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Abstract

Large-scale production of microalgae for commercialisation still needs to be improved by
challenges in downstream processes, particularly harvesting. This study investigated the
feasibility of foam flotation as a cost-effective harvesting technology using a foam riser design.
The harvesting of the microalgae Chlorella vulgaris was systematically examined within the
foam column. The primary result showed that installing risers in the column significantly

increased harvesting efficiency.

A flow map was developed showing the relationships between foam structures
(discontinuous/continuous), air flow rate, and the CTAB and microalgae concentration. It was
found that higher microalgae concentrations required more CTAB and approximately 30% of

the free CTAB content remained in the solution.

A foam riser with a diameter ratio of 0.25 increased the pressure and liquid fraction within the
column. It leads to reduced foam water content and a 95.6% higher concentration factor than
the operation without a riser which using air flow rate of 1 L min™!. Notably, the foam's velocity
and bubble size increased significantly as it approached and entered the riser. However, the
angle of the riser did not have a significant effect on the process due to the foam naturally

formed its own angle under the riser.

The implementation of a double-stage foam flotation process at an air flow rate of 2 L min’!
resulted in a 30% increase in efficiency compared to a single-stage process. This suggests that
using multistage foam flotation as the preferred method for microalgae harvesting can

significantly improve the overall efficiency of the process.

Overall, a foam riser can be optimized for microalgae harvesting by having a constriction ratio
of 0.25, a length of 15 cm, and an angle of 90 degrees. Additionally, a two-stage foam flotation
process can enhance its effectiveness and offer the potential for scalability in microalgae

harvesting technology.
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Chapter 1
Introduction

1.1 Project overview

Microalgae are single-celled organisms that can use CO2 as a carbon source for their growth
through photosynthesis (Trentacoste et al., 2015). Microalgae play a role in various
biotechnology-based industries, especially in use as food additives and health supplements such
as fatty acids, proteins and high-value chemicals due to their rapid growth, high productivity
per area and ability to grow in various conditions (Borowitzka, 2013; Yan et al., 2013).
In addition, they can be used in agriculture as soil conditioners, biofertilizers, pesticides and for
biological control of phytopathogens (Abdel-Raouf et al., 2012). Interestingly, there are some
species, such as Nannochloropsis, Botryococcus braunii or Chlorella sp., that can accumulate
lipids in their cells and thus be used as raw material for biofuel production (Masojidek and
Torzillo, 2014). In addition, microalgae can produce biodiesel via one of three methods: using
the direct transesterification reaction to convert algae oil into biodiesel (fatty acid methyl esters:
FAMEg5), through direct conversion from wet algae biomass, or via a two-step method of oil
extraction followed by conversion directly into algae oil using the hydrothermal liquefaction

(HTL) process (Chisti, 2007; Johnson and Wen, 2009; Lopez Barreiro et al., 2013).

A key factor that has made microalgae applications less economically attractive is their
operating costs, particularly the cost of the harvesting process. In particular, the dewatering of
microalgae from culture media represents a major obstacle to large-scale production due to high
energy consumption (Bhatia & Bhatia, 2014). Currently, conventional microalgae harvesting
techniques include sedimentation, flocculation with chemical flocculants, filtration and
centrifugation (Alam et al., 2017). The disadvantages of these methods are as follows:
e Sedimentation is the simplest method for separating and harvesting microalgae, but
it is the slowest process and is ineffective in mass production (Allnutt & Kessler,
2015).
e Due to metal contamination in the products, flocculation is limited in food and
pharmaceutical product applications as it involves the use of chemical flocculants
such as aluminium sulfate. Furthermore, production costs increase because a

surfactant removal step is required (Alam et al., 2017).



o Filtration is suitable for harvesting large species of microalgae, such as Spirulina
sp., where the problem of clogging occurs, and backwashing is required (Packer,
2009; Alam et al., 2017).

e Centrifugation is an efficient harvesting method that results in very high recovery
of biomass but has the disadvantage of high capital cost, intensive energy

consumption and complicated handling (Chen et al., 2015)

Flotation is a type of particle separation technique based on the attachment of air bubbles to
particular particles and is widely used in the mineral industry and wastewater treatment to
separate suspended solids, fibres and other low-density solids (Wang, 2010; Alam et al., 2017).
Commonly, this method is used in combination with flocculation harvesting (Pahl ez al., 2013).
In general, this method consists of three main phases: air bubbles, water or media (where the
air bubble has been introduced into the flotation reactor) and particles in suspension (Alhattab
& Brooks, 2017). According to Shammas and Bennett (2010), the flotation process consists of

four basic steps:

1. Air bubbles are created by passing air into water or medium through a porous
membrane in the reactor.

2. Contact or collision between the air bubbles and particles suspended in the water or
medium.

3. Adhesion and adhesion of the particles to the air bubbles.

4. The air-solid particles float up to the top of the reactor surface.

During foam flotation for microalgae harvesting, microalgae cells are captured by air bubbles
in the culture medium (containing surfactant) and then transported to the surface (Allnutt &
Kessler, 2015). Air bubble-algal cell attachment occurs due to the electrostatic interaction
between the positive charge of the surfactants and the negative charge of the algal cell along
with the hydrophilic force (Zhang et al., 2019). Among these approaches, flotation is the most
effective method for large-scale production due to its simple operation and low energy
requirements. However, appropriate harvesting techniques must be selected depending on the

microalgae strains, cultivation conditions and end-product requirements (Packer, 2009).



Foam flotation in Thailand

Flotation techniques have been applied in Thailand for several purposes. Dissolved air flotation
(DAF), for instance, is used in the production of tap water supplies because it can purify water
three times more quickly and effectiveness than the clarifier and pressure sand filter methods
(Kittirattanachai, 2016). In addition, Thai ports, food factories, petrochemical facilities, and
natural gas separation plants also apply foam flotation in wastewater treatment to eliminate
suspended materials like oil and solids. Based on its numerous benefits as mentioned above and
its economical process, grease and oil are predominantly separated from wastewater using this
method, which achieves a removal rate of around 80-95% while requiring less installation space
and enabling the design of compact equipment that is portable to the field (Pothong et al., 2012;
Team group, 2012). Typical operating pressure conditions for this system are 4 - 6 barg, and a
10-30% recirculation ratio is reported (Pothong et al., 2012; Srirathchatchawarn & Petiruksakul,
2016). Despite its effectiveness, this system still has comparatively high running costs. There
are costs related to chemicals such as PAC (poly aluminum chloride) polymer and NaOH,
which aid in the flocculation and coagulation process by assisting suspended particles in the

water to form larger particles (Team group, 2012).

Despite the well-recognized advantages of microalgae as a sustainable raw material, increasing
scale as commercialization faces obstacles, in particular downstream processes such as
harvesting techniques. Microalgae are unique in their ability to thrive in a variety of
environments and utilize CO> to grow. Bioactive compounds and lipid content yields are
significantly higher than those of conventional crops (Masojidek and Torzillo, 2014).
Furthermore, cultivation techniques for high-yield microalgae biomass and application
technologies are well-established and adaptable to various environments and investment
capacities. About 20-30% of the cost of algae production is the harvesting process (Molina
Grima et al., 2003). At present, filtration, flotation, and centrifugation are common methods
used for commercial microalgae harvesting. These methods, however, are usually expensive,
complex, and often require a combination of methods. However, the critical downstream
process of harvesting remains a significant bottleneck that limits the commercial viability of
microalgae production (Shen et al., 2009). For large-scale microalgae production, the

development of cost-effective and energy-efticient harvesting reactors is of utmost importance.



