nevertheless, the single influence of this physical parameter
cannot explain the discrepancies between CFD and PIV.
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Figure 3.17 - Vertical velocity profiles of plane 3 situated at 18 mm of the reactor wall towards the camera for
two different inlet mass flow rates (0.1111 and 0.1144 kg.s™). The profiles have been obtained by CFD
simulations.

3.4.2 Variation of the velocity field along the reactor depth

It has been noticed that the flow field (measured by PIV or simulated by CFD) is strongly influenced by
the position, along the reactor depth, of the plane which is considered. This can be explained by the
small depth of the reactor and by presence of the internal panel, which makes the “wall effect” significant
in all reactor planes.

This high sensitivity to plane position has to be accounted for when comparing different sets of
experimental results or experimental results to simulations, because one has to be sure that results are
relative to the exactly the same plane in the reactor.

When performing PIV measurements, the measurement plane position is sometimes not defined very
accurately as it depends on the relative positions of the camera, the laser and the reactor which may
slightly change when reactor is moved (for filling, cleaning...). Moreover, the laser sheet thickness
equals up to 2 mm which also leads to an uncertainty on the plane which is explored.

Due to these uncertainties on the measurement plane position and to the finite number of elements used
to describe the reactor geometry in CFD, it appears very complex to get experimental data and
simulations relative to exactly the same plane when comparing PIV to CFD.

In order to quantify the potential effect of this uncertainty, CFD simulations have been further analyzed.
Simulation results were extracted from 2x2 planes close to plane 3 and plane 4, respectively. These
planes were chosen to get information on the impact of the plane position in the descending and
ascending sections. The distance between these new planes and plane 3 and 4 was set to 2 mm, which
corresponds to the PIV laser sheet thickness. The CFD mesh refinement is such that the different planes
correspond to different mesh elements.

Plane 3-1, plane 3-2 and plane 3-3 were thus respectively situated at 16, 18 and 20 mm from the front
reactor wall. Discrepancies between mean vertical velocities in the different planes are measured at
every height (Figure 3.18). The impact on vertical velocities in the zone situated between 50 and 250 mm
height can be evaluated at 10 % between plane 3-1 and plane 3-2. A lower impact on velocities can be
noticed between plane 3-2 and plane 3-3 (5 % difference). As plane 3-3 is really close to the internal
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panel, the decrease of velocities is due to the wall effect induced by it. A higher impact on velocities can
be noticed above 250 mm (between 8 and 16 %).

Discrepancies between CFD and PIV on plane 3 are lower than 5 % below 250 mm while the influence
of the plane position is evaluated between 5 and 10 %. Above 300 mm, the CFD model presents 7 % of
difference with PIV while the influence of the plane position reaches 16 %. Hence discrepancies between
CFD and PIV are lower than the uncertainty on plane position, indicating a quantitative validation of
the CFD model for plane 3.

Below 250 mm, CFD model of plane 1 and plane 2 presents respectively 20 % and 16 % difference at
the maximum with PIV which is comparable, even if a bit higher, to the impact of the plane position
(10 %). It should be notice that this influence has been calculated on plane 3 only and that values can be
slightly different for these planes.

Plane 4-1, plane 4-2 and plane 4-3 are respectively situated at 27, 28 and 30 mm from the front reactor
wall. As plane 4 is situated closer than 2 mm from the internal panel, plane 4-1 is only 1 mm away from
plane 4-2. This is the reason why velocity discrepancies between plane 4-2 and plane 4-3 are higher than
between plane 4-2 and plane 4-1 (Figure 3.18). Indeed a difference lower than 35 % can be calculated
between plane 4-2 and plane 4-1 while the difference with plane 4-3 is evaluated between 80 and 120 %
below 250 mm. This is explained by the strong influence of the inflow jet on velocity fields. Hence the
position of the plane has even a higher influence in the ascending section due to the vicinity of the inlet.

CFD model of plane 4 which is situated in the ascending section presents high discrepancies (between
20 and 150 %) with PIV experiments. CFD model of plane 5 which is situated in the same zone shows
between 10 and 90 % difference with PIV. These significant discrepancies are due to the strong influence
of the inlet flow jet on the position of the plane as it has been proved using CFD on plane 4 (influence
up to 120 % on velocity fields).
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Figure 3.18. Vertical velocity profiles of three planes around plane 3 (a) situated at 16, 18 and 20 mm from the
front reactor wall and around plane 4 (b) situated at 27, 28 and 30 mm from the front reactor wall. The profiles
have been obtained by CFD simulations.

Hence discrepancies between CFD and PIV seem important and may cast doubt on the validity of the
numerical approach. However, these discrepancies can be explained by the high influence of the plane
position along the depth of the reactor on flow velocities and the difficulty to model by CFD exactly the
same planes as those used for PIV measurements.

CFD model is thus validated on ascending planes as well as descending planes as the CFD model
describes quantitatively the flow in an uncertainty range of plane positions of 2 mm within the depth of
the reactor.

-80 -



3.5 Conclusions

3.5 Conclusions

This chapter aims to characterize the hydrodynamics in a photobioreactor. Hydrodynamics has a key
role in microalgae culture as it influences light distribution and nutrient transfer, two main parameters
in microalgae growth. The photobioreactor is designed to cultivate encapsulated microalgae i.e.
microalgae entrapped in beads of polymer. Hence the reactor has been designed as a fluidized bed reactor
using a liquid flow to fluidize solid (beads). In this chapter, only the liquid flow is studied.

Both experimental PIV and CFD modelling are used to characterize the reactor flow. Contrary to what
might seem, the two approaches are not redundant. They bring complementary information as PIV gives
access to the true velocity fields required to validate CFD model, while 3D-CFD simulations give access
to information unreachable by 2D-PIV such as the normal velocity component.

PIV results proves the fluid flow regime to be laminar, but unsteady, and this is correctly modeled by
CFD as it describes in the same way fluctuations over time as PIV. The analysis of vertical velocity
fields on five planes shows that the flow structure (upflow, null and downflow zones) is accurately
described by the CFD model compared to PIV. Zones where flow direction is changing correspond to
the bottom and the top of the internal panel use to control the circulation of the beads. Hence the CFD
model represents well the strong influence of the internal panel on the flow. The analysis of mean and
rms vertical velocity profiles shows a good agreement (difference lower 20 %) between CFD and PIV

results alongside the internal panel. However, discrepancies are observed below and beyond the panel
(up to 150 %).

The main reason for these discrepancies, among the different potential sources of error, is determined.
The impact of the experimental uncertainty on the pump flow rate (3 %) does not explain these
discrepancies. The difficulty to study a single plane in PIV makes difficult to evaluate the influence of
the measurement plane position on velocities. To this end, velocity profiles in two planes situated 2 mm
apart from a given descending or a given ascending plane have been analyzed on the basis of CFD flow
fields. Finally the discrepancies between CFD and PIV are in the same order of magnitude or lower than
the error due to the plane position. This error is significant (up to 120 % for plane 4) due to the high
influence of the plane position on velocity fields, especially in the ascending section. In this zone, high
velocities are measured due to the flow inlet (up to 0.08 m.s™"). Not only mean velocities measured by
PIV and CFD correspond but also rms velocities. Indeed rms velocity profiles obtained by PIV and CFD
have been compared in plane 3 (descending) and plane 4 (ascending). The CFD model describes
accurately rms velocities. Discrepancies between the experimental method and simulations are low
compared to the error due to the plane position. Hence CFD correctly model fluctuations as well as mean
velocities.

The single-phase CFD model is thus qualitatively and quantitatively validated by PIV. The model
enables to give information to characterize the flow in the three dimensions. This chapter described a
complementary method using PIV and CFD to characterize hydrodynamics and develop a reliable CFD
model on a reactor operating with an unusual flow: laminar and unsteady.

This study enables to describe accurately the hydrodynamics in a photobioreactor. A 3D-CFD model
has been developed to describe the liquid flow within the reactor as a first step. As the reactor is designed
to fluidized beads of 3 mm, the next step is to include solid in this model. This cannot be validated by
PIV as two-phase PIV is difficult to develop because of the laser light scattering due to solid, especially
using high solid fraction (10 %). Another experimental method has to be employed to determine solid
distribution within the reactor as light attenuation. It will validate a two-phase CFD model which is
being developed.
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4.1 Introduction

Few studies are dealing with the culture of encapsulated microalgae at a pilot scale. Different reactor
types can be used. A liquid-solid fluidized bed reactor designed to cultivate microalgae encapsulated in
beads is chosen in this study to enhance light supply. Liquid-solid fluidized bed reactors are used from
metallurgical processes to wastewater treatment (Bello et al., 2017; Sha et al., 2018). They are
particularly interesting in biochemical processes as they provide high heat and mass transfers but a low
shear stress which can be damageable for cell cultures (Ghatage et al., 2014; Panneerselvam et al., 2007).
Knowledge on liquid-solid fluidized bed reactors is less significant than three-phase (gas-liquid-solid)
or two-phase (gas-solid) reactors (Corona, 2008; Kalaga et al., 2012; Panneerselvam et al., 2007).
Knowledge on gas-solid fluidized beds cannot be used directly on liquid-solid reactor as the flow regime
is different. Indeed liquid-solid or gas-solid fluidized beds are not driven by the same flow regime.
Mixing of gas-solid fluidized bed are controlled by collisions (high Stokes number) while liquid-solid
are controlled by hydrodynamic interaction between particles (low Stokes number) (Corona, 2008). This
is due to the higher density difference between gas and solid. Liquid-solid fluidized beds are more
uniform as gas-solid fluidized beds are characterized by non-homogeneous voidage distribution (Zheng
& Zhu, 2000).

Numerical modeling of multiphase flows can be performed using two different approaches: Euler-
Lagrange and Euler-Euler. The Euler-Lagrange approach considers the fluid phase as a continuum using
an Eulerian approach, while the dispersed phase flow is solved for each particle individually with a
Lagrangian approach. This is achievable only if the solid phase volume fraction is low (below 10 %). In
our case, the solid volume fraction (= 4 %) and the number of particle (less than 2.10%) could allow to
use this type of model. However, computation times would be long. Moreover, the Lagrangian approach
is not successful to model continuously suspended particles in a close reactor (the liquid phase enters
and comes out continuously in the studied reactor but the solid phase is kept inside). An Euler-Euler
approach must thus be used. In this kind of approach, each phase is solved using an Eulerian treatment.
Both phases are considered as interpenetrating continua and a volume fraction of each phase is
calculated in every cell of the mesh. Two models can be used: mixture model (one fluid model) and the
Eulerian model (two fluids model). The mixture model is used to model multiphase flow where phases
move with a close velocity or density. In this model, the continuity, momentum and the energy equations
are solved for the whole mixture. This model cannot be used in this context as velocities of both phases
are not close enough. The Eulerian model is more complicated and requires higher computation times
but gives a better description of the flow. The pressure field is solved for all phases while momentum
and continuity equations are solved for each phase. The Eulerian model is recommended for fluidized
beds and is used in this work.

Most CFD studies on liquid-solid fluidized bed compare solid holdup (or voidage) and/or solid or liquid
velocities with experimental results to validate the model (Cornelissen et al., 2007; Davarnejad et al.,
2014; Ghatage et al., 2014; Panneerselvam et al., 2007; Wang et al., 2012).

To characterize experimentally a two-phase flow, different non-intrusive experimental methods are
available. Electrical resistance tomography gives information about solid distribution (Carletti et al.,
2014; Hosseini et al., 2010) while computer aided radioactive particle tracking (CARPT) gives access
to solid velocities (Dudukovic, 2000; Guha et al., 2007). These methods were not available, can cause
health issues and are costly.

Two-phase Particle Image Velocimetry (PIV) can be used to obtain velocity of both phases (Virdung &
Rasmuson, 2007). However, some limitations occur using this technique as laser light must penetrate
through the liquid-solid dispersion and not be too much distorted. Two-phase PIV must thus be used
with a low solid volume fraction (less than one percent) of transparent particles or with liquid-solid
dispersion in which both phases have matching refractive indexes (Micheletti & Yianneskis, 2004;
Montante et al., 2012; Unadkat et al., 2009). Hence it is complex to set up this technique on the studied

-84 -



4.2 Materials and methods

reactor, filled with a relatively high solid volume fraction of 4.35 % (for two-phase PIV), and
particularly with beads having a high diameter (3 mm).

In this work, a light attenuation technique is chosen to characterize the solid distribution (Delafosse et
al., 2018; Tamburini et al., 2013). This method allows to access to the solid concentration through the
reactor depth, using a light source and a camera placed on each side of the reactor. It has been
successfully used previously to validate CFD model on other types of reactors.

Density of solids in this thesis (1010-1020 kg.m™) is lower than in most studies in which the solid
density is between 1050 and 2900 kg.m™ (Kalaga et al., 2012; Thombare et al., 2019). Nirmala &
Muruganandam, 2013 studied global solid holdup and solid circulation rate of a liquid-solid fluidized
bed involving alginate beads with a density of 1010 kg.m™. Maestri et al., 2019 developed a CFD-DEM
model and compared results using CARPT method for a liquid-solid fluidized bed using alginate beads
of 1027 kg.m. Good agreements between the experimental method and the model were found studying
bed expansion, solid distribution, time averaged velocity fields and axial dispersion coefficients. In this
thesis, as the solid density is low and close to water density, the influence on density on the flow is
particularly studied. As Panneerselvam et al., 2007; Wang et al., 2010 showed the particle size has an
influence on the flow, the influence of the bead diameter on the flow is studied as well in this thesis.

Liquid-solid fluidized beds are usually cylindrical columns (Corona, 2008; Ghatage et al., 2014; Kalaga
et al., 2012; Wang et al., 2010). Liquid is uniformly injected at the bottom of the column through a
distributor as a perforated plate. The configuration of the studied reactor is very different as the column
is rectangular and the liquid is injected through an off-centered slit. This causes an unusual bead motion
which needs to be characterized.

The single phase (liquid) behavior of the reactor has been studied in a previously (chapter 3), to get a
first insight on the flow behavior in the reactor. It has been shown that the flow regime in the reactor is
laminar and unsteady. A CFD model was developed and validated by an experimental method (PIV).
This model allows to describe liquid mean and rms velocity fields. In this thesis, it is used as a basis for
the two-phase model.

The aim of this chapter is to develop a two-phase 3D-CFD model of the reactor in order to get
information about the liquid and the solid phase behavior. An experimental method based on light
attenuation is used to validate this model based on solid distribution. The influences of bead diameter
and density on the flow are quantified. The impact of the presence of solid on the liquid flow is studied.