However, the critical downstream process of harvesting remains a significant bottleneck,
introducing challenges and incurring substantial costs that limit the commercial viability of
microalgae production (Shen et al., 2009). For large-scale microalgae production, the

development of cost-effective and energy-efficient harvesting reactors is of utmost importance.

Innovative approaches are essential to overcome these challenges, including novel strategies and
the development of integrated harvesting systems that remove and recirculate water from the
culture medium. In addition, innovative approaches to address a decrease in labour requirements
will also be considered. These efforts will direct investments in the most promising approaches

and accelerate the transition to a sustainable and economically viable microalgae-based industry.

In this project, the performance of flotation separation was evaluated based on the percentage
of recovery efficiency (biomass removal from the medium) and degree of concentration. Here,
research focused on optimizing the estimated chemical concentration and biomass removal via

developing and evaluating a new design of foam columns.

1.2 Project development

In this study, the design of a continuous foam flotation model column was refined and evaluated
for harvesting the freshwater microalga Chlorella vulgaris. The influence of the constriction

parameters of the foam riser model was studied, including:
e Angle (30°, 45°, 60° and 90°)
e Constriction ratio (0.25, 0.5 and 0.75)
e Length (5cm, 10 cm, 15 cm and 0.2 cm (disc shape))

e Processes evaluation (the fitted model columns were evaluated in the context of the

effectiveness of microalgae harvesting, including multi-riser and multi-stage flotation)

e In addition, the behaviour of the foam from a fine-tuned model column, including size,

shape and velocity, was examined by visualisation with a high-resolution camera.



1.3 Aims and objectives

This project focused on harvesting microalgae using the foam flotation column technique to
increase the recovery of microalgae biomass and investigate the influences of constriction
parameters on foam column concentration. A modified model column was investigated and

studied to adjust the angle, constriction ratio and length of the column.

Accordingly, the aim of this research was:

1. To develop and evaluate a continuous foam flotation for cost-effective application
of microalgae biomass harvesting processes.

2. To study the effectiveness of an optimised model column after varying the angle,
constriction ratio and length of the foam risers.

3. To study the mechanism of foam flotation through the foam riser (i.e. size, shape
and velocity of the bubble) using image visualization with a high-resolution camera.

4. To perform a process design study including multi-riser and multi-stage flotation

modifications.

1.4 Thesis plan

This work is presented as a series of chapters formatted according to journal style. The
introduction and literature review are first (Chapters 1 and 2), in order to create a solid
foundation for subsequent research. Chapter 3 then describes the methodology for microalgae
cultivation and the design of a riser in a flotation column and further examines the effects on
the system. In addition, foam visualisation and process development are presented in this
chapter. Chapter 4 presents the research results and discussions and covers a range of topics
including the growth of microalgae and the flow map of the relationship between algal biomass
and surfactant concentration. The chapter also discusses foam risers, foam visualizations, and
process development. Finally, Chapter 5 provides a comprehensive conclusion, summarises the

overall implications of the research, and offers recommendations for future work.



Chapter 2
Literature Review

This chapter provides comprehensive information about microalgae and covers the general
aspects of algae and green algae through their definition and classification. Then, the cultivation
of microalgae is discussed, including the growth pattern of microalgae, microalgae growth

conditions and factors, and commercial microalgae biomass production.

The narrative then moves to the integral roles of microalgae in the context of the circular
bioeconomy, which includes the algae-based bioresource cycle, global algae production and
various applications of microalgae. Finally, the chapter deals with technologies for harvesting
microalgae, exemplified by coagulation/flocculation, sedimentation, filtration, centrifugation

and flotation.

2.1 Algae
2.1.1 Definition

Algae are photosynthetic organisms containing chlorophyll that, like land plants
(Embryophyta), rely on sunlight as an energy source, to fix carbon dioxide via photosynthesis.
The reaction produces organic macromolecules, such as glucose (sugar) and several kinds of
lipids that are used in their metabolic mechanisms and release useful oxygen as a by-product to

the environment (Sumi, 2009; Ferrell ef al., 2010; Raven & Giordano, 2014).

Algae cells have a wide range of sizes and shapes. Some exist as simple structures or individual
cells, while others form colonies together. Some species of algae have large, visible cells
(macroalgae) that resemble roots, leaves, and stems called thallus but lack a vascular system
(xylem and phloem) and the zygote does not develop into an embryo. However, many types of
microalgae are microscopic (called microalgae) and difficult to see without a microscope

(Brodie & Lewis, 2007; Biris-Dorhoi et al., 2020).



2.1.2 Classification

Algae have a wide range of morphologies, including single cells, colonies, pseudo filaments,
and filaments (Wehr et al., 2015). Phycologists use various criteria to categorize algae. For
instance, the primary classification factors focus on specific characteristics of algae, including
the number and arrangement of flagella, the composition of cell walls or membranes,
intracellular nutrient reserve products, and the pigmentation present within the cells (Wehr ef

al., 2015; Lee, 2018).

2.1.2.1 Intracellular nutrient storage-products

Groups of algae have been observed that have different amounts of nutrient storage compounds
from photosynthesis process accumulated in intracellular cells. For example, green algae and
blue-green algae typically accumulate carbohydrates such as starch, amylose and amylopectin.
Brown algae and golden algae store nutrient compounds in the form of laminarin, leucosin and
mannitol. Meanwhile, euglenoids contain specific nutrients such as lipids and paramylons (Lee,

2018).

2.1.2.2  Composition of cell walls or membranes

Algae have a variety of cell wall structures. Some of them are cell wall-free, while others have
complex structures that consist of a variety of compounds incorporated to create their cell wall.
The microalgae cell wall composition can be utilised for grouping. For example, green algae

cell walls are mainly composed of cellulose, similar to the cell walls of land plants.

Diatoms consist mainly of silica and brown algae possess cell walls composed of alginic acid
or alginate. Microalgae with robust cell wall structures, such as red algae, consist of calcium,

galactans, agar and carrageenan in their cell walls (Lee, 2018; Nash et al., 2019).



2.1.2.3 Number and arrangement of flagella

Algae exhibit varying mobility depending on the presence or absence of a flagellum. Those that
have a flagellum are able to move, while algae without a flagellum remain immobile. Each type
of algae has unique characteristics, including the number and placement of flagella, which

provide valuable criteria for taxonomic classification.

Figure 2.1 shows different categories: algae with flagella such as Ceratium rhomvoides,
Euglena and Carteria sp.; colonial algae with flagella such as Fudorina elegant and
Astrephomene gubernaculifera; and non-motile colonial algae without flagella such as

Scenedesmus bernardii, Pediastrum boryanum and Pediastrum simplex etc (Wehr et al., 2015).

Scenedesmus bernardii Pediastrum boryanum Pediastrum simplex

Figure 2.1: Number and arrangement of flagella in microalgae cell (Wehr et al., 2015)



2.1.2.4 Pigmentation within algal Cells.

Chlorophyll A is a universal primary pigment found in all algal species. However, secondary
pigments vary depending on the type of algae. For example, blue-green algae and red algae
contain phycocyanin and phycoerythrin pigments, respectively, while green algae contain
carotenoid pigments. Pigments are localized in special double-membrane structures called

chloroplasts, as shown in Figure 2.2 (Blankenship, 2002).