4.2 Materials and methods
4.2.1 Photobioreactor setup

The reactor characterized in this chapter is the same as in the previous chapters and the complete
configuration of the reactor is described in chapter 2. The photobioreactor is a flat rectangular fluidized
bed reactor of around 5 L (Figure 4.1). Solids (beads) are fluidized by liquid (distilled water in this
chapter) entering at the reactor bottom by a slit of 1 mm thick extending over the whole reactor width.
An internal panel allows delimiting two zones in the reactor, with ascending and descending flows,
respectively. The solid fraction in the reactor is fixed at 4.35 % of beads in this chapter. A flow rate of
0.1310 kg.s™! (470 L.h'l) is needed to completely fluidize this solid volume fraction in the ascending
zone section and to allow beads reaching the upper part of the photobioreactor and to go behind the
internal panel to the descending section. Beads sediment at the bottom of the photobioreactor and
recirculate above the slit by means of the bottom prism. Flow is characterized in five vertical planes
situated at 3, 8, 18, 28 and 34.7 mm, respectively, from the reactor wall maintaining the prism, beginning
by plane 1 in the descending flow zone.
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=

Figure 4.1 — Photobioreactor configuration. Five planes are used to characterize the hydrodynamics: two in the
ascending section (plane 4 and 5) and three in the descending flow section (planes 1,2 and 3). Green arrows
represent the flow.

4.2.2 Beads characterization
4.2.2.1 Bead making

Solids used in this chapter are beads made from sodium alginate. Since only hydrodynamics is studied
in this chapter, beads are not filled with algae. However, to obtained beads with the same properties as
the ones containing algae, the protocol to make beads is the same as described in chapter 2. A 3.75 %wt.
solution of sodium alginate (CsH7NaOs) is diluted with 20 % of distilled water just before cross-linking
(this step balances the addition of microalgae in the solution in the encapsulation process). The solution
is pumped through a needle and dripped in a beaker filled with reticulation solution (CaCl,: 0.1 mol/L)
to form beads.

4.2.2.2 Bead diameter measurement

As alginate beads absorb water, dry and wet bead densities and diameters are very different. Thus, bead
density and diameter have to be measured in “real conditions” (in water solution) to get their
characteristics once fluidized in culture medium. Culture medium is thus considered as water as the
assumption is always made in literature about photobioreactor modeling (Nauha & Alopaeus, 2013).
Bead diameter is measured using digital photographs (Sony camera, 0450) of alginate beads in water.
Beads are put on a black background to enhance contrast. Each picture contains more than one hundred
beads which do not touch one another. 8 pictures containing new beads are considered which
corresponds to approximately 1024 beads in average. Picture spatial resolution corresponds to
0.06 mm/pixel. Pictures are processed using Matlab R2020b including Image Processing Toolbox 11.2.
A binarization step enables to convert pictures in black and white with a thresholding algorithm using
Otsu method. A morphological opening (erosion followed by dilatation) is used to crop isolated pixels
(Figure 4.2). Beads have not exactly a spherical but ellipsoidal shape. An equivalent diameter is used to

. . ’4 A . . .
characterize bead size, calculated as xnrea. Objects with diameter below 2 or above 4 mm are

considered as noise, dust or light reflection artefacts, and removed. Using this method, the average bead
diameter equals 2.80 + 0.10 mm (with a confidence interval of 95 %) (Figure 4.3).

-86 -



4.2 Materials and methods

a)

Figure 4.2 — Photography of alginate beads (a). Same photography processed (binarization, erosion and
dilatation) using Matlab (b).
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Figure 4.3 — Bead diameter distribution measured with images processed using Matlab. Total number of 1024
beads.

4.2.2.3 Bead density measurement

As bead density is close to water and must be measured inside water (4.2.2.2), measurement of bead
density is not straightforward. Density is measured using settling velocities of 70 beads in a 1-meter-
high column filled with distilled water (18 °C). The attenuation light method is performed in a room at
20 °C thus a close temperature. Column diameter is 30 times larger than bead diameter, so the influence
of wall can be neglected (Malhotra & Sharma, 2014). When a single spheroidal particle (density ps,
diameter d)) is settling with a constant speed (ur,o) in a fluid at rest (velocity u;, equal to 0 in this case,
density p;, cinematic viscosity v;), the force balance on the bead, considering the drag force and the
buoyant force may be written as in (Equation 4.1).
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4 .
=z (ps =P gdyp (Equation 4.1)
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Where the drag coefficient C, depends on the particulate Reynolds number (Equation 4.2).

_dpurp —uyg) (Equation 4.2)

Using the measured settling velocities (average: 2.240 cm.s™, standard deviation: 0.077 cm.s™!), a mean
Reynolds number is calculated (Re, = 60). As 1 < Re,, < 800, the Schiller and Neumann correlation

can be used to calculate Cp (Equation 4.3) and the bead density deduced from (Equation 4.1).

Cp= (1+0.15(c¢ Re ) ) (Equation 4.3)

s Re
L™

o is the liquid volume fraction and equal to 1 in this case.

As explained in 4.2.2.2, beads are not exactly spherical. The mean aspect ratio of the ellipsoidal beads,
defined as the ratio between the minor and the major axis lengths (the aspect ratio of a sphere is equal
to 1), equals 0.9. The influence of the spheroidal aspect of the beads on the flow is evaluated using a
relation between the drag coefficient Cj, and the elongation e (comparable to the aspect ratio in 3D)
given by Bagheri & Bonadonna, 2016 (Equation 4.4). f is the fatness and equals to 1 in this case.

_ 24ks ky 2 0.46ky _
Cp = (1+0.125(Rep——)3) + — 23+ (Equation 4.4)
Re, ks’ |, 5330
kn
Rep k_S

1 1
1.3V3 1.3\73
with kg = W

ky = 10%2(~10g(f?e))B2

0.45 + 10
OCZ= . —S
25 log(%)+30

7
,82 = 0.45 — ST e
e3log(a)+100

The drag coefficient Cp is 4.5 % higher with a particle with a 0.9 elongation, leading to velocities lower
by 2.2 % (Equation 4.1). This is considered as a minor influence thus beads are considered as spherical
in hydrodynamics characterization.

Using the settling velocities approach, the bead density is found to be 1018 + 1 kg.m™ at 18°C. If a 0.9
elongation is considered, the calculated density is 1 kg.m™ higher.
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4.2.3  Solid distribution measurement

The spatial distribution of the solid in the reactor is measured using an experimental method based on
light attenuation and developed by Delafosse et al., 2018. The transparent alginate beads used to model
the solid are compatible with this technique. Black and white photographs (greyscale images) of the
reactor are taken by a CMOS camera (Figure 4.4). The reactor is illuminated on the other side by a white
LED backlight (Phlox s.a., 70 000 cd.m?). Photographs of the entire column are thus taken through the
depth of the reactor. The spatial resolution equals 6 pixels by mm. A “blank” image (reactor filled with
distilled water) is taken when the bead bed is packed at the reactor bottom. Image processing is made
using a homemade code on Matlab R2020b. Averages on 500 images (taken every 1 s) are calculated.
On these blank images, the volume occupied by the packed bed (around 40 mm from the bottom of the
image) approximately corresponds to the reactor volume next to the prism situated at the bottom of the
reactor. Even when solid particles are dispersed in the reactor, this part of the image is unusable due to
the strong light attenuation by the prism. Matlab software was used to crop and process images. For
each image pixel, gray level is linked to light attenuation and then correlated with the local solid fraction.

a)

Figure 4.4 — Black and white photographs used for the attenuation light method. Image of empty reactor used as
blank (a) and fluidized bed of alginate beads — 4.35 % of solid (b).

4.2.4 Two-phase flow modelling by CFD

CFD simulations are performed using Fluent software (ANSYS, 2019 version R3). The geometry, mesh
and boundary conditions are similar to those used for single-(liquid) phase simulations (chapter 3). The
geometry was drawn on DesignModeler software (ANSYS, 2019 version R3). The mesh is composed
of around one million of hexahedrons. The mean edge size of the mesh is 1.70 mm (minimum size: 0.80
mm and maximum size: 2.70 mm). It is thus smaller than the mean bead size (2.80 = 0.10 mm). This
could seem inappropriate. However, using a larger cells size, which implies a lower number of cells,
does not allow to properly describe the flow. Moreover, as an Euler-Euler approach is used, phases are
considered as interpenetrating continua and volume fractions are calculated, so beads are not described
individually in cells.

The liquid flow is laminar and unsteady. The optimal time step is found to be 0.02 seconds. A “mass
flow inlet” and a “pressure outlet” boundary conditions are used. A single phase (liquid) initialization is
first realized. Solids (4.4 % volume) is added after 10 seconds of flow simulation on the entire volume
of the reactor using a patch on Fluent.
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An Eulerian multiphase model is used to simulate the two-phase behavior. The pressure is solved for all
phases while momentum and continuity equations are solved for each phase. Momentum and continuity
equations are given by Navier-Stokes equations modified to take into account interphase momentum
transfer. The continuity equations on both phases allow to calculate the volume fraction of each phase:
liquid-L symbol (Equation 4.5) and solid-S symbol (Equation 4.6), with the sum of phase volume
fractions equal to 1 (Equation 4.7).

a 37 .

a(OCL pL)+V-(x, pyu;)=0 (Equation 4.5)

a - .

I (x5 ps) + V- (x5 psus) =0 (Equation 4.6)
X+ =1 (Equation 4.7)

The momentum conservation equations for liquid and solid phases are established as
(Equation 4.8) and
(Equation 4.9):

a — —_ — —

E(OCL prur) + V- (o, pugup) = —oc, Vp + V- (o< py (Vg + (Va)"™)) +

o, prg + Ks,(u — us) — Frpe — Fom (Equation 4.8)
7] —> — —

5; (Xs pstis) + V- (Xg pslls.Us) = —Xs Vp — Vps + V- (5 ps (Vg +

(Vus)™)) + o5 psg + Ko (Us = Ur) + Fupe + Fomy (Equation 4.9)

The fluid-solid exchange coefficient Kg; used in the momentum equation to model the drag force is
calculated as:

Kg; = (Equation 4.10)

With the particle relaxation time g calculated as:

depz

= (Equation 4.11)
s 18p,

Ks; depends on the drag function f; which includes the drag coefficient Cp calculated by (Equation
4.3). The function used in this work is the one proposed by Huilin Gidaspow (Gidaspow et al., 1992)
(recommended for dense fluidized bed) which is a combination of Wen and Yu model (Wen & Yu,
1966) for a; > 0.8 (Equation 4.12) and Ergun equation (Ergun, 1952) for a; < 0.8 (Equation 4.13).
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3 . sy pp(us—u) o, ~2.65

Kg; = (Equation 4.12)

1 “D L
4 dy
150p (1 — gp)? 175p, (1 —&,) (Equation 4.13)
- —_— u
SL dpz Sb3 L dp Sb3 L

A Granular phase is used to simulate the interactions between solids. It is based on kinetic theory of
granular flow which considers the conservation of solid fluctuation energy. A solid pressure is
calculated, composed of a kinetic and a particle collisions terms (Ding & Gidaspow, 1990). The solid
pressure is used to calculate the pressure gradient term Vp, in the momentum equations relative to the
solid phase (Equation 4.14).

ps =% psTs + 2ps(1 + egs) %s? GossTs (Equation 4.14)

Where ey is the coefficient of restitution for particle collisions, T is the granular temperature energy
which takes into account the particles fluctuating velocity and g ¢ is the radial distribution function
which corrects the model of the probability of collisions between particles.

Lift force is calculated as:

Fupe = Cipp, %5 (up —ug)(V X up) (Equation 4.15)

The lift coefficient C; is calculated according to Moraga model.
0.0767 if ¢ <6000

[ - (4 -
Cr=1{-(0.12 — 0.2 73612 )31 ;£ 6000 < ¢ < 5 x 107 (Equation 4.16)
—0.6353 if ¢ > 5 x 107

Where ¢ = Rej,Re,, with Re,, the vorticity Reynolds number:

V X u;)d,?
Re, = ﬂ (Equation 4.17)
Vi
Virtual mass force is calculated as:
—_ dLu_L) dsu_s) Equation 4.18
Fym = —0.5 o pL(T_ it ) g /

The influence of virtual mass and lift forces are discussed in the results. As the density difference
between phases is low, lift force can have a high influence (Malone 2006).
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4.3  Results and discussion
4.3.1 Simulations results
4.3.1.1 Theoretical determination of the fluidization conditions (diameter and density)

As solid density pg and particle diameter d,, play a key role in equations governing the flow (described
in 4.2.4), uncertainties on the measurement of diameter and density of alginate beads can have a
significant impact. A bead diameter of 2.80 = 0.10 mm and a density of 1018 = 1 kg.m™ are estimated.
Moreover, experimentally, it is determined that the minimum liquid mass flow inlet required to
completely fluidize beads (1018 + 1 kg.m™) equals 0.1138 kg.s™'. But, on the basis of CFD simulations,
it is observed that a bed of 1018 kg.m™ beads cannot be entirely fluidized if a flow inlet equal to 0.1138
kg.s™! is considered, while this flow allows a fluidization of 1014 kg.m™ beads up to the top of the
internal panel. Hence the influence of these bead characteristics (diameter 2.80 = 0.10 mm, density 1014-
1018 kg.m™) on the flow is first studied theoretically.

Richardson and Zaki law (Richardson & Zaki, 1997) describes the theoretical relation between the
settling velocity of a single bead (ur ) and the hindered settling velocity of the bead bed (Equation
4.19).

Up = uUry X (1 -5 )" (Equation 4.19)
where n is an empirical coefficient.

For 1 < Re, < 200,

dp -0.1
n=(445+18 D—h)Rep ' (Equation 4.20)

where Dy, is the hydraulic diameter.

As explained in 4.2.2.3, the bead diameter has a direct influence on the single bead settling velocity.
Hence the theoretical influence of the bead diameter on the settling velocity of the bead swarm can be
calculated combining (Equation 4.1) and (Equation 4.19).

For a given bead density, the settling velocity ur g is calculated iteratively (as it depends on Re,,
calculated from ur () using equation (Equation 4.1) for different diameters d,,. Finally the settling
velocity of the bed u,, is calculated as a function of d,, using Richardson and Zaki law (Equation 4.19).

The solid volume fraction is 0.04. In reality, it is assumed to be between 0.03 and 0.06 in the bed due to
local accumulation, but results are not influenced by these close solid fractions.

In these conditions, the measurement error on the bead diameter & 0.1 mm, has a relative impact on the
computed hindered settling velocity of + 3.5 %, if a density equal to 1014 kg.m3 is considered. Hence
the impact of the error on the bead diameter is rather low when studying the fluidization conditions.