Within these chloroplasts are stacks of membrane-bound structures called thylakoids, which are
made up of protein and lipid compounds used in photosynthesis reactions. Chlorophyll and
pigment molecules are distributed throughout the thylakoid membranes. These pigments play
an important role in the algal photosynthesis processes and are crucial for the storage of food
in the algae cells. In particular, certain pigments can give the algae different colour. It is
important to note that each type of algae has a unique pigment profile that varies in both type

and quantity.
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Figure 2.2: An illustration of the chloroplast structure (Blankenship, 2002)



Algae are difficult to assign to a clear system. This is because ongoing discoveries are being
made, causing classification at higher levels to change based on genetic and structural
considerations. However, the basic information of traditional taxonomy remains useful in
modern classifications. Based on evolution and chloroplast structure, Table 2.1 compares the
classifications of algal groups proposed by Lee (2008), Bold and Wynne (1985), and V. J.
Chapman (1973). In terms of evolution, it can be divided into Prokaryota and Eukaryota.

The Prokaryota group has only one division, Cyanophyta, which consists of blue-green algae.

Groups Divisions
. Chloroplast Bold and V. J. Chapman Algae

Evolutionary memb fane R. E. Lee (2008) Wynne (1985) a 973[;

Prokaryota I Cyanophyta Cyanophyta Cyanophyta Blue Green Algae
I1. Chloroplast Euglenophyta Euglenophyta | Euglenophyta Euglenoids
surrounded
by one
membrane of ) .
chloroplast Dinophyta Pyrrhophyta Pyrrophyta Dinoflagellates
endoplasmic
reticulum
11 Chloroplast Prymnesiophyta Haptophytes
surrounded by Cryptophyta Cryptophyta Cryptophyta Cryptomonads
two membranes | Heterokontophyta Xanthophyta Yellow-green algae
of chloroplast

Eukaryota endoplasmic
reticulum Chloromonadophyta | Raphidophytes
envelope
IV. Chloroplast | Chlorophyta Chlorophyta Chlorophyta Green algae
surrounded by Charophyta Charophyta Stone worts
the two Rhodophyta Rhodophyta Rhodophyta Red algae
membranes of
the chloroplast Phaeophyta Phaeophyta Brown algae
envelope Chrysophyta Chrysophyta Golden algae

Bacillariophyta Diatoms
Glaucophyta Glaucophyte algae

Table 2.1: Classification of algae based on evolution and chloroplast structure (Chapman &
Chapman, 1973, Bold & Wynne, 1985, Lee, 2008).

Eukaryota, on the other hand, can be divided into three main groups according to the nature of
the chloroplast membrane: Eukaryotic algae, which contain chloroplasts surrounded by one
membrane of chloroplast endoplasmic reticulum, can be divided into two divisions:
Euglenophyta and Dinophyta. Eukaryotic algae with two membranes of chloroplast
endoplasmic reticulum can be divided into two divisions: Cryptophyta and Heterokontophyta.
Eukaryotic alage is characterized by a chloroplast surrounded by two membranes, such as:
Chlorophyta, Charophyta, Rhodophyta, Phacophyta and Chrysophyta.

10



Based on the information in Table 2.2, it is noteworthy that the Chrysophyta group (golden

algae and diatoms) has the largest number of algae species. Another major category of algae,

the Chlorophyta group (green algae), is commonly found in various bodies of water, including

freshwater, brackish water, and seawater. Each group of algae exhibits different pigments and

cellular nutrient component. In addition, habitats also cause algae to differ.

Nutrient
Division Known species | Pigments HEHCn fesetve Habitat
products
chlorophyll a,
Cvanophvta phycocyanin, Cyanophycean different habitats,
1 (B?/l . grzen Algae) 2,000 allophycocyanin, starch, granules, freshwater,
v & phycoerythrin, - glocogen brackish water
carotene, xanthophyll
Chlorophyta chloroph}lll a,b, N fresbwater, .
2 (Green Algac) 8000-12,000 carotenoids, Starch, lipids marine, brackish
& xanthophyll water
3 Charophyta over 700 chloroph}lll a,b, Starch freshv.vater,
(Stone worts) carotenoids brackish water
chlorophyll a, b, B-
Eugl hyt tarch
4 18 enop. i over 1,000 carotene, xanthophylls, Starch, . freshwater
(Euglenoid) . paramylon, lipids
zeaxanthin
Laminari 1,3
chlorophyll a, ¢, B- aminarin (p 1,
Phaeophyta . glucan polymer), .
5 over 1,800 carotene, fucoxanthin, . marine
(Brown Algae) anthohvll Mannitol,
Xanthopay™s Alginic acid
. lipids (TAGsS),
fi th . .
Chrysophyta d?:t?;i;thli?; B-1,3-linked marine,
6 | (Golden Algae, 100,000 ’ carbohydrate freshwater,
. chlorophyll a, c, B- . .
Diatom) (chrysolaminarin), | brackish water
carotene, xanthophylls ..
silica
marine,
7 fgrro;;lhytau tes) over 2,000 Chlotrophyll at,hc, [}31_ 1 Sltarch, a-(li,?- i freshwater,
inoflagellates carotene, xanthophylls | glucan and lipids | ' .0
chlorophyll a, ¢, a-and
Crvptophvia B-carotene, Starch. o-1.4 freshwater,
g | ~1YPoPhy over 100 xanthophylls, 7 marine, brackish
(Red Flagellates) . glucan
phycocyanin, water
phycoerythrin
chlorophyll a,  a-and
[-carotene, Floridian starch mostly marine
Rhodophyta xanthophylls, (amylopectin- Y ’
9 4000 o . few freshwater
(Red Algae) phycobilin, like), agar, 2%)
phycocyanin, carrageenan ’
phycoerythrin

Table 2.2: Algae and the cell compositions (Bold & Wynne, 1985; Sheehan et al., 1998, Taylor
etal., 2008, Leliaert et al., 2012; Baweja & Sahoo, 2015; Hoef-Emden & Archibald, 2017).
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2.1.3 Habitat

Algae are found anywhere in the world where moisture, nutrients, and environmental conditions
are sufficient for growth. Their habitats are extremely diverse: freshwater, mangrove forests,
brackish water, seawater, soil, surface area etc. (Yan et al., 2013). Their different habitats are
classified as follow (Joubert & Rijkenberg, 1971; Lewin, 1995; Lee, 2008; Wehr et al., 2015;
Brooks et al., 2015):

2.1.3.1 Hard surfaces environment

Drought-tolerant algae are group that thrive on solid substrates and are typically exposed to
atmospheric conditions. Typically, these algae exist as spores or a slick mucilaginous layer, the
advantage of them is that they adapt to adverse environment due to capable of surviving and
thriving in low-humidity conditions. When the humidity in the environment is sufficient, these
algae perform transformation and further develop to thalli or typical cell structure (vegetative

cell).

A group of algae called epiphytic algae are able to colonize rigid surfaces such as bark and
wood or adhere to rocks and cliffs. Furthermore, another group called terrestrial algae thrive

primarily in terrestrial or soil-based environments (Hoffmann, 1989; Sheath & Wehr, 2015).
2.1.3.2 Freshwater

1) Running water means water in rivers, streams, waterfalls, and canals. Algae in these
habitats are able to adapt to living in a flowing water environment. Their cells’ physical

structures contribute to them adhering to the ambient substrates.