The influence of bead density on the fluidized bed is studied as well. The single bead settling velocity
directly depends on the bead density. For a constant bead diameter, ur o is calculated iteratively and u,,
deducted from Richardson and Zaki law. For a solid volume fraction of 0.04, the influence of a density
varying between 1014 and 1018 kg.m™ on the hindered velocity is 14 %. Hence the bead density has a
significant influence on the fluidization conditions of the beads.
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4.3.1.2  Co-influence of interaction forces and density

As it is found to theoretically have a non-negligible influence on the flow, the impact of density on the
flow is further studied using CFD simulations. Interaction forces (drag, virtual mass and lift) have an
influence on fluidization as well (Table 4.1). Using only the drag force as interaction force, beads of
1018 kg.m™ cannot be fluidized using the experimental liquid flow rate of 0.1310 kg.s™' while beads of
1014 kg.m? are fluidized (Table 4.1). However, using three interaction forces (drag, virtual mass and
lift), beads of 1018 kg.m™ can be fluidized using the experimental liquid flow rate of 0.1310 kg.s!. In
any case, beads of 1018 kg.m™ cannot be fluidized using a liquid flow rate of 0.1138 kg.s™' which is the
minimum flow rate required to completely fluidize beads experimentally. Hence, both influences
(density and interaction forces) are studied.

Using drag, virtual mass and lift interaction forces, the flow rate considered in the experimental part
(4.3.1), equal to 0.1310 kg.s™!, allows to fluidize 1018 kg.m™ beads. This value of liquid flow rate is
thus used, in CFD simulations, to study the influence of density (1014-1018 kg.m™) on solid distribution.

To study influence of interaction forces, a density of 1014 kg.m™ must be used as the bed cannot be
fluidized using a density of 1018 kg.m when lift is not considered.

Even if the influence is low, a bead diameter of 2.70 mm, within the uncertainty experimental range, is
chosen in simulations as the liquid flow rate needed to fluidize the bed is higher to the experimental one.

As the global solid fraction in CFD (0.0440) and the experimental method (0.0435) is not exactly the
same, results are normalized (divided by their mean global solid fraction) to be compared. It must be
noticed that the global solid fractions are close and the difference has no influence on results described
in this section.

Table 4.1 - Parameters of different simulations (CFD) used to study the influence of bead density and interaction
forces. Total fluidization means a bed expansion up to the top of the internal panel.

Liquid flow rate Bead characteristics Forces Total Fluidization
(kg.s™) - - (Yes/No)
Diameter (mm) Density (kg.m™) D: drag;

VM: virtual mass;

L: lift
0.1310 2.70 1018 D No
0.1310 2.70 1014 D Yes
0.1310 2.70 1018 D+ VM No
0.1138 2.70 1018 D+VM+L No
0.1138 2.70 1014 D+VM+L Yes
0.1310 2.70 1014 D+VM+L Yes
0.1310 2.70 1018 D+VM+L Yes

4.3.1.2.1 Influence of density

The influence of bead density on the solid distribution is further evaluated using CFD simulations using
drag, virtual mass and lift interaction forces. Two different densities are studied: 1014 and 1018 kg.m™.
A liquid mass flow rate at the inlet equal to the experimental one (0.1310 kg.s™) is considered.
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4 Hydrodynamic characterization of the solid phase

From 3D distributions simulated by CFD, vertical profiles of solid fraction are calculated by averaging
over the reactor depth and width using Matlab. Null values due to the internal panel are not accounted
for in the averaging process. Solid fractions are normalized (divided by the mean solid fraction in the
reactor, equal to 0.044).

If density values equal to 1014 and 1018 kg.m3 are successively considered, the 4 kg.m™ difference has
a low influence on the global solid fraction distribution (Figure 4.5). Solid fraction is higher (between 1
and 4 % relative difference) along the internal panel (z = 50 to 300 mm) using a bead density of
1018 kg.m™.

400 T :
—1014 kg/m3

—1018 kg/m3
350 - -

300 -

N

(o))

o
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Reactor height (mm)
=
o o
T T

| |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Normalized solid fraction

Figure 4.5 - Solid distribution profiles averaged over the reactor width and depth obtained by CFD using bead
densities of 1014 or 1018 kg.m™. Liquid mass flow rate of 0.1310 kg.s™ and bead diameter of 2.70 mm.

The influence of density is more significant at a local point of view. The bead density influence is indeed
not negligible anymore if the solid distribution is studied on specific vertical planes. Studying plane 5
(Figure 4.6), the difference in solid distribution vertical profile (averaged over the reactor width)
between a density of 1014 and 1018 kg.m™ from z=100 to 300 mm leads to a relative difference in the
solid distribution of 23 %. It has thus a major influence on the fluidized bed behavior.
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Figure 4.6 - Plane 5 solid distribution profile of the reactor obtained by CFD using bead densities of 1014 or
1018 kg.m?. Liquid mass flow rate of 0.1310 kg.s™ and bead diameter of 2.70 mm.

4.3.1.2.2 Influence of the virtual mass and the lift force

In solid-liquid systems, different interaction forces can be considered. The mains are drag, virtual mass
and lift (4.2.4). Drag is the most important and considered by default by Fluent. The virtual mass and
the lift forces are sometimes neglected. In case of liquid-solid fluidized bed, most studies neglect the lift
or the virtual mass force without justification (Zbib et al., 2018). However, Malone et al., 2006 found a
significant influence of lift force due to a low density difference between phases as well as Koerich et
al., 2018. On the contrary, the virtual mass force is more important and can be not negligible when the
density difference is high (Wang et al., 2014). Hence, the influence of the virtual mass and the lift are
studied in the present reactor. The study is performed using a bead diameter of 2.70 mm and a density
of 1014 kg.m™. A liquid flow rate of 0.1310 kg.s™! is used.

Solid distribution in the reactor depth is studied using drag force only; drag and virtual mass; drag,
virtual mass and lift (Figure 4.7). Solid distribution is more homogeneous in the descending zone
considering virtual mass and lift forces. Indeed, considering only the drag force, solid fraction is higher
close to the internal panel and decreases near the reactor wall. Above the internal panel, solid behavior
is different as well.

Horizontal profiles (solid distribution averaged over the reactor depth and height) are calculated using
the different forces (Figure 4.8 a). There is no high influence of virtual mass or lift on horizontal profiles,
except a higher side-effect of lateral walls using lift.

Vertical profiles (solid distribution averaged over the reactor depth and width) are studied (Figure 4.8
b). Virtual mass has a low influence on solid distribution. Simulations considering lift and virtual mass
has a higher influence, showing a higher solid fraction along the internal panel, but a lower accumulation
just at the top of the panel. One should notice that a density of 1014 kg.m™ is used for these simulations
which is lower than measured experimentally (1018 + 1 kg.m™). The discrepancies with experimental
results using a density of 1018 kg.m™ is discussed in 4.3.3.
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Hence, because using only drag does not allow to fluidize a bead bed of 1018 kg.m™ density and due to
their influence on the solid distribution (more homogeneous along the internal panel), the virtual mass
and the lift force are considered in CFD simulations.
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Figure 4.7 - Solid distributions obtained by CFD (mean on 500 images) normalized by the global solid fraction.
2D solid distributions in vertical planes (average over the reactor width) including drag force only (a), drag and
virtual mass force (b), drag, virtual mass and lift force (c).
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Figure 4.8 — Solid distributions obtained by CFD (mean on 500 images) normalized by the global solid fraction.
Horizontal profiles (averaged over the reactor depth and height) (a). Vertical profiles (averaged over the

reactor depth and width) (b).

4.3.2  Experimental characterization of solid distribution

The aim of the experimental characterization is to study the bead behavior inside the reactor. The
photobioreactor is filled with distilled water and beads, with a volume solid fraction equal to 4.35 %.
The minimum liquid flow rate allowing a complete fluidization of solid particles (up to 35 cm height)

equals 0.1138 kg.s!.

As presented in section 4.2.3, a light attenuation method is used to determine the solid distribution. The
liquid flow rate is fixed at 0.1310 kg.s"'. On Figure 4.4, one can observed that the bottom zone is
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unreachable due to the prism. Solids are present in the whole reactor (below, along and over the internal
panel) but solid fraction decreases at the top of the reactor.

Gray level values of pixels in black and white photographs can be directly related to the local solid
concentration through the reactor depth. In a previous study, a calibration curve was drawn by Delafosse
et al., 2018 for different solid fractions, based on measurements realized on homogeneous solid
distributions inside a stirred tank. This kind of measurements cannot be performed here. However, as
demonstrated by Delafosse et al., 2018, a linear relation between the log(A/A0) term and the solid
fraction, as expressed in the Beer-Lambert law, is observed if the solid fraction is low enough (Equation
4.21).

A
—log <A_0> = ko () (Equation 4.21)

A and A, are the pixel gray level values in the fluidized bed reactor pictures and in the blank image
(reactor filled with water), respectively.

k, represents the absorption coefficient of alginate beads multiplied by the thickness of the liquid-solid
dispersion. The attenuation of reactor walls and liquid (water) is subtracted in the blank.

() is the “local” volume solid fraction. It is relative to a given height and width in the reactor, but it
is not related to a single point along the reactor depth, as the attenuation is integrated over the whole
liquid-solid dispersion depth. Hence the “local” solid fraction is an average value over the reactor depth.
k, is related to the thickness of the liquid-solid dispersion. It is constant in all the reactor, except in the
zone with the internal panel V}, (Figure 4.9), which occupies 13 % of the reactor depth. In this zone,

k, is thus considered 13 % lower.

4.3.2.1 Calibration of the technique

The global volume fraction of solids in the reactor ({(«<g)7) is equal to 0.0435 (Equation 4.23). Two
zones are not reachable by the attenuation technique, the bottom zone below a height of 40 mm, V,, due
to the bottom prism, and the top zone above 350 mm, V},, due to Plexiglass sheets used to close the
reactor. The solid fraction cannot be measured, and some assumptions must thus be done relative to the
solid fraction in these zones.

As a first step, the solid fraction in the bottom zone, (), is considered equal to the solid fraction just
below the internal panel (xg); (Equation 4.24).

As the solid fraction is visually very low in the top zone, it is considered null (Equation 4.25).

These assumptions are integrated in the global mass balance (Equation 4.22) which relates the global
solid fraction ({ccg)) in the reactor, to the solid fractions in the different zones of the reactor weighted
by their corresponding volumes. (<g); and (OC_s)p are replaced by their expressions as a function of light
attenuation from Beer-Lambert law (Equation 4.21) to calculate the attenuation coefficient,
k,.

Finally, local values of solid fractions () are calculated from attenuation images according to Beer-
Lambert (Equation 4.21).

(xg)rVp = (X Vi + (Xs) Vo +(Xs)pVp + (X} Vi + (Xg)pVp (Equation 4.22)
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(xg)t = 0.0435 (Equation 4.23)
(xg)p = (Xg)y (Equation 4.24)
(), =0 (Equation 4.25)
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Figure 4.9 - Schematic representation of the depth of the reactor. Volume and solid concentration description.
Dimensions are not true to scale.

4.3.2.2  Experimental results

Two kinds of solid profiles are computed by spatially averaging the solid distribution 2D images:
vertical and horizontal profiles are obtained from averages over the reactor width and height,
respectively (Figure 4.11). Vertical profiles indicate a rather homogeneous solid distribution in the
reactor from 50 mm height to 250 mm. An accumulation of solids at z =310 mm corresponds to the top
edge of the internal panel. Vertical velocity decreases at this height as beads are changing direction
(from upflow to downflow) which causes a bead accumulation.

Some high or low local values are also observed in other zones of the reactor (Figure 4.10). For example,
at the left of the reactor (width < 30 mm) between z = 50 and 150 mm. They can be attributed to light
reflections and are not due to local accumulations. Screws used to fix the internal panel can be detected
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close to the lateral walls. They are not taken into account for the calculation of the profile. On horizontal
profiles, experimental results obtained by the attenuation light show a higher solid fraction near the
reactor walls. It should be noticed that the liquid injection under the slit of the reactor is coming from a
horizontal pipe perforated with 7 holes of 7 mm of diameter distributed along the whole reactor width
and fed with water by both ends. Hence the liquid flow rate is not perfectly uniform along the reactor
width and is slightly higher near the reactor sides. It has been considered negligible in chapter 3 as it
was less visible when observing only the liquid phase. However, it can be seen on PIV results (obtained
on single liquid flow) if the color scale is specifically enhanced to evidence it (Figure 4.12).

The local solid distribution in the reactor is studied using two different liquid flow rates, for which the
bed of particles is fluidized: 0.1310 kg.s™' and 0.1210 kg.s". Regarding the solid profiles according to
the height, the impact of the internal panel is visible exactly at the same height (310 mm). However, if
a2 0.1210 kg.s™!' flow rate is used, the accumulation of solid is more significant in the lower part of the
reactor (below 150 mm) and less important over that height compared to a 0.1310 kg.s”! flow rate. The
relative difference is evaluated around 8% in the lower part as well as in the higher part. The difference
can be explained as a higher flow rate enables to get a more uniform fluidized bed. The solid distribution
along the reactor width differs as well, the solid accumulation is more important in the left side
(x < 50 mm) using a 0.1210 kg.s™' flow rate.
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Figure 4.10 - Solid distribution averaged over the reactor depth measured using attenuation light experimental
method for a liquid flow rate of 0.1310 kg.s' (a). Mean on 500 images. Schematic representation of the reactor
set up (b).
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Figure 4.11 —Solid fraction distribution profiles measured for two different liquid flow rates: 0.1310 kg.s” and
0.1210 kg.s™ : vertical profiles obtained by averaging over the reactor width (a) and horizontal profiles obtained
by averaging over the reactor height (b). Mean on 500 images.
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Figure 4.12 — 2D vertical velocity fields (m/s) measured by PIV in vertical planes: planes 3 (a) and plane 5 (b)
situated respectively at 18 and 28 mm from the reactor wall towards the camera. Velocity fields obtained on
single liquid flow.

4.3.2.3 Correction of experimental results

Using any density and including virtual mass and lift forces or not, an accumulation of solid at the
bottom of the reactor (below 40 mm) is highlighted using CFD. The solid volume fraction in this zone
is 0.108 (corrected by the experimental solid fraction which is slightly different than in CFD) which is
really higher than in other parts of the reactor (0.0435 in total). This zone is not reachable by the
attenuation light method (experimental results) due to the bottom prism in the reactor. Nevertheless, a
visual accumulation of solids at the bottom of the reactor is noticed, due to the slowdown of beads on
the prism.

As experimental results are calculated based on the total volume fraction (4.3.2.1), it has been calculated
once more taking into account the accumulation of solid in the bottom of the reactor (Equation 4.26)
instead of using a solid fraction equal to the one below the internal panel (Equation 4.24).

(), =0.108 (Equation 4.26)

CFD confirms that no solids are present at the top of the reactor (z > 350 mm). Hence this assumption
in experimental results ((Xg), = 0) is kept.

Vertical profiles (averaged over the width) using basic assumption and CFD correction are compared
(Figure 4.13). Experimental results based on CFD correction gives logically a lower solid fraction in the
other parts of the reactor as it is based on a higher fraction below 40 mm. The impact of this correction
is significant as it presents 10 % of relative difference. The CFD correction is used in the following,
even if it cannot be validated, as a higher solid fraction in the bottom part of the reactor is more realistic
because visually noticed.
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Figure 4.13 - Vertical solid fraction distribution profiles obtained by averaging over the reactor width,
measured using a liquid flow rate of 0.1310 kg.s™ . Solid fraction below 40 mm is estimated equal to the solid
fraction below the internal panel (base case) or equal to the solid fraction calculated by CFD.

4.3.3 Comparison between experimental and simulations results

Experimental solid distributions are compared to simulations (liquid flow rate: 0.1310 kg.s™, density:
1018 kg.m>, diameter: 2.70 mm, drag, virtual mass and lift forces included). As the experimental
method gives access only to the solid distribution values averaged over the reactor depth, simulations
results are extracted and processed to be comparable. Local simulated solid distribution values are
averaged over the reactor depth using Matlab. Null values due to the internal panel are not accounted
for the average.

The solid distributions averaged over the reactor depth are presented on Figure 4.14 a b. Simulations
and experiments both show an accumulation around z=310 mm which corresponds to the top of the
internal panel. CFD solid distribution is more homogeneous than solid distribution obtained using the
experimental method.
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Figure 4.14 - Solid distribution averaged over the reactor depth measured using attenuation light experimental
method (a). Solid distribution averaged over the reactor depth obtained by CFD (b) Mean on 500 images.

The analysis of profiles of solid distribution allows a more quantitative comparison between
experimental and simulation results. Vertical profiles show solid distribution averaged over the reactor
width (Figure 4.15 a). CFD results present a lower accumulation at the top of the internal panel than
experiments. The solid distribution along the internal panel simulated by CFD is in good agreement with
experiment. This confirms that the virtual mass and lift forces which lead to more homogeneous
distribution must be taken into account (4.3.1.2.2). For heights between 50 and 250 mm, discrepancies
between CFD and experimental are lower than 4 % in relative (as normalized values are considered).

However, comparison of horizontal profiles (averaged over the reactor height) indicates that the CFD
results does not exactly match with experimental results (Figure 4.15 b). In CFD, horizontal profile
oscillates between 0.95 and 1.05 normalized solid fraction, with a low accumulation of solid noticed in
the center of the reactor and less solid present near the walls (probably due to the side-effect). On the
contrary, on experimental profile, a lower normalized solid fraction is noticed in the right central zone
(150 - 250 mm from the left). It is probably due to a higher flow rate on the reactor sides as the flow rate
along the slit is non-uniform (4.3.2.2). In this zone, discrepancies with CFD reach a maximum of 24 %
in relative.

Hence if the model describes well the solid distribution in the reactor height, experimental variations in
the width cannot be predicted by the model.
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Figure 4.15 - Solid fraction distribution profile obtained by calculating the mean along the reactor height (a) or
width (b) using the experimental method or CFD. Mean on 500 images using both methods.

4.3.4 Solid distribution in the reactor

CFD allows to reach local solid distribution in the reactor while the experimental method only enables
to access the solid distribution averaged over the reactor depth. Hence, CFD simulations allows to
quantify the higher solid fraction in the ascending zone than in the descending zone (Figure 4.16). In
plane 3, situated in the descending zone, the normalized solid fraction is close to 0.9 while it is higher
than 1.5 in the plane 5 (ascending zone). This heterogeneous solid distribution has an influence on light
attenuation by beads in the reactor thus on the biomass growth (chapter 5). This information is not
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reachable using the attenuation light method as the latter only gives access to solid fractions values
averaged over the reactor depth. Experimental results give access to global quantities which are
considered sufficient to validate CFD. Different studies in literature use the same strategy validating
CFD on global solid hold-up for example (Cornelissen et al., 2007; Davarnejad et al., 2014). In this way,
CFD allows to access local values (of solid distribution and velocities) which are unreachable by
experiments. CFD simulation and experimental method are thus not perfectly equivalent, but rather
complementarity.
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Figure 4.16 — Normalized solid fraction obtained by CFD in the descending zone: plane 3 (a) and in the
ascending zone: plane 5 (b). Planes position is indicated in Figure 4.1. Normalized solid fraction obtained by
CFD in the reactor depth (c). Liquid flow rate of 0.1310 kg.s™, bead diameter of 2.70 mm and density of 1018

kg.m?. Simulations including the drag, the virtual mass and the lift force.

4.3.5 Comparison of liquid and solid velocity fields

In order to develop a global model, it is useful to evaluate differences between solid and liquid flow
behaviors. Because liquid and solid densities are close, global behaviors are expected to be similar but
needs to be more precisely quantified. Liquid and solid flows have been compared based on vertical
profiles of vertical components of velocities (“vertical velocity”). As explained in chapter 3, the
horizontal component of velocity (“horizontal velocity”) is negligible if compared to the vertical one.
The normal component of velocity (‘normal velocity”) is also negligible everywhere except in the zone
between 300 and 350 mm. So the vertical velocity is more representative of the entire flow. Vertical
profiles (averaged over the reactor width) of vertical velocities of solid and liquid are compared in two
planes: plane 3, situated in the descending zone, and plane 5, situated in the ascending zone (Figure 4.1).
Solid perfectly follows the liquid flow: velocity profiles are similar in shape (Figure 4.17). But vertical
profiles are shifted: solid velocity is higher (60 %) than liquid velocity in the descending zone, while it
is smaller (17 %) in the ascending zone. This is obviously due to gravity, as solid density is slightly
higher than liquid density. Hence displacements of beads containing algae (solid) cannot be completed
modeled based on liquid velocities in this reactor. It must be noticed that the absolute difference of solid
and liquid velocities (relative velocity) is around 0.018 m/s in plane 3 and between 0.013 and 0.016 m/s
(depending on the height) in plane 5.
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Figure 4.17 — Vertical profiles of vertical velocity of liquid and solid in plane 3 (a) and plane 5 (b) obtained by
CFD. Plane positions are indicated in Figure 4.1.

4.3.6 Influence of the solid on the flow

Vertical velocities of liquid in single-phase and two-phase flows are compared to evaluate the influence
of the solid on the flow (Figure 4.18).

Figure 4.18 a b presents liquid vertical velocities in plane 3 (descending zone) simulated by CFD. They
show that below z=300 mm, liquid velocities in single-phase flow are higher than in two-phase flow,
except close to the reactor lateral walls. Indeed, null liquid velocities are predicted by CFD close to the
reactor walls in two-phase flow (probably due to side-effect). This is due to the solid phase as they are
not observed in single-phase simulations. Low positive velocities are even calculated on the left side.
This can due to higher viscous friction forces present when particles get closer to walls, linked to the
low gap between the particle and the wall (Ferchichi, 2013).

Figure 4.18 ¢ d presents liquid vertical velocities in plane 5 (ascending zone) simulated by CFD. They
show that liquid vertical velocities are lower in presence of solid between z= 100 and 300 mm, the solid
probably slowing down the liquid flow. Below 100 mm, velocities are higher in two-phase flow. The
liquid inlet is deviated in single-phase flow leading to negative velocities in plane 5 (between z = 15 and
20 mm). It is not visible on two-phase flow as the solid redirects the liquid flow to the internal panel.
The solid fraction is indeed higher in this zone (Figure 4.16 c).
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Hence, even if solid and liquid densities are very close, CFD simulations seem to show that liquid flow
is influenced by the solid phase.
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Figure 4.18 — Vertical liquid velocity fields (m/s) of plane 3 (a, b) and plane 5 (c, d) in single-phase (a, c¢) and
two-phase (b, d) simulations.

The liquid vertical local root mean square (rms) velocities are computed from fluctuating components

of vertical velocity v u?,in single-phase and two-phase flows. Fluctuating components are calculated
according to Reynolds decomposition as explained in chapter 3 (Equation 3.1). They are then divided

by the corresponding local mean value, U, to identify zones with high influence of fluctuations on the
flow.

Figure 4.19 presents local normalized rms velocities in single-phase flow and two-phase flow in two
planes: plane 3 (descending zone) and plane 5 (ascending zone).

In plane 3, high normalized rms are calculated for a height over 280 mm in single-phase as well as in
two-phase flow, corresponding to the change of the flow direction perpendicularly to the measurement
plane (recirculation loops) (chapter 3). In two-phase flow, zones close to the walls present high rms
values, corresponding to small recirculation loops where negative velocities (in the central part) shift to
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null or low positive velocities (close to the lateral walls). This high rms values zone is not present in the
single-phase simulation as the impact of the walls is not visible on velocities (Figure 4.18 b).

In plane 5, a high rms zone is observed between z = 15 and 20 mm, in the single-phase flow field (Figure
4.19 ¢). It is certainly due to the recirculation loop observed in single phase (Figure 4.18 c). It is logically
not present in the rms distribution simulated two-phase flow (Figure 4.19 d) as the recirculation loop is
neither observed in Figure 4.18 d.
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Figure 4.19 — Local rms vertical liquid velocities divided by local mean velocity of plane 3 (a, b) and plane 5 (c,
d) obtained by CFD in single phase flow (a, ¢) and two-phase flow (b, d).

Solid velocities are studied as well using CFD. Mean and rms vertical velocity fields are calculated in
plane 3 and plane 5 (Figure 4.20). A lower influence of the walls on solid flow than on liquid flow is
noticed if vertical velocities are considered. Indeed, solid is slowed down near the walls but no null or
positive velocities are predicted by CFD in plane 3 (descending zone) as for liquid velocities (Figure
4.20 a). Similarly, no high rms are calculated in plane 3 near the walls as for liquid flow (Figure 4.20
b). In plane 5, there is no influence of lateral walls (Figure 4.20 c). High rms are calculated over 320
mm which are not present in liquid phase (Figure 4.20 d). However, solid fraction at this height is almost
null (Figure 4.16), thus these high rms are calculated on really few data.
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The influence of liquid flow on solid can theoretically be characterize using the Stokes number
(Equation 4.27). It is calculated as:
psdpzuL

St=
18, Dy

(Equation 4.27)

with Dy the hydraulic diameter.

If the Stokes number is lower than 1, the flow is controlled by hydrodynamic interactions thus solid
follows the liquid flow. A Stokes number higher than 1 means the inertia of particles is high and solid
trajectory does not have time to change according to the liquid flow (Corona, 2008; Delafosse et al.,
2018). In the descending zone, the Stokes number is equal to 0.2 while in the ascending zone it is equal
to 0.9. The Stokes number is then slightly below 1 everywhere in the reactor. As it has been noticed
studying velocity profiles, solid indeed follows the liquid flow (Figure 4.17). However, solid inertia is
sufficient to be only lowly impacted by liquid local velocities. Indeed, low positive values of liquid
velocities near lateral walls (Figure 4.20 b) do not lead to positive values of solid velocities in the
descending zone even if solid is slow down.
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Figure 4.20 - Vertical solid velocity fields (m/s) (a, ¢) and normalized rms vertical solid velocities (b, d) in plane
3 (a, b) and plane 5 (c, d) obtained by CFD.
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4.4 Conclusions

After studying the liquid flow within the reactor in chapter 3, the aim of this chapter is to characterize
the solid behavior and its influence on the liquid flow. As the microalgae are contained in this solid
phase when cultivated (which is not the case in this chapter), this step is preponderant to describe well
the algae trajectories.

First, beads (solid phase) are characterized measuring their diameter and density. The uncertainty of the
density measure is high as bead density is close to water density and must be measured in water. As a
useful tool, CFD is used to study the influence of solid density on the flow. Solid distributions using
densities of 1014 and 1018 kg.m™ are compared. If the density has not a high impact on global solid
distribution, it has a higher influence on local solid fractions.

CFD allows to study the influence of virtual mass and lift forces on the flow. Results show a high
influence of the lift force, and of virtual mass to a lesser extent, on the solid distribution. This is why
they are taken into account in CFD simulations.

Solid phase distribution is then studied experimentally using a light attenuation method. Gray level
values of pixels in black and white photographs and solid fraction are correlated based on Beer-Lambert
law. This method gives access to the local solid fraction, at a given vertical and horizontal position in
the reactor, but integrated over the reactor depth. Results show an accumulation of solid at the top of the
internal panel. An accumulation of solid on the left and right sides is highlighted by experiments, which
is due to a higher liquid flow rate injected from the bottom on reactor sides. Results are compared to
CFD simulations. Bead density and diameter are set (2.70 mm and 1018 kg.m™) within the uncertainty
range of measurement. Vertical profiles of solid fractions (averaged over the reactor width and depth)
obtained by CFD and experiments match well. However, horizontal profiles (averaged over the reactor
height and depth) show larger discrepancies, which may be explained by the fact that, in CFD an uniform
liquid inlet along the slit is considered, which leads to a flatter horizontal solid distribution.

CFD allows to study solid distribution in the depth. It enables to quantify the higher solid fraction in the
ascending zone than in the descending zone. Moreover, CFD gives access to liquid and solid velocities.
Mean vertical velocity fields as well as rms velocity fields are calculated on plane 3 (descending zone)
and plane 5 (ascending zone). Solid follows the liquid movement. However, solid velocity is lower in
the ascending zone and higher in the descending zone due to gravity, despite the low difference of
densities between the liquid and solid phases. Finally, CFD enables to study the influence of solid on
liquid flow. The presence of solid leads to null or low positive liquid flow in the descending zone near
the reactor lateral walls in the descending zone. Solid is slowed down near the walls but velocity values
remain negative near the walls in the descending zone.
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5 Global model based on compartmental approach

5.1 Introduction

Microalgae has become a potential feedstock in a large range of commercial applications. To realize
profitable and sustainable cultures in photobioreactors, microalgal growth must be fast and significant.
Among all parameters which have an influence on microalgae growth in photobioreactors (temperature,
pH, CO, input, ...), light is the most limiting. While other parameters can be controlled and set at a
given value (pH controlled by CO, addition, heat exchangers, excess of nutrients), managing light is
more challenging (Legrand, 2016). Indeed, light is attenuated through the culture depth due to cells
shelf-shading. Hence, the reactor can be divided in several regions: zones where the light can penetrate
and dark zones. Cells situated far from the light source have a slower growth, but the light input cannot
be too high near the reactor walls exposing cells to photoinhibition. Photoinhibition is an excess of light
which causes damage to cells. So, microalgae growth depends on the time cells spend in each zone, but
also on the frequencies cells move from illuminated zones to dark ones. This phenomenon is called
light/dark (L/D) cycles. A positive effect on growth, called “flashing light effect”, has been measured
most of the time with high frequencies L/D cycles (minimum 1 Hz). It has been highlighted by different
teams using different methods as flashing LEDs or shading parts of the photobioreactor (Janssen et al.,
2003; Liao et al., 2014; Matthijs et al., 1996). However, frequencies truly experienced by cells in
photobioreactors are mostly lower than 1 Hz (cycles of several seconds). Some research teams have
studied the impact of these medium-duration L/D cycles experienced by cells. Janssen et al., 2000
measured a negative impact on growth of medium-duration L/D cycles (between 6 and 24 s) on
Chlamydomonas reinhardtii. Hence it is crucial to precisely determine the frequencies between
expositions to dark and illuminated zones to evaluate their impact on growth.