2) Stagnant water means water in lakes, reservoirs, ponds, and wetlands. In this habitat,
algae can grow either free-floating in the water (phytoplankton) or attach themselves to

plant stems and roots, or to soil or sand.
2.1.3.3 Seawater

1) Coastal areas, there are several types of algae that prefer to grow in this habitat, such

as brown algae, red algae and green algae. Some of them attach to rocks or sand.

Ocean: a high concentration of free-floating algae (phytoplankton) that usually grow in

low number of density.
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2.1.3.4 Extreme environmental conditions

D

2)

3)

9

Snowy Environment

Algae living in snowy environments have evolved fascinating ability to thrive in such
unusual habitats. A common feature of snow-dwelling algae is high carotenoid pigment
content, which play important role to protect algae against the intense lighting of snowy

landscapes. This group is called Cryoflora algae, or “rd snow algae”.

Geothermal Spring
In contrast to the cold environments, some algae thrive in geothermal springs, where
water temperatures can reach up to 80°C. These resilient algae are called thermophilic

algae, including green algae and blue-green algae.

Symbiotic livelihood

Algae coexist harmoniously with other living organisms or live within their host
structures. Notable examples include the relationship between algae and Azolla sp. or
cycad, where algae inhibit plant root growing. In addition, certain algae can be found

associated with animals, as illustrated in sea urchins (Echinoidea).

Parasitic livelihood

Some algae have adopted a parasitic lifestyle. Algal parasites can be observed on both
green and blue-green algae, with Cephaleuros sp. is an example of an algae parasite.
These parasitic algae thrive by growing on the leaves and fruits of host organisms. An
algal spot, a yellowish orange fuzzy thalli on the leaves and fruit of the guava (Psidium
guajava), or red rust on the leaves of the avocado (Persea Americana) are typical

symptoms of Cephaleuros virescens.
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2.1.4 Green algae

Green algae, a member of the plant kingdom, is classified under the division Chlorophyta.
It has a broad spectrum of forms, ranging from single cells and colonies to filamentous
structures and thallus (Garcia-Pichel & Belnap, 2021). Within these cell structures, the
pigments chlorophyll A and B are particularly widespread and outperform all other pigment
types. In addition, the cells contain a variety of carotenoids and xanthophyll pigments. All
of these pigments are enclosed in chloroplasts that assume different shapes, and these
characteristic features serve as valuable criteria for the systematic classification of green algae
(Leliaert, 2019). Additionally, it is worthy that green algae typically contain pyrenoids in their
chloroplasts, which harbour a starch-producing enzyme called amylose synthetase, which plays

a central role in starch production in algal cells (Wang & Jonikas, 2020).

Green algae have a wide distribution, with an estimated 90% of all green algae thriving in
freshwater environments. They can adapt to a range of aquatic habitats, from shallow to deep
waters where light can penetrate. The remaining 10% of green algae are marine in nature and
their growth patterns vary depending on factors such as water temperature, light availability
and nutrient availability(Chapman & Chapman, 2013). Furthermore, green algae can also be
located in terrestrial environments, referred to as terrestrial algae. Specific varieties of green
algae form symbiotic associations with other plants by either living on their surfaces are called

epiphyte algae, or within their tissues referred to as endophyte algae (Wehr & Sheath, 2015).

Chlorophyta species are categorized based on various criteria, including mitosis, cytokinesis,
type of gametes, life cycle, cell wall, and more recently genetic information etc. Table 2.3
provides a simplified overview of the Chlorophyta (green algae) phylogeny, based on the
classifications of Bold & Wynne (1985) and Lewis & McCourt (2004). This table lists major
groups with informal names in parentheses and order names. When classifying it is very
important to note that they are very different from each other. Bold & Wynne presented only
one class within this division, Chlorophyceae, which includes 16 orders (Bold & Wynne, 1985).
In contrast, Lewis & McCourt divides Chlorophyta into four classes: Chlorophyceae,
Ulvophyceae, Trebouxiophyceae and Prasinophyceae, comprising a total of 18 orders (Lewis

& Mccourt, 2004).
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Bold and Wynne 1985

Lewis & McCourt 2004

Kingdom Plantae (Chlorobionta)
Division Chlorophyta (green algae)
Class Chlorophyceae (chlorophytes)
Order Volvocales
Order Tetrasporales
Order Chlorococcales
Order Chlorosarcinales
Order Ulotrichales
Order Sphaeropleales
Order Chaetophorales
Order Trentepohliales
Order Oedogoniales
Order Ulvales
Order Cladophorales
Order Acrosiphoniales
Order Caulerpales
Order Siphonocladales
Order Dasycladales
Order Zygnematales

Kingdom Plantae (Chlorobionta)
Division Chlorophyta (green algae)

Class Chlorophyceae (chlorophytes)
Order Chlamydomonadales
Order Sphaeropleales
Order Oedogoniales
Order Chaetopeltidales
Order Chaetophorales

Class Ulvophyceae (ulvophytes)
Order Ulotrichales
Order Ulvales
Order Siphoncladales/Cladophorales
Order Caulerpales
Order Dasycladales

Class Trebouxiophyceae (trebouxiophytes)
Order Trebouxiales
Order Microthamniales
Order Prasiolales
Order Chlorellales

Class Prasinophyceae (prasinophytes)
Order Pyramimonadales
Order Mamiellales
Order Pseudoscourfieldiales
Order Chlorodendrales

Table 2.3: A simplified overview of the classification system for Chlorophyta (green algae).

Regarding the size variation among green algae, these organisms exhibit a range of cell sizes.

Some green algae are composed of simple structures or individual cells, while others aggregate

into colonies that can only be observed with a microscope and are often referred to as

microalgae. On the other hand, specific types of green algae have relatively large, visible cells,

known as macroalgae (Khan et al., 2018). Therefore, in the context of this work, the focus is

on microalgae when talking about green algae, and future mentions of green algae refer

specifically to microalgae.

15




2.2 Microalgae cultivation
2.2.1 Growth pattern of microalgae

The growth of microalgae in batch cultures can be divided into distinct phases. Figure 2.3,
provides a schematic of the algal growth rate in a batch culture as described by Fogg and Thake

(1987) consisting to five well-defined stages namely:

1) Lag or induction phase: this initial phase represents a period of slow growth as the

culture adapts to the new conditions.

2) Exponential phase: rapid growth occurs in this phase, where cell density increases
significantly over time.

3) Phase of declining growth rate: this is where cell division slows down due to various
limiting factors, such as nutrient availability, light, pH, carbon dioxide or other
environmental factors.

4) Stationary phase: at this point, the growth rate and the limiting factors reach equilibrium,
resulting in a relatively constant cell density within the culture.

5) Death phase: the culture experiences a decline in cell density as water quality
deteriorates and essential nutrients are depleted, rendering the environment unable to

support further growth.

. Lag (induction) phase
. Exponential phase

. Phase of declinging relative growth
. Stationary phase

. Death phase

h oda W

Cell concentration (log of cell number)

Culture age (time)

Figure 2.3: A schematic representation of the general growth pattern of microalgae in batch
culture (Lavens & Sorgeloos, 1996)
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2.2.2 Growth conditions and factors for microalgae

2.2.2.1 Growth factors

Algal growth is influenced by a range of physical and chemical factors. These factors include
nutrient quantity and quality, light intensity, pH levels, aeration/mixing, salinity and
temperature etc. Table 2.4 provides a general overview of the key parameters (Baert et al.,

1996).

Parameters Range Optimal
Temperature (°C) 16-27 18-24
Salinity (g LV 12-40 20-24

1,000-10,000
Light intensity (1 ’ ’ 2,500-
ight intensity (lux) (depends on volume and density) »500-5,000
Photoperiod 16:8 (minimum)
(light: dark, hours) 24:0 (maximum)
pH 7-9 8.2-8.7

*marine species

Table 2.4: General autotrophic conditions for microalgae cultivation (Baert et al., 1996).

It is crucial to recognize that optimal conditions and acceptable distribution areas vary from one
algal species to another. These conditions affect the growth rate of algae overall and are highly
specific to each species. Therefore, it is important to consider their interaction in the effective
cultivation of different types of algae. Several factors significantly influence microalgae growth

and can be described as follows:

1) Nutrient availability and pH balance: microalgae require essential nutrients and
a specific pH range for optimal growth. For autotrophic growth they require carbon
dioxide as a carbon source, hydrogen, oxygen, nitrogen, phosphorus, sulfur, iron and
trace elements. The pH level of the culture medium also impacts growth. Most
microalgae typically thrive in a pH range between 7 and 9, with the most favorable range

being between 8.2 and 8.7.
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2) Temperature requirements: the optimal temperature for microalgae growth varies
depending on the species. For microalgae cultures, it is generally between 16 and 27°C.
The most commonly cultivated microalgae species tolerate temperatures between 18
and 24 °C. However, extreme temperatures, particularly those above 35°C, can damage
various types of algae, particularly green microalgae, while temperatures below 16°C

tend to slow growth.

3) Salinity: marine algae show remarkable tolerance to changes in salinity. They often
thrive best at slightly lower salinity levels than in their natural habitat. This can be
achieved by diluting seawater with tap water, with optimal salinity typically being

between 20 and 24 g/L.

4) Light intensity: light intensity is a critical factor for algae growth. It should not be
excessively strong or weak. The optimal light intensity is typically between 1,000 and
10,000 lux, with the most effective results often achieved at 2,500 to 5,000 lux. A
minimum of 16 h of artificial illumination per day is recommended for phytoplankton
cultivation. Microalgae typically only require one-tenth the intensity of direct sunlight
to grow. In natural aquatic microalgae systems, light penetration is limited to the upper
7-10 cm due to the presence of bulk microalgae biomass that blocks light from reaching

deeper into the water.

5) Aeration and mixing: adequate mixing is essential to prevent algal sedimentation,
ensure uniform exposure to light and nutrients, prevent thermal stratification (especially
in outdoor cultures), and facilitate gas exchange between the culture medium and the
air. Effective mixing is particularly important because it provides the carbon source
necessary for photosynthesis in the form of carbon dioxide. Mixing methods vary
depending on the scope of the culture system. These methods include manual stirring,
aeration, or the use of specialized equipment such as agitators, paddle wheels, and pump

circulation. It is important to note that not all algal species can tolerate vigorous mixing.
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2.2.2.2 Growth conditions

The growth patterns of microalgae are particularly influenced by the cultivation conditions. It is
crucial to select the most appropriate microalgae cultivation conditions to achieve maximum
productivity while maintaining cost-effectiveness. There are three main conditions for cultivating

microalgae: photoautotrophic, heterotrophic and mixotrophic cultivation (Wang ef al., 2014).

1) Photoautotrophic condition

Phototrophic cultures are a method of cultivating microalgae that utilizes light such as sunlight
as an energy source and carbon dioxide (CO3) as an inorganic carbon source for photosynthesis
(Cruz et al., 2018). This approach offers significant environmental benefits as it has the potential
to convert atmospheric CO; into various forms of chemical energy, including polysaccharides,
proteins, lipids and hydrocarbons for microalgae biomass production (Huang et al., 2010).
Consequently, photoautotrophic cultivation is the most widely used method for the growth of
microalgae and can be carried out in either open ponds or closed photobioreactors (Medipally et
al., 2015). However, there are certain limitations such as low biomass productivity and longer

culture periods (Dragone, 2022).
2) Heterotrophic condition

The heterotrophic process in microalgae is the process by which they use organic substrates as a
source of both energy and carbon under aerobic conditions. Depending on the type of microalgae,
various organic compounds, including sugars, organic acids, acetate, glycerol, and volatile fatty acids
(VFAs), can be used in heterotrophy (Huang et al., 2010; Bashan & Perez-Garcia, 2015; Ahmad
et al., 2021). Among these, sugars and organic acids are the most commonly chosen and effective
sources. Unlike autotrophic cultivation, heterotrophic cultivation does not require light. This
flexibility allows heterotrophic microalgae to play a crucial role in the large-scale production of
microalgae in regions with long winters and limited sunlight, such as boreal areas (Nzayisenga et al.,
2020). While heterotrophic cultivation yields higher biomass than autotrophic cultivation, the effort
required to add external organic carbon sources is higher compared to using CO,. To address the
challenge of this limitation, utilizing organic carbon from wastewater sources is a viable solution

(Wang et al., 2014; Cruz et al., 2018).
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3) Mixotrophic condition

Mixotrophic condition is a growth scenario in which microalgae effectively utilize both inorganic
CO; and organic carbon sources while exposed to light. This condition signifies the ability of
microalgae to enter into both photoautotrophic and heterotrophic conditions (Chen et al., 2011).
In this process, inorganic carbon fixation takes place through photosynthesis, which responds to
light conditions, while the absorption of organic compounds occurs through aerobic respiration,
depending on the availability of organic carbon (Hu et al., 2012; Wang et al., 2014). Some
microalgae species such as Spirulina sp. (Cyanobacteria) and Chlamydomonas sp. (Green algae)
have the ability to alternate between photo-autotrophic and heterotrophic growth conditions
(Bashan & Perez-Garcia, 2015; Medipally et al., 2015). Due to their adaptability to mixotrophic
conditions, where they can achieve higher biomass yields than autotrophic algae, making them

an excellent approach for the commercial production of microalgae products (Kang et al., 2004).

A comparison of different growing conditions, including phototrophic, heterotrophic and
mixotrophic approaches, as shown in Table 2.5. Suggests that heterotrophic growth has the
potential to offer significantly higher biomass productivity compared to other methods (Chen
etal.,2011). For this reason, heterotrophic cultivation has attracted great interest. Nevertheless,
under phototrophic conditions, relatively slow cell growth and low biomass productivity are
limiting factors. This condition still has a unique advantage because microalgae can effectively
capture CO2 emissions from industrial flue gases. Consequently, phototrophic conditions are
widely preferred due to their cost-effectiveness and ease of scaling, especially in open pond

systems, making this method extremely attractive.

Cultivati 15 : Operati
Y I.de on ey Carbon source | Cell density | Reactor scale-up peration
condition source cost
. . . O d
Phototrophic | Light Inorganic Low pen p(?n of Low
photo-bioreactor
. . . . C tional .
Heterotrophic | Organic | Organic High onventiona Medium
fermentor
. . Light and | [ ic and . Closed photo- .
Mixotrophic '8 .an norg2'1n1c an Medium .ose PROTO High
organic organic bioreactor

Table 2.5: Characteristics comparison of growth conditions for microalgae cultivation.
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On the other hand, heterotrophic and mixotrophic conditions come with concerns about the
cost of acquiring a pond organic carbon source, which represents a significant economic
challenge. Additionally, factors such as contamination risks, light requirements, and further
complicating the potential need for dedicated photo-bioreactors for scale-up can increase

operational costs (Chen et al., 2011; Barbosa et al., 2023).