To globally characterize a photobioreactor, it is thus important to take different aspects into account. On
the one hand, light attenuation through the reactor depth has a major role and must be characterized.
Light attenuation can be described using different models. Beer-Lambert law is the simplest, as it only
considers cell absorption. Other models as two-flux model or Radiative Transfer Equation take into
account scattering as well. However, studying encapsulated algae, Beer-Lambert law is considered
sufficient in this study (chapter 1). On the other hand, hydrodynamics (describing the flow) within the
reactor is decisive as it has an impact on mixing, renewal of cells in the illuminated zone and frequencies
of this renewal. To develop a global model of the photobioreactor, both aspects (light and
hydrodynamics) must be combined to get the “light history” of cells. Adding a biological model on this
history enables to predict microalgal growth. It is essential to note that light and growth are dually
coupled as light is limiting growth and microalgal growth influences light attenuation due to cells’ shelf-
shading.

A CFD model was developed to fully characterized hydrodynamics of a photobioreactor designed for
the culture of encapsulated microalgae. First, a monophasic model describing liquid flow in the reactor
has been experimentally validated by PIV (chapter 3). Then a two-phase model considering liquid and
solid (beads) has been validated by an attenuation light method (chapter 0). CFD enables to precisely
describe local flow behavior far better than macromixing models such as perfectly stirred-tank or plug-
flow reactor models (Weber et al., 2019). However, CFD simulations require high computing power and
is time consuming. Moreover, it is difficult to include a biological model in CFD model and this requires
even longer calculation times. One of the biggest challenges is the difficulty to couple flow
hydrodynamics and cell growth due to different timescales: seconds for hydrodynamics and days for
growth.

Compartment models are developed to overcome these bottlenecks. In these models, geometry of the
reactor is modeled by compartments, larger than CFD cells but small if compared to the reactor size,
which are considered perfectly mixed. Basic compartment models are based on global hydrodynamic
quantities (mixing time, flow number...) which leads to a high loss of information compared to CFD
models. This is why CFD-based compartment models have been developed and are increasingly used
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(Delafosse et al., 2014; Krychowska et al., 2020; Weber et al., 2019). Compartments consist in CFD
cells grouped together. Flow rates between compartments are calculated based on simulation results
(CFD velocity fields). Biological kinetic equations can be easily implemented in compartment models
as compartments are considered as perfectly mixed and ordinary differential equations are used to
calculate the evolution of variables inside compartments.

In the development of global models of photobioreactors, different biological models exist. Simple
correlations between growth and light intensity have been proposed but they highly depend on the
system. Some models combine these correlations with an attenuation law. However, these models do
not consider light history of cells. Among more complex models, PhotoSynthetic Factory (PSF) are
mostly used (Béchet et al., 2013). They are simplified models of cell metabolism but have proven to
give good prediction of biomass growth (X. Gao et al., 2018; Nauha & Alopaeus, 2013; Wu & Merchuk,
2001). They consider that biomass can be in three states (resting, activated or inhibited) depending on
the light received. They take into account L/D cycles. In the form of ordinary differential equations, they
are particularly suitable to be combined with compartment models (Nauha & Alopaeus, 2013; S.
Papacek et al., 2007). Light attenuation can also easily be implemented in algebraic equation.

The aim of this chapter is to develop a global model predicting the growth in a photobioreactor designed
for the culture of encapsulated microalgae. The model describes bead displacements using a
compartment model based on CFD results. The trajectories of beads are determined by a stochastic
model based on solid fluxes between compartments. While a Eulerian approach was used in previous
chapters (3 and 0) to compare experiments and model, the approach used in this chapter to determine
trajectories is Lagrangian. In each compartment encountered by the bead on its trajectory, the light
intensity is calculated using Beer-Lambert law. Simultaneously, a biological PSF model is applied thus
light/dark cycles experienced by cells are taken into account. This enables to report light history of a
bead. The results of the model are compared to experimental results of growth in the reactor.

5.2 Methods
5.2.1 Hydrodynamics
5.2.1.1  CFD-based compartment model

A CFD-based compartment model is developed on Matlab (MATLAB R2020b) and adapted from a
model developed by Delafosse et al., 2014 which have proven to describe satisfactorily hydrodynamics
in a stirred tank reactor. Compartments group together CFD cells. Exchanges between compartments
are calculated as mean and fluctuant flow rates (Figure 5.1). As microalgae are encapsulated, their
displacements in the reactor are those of beads. The study is thus focused on solid flow. As explained
in chapter 2, the experimental bead diameter used for algae encapsulation equals 3.3 = 0.1 mm (different
from the non-sterile beads used for CFD validation in chapter 0 as a slightly different fabrication setup
must be used). Hence the compartment model was based on CFD simulations of beads of 3.3 mm
diameter and 1018 kg.m™ density, using a liquid flow rate of 0.1444 kg.s™!. It can be noticed that the
bead density could slightly change with biomass growth, but this is not considered. Moreover, bead
density is measured at 18.0 °C (chapter 0) while culture is performed at 24.5 °C (chapter 2). As beads
absorb water and the relative difference of water density at these temperatures is 0.16 %, it is considered
negligible.
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Figure 5.1 - 2D schematic representation of the model structure. Reproduced from (Delafosse et al., 2014) with
authorization.

Solid flow rates between CFD cells must first be calculated in all directions from velocity fields
simulated by CFD (Figure 5.2 a). Mean solid velocity fields are used to calculate mean flow rates (fMaﬁ)
(Equation 5.1) and rms solid velocity fields (obtained by Reynolds decomposition: u'=u - U) are used to
calculate fluctuant flow rates (f «p) (Equation 5.2). As each CFD cell is spatially in contact with six
others, six mean flow rates and six fluctuant flow rates can be calculated for each cell.

T, B
U.%+0.
fMaﬁzAaB%

with fMaﬁ the mean flow rate between a and g cells, A,p the exchange surface between a and f cells,

(Equation 5.1)

U;" and Uiﬁ mean velocities in a and S cells respectively withi=x, y or z.

(Equation 5.2)

with f op the fluctuant flow rate between a and B cells, A g the exchange surface between a and g cells,
- =B e . c1s

u; andu; rms velocities in a and S cells respectively withi=x, y or z.

Compartments are built by agglomerating CFD cells. Two methods exist to this end. Building
compartments according to their coordinates and get a uniform network or agglomerating cells with
similar flow properties which allows to lose less information on the flow (Tajsoleiman et al., 2019).
Delafosse et al., 2010 obtain the same results for both methods using this model in stirred tank reactor.
Hence, in the studied reactor, compartments are built according to their coordinates as it is easier and
faster.
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Flow rates between adjacent compartments are calculated by summing flow rates on CFD cells situated
at the interface between two compartments (Figure 5.2 b). Positive flow rates are considered as inflow
(Equation 5.3) while negative flow rates are considered as outflow (Equation 5.4). Fluctuant flow rates
are similarly calculated (Equation 5.5) (Equation 5.6).
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Figure 5.2 — Description of the CFD-based compartment model. CFD mean and fluctuant flow rates calculation
(a). Determination of flow rates between two adjacent compartments (b). Reproduced from (Delafosse et al.,
2014) with authorization.
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5.2.1.2  Stochastic model

A stochastic approach is used to model bead movement between compartments. The model developed
here is adapted from the one proposed by Delafosse et al., 2015. A Continuous-Time Markov Chain
(CTMC) is programmed on Matlab (MATLAB R2020b). A Markov chain consists in generating a
random variable which corresponds to a state. In this case, the state of a given bead corresponds to the
compartment it is in. When a bead moves, the compartment of arrival is thus random but based on
probabilities calculated according to flow rates between compartments. In a CTMC, the time at which a
bead leaves a compartment is also random. Thus, the time it spends in this compartment is random as
well. It follows a decreasing exponential probability distribution (in agreement with the residence time
distribution in a perfectly mixed continuous stirred tank). Hence, there are two random processes: one
in space (moving direction) and one in time (moving time). The system takes into account neither
previous states (previous compartments), nor the times spent in them. The system has no memory.

The stochastic model is described with matrices as CTMC algorithm is based on matrix calculation. The
probabilities of movement and residence times in compartments are thus calculated from a transition
matrix. The transition matrix Q. groups together solid flow rates between compartments (Equation 5.7).
Each row is dedicated to one compartment. The outflow rates from a compartment J to a compartment
K (Q]_K) are set positive. The total inflow rate in a compartment J (Q, ;) is placed in the diagonal and is

set negative (Equation 5.12). Hence in each compartment, the mass balance is conserved (total inflow
equals total outflow).

Q1-1 Ql-z Ql-NC

_ QZ-I Qz_z e QZ-NC (Equation 5.7)
QC_ : : .. :
Quca ™ Quenc

Mean outflow rates are calculated according to the compartment model (Equation 5.11). An
inhomogeneous CTMC is used which takes into account a random fluctuant flow rate «;.. This one
follows a normal distribution centered on 0 with a standard deviation equals to the mean fluctuant flow

rate Q"OutJ_K (Equation 5.8) (Equation 5.9) (Equation 5.10). As o« can be negative, the sum with the

mean outflow rate can be negative. It is thus considered as an outflow rate for compartment J. The
transition matrix Q. is non-stationary in this case thus must be calculated every time step.
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QJ-KZQMT J_K+QMTK_J (Equation 5.8)
M,out . M,out
QMT - QU™ x toux QT +ox)>0 |
K 0 if (QM’OmJ_K + o) <0 (Equation 5.9)
. M,out
QMTK i " M,out N (QM tK_J " ok) 70 ' (Equation 5.10)
- ,ou . ,ou
- (Q K-J + OCK—J) if (Q K-J + OCK—J) <0
QM’OUtJ_K = —FJKM’Om (Equation 5.11)
Nc
Q]-]= - Z Q]_K (Equation 5.12)
J#K

The transition matrix Q. finally enables to calculate the residence time distribution (Sj) of a bead in the
compartment J and the probability (pj.x) of bead movement from compartment J to compartment K
(Equation 5.13) (Equation 5.14). Vj is the volume of the compartment.

S;=exp(- Mt) (Equation 5.13)
Vi
= % (Equation 5.14)
Prx Q.|
J-J

The resolution of the CTMC is divided in two iterative loops. First, the CTMC model calculates when
the bead leaves the compartment. This probability follows a decreasing exponential (Equation 5.15).
Then, the compartment where the bead goes is determined according to the probability pj.x (Equation
5.16). Two random numbers f3, (i) and B, (i), calculated from a standard uniform distribution, are used.

v
T@G+1) =T(@) - ﬁ ln(Bl(i)) (Equation 5.15)
J-]
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( 1if0<B,() <p,, A
2ifpy, <P, =py, +py,
= : (Equation 5.16)
C=1 NC-1 (
NCif Y py <B,D<1 K#J
\ =1 J

5.2.2 Light model
5.2.2.1 Equations

As explained in chapter 1, light attenuation through the reactor depth is modeled with Beer-Lambert
law. This one will have to be modified at each time step to take into account the evolution of biomass
concentration in the reactor. One may notice that no natural light or light/day alternation is modeled as
a constant artificial light was used in experiments.

Due to the presence of the internal panel, the reactor volume is divided in 4 regions (Figure 5.3). For
simplicity, the prism is not considered.

P i
z (mm) 4
ep2
311 -
PAR
probe
55 —
| >
12 y (mm)

Figure 5.3 — Schematic representation of light path in the reactor depth. Thickness of the reactor walls is
referred by e,y and ey, for the internal panel. The interior of the reactor is divided in 4 regions to calculate
light attenuation. Dimensions are not true to scale.

It must be noticed that the y-axis is oriented the wrong way compared to the light source. This is the
reason why y, is used in the following equations. It is calculated to flip the y-axis (Equation 5.17).
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Y=Y maY (Equation 5.17)

=0.04 m

ymax

As the light passes through external and internal reactor walls made of Plexiglas, the light attenuation
by this material must be considered (Equation 5.18) (Equation 5.19). The thickness of each wall must
also be accounted for.

For region 1 (55 mm <z <311 mm, y, <25 mm) and 3 (z < 55 mm or z> 311 mm),

I:IO_e'spepl'(Sb-cx-fti—sw-)’t) (Equation 5.18)

For region 2 (55 mm < z < 311 mm, y, = 25 mm),

I=Io_e'gpepl'SpepZ'(Sbe-fti_8W~(Yt'ep2)) (Equation 5.19)

with [ the light intensity, [, the incident light intensity at the reactor surface (values in section 5.2.2.2),
Cy the biomass concentration (dry weight), €y, €, and g, the absorption coefficients of biomass, water

and Plexiglas, respectively. €,; and e, are the thickness of the reactor walls and of the internal panel

respectively. f;; is introduced to consider the influence of the solid fraction of beads in each compartment
between the light source and a given position in depth y: (Equation 5.20).

The beads are not uniformly distributed along the height of the reactor. Above a height z > 350 mm, the
solid fraction, and thus the biomass concentration, is almost null (chapter 0). As a consequence, the
biomass concentration (Cy) of the culture is measured every day as explained in chapter 2: dry weight
is calculated according to the volume of the bed bead (z < 350 mm) (the volume of the reactor above
350 mm and of the external loop are not considered). Results of culture 1 are considered (chapter 2).
Moreover, Cy is considered as a global quantity, uniform in the reactor (all beads have the same
concentration). In other words, each bead of each trajectory is considered representative of the global
dry weight in the whole reactor. This assumption is made as the mixing time of beads is fast compared
to growth. Moreover, light attenuation depends on several beads thus a mean concentration must be
used.

Hence, in the model, the local biomass concentration depends only on the solid fraction. Indeed, beads
are also not uniformly distributed over the depth of the reactor. It is higher in the ascending zone than
in the descending zone and this has an influence on light attenuation through the reactor depth. For each
compartment, a normalized solid fraction is calculated dividing the solid fraction of the compartment
*g; (obtained by CFD) by the mean solid fraction of the bead bed (g)peq- Then, for each height and
width, the normalized solid fraction is integrated over the depth between the studied compartment and
the light source in order to consider the light attenuation due to non-uniform concentration.
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yi

K
ftizz 5 . (yt-ﬂ_yt-) (Equation 5.20)
= (Xg)peq 17

with 1 <N <N,

With Ny the total number of compartments along the depth of the reactor and Ny; the number of
compartments in depth between the light source and a given compartment.