2.2.3 Commercial microalgae biomass production

Large-scale production of microalgae biomass is only economically feasible through
phototrophic cultivation. This is primarily because microalgae have a remarkable ability to
efficiently absorb atmospheric carbon dioxide, a resource readily available from power plant
emissions (Medipally et al., 2015). Selecting a suitable site is a crucial aspect in designing a
microalgae farm for commercial cultivation. It is important to identify regions that provide
consistent sunlight throughout the year, especially in tropical and subtropical climates. In
addition, this choice of location ensures stable and moderate temperatures all year round, which

are ideal for successful microalgae cultivation (Lee et al., 2014).

Phototrophic conditions apply to both indoor and outdoor microalgae cultivation systems as
long as an adequate light source is present. For outdoor facilities, natural sunlight serves as the
primary light source (Mata et al., 2010). Novel artificial lighting technologies such as LEDs
and optical fibres are being explored for indoor systems. Additionally, it is possible to transmit
solar energy from external sources to illuminate indoor photo-bioreactors, such as fibre optic
sunlight systems (Chen et al., 2011). This approach not only enhances cost-effectiveness, but
also allows production to be easily scaled. Under these conditions, two main categories of
microalgae cultivation technologies are used for biomass production: open cultivation systems
and close cultivation systems, also known as enclosed photo-bioreactor (Y. Shen et al., 2009),

as described below:

2.2.3.1 Open cultivation systems

The most basic and oldest approach to cultivating microalgae is open systems in which sunlight
provides the energy required for their growth. In open systems, microalgae are grown outdoors
and exposed to natural environmental factors such as light, temperature, evaporation and
potential contamination (Cruz et al., 2018). These systems can be installed in a variety of
locations, including natural bodies of water such as lakes, ponds and lagoons, as well as man-

made water containers such as tanks, circular ponds and raceway ponds, which can either be
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covered by greenhouse or uncovered (Tan et al., 2018). Over time, numerous designs for open
pond systems have been developed. Three main types have proven successful and continue to

be used on a commercial scale: extensive ponds, circular ponds, and raceway ponds.

1) Extensive ponds

Extensive, also known as unstirred or unmixed ponds represent the most cost-effective and least
complex method for commercial cultivation (Y. Shen et al., 2009). These pond systems can
cover areas from 1 to over 200 ha and are essentially either natural lakes or artificially created
water bodies. Typically, these ponds are shallow, with a of less than 50 cm, with an average

depth of 20 to 30 cm (Borowitzka, 2005).

Figure 2.4 shows an example of the use of such ponds for growing Dunaliella salina to produce
beta-carotene. For this purpose, BASF Health and Nutrition operates a 250-ha artificial pond
system in Hutt Lagoon, Western Australia. Likewise, extensive pond systems are used for the
cultivation of Dunaliella salina in the Arabian Gulf region, particularly in Abu Dhabi, United
Arab Emirates (Loughland et al., 2018).

Pond area

Pond area

2 S =
e N N T Lt T Y ¥ v e~ -

$ 20-30 cm in depth

Figure 2.4: Diagram of an extensive or unmixed pond (A) production site for the cultivation
of Dunaliella salina with 250 ha of artificial ponds operated by BASF Health and Nutrition in
Hutt Lagoon, Western Australia. Photos courtesy of BASF. (B) The cultivation of Dunaliella
salina in Abu Dhabi, U.A.E. Photos courtesy of Ronald Loughland.
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2) Circular ponds

Circular ponds, one of the earliest large-scale microalgae cultivation systems, are similar in
design to conventional raceway ponds. Typically, these ponds have a diameter of up to 45 m
and a depth of 30 to 70 cm. They have a centrally pivoting agitator, as shown in Figure 2.5A.
However, one limitation of circular ponds is their size, typically limited to around 10,000 m?,

as mixing efficiency decreases when the rotating arm becomes too long.

These ponds are often used in Southeast Asia to produce nutritional supplements such as beta-
carotene (Borowitzka, 2005; Y. Shen et al., 2009). For example, Figure 2.5B shows the
utilization of circular ponds for growing Spirulina and Chlorella by Far East Bio-Tec
(FEBICO) in Taiwan. Similarly, Figure 2.5C showcases a Chlorella cultivation site on Ishigaki
Island by Yaeyama, Japan, for beta-carotene production. In addition, these algae circular ponds
can be integrated into wastewater treatment processes to provide a multi-purpose solution

(Garcia et al., 2000).

™ Pivoted

agitator

Central axis

A
30-70 cm
NA in depth

Figure 2.5: (A) Schematic diagram of circular ponds. (B) Circular ponds are used for
growing Spirulina and Chlorella operated by Far East Bio-Tec, Taiwan. Photos courtesy of
FEBICO. (C) The chlorella cultivation site for beta-carotene production on Ishigaki Island,
operated by Yaeyama, Japan. Photos courtesy of Yaeyamachlorella.
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3) Raceway ponds

Raceway ponds are widely used open systems for commercial algae cultivation due to their
cost-effectiveness in construction and maintenance (Borowitzka, 2005). Figure 2.6 illustrates
the typical structure of raceway ponds designed in a closed loop configuration with oval-shaped
recirculation channels. These ponds can be either single units or groups of channels formed by
connecting individual raceway channels. They are equipped with paddle wheels to ensure
continuous water circulation and mixing, as well as baffles to direct the flow around curves (Y.
Shen et al.,2009; Ahmad et al., 2021). Raceway ponds can be constructed from materials such
as concrete, fiberglass or polycarbonate with either ground bottom or plastic coating to allow
constant circulation of algae cultures. These ponds are generally shallow and typically have a
depth of 15 to 30 cm (Schenk et al., 2008; Cruz et al., 2018). An overview of raceway ponds
used for the large-scale cultivation of microalgae, such as for the production of beta-carotene
and nutritional supplements which are intended for human consumption. Figure 2.6 (A-B)
shows the raceway pond culture at GIEC-CAS, China (Alam et al., 2017; Qin et al., 2019).
Figure 2.6 (C) shows the raceway ponds culture in the Department of Agriculture, Ministry of
Agriculture and Cooperatives, Bangkok and Figure 2.6 (D) shows the largest Spirulina raceway
ponds in Chiang Mai, Thailand.

1l _Paddle
|1 wheel

—_—
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1>15—30 cn in depth

Figure 2.6: Some of examples of microalgae culture in open pond system. (A-B) Open pond
culture of GIEC-CAS, China (Alam et al., 2017; Qin et al., 2019). (C) Open raceway ponds
culture of Department of Agriculture, Ministry of Agriculture and Cooperatives, Bangkok and
(D) the largest Spirulina raceway ponds in Chiang Mai, Thailand.
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However, although commonly used for commercial algae cultivation, raceway ponds suffer
from relatively low productivity, typically yielding an average microalgae biomass of only 0.5
g/L. It is important to recognize that raceway ponds have limitations associated with the effects
of seasonal light and temperature variations. These fluctuations make it difficult to maintain
consistent levels of productivity throughout the year. In addition, in this context, managing
contamination becomes increasingly difficult and the intensity of light is limited when a high

concentration of algal cells accumulates (Y. Shen et al., 2009).

To address these limitations, researchers have sought solutions by introducing new designs that
improve on the conventional raceway pond concept. One of the most successful and practical
designs for commercial cultivation is the thin-layer cascade raceway. This innovative approach

combines pumps and gravity flow to increase efficiency and productivity.

Thin-layer cascade raceway ponds

The thin-layer cascade system (TLC) is an open microalgae cultivation method that consists of
a retention tank connected to a horizontal area exposed to sunlight via a pump and pipes (CG
et al.,2014). This system features a series of shallow, inclined troughs, typically 1 to 5 cm deep,
arranged one below the other to maximize light utilization (Figure 2.7). Microalgae grow in
these troughs while a pump continuously circulates the culture from bottom to top, allowing the
culture to flow down the troughs (Grivalsky et al., 2019). Therefore, TLC systems are
particularly suitable for algae strains such as Chlorella, Nannochloropsis and Scenedesmus,
which can resistant to the repeated pumping and shearing stresses associated with the process

(Borowitzka, 2005; Masojidek et al., 2023).

This design ensures that all microalgae cells have access to light, maximizing photosynthesis
and efficient light utilization resulting in very high cell densities of up to 35 g L™! (Masojidek
et al., 2011; CG et al., 2014). Additionally, the lower total culture volume in TLC systems
compared to traditional raceway ponds means less water and nutrients are required (Masojidek
et al., 2011). These can reduce harvesting costs and make them an attractive option for

commercial microalgae production.
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However, there are some limitations to consider. Similar to raceway ponds, TLC systems are
open systems and therefore more susceptible to contamination from external microorganisms
(Cruz et al., 2018). Furthermore, TLC systems require higher initial investment than raceway
ponds. Therefore, the introduction of cheaper materials has significantly reduced the cost of

TLC systems, making them more competitive with raceway ponds.

% L hin-layer cascade raceways

Figure 2.7: Schematic diagram and experiment of an outdoor thin- layer cascade system with
a working volume of 220 L (top) and a large-scale system for Chlorella cultivation with an area
of 650 m? (bottom) in the Center Algatec, Institute of Microbiology of the Czech Academy of
Sciences, Trebon, Czech Republic (Grivalsky et al., 2019; Masojidek et al., 2023).
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2.2.3.2 Closed cultivation systems

Closed microalgae cultivation systems, also known as photobioreactors (PBRs), are typically
enclosed structures that provide a controlled environment for microalgae growth (Y. Shen et al.,
2009). These systems offer a more controlled and efficient approach to microalgae production

over open systems such as raceway ponds (Masojidek et al., 2023), including:

e FEnhanced productivity: Closed systems allow for precise control of environmental
parameters such as temperature, light intensity, pH and nutrient levels, which can result in

higher biomass yields.

e Reduced contamination: Closed systems minimize the risk of contamination from
external factors such as pests and unwanted microorganisms such as bacteria, fungi and other
microalgae species. This is crucial for maintaining stable cultures and preventing the production

of unwanted biomass.

o Year-round cultivation: Closed systems can operate regardless of outdoor conditions,

enabling year-round production and reducing dependence on seasonal fluctuations.

In the context of closed microalgae cultivation systems, various photobioreactor designs have
been developed. There are three primary categories are commonly used (Wang et al., 2012):

flat panels, vertical columns, and tubular photoreactors.
1) Flat Panel PBRs

Flat panel photobioreactors are transparent, flat structures that can be placed either vertically or
horizontally. These panels are typically made from transparent materials such as glass or
polycarbonate. Figure 2.8 (A) illustrates the operating principle of a flat panel PBR, which
consists of a frame surrounded by transparent panels on both sides (Gupta et al., 2015). To
circulate the algal cell suspension, a pump is used that injects air through a perforated tube on
one side, which can reduce the light penetration depth across the culture surface similar to
vertical column PBRs (Singh & Sharma, 2012; Gupta et al., 2015). Figure 2.8 (B) provides an
example of large-scale flat-panel photobioreactors at Guangzhou Institute of Energy
Conversion, Chinese Academy of Sciences (GIEC-CAS), China and Figure 2.8 (C) the Arizona
Centre for Algae Technology and Innovation (AzCATI) facility in Mesa, Arizona.
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2) Vertical Column PBRs

Vertical column PBRs are most suitable for outdoor mass cultivation and are characterized by
their tall and slim design. Figure 2.9 (A) demonstrates the principle of a bubble column
photobioreactor used in these systems. Cultures are introduced from the bottom and circulated
using an air pump or airlift system, improving gas exchange and minimizing sedimentation.
Vertical columns can be categorized as bubble columns or airlift reactors based on their liquid
flow mode (Gupta et al., 2015). An example of a closed-loop vertical photobioreactor from

GreenTech Ventures Inc., Virginia, is presented in Figure 2.9 (B).
3) Tubular PBRs

A tubular photobioreactor (PBR) can be configured in various orientations such as horizontal,
vertical or inclined forming parallel tubes arranged in loops, alpha shapes or inclined tube
configurations depending on the specific design requirements. Figure 2.10 (A) provides a
schematic representation of a tubular PBRs system. This system consists of two main
components: the solar receiver section, which is made of transparent tubes designed to
maximize the absorption of solar radiation, and the bubble column section, which is used for
mixing, degassing and heat exchange during the cultivation process. The microalgae culture
circulates within the system through a centrifugal pump located between the bubble column

and the solar receiver (Fernandez et al., 2014).

In these tubular PBRs, microalgae cultures are contained within elongated tubes, allowing
efficient light utilization and ensuring uniform illumination throughout the culture. The tubular
shape offers advantages for outdoor cultivation, as it allows the system to be aligned with
sunlight and provides a higher surface area to volume ratio compared to vertical setups. This
alignment results in superior light conversion efficiency (Wang et al., 2012; Singh & Sharma,

2012).

Tubular systems are highly scalable and find extensive applications in large-scale microalgae
cultivation for biofuel production and various other applications. Figure 2.10 shows examples
such as Figure 2.10(B) a pilot-scale vertically stacked tubular photobioreactor in Almera, Spain
(Fernandez et al., 2014), Figure 2.10(C) a horizontal tubular photobioreactor at AlgaePARC,
Wageningen UR, Netherlands (Ptaczek et al., 2017) and Figure 2.10(D) a
commercial Haematococcus pluvialis production facility at Algatechnologies Ltd. in Kibbutz

Ketura, Israel.
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Figure 2.8: (A) a schematic of flat panel PBR (Gupta et al., 2015) and (B) a large-scale flat-
panel PBRs at Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences
(GIEC-CAS), China (Qin et al., 2019) and (C) the Arizona Centre for Algae Technology and
Innovation (AzCATI) facility in Mesa, Arizona.
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Figure 2.9: (A) the schematics of a bubble column photobioreactor (Gupta et al., 2015) and
(B) The closed-loop vertical photobioreactor from GreenTech Ventures Inc., Virginia (Photo
courtesy of TrueAlgae).
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Figure 2.10: (A) a schematic of a tubular PBRs system, (B) a pilot-scale vertically stacked
tubular photobioreactor in Almera, Spain (Ferndndez et al., 2014), (C) a horizontal tubular
photobioreactor at AlgaePARC, Wageningen UR, Netherlands (Placzek et al., 2017) and (D)
a commercial Haematococcus pluvialis production facility at Algatechnologies Ltd. in
Kibbutz Ketura, Israel. (Photo courtesy of Solabia-Algatech Nutrition).