&y i equal to 0.8 m™' (Pope & Fry, 1997) as culture medium is assimilated to water. To avoid refraction
due to scratches on walls, €p (13.7 rn'l) was measured with a reactor only filled with culture medium

and the influence of culture medium was subtracted. €, is calculated according to experimental results
as explained in (section 5.2.2.2).

5.2.2.2  Experimental measurements

To measure light attenuation through the reactor depth, light intensity (in pE.m2.s™!) is measured every
day during a microalgal culture discussed in chapter 2. It is measured using a PAR probe (KIPP &
ZONEN, PQS 1 PAR Quantum Sensor) on the side of the reactor opposite to the light source, on 9 points
distributed on the reactor’s surface (Figure 5.4 a). Light attenuation of beads is considered
homogeneous. Intensities are automatically recorded for one minute (one measure every two seconds)
for each point using a data logger (KIPP & ZONEN, Meteon) and a software (Meteon software V
4.0.0.1). The light attenuation by a bed of beads containing no algae is measured using a PAR probe.
Measurements show no attenuation due to empty beads (according to the precision of the probe which
is 1 uE.m2.s7).

As the LED panel is not significantly larger than the reactor, the incident light is not homogeneous at
the reactor surface: light intensity is higher at the center of the reactor (Figure 5.4 b). Incident light
intensity is measured in the 9 same points as light attenuation, but on the side of the light source. This
is taken into account in the light attenuation model (Beer-Lambert law) (Equation 5.18) (Equation 5.19)
and in the calculation of the absorption coefficient of biomass.
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Figure 5.4 — Position of the 9 points used to measure light attenuation through the reactor using a PAR probe
(a). Value of the incident light intensity (I,) in WE.m™.s™ according to the position of the probe (b). Dimensions

are not true to scale.

The absorption coefficient of biomass (g,) depends on the microalgal strain. It thus must be
experimentally determined from measurements of light attenuation as a function of biomass dry weight.
As light attenuation through the reactor is measured every day as well, the absorption coefficient of the
biomass €}, can be calculated every day according to Beer-Lambert law (Equation 5.21). As I, depends
on the position of the probe, 9 different €}, coefficients are calculated. In reality, solid fraction is higher
in the ascending zone (chapter 0). However, as light attenuation can only be measured through the whole
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reactor depth and not inside the reactor, attenuation of both zones cannot be determined independently.
Hence, f;; is not considered for calculation of €, and replaced by e; in (Equation 5.19), which represents
the whole thickness of liquid in the reactor. For each of the 9 points, €, is calculated for a given value
of I and measured value of I depending on C,.

I
] In (E) +ep(2ep1tep)

€= C_x (' el 'Sw)

(Equation 5.21)

The presence of bacterial contamination has an influence on culture medium turbidity (chapter 2). Hence
the turbidity of the culture medium was measured every day on the 9 same points, after a complete
settling of the bed. It was found that the maximum influence of bacteria on light attenuation was equal
to 2 pE.m?.s7! (5 % of light intensity while biomass attenuation represents between 44 and 57 %), thus

it has been neglected.

The absorption coefficient of biomass (gp,) value is calculated as a mean of the 9 g, measured in different
positions (Figure 5.5). The mean absorption coefficient is calculated between day 6 and day 19. Indeed,
the 5 first days the low light attenuation (because of very low concentration of biomass) leads to a high
error, thus the absorption coefficient is not considered. Using this method g}, is equal to 90 L.g"!.m™". It
must be noticed that from day 6, the absorption coefficient is still not constant as the pigment content
(chlorophyl) in the cells is changing due to photoacclimation.
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Figure 5.5 — Evolution of the biomass absorption coefficient calculated every day according to experimental
measurements of light attenuation (error bars represent twice the standard deviation calculated on the 9
positions) and biomass concentration (error bars represent the minimum and maximum of the measurements).
Values in grey zones are not considered.
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5.2.3 Biological model
5.2.3.1 Equations

The assumption is made that growth is limited only by light as there is no nutrients (N, P) limitation in
the studied culture (chapter 2). pH never increases above 7.3, which is favorable for CO, dissolution.
Photosynthetic Factory (PSF) model is used to model growth of cells limited by light (Eilers & Peeters,
1988; Wu & Merchuk, 2001). The model considers that the biomass is distributed in three states: inactive
(designated by scalar x;), active (X,) and inhibited (x3) (Figure 5.6). The proportion of biomass in each
state is calculated according to light intensity and empirical parameters «, B,y and 6 (Equation 5.22)
(Equation 5.23) (Equation 5.24) (Equation 5.26). The biomass growth p is calculated according to the
biomass from state 2 going back to state 1 (Equation 5.25). This equation has been modified by Wu &
Merchuk, 2001, to add the parameter M, (maintenance term) to enable a negative growth rate (due to
dark reactions) which led to more accurate results. Moreover, they add a parameter k which depends on
the system (photobioreactor and culture conditions), while y parameter takes into account the strain
characteristics.

<
N

Bl

Figure 5.6 — Structure of PhotoSynthetic Factory (PSF) model. x1, x2 and x3 represent the resting, activated and
inhibited state respectively. Reproduced from (Nauha & Alopaeus, 2013) with authorization.
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dx
d—tl = -oIx;+ yx; + x5 (Equation 5.22)
X2 I B
— = «Ix;- vX,- Bx
dt R ? (Equation 5.23)
dX3 _ BI 8
dt #270%3 (Equation 5.24)
p=kyx,-M, (Equation 5.25)

X+ X + x3=1 (Equation 5.26)

5.2.3.2  Parameter fitting

The PSF model of Wu & Merchuk, 2001 depends on 6 different parameters (, 3, v, 9, k, M) which
must be fitted on experimental results. Parameters are fitted by the method of least squares. Experimental
results are limited as only one global value of biomass dry weight is measured each day for the entire
reactor. A strategy is thus needed to fit parameters on these results. Initial parameters used are the one
of Wu & Merchuk, 2001. As it very difficult to fit all parameters at the same time, the most impacting
parameters are first estimated. The identification of these “major” parameters is performed according to
a sensitivity analysis. This analysis is made one parameter at a time, meaning the combined impact of
other parameters is not studied. Each parameter one by one is increased by 5 % and the difference of the
sum of squares with the initial curve (without changing parameters) is calculated. The analysis time is a
culture of 24 days (time step 1 s). The parameters which have the most important impact are k, M, and «
(Table 5.1). Then, the parameter fitting is realized in decreasing order of impact. The global model is
used to calculate biomass growth on 1 trajectory. Parameters are iteratively replaced in the model.
Method of least squares is used to decrease the dry weight difference between the experimental and the
simulated curve by the model. The method is made 1 parameter at a time. v, p and 6 parameters are not
fitted as it leads to unrealistic values. This could be explained as least squares method is applied only
on 16 points (corresponding to experimental results). Moreover, § and & parameters are related to
photoinhibition and the studied conditions do not allow to study it. As these parameters have less
influence on the model, parameters from Wu & Merchuk, 2001 are used.

Table 5.1 - Parameter values of PSF model by order of sensibility on the model. The sensibility is performed by
applying a 5 % change in sum of squares. Values are compared with literature using relative difference
percentages.

Parameters (units) 5 % change in sum of Wu & Merchuk, 2001 Values (% of difference

squares with Wu & Merchuk,
2001)

k (-) 81360 3.65%10™ 4.42x10™ (19 %)

Me (h™1) 46 709 1.64x107 9.13x10°° (57 %)

Alpha o (ME.m2)1 44 651 1.94x107 9.50x10™ (68 %)
Gammay (s™) 8 665 1.46x10°" 1.46x10™! (-)
Beta B (LE.m2)1 96 5.78x1077 5.78x107 (-)
Delta 5 (s) 89 4.8x107 4.8x10™ (-)
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5.2.4  Implementation in the global model

The global model is programmed on Matlab (MATLAB R2020b). Trajectories of beads are determined
using the stochastic model based on calculations of the CFD-compartment model. The hydrodynamic
model allows to calculate the normalized solid fraction between the light source and the studied
compartment as well. Hydrodynamic is considered stable over time. This means the assumption is made
that biomass growth does not impact bead properties (diameter, density) which have an influence on
bead circulation. Moreover, the solid fraction in each compartment is considered constant over time and
not influenced by the displacement of the beads.

Light attenuation and biomass growth are then computed following an iterative process (Figure 5.7).
The time step is not constant as it depends on the time a particle spends in a compartment as calculated
by the stochastic model. At each iteration, light attenuation is first calculated, then biomass growth is
evaluated. Light intensity is calculated according to the depth, height and width positions of the bead in
the reactor, and the global biomass concentration, i.e. the dry weight.

Obtained values of dry weight (C,) and scalar X, X, and x3 which represents the distribution in each
biomass state (resting, activated and inhibited) according to PSF model, are used to initialize the next
time step. The initial biomass concentration was fixed at the initial experimental value and biomass state
equal to (x1=1, x,=0, x3=0).

At each time step, the dry weight C, is considered uniform in the reactor: the followed bead of the
trajectory is considered representative of the global dry weight in the whole reactor. The program is run
independantly for each different trajectory calculated by the compartment model (40 times in total).
Each trajectory is repeated to last 25 days. Finally, dry weights of the 40 trajectoriesare meaned to get
the final dry weight.

Compartment and stochastic models
Depth vy, Height z, Width

Solid Fraction fy;

Timet

Beer-Lambert law

Light Intensity ' (v, 7, %, f+j, Cx)

PhotoSynthetic Factory
Biomass State x1 xp x3 (/, t)
Dry Weight

Figure 5.7 — Schematic representation of the program of the global model developed on Matlab.
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5.3 Results
5.3.1 Hydrodynamics
5.3.1.1 CFD-based compartment and stochastic model

The hydrodynamic model has first to be built and then validated. The validation is based on a comparison
of velocity fields and spatial distributions of solid simulated by CFD and by the compartment/stochastic
approach.

The number of compartments must be optimized: using less compartments allows to save time, but a
minimum number of compartments is required to keep an accurate description of the solid flow and of
the solid spatial distribution.

The number of compartments in width (x) and height (z) are taken equal to 20 and 40, respectively,
which is significantly smaller than the number of CFD cells in these directions (193 and 209), as the
resolution in these directions has a lower impact on flow. Indeed, velocity varies less in these directions
than along the depth (chapter 3).

Discretization along the reactor depth must be close to the number of CFD cells (24) to keep a sufficient
level of accuracy for flow description, as velocity values are highly dependent on depth (chapter 3).
Moreover, as light is attenuated through the depth, it is important to keep as many as possible of
compartments in this direction to account for it and get a precise description in the global model.

The optimum number of compartments is determined by analyzing its influence of the simulated bead
distribution (as a function of the reactor depth). The bead distribution is calculated according to the
probability density function (Equation 5.27).

(Equation 5.27)

with v; the bin (interval) final value, i.e. the probability density, c; the number of elements (beads) in
the bin, N the total number of elements (beads) for one height and w; the width of the bin.

The bead distribution is studied at 3 different heights (Figure 5.8), situated in the different reactor
regions.

If 10 compartments in depth are considered, 10° iterations enable simulating a 37 h trajectory, while the
same number of iterations allows simulating only 29 h if 20 compartments are used. However, it can be
noticed a bead distribution significantly different using 20 or 10 compartments in the reactor depth,
especially near the reactor sides. Hence, it has been chosen to divide the reactor depth in 20
compartments to keep a satisfying flow description.

Hence the compartment model is based on CFD fluxes but is composed of 16 000 (20x20x40) elements

(taking into account the internal panel and the prism) while CFD mesh is composed of 8.7x10° elements
(reduction factor of 54).
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Figure 5.8 — Beads distribution across the reactor depth at different heights: 0.04 m (a), 0.20 m (b), 0.33 m (c).
The probability density is calculated by the probability density function.
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5.3.1.2  Model validation
5.3.1.2.1 Velocity fields

The mean axial solid velocity fields of compartment and CFD models are compared to validate the
stochastic model (Figure 5.11). The compartment model is composed of 20%x20x40 compartments. In
chapter 3, it was shown that the horizontal velocity (x) is negligible compared to the vertical velocity
(z). The normal velocity (y) is negligible except above 300 mm height and under 50 mm. Planes 3 and
5 previously studied are used to compare CFD and compartment model. Velocity fields are close even
if the spatial resolution is significantly lower than in CFD. Logically, local velocities are not always
well described by the compartment model as at the top of the internal panel (height of 340 mm). In
plane 5, velocities below z = 100 mm are overestimated by the compartment model up to 30 %. As a
result, velocity fields of the compartment model are smoother.
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Figure 5.9 - Mean vertical (z) solid velocity fields (m.S'J ) of plane 5 situated in the ascending zone calculated by
CFD (a) and compartment model (b). The numbers of compartments in the compartment model in x, y and z are
20, 20 and 40 respectively.
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Figure 5.10 - Mean vertical (z) solid velocity fields (m.s™) of plane 3 situated in the descending zone calculated
by CFD (a) and compartment model (b). The numbers of compartments in the compartment model in x, y and z
are 20, 20 and 40 respectively.
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Figure 5.11 — Mean vertical solid velocity fields (m.s™') in the reactor depth in a plane situated in the center of
the reactor width, calculated by CFD (a) and compartment model (b). The numbers of compartments in the
compartment model in x, y and z are 20, 20 and 40 respectively. Schematic representation of the reactor (c).
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5.3.1.2.2  Solid distribution
Solid distribution of CFD and compartment model are compared in planes 3 and 5 (Figure 5.13). Same

conclusions as velocity fields can be drawn. Global solid distributions are well described by the
compartment model even if local accumulations are not so correctly represented. Hence the information
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lost using the compartment model compared to the CFD is low, if compared to the time saved: several
days for a CFD simulation, compared to several hours for the compartment and stochastic models.
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Figure 5.12 - Solid fraction distribution in plane 3 situated in the descending zone calculated by CFD (a) and
compartment model (b).
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Figure 5.13 — Solid fraction distribution in planes 5 situated in the ascending zone calculated by CFD (a) and
compartment model (b).

5.3.1.3  Bead trajectories

The CFD-based compartment model coupled to the stochastic model allows to determine realistic
trajectories of beads. The trajectories are calculated in the 3 dimensions: depth (y), width (x) and height
(z). The position of a bead (depth and, to a lesser extend, height and width) determines the light received
by algae encapsulated in the bead. An example of a trajectory of a bead during 200 s is shown on Figure
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5.14. On simulated trajectories, beads are going up and down on each side of the internal panel, which
is in good agreement with visual observations. The bead depth hardly changes during the ascending or
descending time while it increases or decreases rapidly above or under the internal panel. This represents
physically well the bead trajectories observed visually.

As the position of a bead along the reactor width has an impact on the incident light intensity (Figure
5.4 b), it must also be considered. Moreover, the bead motion along the reactor width has a significant
influence on the time needed for the bead to go up or down as well: diagonal/inclined trajectories are
longer than straight/vertical ones. However, Figure 5.14 d shows that displacements along the width are
less important than those along the depth and height.
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Figure 5.14 — Example of trajectory of a bead in the reactor in 3D during 200s (a). Color scale represents the
time step (a). Trajectory of the same bead according to the reactor height (b), depth (c) and width (d).

The model enables to determine mean residence times (time spent by beads) in the four main regions of
the reactor: in front (1), behind (2), over (3t) and below (3b) the internal panel (Figure 5.3). The
residence times (Table 5.2) in the dark (region 2, 3.2 s) and illuminated zone (region 1, 5.6 s) are rather
low leading to short medium-duration L/D cycles compared to other photobioreactors (between 6 and
24 s) (Janssen et al., 2000). However, they should not lead to any flashing light effect, observed only if
the L/D cycle is shorter than 1s. Beads spend more time than expected below the internal panel regarding
the volume of this region (region 3b, 3.1 s). This can be explained by a lower speed region, as beads are
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slidding on the prism. Moreover, beads can sometimes be temporarily stuck in a small recirculation loop
below the internal panel as observed in the reactor.

Table 5.2 — Mean residence time in the 4 main regions of the reactor.

Region Mean residence time (s) Volume (L)
1 5.6 2.25
2 3.2 1.08
3t 1.6 1.04
3b 3.1 0.61

5.3.1.4  Long time simulations

Even if time efficient, the stochastic model cannot be used to simulate the trajectories of beads on the
whole duration of a culture (24 days), as it would lead to non-available computer memory capacity. To
reduce calculation time, bead trajectories are studied to get a realistic representation of light conditions
experienced by cells in the reactor. 3 zones are chosen in regions of the reactor where the flow and light
attenuation differ (Figure 5.15 a). Zones corresponding to 1 compartment in depth and 4 compartments
in height is delimited. 8 compartments are considered in width (x < 135 mm) due to different incident
light intensities (Figure 5.4 b). The mean residence time, which corresponds to the mean time a bead
spends in the zone, and the mean circulation time, which is the mean time needed for a bead to enter the
zone again, are considered. The convergence of these values shows that the model is representative of
the bead global movement in relation to light (Figure 5.15 b c). To get a statistically representative
trajectory in a random Lagrangian approach, the number or the length of time of trajectories can be
considered. In other words, once the trajectory does not depend on its initial position anymore, studying
40 random trajectories of 1 hour is statistically the same as studying 1 trajectory of 40 hours. It is chosen,
for memory reasons, to study trajectories of 40 beads. Each trajectory is studied for 58 hours (2.10°
iterations). It is found that after 29 hours (10° iterations), a satisfactorily convergence is obtained. Indeed,
fluctuations in a range of ~ 1 % are observed between 10° and 2.10 iterations. Only results in zone s2
are presented in Figure 5.15. Results relative to zones sl and s3 can be found in Appendices (Figure
0.1). Trajectory simulated on 29 hours is repeated, to get a trajectory simulated on 24 days which
corresponds to the whole duration of the experimental culture.

134 -



5.3 Results

350 0.00
0.07 T
300 0.08 0.069 -
0.07 0.068 _
250
—_ 0.06 - 0.067 |
3 g
=200 £0. il
= 005 = 0.066
=3 8
@ £0.065 i
150 0.04 ?
é0.0BEL S SO
0.03 2
100 =0.063 i
0.02 0.062 - 4
50
0.01 0.061 - i
0.06 ! L !
OO 20 40 0 0 05 1 15 2 25
i 5
a) width (mm) b) Number of zone crossings «10
33
3251 J
32
=315 i
Q
E xt 1
c
2
T305 i
5
S 30
@
[+7]
=295
29 i
28.5 y
28 L 1 |
0.5 1 1.5 2 25 3
Number of zone crossings «10°

¢)

Figure 5.15 — Position of the three zones of the reactor used for mean residence and circulation times (a). The
reactor width (x) below 135 mm is considered due to different incident light intensities (Figure 5.4 b). Mean
residence time (b) and mean circulation time (c) in zone s2 obtained using the stochastic model. Mean on 40

beads (corresponding to different initial positions). Calculations correspond to a total time of 58 h in the
reactor. 29 h (half of the total) is considered satisfactory to characterize trajectories.

5.3.2  Global model
5.3.2.1  Comparison with experimental results

Implementation of the light attenuation and the PSF model on trajectories enables to model the growth
of biomass using the global model described in 5.2.4. Biomass dry weight as a function of time is used
to compare experiments and model results. As the model cannot predict the lag phase of the culture
which is particularly long for encapsulated algae (two days experimentally), calculations results are
compared from the second day to the last day of the experimental ones.
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A mean dry weight on 40 trajectories is calculated. Time steps of each trajectory is different as it depends
on the time a particle spends in a compartment. As time step is low compared to light changes, for each
iteration a mean dry weight and a mean time step are calculated. Few differences between dry weights
calculated by different trajectories are highlighted (Figure 5.16). Considering one single bead could thus
be fairly representative of all beads. Therefore error bars are not showed in the following.
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Figure 5.16 - Growth of encapsulated Chlamydomonas reinhardtii in a 5 L photobioreactor calculated with the
global model. Mean on 40 particles. The error bars represent the minimum and maximum of the 40 trajectories
for each day an experimental measure is made.

Results of the global model are then compared to experimental results (Figure 5.17). Model globally
follows experimental results. The relative difference between both curve is 10 % in average (between 2
and 36 %). The fitting used (method of least squares, one parameter at a time) does not allow to get a
lower difference. Indeed, the impact of decreasing the difference of the two curves between day 6 and
7 is to increase the difference on day 13 and 14. The final dry weight (between day 19 and 24) of the
model (0.375 g.L"! in average) is close to the one measured experimentally (0.387 g.L"). The model
describes globally well the experimental growth of biomass.
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Figure 5.17 — Growth of encapsulated Chlamydomonas reinhardtii in a 5 L photobioreactor obtained
experimentally and calculated with the global model. Mean on 40 particles with the model.

The repartition of biomass between the three potential states (X, X5, X3) calculated by the model (5.2.3.1)
is studied on 1 trajectory (Figure 5.18). The change of biomass state is fast (around 10 s) leading to a
spread range signal. The fraction in inhibited state (x3) is very low (lower than 2 %) which is explained
by the low light input. The fraction in the resting state (x;) is around 74 % at the beginning of the culture
and remains in this range in the illuminated zone of the reactor until the end while it increases in the
dark zone from 78 % to 90 %. The fraction in the activated state (x,) has logically an opposite behavior.
Hence the mean fraction in the activated state x, decreases which leads to a slower growth.
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Figure 5.18 - Repartition in the 3 states of biomass in the PSF model for 1 trajectory. x1, x2 and x3 represent
respectively to the resting, the activated and the inhibited state.

Figure 5.19 a shows a zoom on the repartition in the 3 states of biomass on day 10 for a given trajectory.
Light intensity received by cells is plotted as well. Figure 5.19 b shows dry weight curve during the
same time. The change of biomass state and dry weight clearly follows the light intensity: fraction in
activated state (x,) increases with light intensity. However, change of biomass state is not instantaneous
and does not follow each fluctuation of light intensity. This shows that the model predicts a biomass
growth following a partial integration according to light regime as explained in 1.4.1.3 (Takache, 2010).
Hence biomass growth can certainly not be predicted easily predicted and a comprehensive study of
flow and light is needed (Gernigon et al., 2019). This is confirmed in 5.3.2.3.2.
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Figure 5.19 — Zoom on light intensity and fraction in the 3 states of biomass in the PSF model for 1 trajectory on
day 10. x1, x2 and x3 represent respectively the resting, the activated and the inhibited state (a). Zoom on light
intensity and dry weight for 1 trajectory on day 10.

5.3.2.2 Influence of L/D cycles

The influence of L/D cycles on growth is studied using the model. Two simulations are compared: one
considering local light values resulting to alternating periods of light and dark and another considering
time evolution of mean light. The last thus does not considered L/D cycles.

A smoothed curve is computed to determine a moving mean light intensity (yellow curve) based on light
fluctuations (blue curve). This represents a mean light received over a period of time significantly longer
than the circulation time of the reactor. The method is a smoothed local regression using weighted linear
least squares and a second degree polynomial model. A span of 30 % of the total number of data points
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is used. It is available in Curve Fitting Toolbox in Matlab. The smoothed curve globally follows the
fluctuating light without considering instantaneous fluctuations. An equation of time evolution of light
can thus be used.
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Figure 5.20 — Light received by cells using a realistic trajectory determined by the stochastic model (fluctuating
light) or a smoothed curve calculated based on this fluctuating light (a). Zoom on fluctuating and smoothed
curve on day 2 (b), day 10 (c) and day 22 (d).

The model is then used to calculate growth from both curves. Simulation results on 1 trajectory are
presented on Figure 5.21. The growths under fluctuating or mean light are very close at the beginning
of the culture until day 6 when it begins to slightly differ. The difference increases as the attenuation
becomes more important, until the end of the culture with a dry weight difference of 10 %, i.c.,
0.339 g.L'1 for the mean light intensity against 0.374 g.L'1 for the fluctuating light on day 23. Hence the
model takes light history (and L/D cycles) into account, and it has a positive impact on growth (in this
case). This confirms that it is essential to consider algae circulation and thus hydrodynamics to globally
characterize a photobioreactor.
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Figure 5.21 - Growth of encapsulated Chlamydomonas reinhardtii in a 5 L photobioreactor calculated using a
realistic trajectory determined by the stochastic model (fluctuating light) or a mean light calculated as a
smoothed curve on I trajectory.

5.3.2.3  Simplifications of the model
5.3.2.3.1 Influence of solid distribution

As explained in chapter 0, the solid fraction is not homogeneous in the reactor (higher in the ascending
zone) and this can have an influence on light attenuation in the reactor depth. The influence of
introducing the f;; ratio (Equation 5.20) which takes into account the different local solid fractions is
studied (Figure 5.22). Biomass growth is calculated based on the same trajectory using two different
light attenuation methods: base case considering f;; or homogeneous solid distribution (f;; is replaced
by y, in (Equation 5.18) (Equation 5.19). Results considering or not f;; show different dry weight curves
thus the f;; correction is not negligible. Hence solid distribution has an influence on light attenuation and
thus on biomass growth. This shows the interest of developing this kind of advanced model, which can
predict precisely solid distribution, for the studied system.
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Figure 5.22 — Dry weight calculated by the global model considering non uniform solid distribution (considering
fti) or considering a homogeneous solid distribution (not considering fti). 1 trajectory is considered.

5.3.2.3.2 Basic model

To determine the relevance of developing a global model taking accurately hydrodynamics into account,
a basic model of the reactor is developed considering that no CFD study has been performed. The model
is compared to the global model developed in this thesis. The basic model is based on residence times
in the 4 main regions of the reactor (Figure 5.3, Table 5.2). The residence times used are the ones
obtained by the stochastic model but could be measured experimentally. The 4 regions are considered
perfectly mixed, considering no other information is reached on beads displacements. A trajectory is
built alternating continuously the displacement in the 4 regions according to a logical scheme following
this order: region 1, 3b, 2 and 3t (Figure 5.23). The light intensity in each region is integrated through
the depth of the region (Equation 5.28) (Equation 5.29) (Equation 5.30). The bead is thus submitted to
alternating periods of different light intensity according to the 4 main regions of the reactor. However,
the mean light intensity received by algae during the culture is very close for both model, (28 pE.m™.s™!
for the basic model and 30 pE.m™.s"! for the global model). The time step used to calculate the PSF
model is 0.1 s which corresponds to the mean time step of the global model. Parameters fitted on the
global model are used.

For region 1,

= f Idy _ Iy xe™®1(1 e B XTewleL )

(Equation 5.28)
eL| eL1(g,Xtey)

For region 2,

= f Idy _ Iy % e ép®pl Xe'(ng+8w)eL1 X e p%p2 (1- e-(sz+sW)eL2)
€2 era(e, Xtey) (Equation 5.29)
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For region 3,

f Idy Iyxe %1 (1 e Xt ewx(epptens +ep2)) (Equation 5.30)

(e, teLiten) (e, teLiten) X (g, Xtey)

with ey ; and ey, the depth of zone 1 and 2 respectively.
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Figure 5.23 — Light intensity received by algae calculated by the global model and a basic model based on
residence times in 4 main regions of the reactor (a). Zoom on light intensity on day 20 (b).
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The basic model does not give the same results as the global model (Figure 5.24). The final dry weight
is highly overestimated by the basic model (0.478 g.L™!) compared to the global model (0.377 g.L™!) on
day 23. Yet the mean light intensity received is close and even slightly higher for the global model. This
shows again the high influence of L/D cycles and thus of hydrodynamics on the growth. In the basic
model, cells experienced less extreme light intensities as the light is integrated through the depth. Even
if lower light intensities are reached in the basic model in the illuminated zone, it does not seem to have
a high influence. In the dark zone, higher light intensities are reached in the basic model (13 pE.m2.s™!
against 2 pE.m™.s”! in the global model). The model considered thus that light intensity in the dark zone
has more influence in this case.

However, the shape of the basic model curve is similar to the one of the global model. A wider range of
experimental data which considers different conditions is needed to confirm the supremacy of the global
model over the basic model.
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Figure 5.24 - Dry weight calculated by the global model and a basic model based on residence times in 4 main
regions of the reactor.

5.3.3  Applications
53.3.1 Light

The influence of incident light intensity is evaluated (Figure 5.25). It must be noticed that these results
are qualitative as experimental results at different light intensities would be required to fit accurately the
biological model parameter in the whole range of light intensity and to obtain quantitative results. The
model logically predicts a faster growth and a higher dry weight with an increasing light input. The
model does not consider nutrients limitation which could happen in the case of higher dry weight. A
continuous or fed-batch system should be used in this case.
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Figure 5.25 - Dry weight calculated by the global model for different incident light intensity (10). The mean
experimental light intensity is 60 WE.m™ .57, thus the 2x and 4x mean incident light intensity correspond to 120
and 240 pE.m? s respectively.

The model is also able to predict a high photoinhibition which fully hinders biomass growth after 25
days. However, this is achieved with a mean incident light intensity of 6600 wE/(m?.s) which is higher
than usually reported (2000 uE/(m2.s)) (Wu & Merchuk, 2001). The model is thus able to qualitatively
predict the photoinhibition but not quantitatively as the model is fitted on experiments using a low light
intensity (60 wE/(m2s)) which does not allow to study photoinhibition. Experiments at higher light
intensities are needed to fit these parameters in the actual model.