However, it is important to note that due to the high surface-to-volume ratio of tubular PBRs,
it is critical to address issues such as photo inhibition caused by oxygen accumulation and
intense light exposure. To effectively manage these factors, appropriate cooling mechanisms

must be in place (Gupta et al., 2015).

30



Table 2.6 shows a comprehensive comparison of parameters between open systems and closed
systems (PBRs) for large-scale microalgae cultivation. In general, closed systems (PBRs) offer
numerous advantages over open systems, such as superior contamination control, improved
mixing, enhanced operational flexibility and higher productivity. However, these systems also
come with drawbacks, including higher initial investment and operating costs. In addition, they
exhibit reduced light utilization efficiency under conditions where the photobioreactor surfaces
are obscured or cloudy and challenges associated with scaling up. Conversely, open systems
are more cost-effective and scalable. Nevertheless, they present difficulties in process control
and typically yield lower productivity than closed systems (Mata et al., 2010; Qin ef al., 2019;
Masojidek et al., 2023).

Parameters Open systems Closed systems (PBRs)
Contamination risk High Low

Process control Difficult Easy

Mixing Not uniform, Poor Uniform

Area requirements High Low

Capital cost Low High

Operation cost Low High

Water losses Very high Low

Light utilization Low High
CB(EZI;S‘;ation/productivity Low High (3-5 times)
Scale-up Easy Difficult

Table 2.6: The comprehensive parameter comparison between open systems and

photobioreactors for large-scale microalgae cultivation.
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2.3 Microalgae harvesting technology

One of the most crucial stages of mass microalgae production is harvesting that is the process
of microalgae biomass removal from their culture medium suspension. This process represents
a significant challenge in large-scale commercial production, potentially accounting for 20-30%
of the overall microalgae production cost (Ghosh & Das, 2015). However there is no one-size-
fits-all harvesting method applied to all microalgae species as well as all other products. The
complexity of microalgae harvesting is influenced by several factors such as media
composition, microalgae species, cultivation conditions, desired end products, and associated

costs (Mata et al., 2010).

Despite these challenges, research efforts aimed to improve harvesting methods is on-going.
When selecting a harvesting method, several factors must be considered. This includes the
physical characteristics of the microalgae (shape, size, density) and the intended end products
(Brennan & Owende, 2010). Additionally, any one chosen method should avoid damage of
microalgae biomass to enable its use for proceed purposes. Furthermore, the efficiency and
cost-effectiveness of the harvesting method are crucial as it aims to remove microalgae from

the culture suspension with minimal energy consumption and costs (N. Kumar et al., 2022).

General effective requirements of microalgae harvesting include optimization of both recovery
efficiency (RE) and concentration factor (CF) (Lee et al., 2009). The RE is proportion of
microalgae cells in the final product obtained from the initial feed culture (Equation 2.1), while
the CF indicates the ratio of biomass concentration in the final product compared to its initial
concentration in the feed culture as shown in Equation 2.2 (Pahl et al., 2013). A high CF
indicates a significant increase in biomass concentration. These two parameters are equally
important for assessing the effectiveness of a microalgae harvesting method. In an ideal
harvesting process, both RE and CF should be maximized while minimizing energy

consumption (Vandamme, 2017).

Mass of Cells recovered in foamate

.................................. 2.1

Recovery ef ficiency (RE) =

Mass of Cells initial feed culture

concentration of algae in final product (foamate)

................ 2.2

Concentration factor (CF) = —— , -
initial concentration of algae in feed culture
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Typically, harvesting processes involve chemical, biological and mechanical (physical)
techniques to maximise the recovery efficiency of the product, called algal biomass. It is
important to note that these methods can be applied either independently or in combination,
offering flexibility in optimising the harvesting process (Milledge & Heaven, 2013; Barros ef
al., 2015). Harvesting of microalgae generally involves a two-step concentration process,
consisting of thickening and dewatering (Brennan & Owende, 2010).

Figure 2.11 illustrates an overview of the main biomass harvesting approaches in the
microalgae production process. In bulk harvesting, microalgae are removed from the diluted
culture medium and concentrated to obtain a microalgae slurry containing 2-7% total suspended
solids (TSS). Thickening takes one step further by increasing the concentration of the
microalgae slurry. This achieves higher dewatering with 15-25% TSS, which requires relatively
higher energy input. From the initial suspension, these stages play a critical role in achieving
concentrated algal slurry and thereby facilitating drying and downstream processing (Ghosh &
Das, 2015).
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recycle system

Micro EllgEIE Low biomass concentration
0.02-D.06 % TSS
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culture

B S Microalgal slurry

« 0.1-1.2% TSS
» Concentration factor 10-20 times
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Figure 2.11: An overview of the main biomass harvesting approaches in microalgae production.

(Adapted from: Mata et al., 2010, Barros et al., 2015; Ghosh & Das, 2015; N. Kumar et al., 2022)
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Ongoing efforts by researchers and practitioners are focused on exploring and refining these
methods to increase efficiency, reduce costs, and maximize biomass processing volume. Here
is an overview of various microalgae harvesting methods. Coagulation/flocculation,

sedimentation, flotation, filtration and centrifugation are common techniques in this context.

2.3.1 Coagulation/flocculation

Coagulation/flocculation is a widely used method for microalgae harvesting. This is the first
step in the bulk harvesting process, involving the aggregation of microalgae cells into larger
flocs, which can then be easily separated from the culture medium (Ghosh & Das, 2015). This
method also serves as a preparation step for other harvesting methods such as filtration, flotation
or gravity sedimentation (Brennan & Owende, 2010). There are two phases involved in this

process: the coagulation phase and the flocculation phase (N. Kumar et al., 2022).
2.3.1.2 Coagulation phase

Coagulation is a step that destabilizes suspended particles and prepares them for aggregation
by rapidly mixing coagulants into the culture suspension (N. Kumar et al., 2022). To initiate
this process, multivalent cations or cationic polymers are added to neutralize or reduce the
negative charge of the microalgal cells (Molina Grima et al., 2003). This allows them to clump

together.
2.3.1.1 Flocculation phase

Flocculation is the subsequent step in which gentle stirring facilitates the interaction of smaller
flocs, leading to the formation of larger, well-defined aggregates (N. Kumar et al., 2022).
Typically, these steps are followed by gravity sedimentation to improve separation and reduce
the volume of concentrated microalgal biomass for cost-effective harvesting (Brennan &

Owende, 2010).

Coagulation consists of several mechanisms, including charge neutralization, sweep
coagulation, bridging, and patch flocculation, and can occur during floc formation. In charge
neutralization, a coagulant or flocculant with a high positive charge is adsorbed on the surfaces
of negatively charged colloids. The added chemicals penetrate the diffuse double layers
surrounding the particles, making them denser and, therefore, thinner and smaller, allowing the
particles to move closer together. Suppose a metal salt coagulant is added to the water at a high

enough concentration to cause the precipitation of amorphous metal hydroxide. In that case,
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colloid particles can become trapped in these precipitates. This process is called sweep

coagulation (Ghernaout et al., 2020).

Several flocculation harvesting methods have been studied, each with unique properties and
applications. The ideal flocculants depend on factors such as cost, toxicity, effectiveness, and
compatibility with downstream applications (Molina Grima et al., 2003). There are several
inorganic coagulants that are particularly effective, such as ferric chloride, aluminium sulphate,
and ferric sulphate (Brennan & Owende, 2010). The optimum dose of between 50-250 mg L !
with recovery achievement is around 90% (Gerardo et al., 2015). Additionally, biological
flocculatio