5.3.3.2  Hydrodynamics

The influence of hydrodynamics on biomass growth is evaluated using the model. Different inlet liquid
flow rates are simulated using CFD, then the compartment and stochastic models and finally the global
model are computed. As liquid fluidizes beads, liquid flow rate has a direct influence on the solid
distribution and bead displacements.

Figure 5.26 shows the biomass curves calculated by the model using different liquid flow rate. A higher
flow rate leads to a significant higher biomass dry weight. Indeed a 0.2000 kg.s™! flow rate allows to
reach a final dry weight of 0.431 g.L"! (day 25) while a dry weight of 0.377 g.L"! is reached using the
base case model using a flow rate of 0.1444 kg.s™'. This result is confirmed with a liquid flow rate of
0.1800 kg.s' (final dry weight of 0.414 g.L'!). It must be noticed that the nutrient limitation is not

considered by the model, thus only the influence of light access through hydrodynamics is taken into
account.
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Figure 5.26 — Influence of the inlet liquid flow rate on the dry weight.

The solid distribution in the reactor height or width is not significantly impacted by the different flow
rates. The solid distribution in the reactor depth using the different flow rates is slightly different,
especially using a flow rate of 0.1444 kg.s™' (Figure 5.27). Figure 5.28 describes the solid distribution
at a height of 200 mm. At a flow rate of 0.1444 kg.s™', a higher solid fraction is measured in the dark
(ascending) zone (below a depth of 12 mm) which leads to a higher attenuation thus a lower growth rate.
However, using other liquid flow rate values lead to similar solid distribution.

Residence times using a higher flow rate are lower leading to lower L/D cycles. These are favorable for
biomass growth. The higher dry weights obtained by increasing liquid flow rate can thus be probably
explained by lower L/D cycles. These primary results must be validated by experimental results but
show the high theoretical influence of L/D cycles.
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Figure 5.27 - Solid distribution in depth in a plane situated in the center of the reactor width calculated by the
compartment model using a liquid flow rate of 0.1444 kg.s” (a), 0.1800 kg.s' (b) and 0.2000 kg.s™ (c). The black
line at 200 mm represents the height used in Figure 5.28.
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Figure 5.28 - Beads distribution across the reactor depth using different liquid flow rate at a height of 0.20 m.
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5.4 Conclusions

A model is developed to predict biomass growth in a photobioreactor designed for the culture of
encapsulated microalgae. The model is built using models describing hydrodynamics, light and biology.
Hydrodynamics has an influence on light distribution in the reactor. Light and biomass concentration
are dually coupled. Indeed, biomass growth directly depends on light and light attenuation through the
photobioreactor depends on biomass growth.

Hydrodynamics is modeled using a CFD-based compartment model. The flow rates between adjacent
compartments are calculated based on CFD flow rates. The number of cells is divided by 54 in the
compartment model if compared to the CFD model, which allows to save computation time and
memory. The compartment model nevertheless well describes global velocities. A stochastic model for
bead displacements in the reactor is adapted based on flow rates of the compartment model. The
stochastic model also allows describing the non-uniform spatial solid distribution.

A Beer-Lambert law is used to model light attenuation through the reactor. It takes into account
attenuation of the reactor walls, culture medium and cells shelf shading, as well as of local values of
solid fraction.

A PSF biological model enables to predict biomass growth. Parameters of the biological model are fitted,
so the predictions of the global model which considers hydrodynamics, light and biology agree with
experimental results obtained in chapter 2. Results agree globally well and allow to reach a final dry

weight close to the experimental one (0.375 g.L! compared to 0.387 g.L™! experimentally).

The model is able to predict qualitatively the influence of changing incident light. It is shown that using
increased incident light leads to higher biomass and photoinhibition hinders growth for high intensities,
but it is required to confirm with more accurate parameters for the biological model (fitted on the whole
range of light intensities).

The high influence of hydrodynamics on biomass growth is highlighted several times using the model.

Using stochastic model in this thesis (using encapsulated algae) is particularly interesting as it enables
to consider heterogeneity of solids in the reactor (solid fraction higher in the ascending zone) which
have an influence on light attenuation and thus on biomass growth.

Growth is calculated using two different incident lights: a fluctuating light calculated by the global
model based on stochastic trajectories and a light considering no fluctuations. While both mean
intensities are the same, results show a final dry weight difference of 10 %. This proves the high
influence of L/D cycles on biomass growth according to the model.

The model is used to qualitatively evaluate the impact of liquid flow rate on the reactor performance
(biomass growth). Using a higher liquid flow rate to fluidize the beads leads to significant faster growth
and higher dry weights. It must be noticed that the model does not considered damages caused by shear
stress on cells, but they are limited by encapsulation.
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Culture of encapsulated microalgae

The first goal of the present thesis was to increase the knowledge about culture of encapsulated
microalgae. It shows that the studied strain of Chlamydomonas reinhardtii is able to grow encapsulated
in beads of alginate. According to experiments in flasks, it nevertheless grows more slowly than free
culture using studied encapsulation material and culture conditions. The growth rate is 0.15 day'1 for
encapsulated algae while it is 0.19 daly'1 for free algae if the lag phase, which is longer for encapsulated
algae, is not considered. The considered strain is able to secrete extracellularly Gaussia luciferase which
is a high-added value metabolite. It is shown that, even if the strain secrete luciferase while encapsulated,
the encapsulation material is not adapted for diffusion of luciferase in the culture medium.

The culture of the encapsulated strain is then scaled-up in a 5 L liquid-solid fluidized bed. Two cultures
are performed in the reactor. The culture growth is followed by spectrophotometry (measurement of
optical density) after complete dissolution of beads. Cultures last for 17 and 19 days without cell leakage
and growth occurs all this time. This shows that the encapsulation material is robust and the reactor is
suitable for the culture of encapsulated algae as it provides sufficient mixing but low shear stress. Both
cultures show close growth curves when normalized which suggests a good repeatability of experiments.
Even if results must be carefully compared as conditions are not exactly the same, the growth during

exponential phase is faster in the reactor (0.37 day'1 for culture 2 and 0.38 day'1 for culture 1) than in

flasks (0.16 day'l). Hence the innovative liquid-solid fluidized bed composed of an off-center liquid
inlet and an internal panel is well adapted for the culture of encapsulated microalgae.

Encapsulation in alginate beads allows to immobilize and grow Chlamydomonas reinhardtii. As the
culture medium was clear during an extended period, the separation, which is the goal of encapsulation,
is effective. The encapsulation material and the reactor have thus proved to be efficient to cultivate this
alga.

Some technical challenges remain on the culture of encapsulated algae and have been faced in this thesis.
One of the most crucial is the large-scale production of beads. The production is time consuming even
using a semi-automatic process as in this thesis. Some fully automatic and faster methods are used but
they can lead to more fragile and non-reproducible beads. This is an issue which needs to be solve for
large-scale culture of encapsulated algae.

The culture of encapsulated algae can possibly leads to more bacterial proliferation than free cultures as
experienced in this thesis. Alginate (often used as an encapsulation material) may be used as carbon
source and promote bacteria proliferation. Furthermore, as there is no competition in the culture
medium, bacteria can probably more easily proliferate than in free cultures. Using a UV system to clear
the culture medium was not sufficient in this thesis. Another challenge faced is to introduce beads in the
reactor while maintaining sterile conditions. Pilot or large-scale reactors cannot be installed under a
laminar flow hood. Beads cannot be transferred by pumping (risks of crushing) and need a valve large
enough to pass. In this thesis, transfer is realized as clean as possible: ethanol disinfection of the reactor
valve and of the tubing on the transfer bottle, but can lead to contaminations.

Optimization of the encapsulation material is still crucial. The CMI laboratory (University of Namur)
who works on the ValoAlgue project is developing hybrid carriers using simultaneously inorganic (as
silica) and organic materials (Desmet et al., 2014). This increases the material resistance but the
diffusivity of the material must be kept sufficient for CO, and nutrient transfer. Regarding the diffusion



of the secreted product, the encapsulation material must be optimized depending on the application. As
observed in this thesis, diffusion of large metabolites as proteins can be an issue. Once in the culture
medium, metabolites must be recovered. The Chemical and Biochemical Process group of the University
of Mons, working on the ValoAlgue project, developed a method to concentrate luciferase in the culture
medium using an ultrafiltration cassette.

This thesis focuses on one strain of Chlamydomonas reinhardtii but the encapsulation material (alginate)
was used for a large amount of strains: S. capricomutum (Faafeng et al., 1994), Tetraselmis suecica
(Pane et al., 1998), Chlorella vulgaris (Lau et al., 1997), Phaeodactylum tricornutum (Hertzberg &
Jensen, 1989)... Moreover, the studied photobioreactor can be used to cultivate any strain. Different
strains are interesting to encapsulate, especially for the secretion of high added value metabolites as
Haematococcus pluvialis (Tripathi et al., 2002) and Haslea ostrearia (Lebeau et al., 2002).

Photobioreactor characterization and modeling

The second aim of this thesis was to characterize and develop a global model of the photobioreactor,
able to predict algae growth. The hydrodynamics of the reactor is first characterized. As an initial
analysis, the liquid flow is first studied. This initial analysis highlights the unusual flow regime in the
reactor: laminar and unsteady. A first CFD model is developed and compared to velocity fields measured
experimentally by PIV on five planes distributed along the depth of the reactor. Agreement between
CFD and PIV is considered satisfactory as a high experimental error is measured, due to the high
influence of plane position on the flow and the difficulty of performing CFD simulations in the exact
same planes as PIV.

Solid is then considered in the CFD model (chapter 0). This two-phase model is experimentally validated
as well using a simple and innovative method of light attenuation. This method enables to measure solid
fraction through the reactor depth. It shows an accumulation at the top of the internal panel and no solid
in the top zone of the reactor. Solid distribution in the reactor height is well described by CFD compared
to experiments. CFD allows to quantify the solid accumulation in the bottom of the reactor and the
higher solid fraction in the ascending zone, in agreement with observations. Some discrepancies can be
seen in the reactor width between CFD and experiments. These can be explained as liquid inflow is
described by CFD as uniform (ideal) through the width of the reactor while it is experimentally more
important on the reactor sides. These results enable to increase knowledge on liquid-solid reactors
containing beads of density close to water (density difference of 19 kg.m™ at 18 °C). The high influence
of the lift interaction force on the flow is highlighted. Solid globally follows the liquid flow but
influences it as well near the reactor lateral walls. Moreover, the unusual geometry of the reactor makes
it particularly interesting to characterize (liquid-solid fluidized bed reactors are often cylindrical column
with uniform liquid injection at the bottom of the column).

Results obtained by CFD enables to develop a CFD-based compartment model (chapter 5), based on
solid velocity flow fields. It enables to globally describe the solid flow while using significantly less
computing time due to a coarser discretization of the photobioreactor geometry. A stochastic Lagrangian
model, superimposed on the CFD-based compartment model, is used to calculate bead trajectories. The
particles movement between compartments is random but based on probabilities derived from fluxes
calculated by the compartment model. This model gives access to information on solid displacements
in the reactor, as residence times in different regions of the reactor. It could be used to study the liquid
phase as well, evaluating gradients of pH or nutrients. It would be useful if nutrient limitation is
considered in the model.

Light intensity is calculated in each compartment of the reactor based on a light attenuation law similar
to the Beer-Lambert law. Light attenuation and dry weight measured every day of the culture of
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encapsulated algae (chapter 2) enables to calculate absorption coefficients of biomass, water and
Plexiglass to be used in the attenuation law. A biological three-states model (Photosynthetic Factory) is
used to predict biomass growth.

The global model gives a good description of growth when compared to experimental results. The model
predicts a high influence of hydrodynamics on biomass growth. Indeed the model considers
heterogeneity of solids in the reactor (solid fraction higher in the ascending zone) and it has an impact
on biomass growth. Moreover, a qualitative study enables to show that the model estimates higher
growth rates when using higher liquid flow rates to fluidize solid.

To develop this model, some assumptions and simplifications are made. Their validity should be
evaluated and other operating conditions, which are not studied by lack of time, should be tested.
Regarding hydrodynamics, only one value of the total solid fraction is used. The photobioreactor can
indeed be used to cultivate higher solid fractions. Considering a fluidized bed reactor, studying different
solid fractions and their impact on flow and ultimately biomass growth is of great interest, but was out
of the scope of the present thesis. Indeed it is very time-consuming as a new CFD simulation is needed
for each solid fraction. Besides, the bead density is potentially changing with biomass concentration and
it is not considered in this thesis. As the dry weight is low (0.39 g.L"! maximum) and the liquid flow
rate needed to fluidize beads does not need to be changed, this probably does not have a significant
impact on hydrodynamics in this thesis. However, the evolution of bead density could have more
influence and would need to be quantified with higher dry weight. It could be obtained using higher
solid fraction or higher light intensity. Reaching higher dry weight is of commercial interest as it allows
to obtain more biomass which would secrete more metabolites.

Improvements in modeling light attenuation are also achievable. For simplicity reasons, the Beer-
Lambert law is used to model light attenuation. As described in chapter 1, more precise models have
been developed to take into account scattering. It would be worthwhile to verify if these models can be
used for encapsulated algae. Light attenuation through the bead bed can be improved as well. The
attenuation in the bead is not considered, meaning no difference is made between cells in the center and
at the bead sides. If microscopy shows algae live in the center of beads (Figure 2.13), they might grow
slower as they receive less light. Moreover, the attenuation of the bead bed is considered globally, i.e.
light variations due to changes in the number of beads between light and the studied bead are averaged.
It would be valuable to quantify and model these variations. Besides, the model does not consider day
and night cycles nor natural light. Some models have been developed to predict light input from daily
and seasonally variations of sun which could be easily implemented in the model (Nauha & Alopaeus,
2015). Furthermore, photoacclimation (pigment content adaptation of cells according to the light
intensity) is a challenge to model but can have an influence on light attenuation and biomass growth
(Soulies, 2014). As developed in chapter 5, experiments under higher light intensities could be used to
precisely study the impact on dry weight and photoinhibition with the model.

From a biological point of view, this thesis proves the PSF model can be used to model growth of
encapsulated algae even if growth curves can differ. Nutrient limitation is not considered as it is not the
main limiting parameter. Under higher light intensity or using higher solid fraction in the reactor,
nutrients limitation could have more influence and should be modeled. This would imply to describe the
CO, and nutrients transfer through the encapsulation material.
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Figure 0.1- Mean residence time (a, c) and mean circulation time (b, d) obtained in zone sl (a, b) and s3 (c, d)

using the stochastic model. Zones are described in Figure 5.15. Mean on 40 particles. Calculations correspond
to a total time of 58h in the reactor. 29h is considered satisfactory to characterize trajectories.
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